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ABSTRACT 

Reservoirs are globally recognized as significant anthropogenic sources of greenhouse gases (GHG) 

to the atmosphere, particularly methane. However, the potential of dam decommissioning as a strategy 

to eliminate these emission hotspots in river networks has been largely overlooked. In this study, we 

assessed how dam removal reduces GHG emissions by comparing CO2 and CH4 emissions before, 

during, and after the demolition of a 5.6-meter tall dam in Spain. CO2 and CH4 flux measurements were 

conducted over one year in stream reaches upstream and downstream of the reservoir, within the 

reservoir itself, and in a control reservoir within the same catchment. Our findings reveal distinct 

variations throughout the dam removal process. Specially ebullitive CH4, but also diffusive emissions 

were higher before decommissioning in the water, although the CO2 released from sediments exposed 

to the atmosphere during and after decommissioning was considerably high. Additionally, we observed 

a pronounced seasonal effect on GHG emissions from the reservoirs, with total fluxes being higher in 

summer compared to winter at the two dam study sites. Overall, our results support the hypothesis that 

dam removal leads to a reduction in carbon emissions from the river network. In the context of global 

change, we anticipate that our findings will provide additional incentives for future dam removal projects, 

as they help to reduce anthropogenic GHG emissions. 

 

RESUM 

Els embassaments són reconeguts globalment com a fonts antropogèniques significatives de gasos 

d’efecte hivernacle (GEH) a l’atmosfera, especialment de metà. Tot i així, el potencial que té el 

desmantellament de preses com a estratègia per eliminar aquests punts crítics d’emissió en xarxes 

fluvials ha estat poc investigat. En aquest estudi, hem avaluat com la retirada de preses redueix les 

emissions de GEH comparant les emissions de CO₂ i CH₄ abans, durant i després de la demolició d’una 

presa de 5.6 metres d’altura a Espanya. Es van mesurar els fluxos de CO₂ i CH₄ durant un any en dos 

trams de riu aigües amunt i aigües avall de l’embassament, dins del mateix embassament i en un 

embassament de control dins de la mateixa conca. Els nostres resultats mostren variacions notables 

en les emissions durant tot el procés de retirada de la presa. Especialment les emissions ebullitives de 

CH₄, però també les emissions difusives, eren més altes en l’aigua abans del desmantellament, tot i 

que el CO₂ alliberat pels sediments exposats a l’atmosfera durant i després del desmantellament va ser 

considerablement alt. A més, vam observar un efecte estacional pronunciat en les emissions de GEH 

dels embassaments, amb fluxos totals més alts a l’estiu en comparació amb l’hivern en els dos llocs 

d’estudi de preses. En general, els nostres resultats donen suport a la hipòtesi que la retirada de preses 

condueix a una reducció de les emissions de carboni en la xarxa fluvial. En el context del canvi global, 

anticipem que els nostres resultats proporcionaran incentius addicionals per a futurs projectes de 

retirada de preses, ja que ajuden a reduir les emissions antropogèniques de GEH. 
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1. INTRODUCTION AND OBJECTIVES 

Damming, land use changes, and other anthropogenic activities have profoundly altered 

fluvial ecosystems over the past decades and even centuries. Built to store water, generate 

hydroelectric power, control floods, and provide other beneficial services, hundreds of 

thousands of dams and small weirs, many of them no longer in use, fragment Europe’s rivers 

(Schiermeier, 2018). Globally, estimations suggest that there exist 16.7 million reservoirs 

(Lehner et al., 2011). Although they can provide drinking water, irrigation and energy, this 

extensive dam construction has significantly altered inland water ecosystems, but also human 

societies (Kirchherr & Charles, 2016). Inland waters account for only 1% of the Earth's surface, 

yet they harbour 20% of its species (Fang et al., 2006). When considering vertebrates, about 

one-third of all species live in freshwater ecosystems, specifically freshwater fish, which 

account for about 40% of global fish diversity (Dudgeon et al., 2006). The frequent interruption 

of water flow through damming induces changes in streamflow regimes, sediment mobilization 

and wetland morphology and geomorphology (Donohue and Molinos, 2009, Wu et al., 2013), 

compromising its biodiversity (Vorosmarty et al., 2010). 

While the impact of the lack of connectivity on biodiversity and ecosystem services has been 

extensively studied (Wu et al., 2019), the biogeochemical consequences of these alterations 

remain relatively unknown. Inland waters play a complex role in the global carbon cycle, not 

only by sequestering carbon but also by acting as significant sources of carbon emissions. 

River networks function as bioreactors, processing a significant portion of the organic carbon 

they transport. In fact, over half of the organic carbon entering these systems is either stored 

or emitted into the atmosphere following biological processing (Cole et al., 2007; Battin et al., 

2009; Aufdenkampe et al., 2011; Raymond et al., 2013).  

One might assume that inland waters, which account for only 0.3% of Earth's water compared 

to the 97.5% found in marine environments, would have a minimal impact on the global carbon 

budget. However, this assumption is far from accurate. Streams and rivers emit 1.8 ± 0.25 GtC 

yr-1, while lakes and reservoirs emit 0.32 ± (0.26, 0.52) GtC yr-1 (Raymond et al., 2013), 

contributing to a global carbon flux that rivals the ocean’s carbon sequestration capacity of 

approximately 2.5 ± 0.6 GtC yr-1 (Friedlingstein et al., 2020). Thus, inland waters play a 

disproportionate role in the global carbon budget, functioning both as carbon sinks and 

sources. 

However, alterations to natural water flow can affect a river’s capacity for carbon sequestration 

and emission by increasing the residence time of water, nutrients, and sediments. Carbon 

sequestration is the process of removing CO2 and its derivatives from the environment and 

storing it in carbon pools for extended periods, out of reach of organisms capable of consuming 
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and degrading it, thereby preventing emissions (Lal, 2007; Farrelly et al., 2013). This process 

is particularly important in the context of global warming, as these carbon-sequestering 

systems capture a significant portion of the excess CO2 released into the atmosphere (Lal, 

2007). Hence, damming enhances carbon transformation, sedimentation, and retention 

(Maavara et al., 2020). 

On one hand, dams can act as carbon sedimentation spots, removing carbon along with other 

nutrients from the water column through their sedimentation. On the other hand, this 

accumulation of carbon in the sediments can also be released through the emission of gases 

into the atmosphere (Downing et al., 2008). The decomposition of the organic matter stored in 

the reservoir produces carbon dioxide (CO2) and methane (CH4), two greenhouse gases 

(GHG) (IPCC, 2019). CO2 is mainly the product of aerobic respiration, where O2 is used as the 

electron acceptor, releasing CO2 as a waste product. On the other hand, CH4 is mostly 

produced in the anoxic bottoms of reservoirs as a byproduct of anaerobic respiration, where 

CO2 is used as the final electron acceptor. CH4 can be emitted to the atmosphere through 

three different pathways: ebullition (bubbling), diffusive emission and plant-mediated transport 

(Bastviken et al., 2004). However, among all these pathways, we will consider two: ebullition, 

which accounts for 65% of CH4 fluxes from the surface waters of reservoirs, and diffusion, 

responsible for the remaining 35% when only considering these two emission pathways 

(Deemer et al., 2016). 

CH4 ebullition is quite unpredictable and difficult to quantify (Bastviken et al., 2008). It involves 

the formation of CH4 bubbles in the sediments, which are released into the water preventing 

CH4 from being oxidized in the water column, and consequently being directly emitted to the 

atmosphere from the water surface (DelSontro et al., 2016). This bubble release is controlled 

by multiple factors that decrease hydrostatic pressure, such as changes in water pressure 

(water level or atmospheric changes) (Engle & Melack, 2000; Eugster et al., 2011) or wind 

changes (Keller & Stallard, 1994), and increases in temperature, which reduce the solubility of 

CH4 and increase its production in the sediments (Duc et al., 2010; Yamamoto et al., 1976). 

These bubbling emissions can account for more than 80% of all the CH4 emitted in some inland 

stagnant water ecosystems (Bastviken et al., 2011). 

In this way, reservoirs can contribute significantly to global carbon budgets, influencing global 

warming (Deemer et al., 2016). Specifically, it is estimated that reservoirs globally release 

approximately 0.8 Pg CO2 equivalents every year, being responsible of ~1.5% of the global 

anthropogenic emissions (Deemer et al., 2016). The role of CO2 emissions of anthropogenic 

origin is not very clear in the case of emissions from reservoirs. Lentic systems emit on average 

between 18 and 55 mmol m-2 d-1 of CO2 (Raymond et al. 2013, Deemer et al. 2016), while lotic 
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systems emit between 120 and 633 mmol m-2 d-1 (Raymond et al. 2013, Borges et al. 2015). 

In this way, the anthropogenic impact of the construction of reservoirs is ambiguous. 

Worldwide, CH4 emissions are estimated to be responsible for approximately 20% of current 

global warming (Kirschke et al., 2013). CH₄ emissions have a clear anthropogenic origin, with 

reservoirs globally emitting 10.1 Tg of CH₄ annually (Johnson et al., 2021). CH₄ is a 

greenhouse gas that is 27.9 times more potent than CO₂ over a 100-year period (GWP, AR4, 

IPCC). These high emissions and their strong capacity to act as a GHG are especially relevant 

in reservoirs, as 79% of their CO2-equivalent emissions are in the form of CH4 (Deemer et al., 

2016). 

The high GHG emissions, especially of CH4, make us question whether the hydropower 

generated in reservoirs is as green as we previously thought. In fact, in certain reservoirs, the 

emissions corrected for power density can be even higher than those from energy production 

through coal burning (Gómez-Gener et al., 2023). 

Considering the aforementioned emissions, dismantling dams is increasingly suggested as a 

method to mitigate anthropogenic emissions, a proposal that aims to address various ongoing 

issues. On one hand, the demolition of dams that are about to expire or are in poor condition 

is economically more feasible than restoring and maintaining them for another 50 or 100 years 

(Doyle et al., 2003). In this way, the river environment is restored, future investment is reduced, 

and public health for the local population is improved (Perera et al., 2021). On the other hand, 

dam removal has potential as an alternative to decrease anthropogenic emissions from river 

networks. This approach, however, has a clear drawback: global carbon emissions appear to 

be lower than the organic carbon burial stored in reservoir sediments (Deemer et al., 2016; 

Mendonça et al., 2017). Consequently, during the dam removal this huge amount of carbon 

stored in the sediment can be decomposed and released emitting even more CO2 and CH4 

(Perera et al., 2021). Once the dam has been dismantled, the problem is still present. The 

sediment remains permanently exposed until ecological succession occurs, releasing CO2 to 

the atmosphere. 

Exposed sediments are hotspots for CO2 emissions. They release even more CO2 than lotic 

systems, emitting between 4 and 1533 mmol m-2 d-1 (Gómez-Gener et al., 2016; Obrador et 

al., 2018), due to the higher availability of oxygen in the air, which accelerates the aerobic 

respiration of accumulated organic matter (Keller et al., 2020). On the contrary, the sediments 

practically do not emit any methane (0.1–1 mmol m-2 d-1 ; Yang et al., 2014; Gómez-Gener et 

al., 2015), since it oxidizes when it comes into contact with the air, and therefore, with O2. 

Thus, CH4 emissions from dry sediments are much lower than those emitted by aquatic 

systems (lotic and lentic; Stanley et al., 2016; Deemer et al., 2016). 
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This difference raises a question. While there are already many studies showing that GHG 

emissions are higher in reservoirs than in adjacent lotic systems (Deemer et al., 2016), little is 

known about what happens to these fluxes when dams are dismantled. Is the reduction in CH4 

emissions sufficient to compensate for the subsequent increase in CO2 emissions from 

exposed sediments? It could happen that during the drawdown of the dam, total fluxes increase 

due to higher fluxes from exposed sediments. In a study conducted in Navarra, emissions from 

exposed sediments accounted for an average of 93% of the CO2 flux and 87% of the flux 

expressed in CO2-eq. However, emissions from this study site were dominated by CO2 fluxes 

(contributing 99% of total C fluxes) (Amani et al., 2022). These results could be different in a 

reservoir that previously emitted higher quantities of CH4 than CO2. Therefore, even if CO2 

emissions increase after removal, total emissions, particularly CH4, would have been higher 

before decommissioning. 

To truly evaluate the success of dam removal in mitigating anthropogenic GHG emissions, it 

is necessary to comprehensively study the fluxes from both the water and the exposed 

sediments. Only in this way can we determine if dam decommissioning is an effective strategy 

for removing CH4 emission hotspots from river networks, thus decarbonizing the landscape 

and reducing emissions. In this study, we want to asses if dam removal decreases 

anthropogenic greenhouse gas (GHG) emissions, particularly CH4. We hypothesize that 

anthropogenic GHG emissions from a dammed stretch of a Mediterranean river network 

decrease when a dam is dismantled, and flow continuity is restored. To achieve that, we define 

the following specific objectives: 

1. To evaluate the annual variability of GHG emissions from both free-flowing river reaches 

up and downstream the dam, and from the dammed reaches. We hypothesize that GHG 

emissions are lower in the free-flowing river reaches compared to dammed reaches. 

2. To evaluate the impact of dam removal on GHG emissions from dammed reaches. We 

hypothesize that dam removal will severely decrease GHG emissions from the former 

dammed reaches, particularly CH4, resulting in a transition towards the dynamics 

observed at the free-flowing reaches.  

3. To explore the suitability of dam removal as a strategy for reducing anthropogenic GHG 

emissions from river networks. we hypothesize that dam removal can be an effective 

method for reducing anthropogenic GHG emissions, particularly in reservoirs with 

significant CH₄ emissions. 
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2. METHODS 

2.1. STUDY SITE  

The study site is the weir of the Former Colonia Rio, with a height of 5.6 m and a width of 

50m, located adjacent to the village of Monistrol de Calders in Catalonia, in the northeast of 

the Iberian Peninsula (Figure 1). Constructed more than a century ago, it had a maximum 

depth of 3 m. The stream is situated in the upper part of the Llobregat basin, near the natural 

park of Sant Llorenç de Munt i l’Obac. This particular weir was selected for this study because 

it was the only dam dismantled by the Catalan Water Agency (ACA) during 2023-2024. The 

dam was dismantled to restore the river's connectivity. Additionally, our participation in the 

study of the dam was also included in the demolition plan. It was anticipated that the 

biogeochemical study may provide further arguments for ACA in favour of dismantling such 

structures. 

 

Figure 1: On the left-bottom, the location of the study dam on the Iberian Peninsula 

(41°46'11"N 2°00'33"E). On the right, an enlarged map of the area with the different study 

points: the study dam, the control dam and upstream and downstream sites (QGIS 3.34). 

The dam is surrounded by riparian forest in the upper reaches and tall reeds at the dam. 

Additionally, agricultural fields and a pig farm are located adjacent to the dam. These factors 

can contribute to the eutrophication of its waters. The region experiences a Mediterranean 
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climate, with dry, hot summers and moderately cold winters with occasional frost. Moreover, 

part of the sampling period coincided with a prolonged drought in the area. 

 

2.2. SAMPLING DESIGN 

We selected three types of sampling sites: the dam to be removed, riverine sites, and a control 

dam. The removed dam was sampled before, during, and after the decommissioning. The 

sampling was constrained by the date of the demolition, as it had to be structured with 2 clear 

periods: before and after the decommission. The pre-demolition period was short, as we 

started the samplings on May 2023 and the dam was demolished in October 2023. 

To account for the annual variability of the GHG emissions from the dam, we selected a similar 

dam within the same basin, located a few kilometres upstream of the study dam, as a control. 

We also took samples from riverine sites downstream and upstream from the dam. These river 

reaches are expected to resemble the dam site once it has been demolished. 

Sampling was conducted from May 15, 2023 to February 12, 2024, once or twice per month. 

In total, 11 samplings were carried out during this period. 

 

Figure 2: Number of sampling campaigns conducted per month. In orange, the samplings 

before the demolition; in green, after the demolition. 

 

2.3. CARBON EMISSION MEASUREMENTS  

2.3.1. Carbon emissions in lentic conditions 

In this section, we consider the three types of study sites, including the river reaches when 

they were stagnant or not flowing. Thus, we have three possible cases: the study dam before 

being demolished, the control dam throughout the study, and the river reaches during dry 

periods when the water was not flowing. 

Emissions of both CO2 and CH4 were measured using floating chambers. These were 

anchored and left to incubate. The incubations had three durations: short, lasting between 3 

and 5 minutes; medium, lasting between 3 and 7 hours, that were left during the day; and long-

term ones, lasting more than 8 hours, which were left overnight. 
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For measuring CO2 fluxes, we used short-duration incubations. We conducted them with an 

IRGA (Infrared Gas Analyzer, EGM-4 from PPSystems) connected through a closed loop with 

the floating chamber. This device provides CO2 values in ppmv over time. 

For CH4, we used all three types of incubations. In three campaigns during July and August, 

we had the support of a PICARRO Gas Scouter (gas concentration analyser), which allowed 

us to measure both CO2 and CH4 continuously during the short incubations. For the remaining 

incubations and campaigns, we directly collected air samples from inside the chamber at the 

beginning and end of each incubation. We stored those samples in pre-evacuated Exetainer 

vials. The Exetainers (Labco, UK) are 12 mL capacity vials specially designed for gas 

sampling. We injected nearly 60 mL of air into each vial, generating an overpressure to reduce 

the risk of contamination from external air. 

Moreover, we took samples to obtain the concentrations of CO2 and CH4 from the water at 

each of the sampling points. To do this, we used a 60 mL syringe to apply the head-space 

method. We filled the first 30 mL with water, and the remaining 30 mL with a gas of known 

concentrations (either atmospheric air or nitrogen). With this mixture, we agitated the syringe 

and let the concentrations equilibrate at a controlled temperature, in this case, the temperature 

of the surface water. Finally, after a few minutes, the concentration in the water will have 

equilibrated with that of the air, and then we can inject the sample into a pre-evacuated 

Exetainer.   

The content of the Exetainers were subsequently analysed with a gas chromatograph 

equipped with a flame ionization detector (FID) either at the University of Barcelona (UB, GC 

7820A, Agilent, Santa Clara, CA, USA) or at the Helmholtz Centre for Environmental Research 

(UFZ) in Magdeburg, Germany (GC 6810C, SRI Instruments, USA). For this analysis, a known 

volume of the sample was injected into the chromatograph, where it passed through a column 

that separated the elements from each other (CO2 and CH4). At the end of the column, there 

was a flame where they underwent combustion. As a result, a combustion peak was obtained 

for each element, with an area that was easily calculable. Using a calibration curve, this area 

value was then converted into gas concentrations. 

 

2.3.2. Carbon emissions in lotic conditions 

We consider lotic systems as any of the study sites where water flows. This includes river 

sections if flowing, and the study area of the dam once it was dismantled and water was 

flowing. In this type of conditions, we took headspace samples from each sampling point. With 

this, we obtained the concentrations of CO2 and CH4 in the water. 
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To calculate gas fluxes from these concentrations, we need the reaeration rate, which can be 

determined by performing a trace gas addition experiment. The additions were done with 

propane and salt because neither of these elements are consumed by fluvial metabolic 

pathways. Thus, any detected loss of the gas would have been emitted into the atmosphere, 

allowing us to calculate the reaeration rate. We made the addition following the Jin et al. 2012 

protocol, in transects of 60 to 120 meters, depending on water speed and flow. We used 

conductivity-meters to detect the arrival of the propane peak with the salt at 3 (upstream and 

downstream river sites) or 4 (removed dam) points along the transect, and when it arrived, we 

took 3 headspace water samples at each point. These headspace samples were injected into 

Exetainers and analysed afterward using gas chromatography at the CCiTUB (Shimadzu GC-

2025). 

Additionally, we measured the average width and depth of each study section. With this 

information and the data generated from the addition, we determined water velocity and flow 

rate values. 

Finally, we placed a level sensor (Levelogger and Barologger Solinst, model 3100 M1.5) 

upstream and downstream of the dam to measure changes in water level and temperature 

every 15 minutes from September 28, 2023 until the end of the sampling period. 

 

2.3.3. Carbon emissions from exposed dry sediments 

The study dam dried up towards the end of summer, exposing sediment that had accumulated 

over time. This sediment was sampled for the first time on the campaign of September 13, 

2023. Subsequently, demolition of the dam began, and it was emptied, exposing much of its 

sediment to the atmosphere. This sediment was sampled using soil chambers, which are 

driven into the ground and left to incubate for a known period. The river sections also dried up 

considerably in summer, but still did not leave exposed sediment for measurement because 

the riverbed is mostly bedrock. Finally, although the water level of the control dam also 

decreased considerably, it was not enough to expose its sediments. 

For CO2 sampling, the chambers were connected to an IRGA through a closed loop, and the 

incubation lasted for 5 minutes. For CH4 sampling, an initial air sample was taken just when 

the chamber was driven into the ground, and a final sample was taken at the end of the 

incubation (medium or long-term incubation duration, 2.3.1.). The air samples were collected 

with a syringe and stored in Exetainers. 
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2.4. CO2 AND CH4 FLUX CALCULATIONS 

2.4.1. Lentic conditions 

2.4.1.1. CO2 diffusive fluxes 

For calculating diffusive emissions, we used floating chambers. This method was employed in 

the study dam during the pre-demolition period and afterward at the points furthest from the 

dam's mouth, where the water remained stagnant until strong floods carried away the 

sediment. Additionally, we used floating chambers in the control dam throughout the entire 

sampling period and in the river reaches during late summer. We calculated fluxes from the 

data generated by the IRGA or PICARRO. 

We obtained a linear change in CO2 concentration over time, expressed in fractional 

abundance (ppmv). By multiplying the slope of this change by the atmospheric pressure, we 

derived the CO2 flux in pressure units (atm) over time. To standardize the flux (mmol m-2 d-1), 

we converted this value using the ideal gas law (Equation, that was adapted to our data using 

Equation 2.). 

𝑃𝑉 = 𝑛𝑅𝑇 

𝑃𝐶𝑂2 · 𝑃𝑎𝑡𝑚 · 𝑉𝑐ℎ𝑎𝑚𝑏𝑒𝑟

𝑅 · 𝑇 · 𝑠
=

𝑛

𝑠
 

where the volume and surface area correspond to those of the floating chamber, the 

temperature is the average atmospheric temperature during the incubation, R is the ideal gas 

constant (0.082057 L atm K-1 mol-1), and the pressure is the flux pressure value. The ideal gas 

equation was used to convert from pressure units to mass, and then everything was divided 

by the surface area of the chamber to obtain an emission per unit of surface area. 

We obtained a flux rate for each incubation, having replicates per site and day. To standardize 

the values, we calculated an average per site and day. 

 

2.4.1.2. CH4 diffusive fluxes 

CH4 fluxes are more complex to calculate, as they combine two types of flux: diffusive and 

bubbling. In an incubation, it is difficult to differentiate which corresponds to which. Therefore, 

to calculate the diffusive fluxes, we disregarded the incubations and followed Fick's Law 

(formula 3). For this, we used the CH4 and CO2 concentrations obtained by headspace in the 

field. These will be the water concentrations for each sampling point. The atmospheric 

fractional abundance is assumed to be 1.8 ppmv for CH4 and 421.2 ppmv for CO2 (Global 

atmospheric concentrations (2020, NOAA)).  

{1} 

{2} 
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𝐹𝑙𝑢𝑥 = 𝐾𝑔𝑎𝑠 · (𝐶𝑤𝑎𝑡𝑒𝑟 − 𝐶𝑎𝑖𝑟) 

To obtain the diffusive flux, we first needed to calculate the K value, which corresponds to the 

reaeration rate for a specific gas (in this case, CH4). This K value refers to the rate at which a 

gas is transferred from the water to the atmosphere, and is strongly related with the turbulence 

at the water's surface. For this calculation, we used the CO2 flux values obtained in the 

previous section. Given the CO2 concentrations in both water and air, along with the final flux 

value, the only unknown was the K (CO2) value. We isolated and calculated it. Next, we 

converted it to K600 by applying the Schmidt equation (4) and then calculated the final K(CH4) 

using the same equation.  

𝐾600 = (
600

𝑆𝑐𝑔𝑎𝑠
)

−0.5

· 𝐾𝑔𝑎𝑠 

Each gas has a specific known Schmidt number (Scgas), which depends on the water 

temperature during headspace equilibration. It allows us to convert the K600 of any gas (Kgas) 

to a standardized and generic K600 (Raymond et al., 2012). 

The diffusive CH4 flux will be the difference between the CH4 in the water and the CH4 in the 

air multiplied by the calculated K for CH4. Thus, we obtain a CH4 flux value for each incubation. 

As before, we make an average per each sub-sampling point. Hence, we obtain a flux value 

per sampling site and date. 

 

2.4.1.3. CH4 bubbling fluxes 

The bubbling fluxes were calculated using incubation chambers. For this, the 3 types of 

incubations were used: short, medium, and long duration. Thus, a regression was performed 

between the increase in CH4 and the incubation time, resulting in an initial flux in ppmv s-1. 

The issue is that this flux needs correction. On one hand, if bubbling is very low but there is 

significant diffusion, not accounting for it will overestimate the flux by attributing diffusion to 

bubbling, which is incorrect. On the other hand, if the bubbling flux is actually high, resulting in 

a higher concentration of CH4 in the chamber than in the water, a back-diffusion process occurs 

where methane is reabsorbed into the water. Therefore, solely relying on the difference in CH4 

in the chamber over time can easily lead to overestimating or underestimating the bubbling 

flux. 

To address this issue, we calculated the bubbling flux by estimating a continuous CH4 diffusive 

flux throughout the entire incubation, using the CH4 concentration of the water and the K (CH4) 

value (2.4.1.2.). This diffusive flux varied according to the CH4 concentration in the chamber. 

{3} 

{4} 
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With this rate, we corrected the bubbling flux and estimated the flux required to reach the final 

CH4 concentration, considering the diffusive flux. 

So, we obtained a bubbling value (mmol CH4 m-2 d-1) for each of the incubations conducted, 

whether short, medium, or long duration. 

 

2.4.2. Lotic conditions 

As mentioned in 3.3.2., we used this calculation for the river sites when the water flowed and 

for the demolished dam. As we did not use floating chambers, both CO2 and CH4 diffusive 

fluxes were calculated the same way. 

To calculate the flux rate, we used Fick's Law {3}. The water concentration value was obtained 

from the headspace samples, both for CO2 and CH4. The atmospheric fractional abundance 

was assumed to be 1.8 for CH4 and 421.2 ppmv for CO2 (Global atmospheric concentrations 

(2020, NOAA)).  

To calculate the reaeration rate (K), we used the data from the propane addition. For this, we 

corrected the area obtained from the propane peak at each sample collection point by the 

difference between the peak conductivity and the baseline (pre-addition) conductivity. This 

corrects for the amount of propane that was not emitted into the atmosphere but rather 

dispersed and diluted along the river. To determine the general K600, we first calculated 

Kpropane by performing a regression between the logarithm of the corrected conductivity and the 

arrival time. The slope of this regression was multiplied by the average depth of each section 

(measured manually) to obtain Kpropane (Jin et al., 2012). To calculate the standardized K600, 

and thus be able to convert it for CO2 and CH4, we used the conversion through the Schmidt 

number (equation 4). 

Thus, we multiplied the concentration differential (Cwater - Cair) by the K for each gas and 

obtained the CO2 and CH4 flux (mmol m-2 d-1) for each sampling sub-point. Finally, we averaged 

these fluxes for each sample collection point and then calculated a second weighted average 

based on the area they occupied, calculated with the widths measured manually. In this way, 

we obtained a flux value and its accumulated error for each sampling day and each study site 

(upstream, downstream, and the study dam). 

Finally, it is worth noting that bubbling fluxes in rivers and areas where water flows were not 

considered. Therefore, rivers only had diffusive fluxes, including during dry periods when water 

was stagnant and flux measurements were conducted using floating chambers. 
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2.4.3. Dry sediments 

This calculation was only used for the exposed sediments in the study dam. For this, we used 

soil chambers. The procedure was the same as with the floating chambers (2.4.1.1.). We 

obtained CO2 values over time in fractional abundance units (ppmv s-1) and then convert it to 

pressure and mass units using the ideal gas equation {1}. This new flux value (mmol s-1) was 

divided by the surface area of the chamber to get the flux per unit area, and finally, the seconds 

were converted to days. Thus, we obtained a flux (mmol m-2 d-1 for each incubation. As in the 

other cases, an average was taken for each sampling sub-point obtaining a unique value of 

CO2 flux per sampling site and day with its error. 

 

2.5. TEMPORAL INTEGRATION OF CO2 AND CH4 FLUXES  

2.5.1. Upstream and downstream 

The river sections had two types of fluxes: diffusive CO2 and diffusive CH4. In these sections, 

we aimed to have continuous gas flux data for the entire sampling period (from May 2023 to 

February 2024). To achieve this, we used flow data calculated from the additions and the 

installed level sensors. This helped us estimate continuous K600 values throughout the period. 

2.5.1.1. K600 estimation 

To calculate the daily K600, we related it to the river flow. To do this, we first needed to estimate 

the daily flow rate. On one hand, we had the level sensors. However, these were installed on 

September 28, 2023, so we lacked flow data from May 15, 2023, to September 27, 2023. To 

address this, we used data from a nearby stream gauging station within the same watershed 

(Riera Gavarresa, Artés). We related its flow data to those obtained in our sampling. We used 

the flow measured in the field from the upstream section for comparisons, as it was less 

affected by drought periods being located above the dam, where water continued to flow 

almost throughout the summer. Therefore, we had more flow data from this section. We 

performed a semilogarithmic regression between the flow rate upstream and the flow rate of 

this stream, obtaining a continuous flow rate for upstream. 

From 28/09/2023 onwards, we used the data from the water level sensor installed upstream 

of the dam, which allowed us to calculate the water level continuously. After averaging this 

value daily, we performed a second power regression between the flow rate of the upstream 

section and the water level of this section. With both regressions, we obtained the continuous 

upstream flow rate throughout the entire campaign. 
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To complete the flow rate analysis, we conducted a third potential regression that allowed us 

to calculate the downstream flow based on the upstream flow. 

On the other hand, we had the estimation of K600 based on flow rate. We conducted a linear 

regression between the calculated flow rate in each of the additions and the corresponding 

K600 obtained from them, separately for upstream and downstream. 

Finally, we used this newly found relationship to calculate the daily continuous K600 for the 

entire sampling period based on the estimated flow rate. The formula differs for each river 

section. 

To summarize, we used the following formula to calculate the effective K600 for each section 

and date: 

    𝐾600(𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚, 15/05- 27/09) = (6.91 · ln(𝑄𝑔𝑎𝑣) + 42.561) · 0.372 

     𝐾600(𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚, from 28/09/23-on) = (109 · (𝐿𝑒𝑣𝑒𝑙)13.58) ·0.372  

𝐾600(𝑑𝑜𝑤𝑛𝑠𝑡𝑟𝑒𝑎𝑚, 15/05-27/09) = 0.26 · (6.91 · ln(𝑄𝑔𝑎𝑣) + 42.561)1.31+ 0.032 

𝐾600(downstream, from 28/09/23-on) = 0.29 · (0.26 · (109 · ln(𝐿𝑒𝑣𝑒𝑙)13.58)1.31) + 0.032 

   

Where Qgav is the waterflow value from the Riera de les Gavarres station during the period 

from 15/05 to 27/09, and Level represents the water level in the upstream section of the river. 

2.5.1.2. Concentration values 

The CO2 and CH4 concentration values could not be correlated with any of the available 

variables. Therefore, the values obtained for each period were directly interpolated to obtain 

continuous data. 

 

2.5.1.3. Final flux calculation 

Finally, we applied the Schmidt equation to correct the K600 for each gas, and then applied 

Fick's Law again to obtain the fluxes. In this way, we obtained continuous flux values for the 

entire sampling period.  

To compare the CO2 fluxes with those of CH4, considering that CH4 is a much more potent 

greenhouse gas than CO2, we multiplied the CH4 flux by 27.9 to obtain the CO2 equivalents for 

this gas (100-year GWP (AR6), IPCC 2021). Finally, we conducted an ANOVA test to evaluate 

the differences between upstream and downstream sites (RStudio, 2023.03.1+446).  

{5} 

{6} 

{7} 

{8} 
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2.5.2. Removed dam 

The dam emits both CO2 and CH4 diffusively, along with CH4 by bubbling. These three fluxes 

occur simultaneously while the water is stagnant in the reservoir. We had a value for each of 

these fluxes for each sampling day. While the dam was standing, we calculated the three fluxes 

using the floating chambers. Once it was removed, the first two sampling points (those near 

the mouth of the dam) had no bubbling emissions, and we calculated their diffusive fluxes 

using Fick's Law. Finally, we had a third type of flux: that emitted by the sediments exposed 

after the dam's demolition. These fluxes, initially non-existent, started to occupy a significant 

portion of the sampling area, primarily at points closest to the dam's mouth. 

The total fluxes emitted by the dam included those released by the water while it was intact, 

as well as those from the water and exposed sediments after the dam was demolished. 

Therefore, we calculated the proportional area occupied by water and sediment at each 

sampling point after the demolition. Using this area, we created a weighted average of the 

water and sediment fluxes based on the surface area each one occupies, resulting in a single 

combined flux. By applying this weighted average to all sampling points, we obtained a final 

total flux for the entire dam for each sampling day. 

To conclude and to compare which type of flux contributes most to the emissions, we converted 

the CH4 fluxes (diffusive and bubbling) into CO2 equivalents by multiplying their value by 27.9 

(100-year GWP (AR6), IPCC 2021). 

 

2.5.3. Control dam 

The control dam only had emissions originating from the water, as it did not expose sediments 

at any point during the sampling period. Therefore, its final integration consisted of calculating 

a weighted average for the area occupied by each of its three sampling points for each type of 

flux (diffusive CO2, diffusive CH4, and bubbling CH4). This provided a single flux value (mmol 

m-2 d-1) with its associated calculation error for each sampling day. Finally, as in the other study 

sites, the CH4 fluxes were converted to CO2 equivalents by multiplying them by 27.9 (100-year 

GWP (AR6), IPCC 2021). 

 

2.5.4. Uncertainty propagation 

Throughout all the previous calculations, we accumulated a considerable number of variables, 

each carrying its own associated error: from average values and transformations to the K600 

calculations (5:8 equations), and beyond. Even the total flux sum had uncertainty associated. 
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To accurately estimate the total error in our final calculations and assess the reliability of our 

flux values, we employed a Monte Carlo approach. Monte Carlo is a powerful statistical method 

used to model uncertainty and variability in complex systems. It involves generating a large 

number of random samples (10.000 in our case) from input distributions based on our 

calculated averages and associated errors. In our case, we used the software R-studio 

(2023.03.1+446 version, library propagate; Spiess 2018).   

For both dammed sites—the target reservoir and the control site—we applied the model after 

calculating the fluxes for each emission pathway: CO2, CH4 diffusive, and CH4 bubbling. To do 

this, we calculated the error associated with each average daily flux calculation, which, in this 

case, depended solely on the error linked to averaging our replicates (both in water 

concentrations and total fluxes). We then constructed a distribution for each of the three 

emission pathways, using the obtained mean and its associated error. Thus, we obtained as 

many distributions as there were emission pathways: three for the control site (the three 

mentioned above) and five for the target reservoir (adding the CO2 and CH4 diffusive emissions 

from the sediment). 

Once we created the distributions, we input an equation into the model that summed these 

fluxes, and in the case of the target reservoir, we weighted the fluxes by the area occupied by 

water and the area occupied by exposed sediment for each sampling day. We ran the model, 

performing 10.000 iterations. This process produced a new distribution of all possible results 

from the previous combination. From this new distribution, we took the mean, which 

represented the final total flux, and the standard deviation of the distribution, which indicated 

the accumulated error throughout the entire process. 

For the river, however, the process was a bit more complex. The fluxes were calculated 

continuously along with the estimation of their parameters. Thus, for each emission pathway 

(in this case, only diffusive CO2 and CH4), the following variables were considered: the 

concentrations in the water and their associated error (calculated by averaging the headspace 

samples obtained and their error), and the K600 (with the error associated with its calculation). 

Since the estimation of K600 carries a significant amount of error by itself, we first performed an 

initial Monte Carlo simulation that included this calculation, obtaining the continuous total flux 

for each of the two emission pathways (CO2 and CH4).  

Therefore, the equation inserted into the model was the concentration in the water (with error) 

minus that in the air (as a fixed variable, it had no associated error), multiplied by the equation 

necessary for calculating K600 (equations 5:8), according to Fick's Law {3}. After this, we 

performed a final Monte Carlo simulation by summing the two emission pathways (diffusive 

CO2 and CH4) to obtain the final distribution for each river section, upstream and downstream. 



17 
 

Thus, the following results represent the mean value of this output distribution and its standard 

deviation, obtained from the Monte Carlo model.  

 

3. RESULTS 

3.1. RIVER EMISSIONS 

The total emissions from the two river sections fluctuated around 260 mmol m-2 d-1 (11,44 

gCO2-eq m-2 d-1, upstream) and 192 mmol m-2 d-1 (8,45 gCO2-eq m-2 d-1, downstream). No 

significant differences were observed between these two river sections (ANOVA, p-value = 

0.1068), although significant differences were observed in the interaction between the sections 

and the date (ANOVA, p-value = 0.0016). Although the average remained relatively consistent 

throughout the entire analysed period, some emission peaks were observed, especially 

towards the end of this period, along with greater oscillations. 

Moreover, the significant differences in the interaction between the date and the mean 

emissions disappeared in mid-November, with the removal of the dam (ANOVA, p-value > 

0.05).  

 

 

Figure 3: total fluxes (CO2 and CH4) expressed in CO2 equivalents for both upstream (green) 

and downstream (purple) riverine sites with the standard deviation estimated with a Monte 

Carlo approach, from June 2023 to February 2024. 
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3.2. REMOVED DAM EMISSIONS 

Figure 4 illustrates the total emissions from the reservoir, expressed in CO2 equivalents (CO2, 

diffusive CH4, and ebullitive CH4) from both the water and the exposed sediment. Initially, total 

fluxes were quite high until October, ranging between 500 and 2000 mmol CO2-eq m-2 d-1, and 

then decreased to between 0 and 500 mmol CO2-eq m-2 d-1. This shift coincided with the timing 

of the dam's demolition. Therefore, total GHG emissions decreased following the dam's 

dismantling.  

The contribution of each emission pathway to the total flux also changed over time. Firstly, 

exposed sediments emissions began to appear in September and became increasingly 

significant over time. Additionally, bubbling was the dominant emission pathway in all 

campaigns conducted prior to the demolition. Thus, when the dam was intact, the CH4 bubbling 

pathway was the most significant emitter compared to the other pathways. However, this was 

not happening any more after the demolition. In February, bubbling was not even detectable. 

 

 

Figure 4: Total fluxes (CO2, diffusive and ebullitive CH4) expressed in CO2eq from both water 

and sediments along the 11 sampling campaigns. Pie charts at the top of the graph show the 

percentage contribution of each emission pathway to the total flux: CH4 emitted from dry 

sediment (sCH4, orange), CO2 emitted from dry sediment (sCO2, light orange), ebullitive CH4 

from the water (wCH4e, light blue), diffusive CH4 from the water (wCH4d, dark blue), and CO2 

emitted from the water (wCO2, green). 
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Additionally, we grouped the total fluxes into two categories: before and after the demolition 

(Figure 5). The mean total flux before the removal was 1075.06 mmol CO2-eq m-2 d-1 (47.34g 

CO2-eq m-2 d-1), while the mean total flux after the removal was 227.34 mmol CO2-eq m-2 d-1 

(10.0g CO2-eq m-2 d-1). There were significant differences between the two conditions (ANOVA 

test, p-value of 0.0191). 

 

 

Figure 5: Boxplot of the total fluxes (CO2, diffusive and ebullitive CH4) expressed in CO2eq 

before and after the dam demolition.  

 

3.3. CONTROL DAM EMISSIONS 

The total emissions from the control reservoir (CO2, diffusive CH4, and ebullitive CH4) were 

much lower than those from the study dam. The maximum emission was 383.95 mmol CO2-

eq m-2 d-1, while the minimum was 0 mmol CO2-eq m-2 d-1. The minimum value corresponded 

to the December campaign, when the reservoir was completely frozen. A decreasing trend in 

total emissions was observed throughout the study period. There were significant differences 

between summer-autumn (until October) and autumn-winter (November-Feburary) periods 

(ANOVA test, p-value = 0.0051), During the warm period, with temperatures over 20ºC, the 

mean total flux was 253.4 mmol m-2 d-1 (11.15gCO2-eq m-2 d-1). In contrast, during the cold 

period (temperature reaching below 0 values) the mean total flux was 64.38 mmol CO2-eq m-

2 d-1 (2.83 gCO2-eq m-2 d-1). 
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Figure 6: Total fluxes (CO2, diffusive CH4, and ebullitive CH4) expressed in CO2 equivalents 

with the associated standard deviation (Monte Carlo approach). At the top, pie charts show 

the percentage contribution of each emission pathway: CH4 bubbling (light blue), diffusive 

CH4 (dark blue), and CO2 (green). The snowflake indicates the absence of emissions due to 

the freezing of the reservoir surface. 

 

3.4. TOTAL INTEGRATION 

Figure 7 shows the total fluxes from the three study areas: the river (upstream and 

downstream), the study dam, and the control dam. The emissions from the study dam were 

higher than those from the river before the demolition. However, after the demolition, these 

total emissions fell within the same range as the river emissions. On the other hand, the 

emissions from the control dam were quite low, being practically equal to those from the river 

reaches throughout the entire study period. 
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Figure 7: Total fluxes (CO2, diffusive CH4, and ebullitive CH4) expressed in CO2 equivalents 

for all study areas: upstream (green solid line) and downstream (purple solid line) river 

reaches, the study dam (black points), and the control dam (green points), including the 

associated standard deviations. 

 

 

 

 

4. DISCUSSION 

4.1. RIVER EMISSIONS 

The total emission values obtained were quite high when compared to other Mediterranean 

rivers (260 mmol CO2-eq m-2 d-1 upstream; 192 mmol CO2-eq m-2 d-1 downstream; vs 120 mmol 

CO2-eq m-2 d-1 in the Fluvià and Muga catchment, Gómez-Gener et al., 2015). Usually, high 

emissions are primarily associated to groundwater inputs of dissolved CO2 (CH4 is quite low in 

streams, <0.3 mmol CO2-eq m-2 d-1; Gómez-Gener et al., 2015) from the decomposition of 

organic matter in the soil (Jones et al. 2003; Hotchkiss et al. 2015).  
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However, significant differences have been observed 

between the total emissions from upstream and 

downstream sections over the sampling period, although 

no significant differences were found in their overall 

averages. This slight difference between the two 

sections suggests that the presence of the dam can alter 

the emissions produced downstream, as rivers situated 

downstream of a dam usually have lower concentrations 

of GHGs in their waters (Figure 8, Rocher-Ros et al., 

2023). However, this difference was minimal, and both 

river sections followed the same pattern of increase or 

decrease in emissions. Moreover, this slight difference 

between the two sections disappeared after the 

demolition of the dam in mid-November. Consequently, 

the downstream section seems to have returned to its 

usual emission levels following the removal of the study 

dam. 

 

Finally, the presence of large emission peaks 

corresponded with sudden increases in river flow. This is because the K600 (the gas exchange 

rate) is closely related to the surface turbulence of the water, which is directly linked to changes 

in the river's geomorphology and hydraulics (Hall & Ulseth, 2019). Thus, a higher flow rate 

causes greater water speed and turbulence, resulting in higher K600 values and, consequently, 

increased total river emissions. However, since the emission values were estimated from the 

concentration (interpolated with the values we have) and K600 (calculated from water flow 

values), they could be overestimated. This is because when water flow is higher, the 

concentrations should be more diluted, resulting in lower values than expected. This factor 

was not considered in the calculations, and hence, the total emissions during high-flow events 

may be overestimated. 

 

5.1. REMOVED DAM EMISSIONS 

In the studied reservoir, the total GHG emissions decreased after the decommissioning of the 

dam. On the one hand, there was the seasonal effect. In other studies, the total flux value (CO2 

+ CH4) is positively correlated with the water surface temperature, reaching its maximum value 

in summer (Xiao et al., 2013). However, while the observed decrease may have some 

Figure 8: (Main drivers of CH4 

concentrations in streams, 

Rocher-Ros et al., Nature 2023) 
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seasonal influence similar to the control reservoir (see below), the most significant component 

of the reduction in overall emissions after dam removal in our study dam was the substantial 

reduction and near disappearance of the CH4 bubbling emission pathway. 

CH4 production in the sediments depends on several environmental factors, such as water 

temperature, oxygen concentrations, and nutrient availability (Megonigal et al., 2005). 

Ebullitive emissions of CH4 are the dominant pathway in shallow (<50m), stagnant, eutrophic 

waters where the absence of oxygen upon contact with the sediment leads to anoxic metabolic 

processes (Bastviken et al., 2011). Moreover, these emissions are quite unpredictable and 

highly sensitive to changes in water temperature, even more than the diffusive fluxes (Zhang 

et al., 2020; Zhu et al., 2020). However, with the removal of the dam, the previously stagnant 

water masses that emitted large amounts of CH4 are now showing flowing conditions. This 

renewed movement of water and sediment reduces the likelihood of anoxic conditions, and 

prevents the accumulation of organic matter on the riverbed, except in a few residual pools. 

Consequently, this emission pathway almost completely disappeared. 

On the other hand, there was an increase in the share of CO2 emissions respect the total 

emissions after dam removal (Figure 4), as well as an increase in the absolute value of CO2 

emissions (not shown). After the demolition of the reservoir, much of the area that was 

previously occupied by water was then sediment exposed directly to the atmosphere. The 

emissions from this newly exposed sediment were the main source of the increased CO2 

emissions. This sediment was loaded with organic matter, which can be rapidly degraded when 

it comes into contact with atmospheric oxygen emitting huge amounts of CO2 (Tesi et al., 2016; 

Marcé et al., 2019). Previously, this organic matter was not degraded as efficiently due to the 

lack of oxygen through most of the sediment profile, due to the low solubility of oxygen in water. 

As this degradation occurs, large amounts of CO2 are released (Gómez-Gener et al., 2016; 

Obrador et al., 2018). 

In the study reservoir, ebullitive CH4 emissions were responsible for a large share of total 

emissions before dam removal. Therefore, their reduction has compensated for the moderate 

increase in CO2 from the sediment. Thus, although new fluxes from the exposed sediment 

appeared, the overall C emissions were lower than those present before the dam was 

demolished. However, it is important to emphasize that this is not always the case for all dams. 

If the emissions prior to demolition are relatively low and there is not much CH4 bubbling, it is 

possible that after demolition, the fluxes may increase due to the degradation of organic matter 

from the exposed accumulated sediment and subsequent increased CO2 emissions (Amani et 

al., 2022). 
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One important limitation of this study was the lack of data for at least one entire year before 

and after the demolition. Thus, it is possible that total emissions after removal could increase 

with the arrival of warmer weather in summer, especially from the exposed sediments, as 

higher temperatures can accelerate the degradation of organic matter (Keller et al., 2021). 

However, we do not expect this to occur in our study site. On one hand, the fluxes from the 

now flowing water within the previous dam should now follow the same pattern as those in the 

upstream and downstream sections of the river, which did maintain the same average total 

emission value throughout the entire period. Therefore, we expect that with the dam removal, 

a similar pattern will emerge in the newly created river section. On the other hand, there are 

emissions from the sediment. In this case, bare and exposed sediment may increase its 

emissions as the temperature rises (Keller et al., 2021). However, this phenomenon is not 

expected in the context of our study reservoir. The sediment has been and continues to be 

colonized by extensive native vegetation, which through primary succession has almost 

completely covered the previously exposed sediment. This vegetation cover changes the total 

net emissions from the exposed sediment. It has been observed that in reservoirs that have 

dried up or been removed, sediment emissions decrease once they are colonized by 

vegetation, even showing negative net fluxes (Amani et al., 2022; Sharma et al., publication in 

process). Therefore, due to this rapid succession, we do not expect sediment emissions to 

increase with the change in seasons. Overall, the total emissions from this reservoir have 

decreased following its demolition, and we do not expect them to increase again over time. 

 

5.2. CONTROL DAM EMISSIONS 

The control reservoir was characterized by having lower emissions compared to the study 

reservoir. These emissions decreased seasonally with the arrival of winter and colder 

temperatures, with a progressive and stepped decline throughout the sampling period, 

reaching a minimum in December when the reservoir completely froze. Therefore, we expect 

the observed pattern to be cyclical, with total emissions increasing again in the spring. 

Conversely, while it is plausible that the study dam also experienced a seasonal effect causing 

a decrease in total emissions, the pattern was neither as clear nor as stepped, making it difficult 

to attribute the total observed decrease solely to seasonality. 

Additionally, this reservoir almost entirely lacked the CH4 bubbling emission pathway. In most 

incubations conducted, it was not even detectable, resulting in much lower values than those 

of the study reservoir. This type of emission is quite unpredictable, although it typically follows 

a seasonal decrease between summer and winter (de Mello et al., 2017), not observed in the 

control dam. 
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This difference between the two reservoirs may be due to the control reservoir having less 

riparian forest around it and being more open, leading to greater solar incidence and a reduced 

input of allochthonous organic matter into the system. Reduced input of organic matter causes 

the waters to be more oligotrophic than in the studied reservoir, a fact that is visibly noticeable 

as its water is clearer, and the bottom of the reservoir was often covered with green filamentous 

algae. Thus, it is a less productive system, leading to less organic matter accumulating at the 

bottom and a more oxygenated water. Given these characteristics, the generation of CH4 

bubbles is more difficult (DelSontro et al., 2016). Therefore, the absence of this emission 

pathway is primarily responsible for the differences observed between the two reservoirs.  

As a result, although the control reservoir is in the same watershed, just a few kilometres from 

the study reservoir, it has proven to be an unsuitable control due to its feeble CH4 bubbling 

emissions. However, the fact that this reservoir shows a clear seasonal pattern must be 

considered when interpreting the data obtained in the removed dam. 

 

5.3. TOTAL INTEGRATION 

Overall, our results show that anthropogenic greenhouse gas (GHG) emissions from a 

Mediterranean reservoir, especially CH4, decrease when the dam is dismantled and river 

continuity is restored. As we expected, before the removal of the dam, the total GHG emissions 

were lower in the free-flowing river sections compared to the dammed sections. Moreover, 

significant differences were found over time between the two river sections studied, upstream 

and downstream from the dam. Therefore, the interruption of the river flow by the dam causes 

an increase in GHG emissions to the atmosphere. Additionally, it alters the downstream river 

biogeochemistry, which differs from the undisturbed upstream section. 

This phenomenon has been observed in multiple reservoirs worldwide (Downing et al., 2008), 

as the slowed water flow allows for greater accumulation of nutrients and organic matter, which 

are more extensively decomposed in the reservoir waters, and specially, sediments (DelSontro 

et al. 2016). While the implications of CO2 emissions from reservoirs on the anthropogenic 

GHG inventories are ambiguous, as they can sometimes capture CO2 instead of emitting it, 

CH4 emissions are highly detrimental and, in our case, very abundant and of clear 

anthropogenic origin.  

On the other hand, emissions change completely after the demolition of the dam. Firstly, we 

have the total emissions from the two river reaches. After the dam was demolished, there were 

no longer significant differences between the two river reaches. Thus, the downstream section 

of the river is no longer biogeochemically disturbed by the presence of the dam, and it recovers 
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its original emission values (equal to upstream). Furthermore, as we hypothesized, the total 

emissions from the study reservoir decreased after the demolition. Consequently, an 

anthropogenic hotspot of emission, primarily CH4, has been removed. 

Based on the results of our study, we can assert that the removal of unused dams can be an 

effective method for reducing and mitigating anthropogenic GHG emissions. Thus, dam 

removal offers broad ecological and environmental benefits. It not only reduces GHG 

emissions but also restores natural river flow and enhances habitat connectivity, leading to 

increased biodiversity and healthier ecosystems. Additionally, it provides social and economic 

benefits, reducing the maintenance costs. Overall, our study highlights the importance of dam 

removal as a comprehensive strategy for environmental restoration and climate change 

mitigation. 

 

5. CONCLUSION 

The main result of this study was that anthropogenic greenhouse gas (GHG) emissions from 

a dammed stretch of a Mediterranean river network decreased when the dam was dismantled 

and flow continuity was restored. We conclude that:  

- There was negligible annual variability in GHG emissions from the upstream and 

downstream riverine sites. However, differences existed between the two sites before the 

dam's removal. These differences disappeared after the removal, indicating that the 

downstream site had been perturbed before the removal and was restored afterward.  

- Before the removal, total emissions were higher in the reservoir compared to the river 

sites. After the removal, emissions in both locations fell within the same range.  

- Total emissions from the studied reservoir decreased, even when accounting for the new 

emissions from the exposed sediment.  

- There was seasonal variability in the total emissions from dams, particularly noticeable in 

the control reservoir.  

- Dam removal demonstrated potential to reduce anthropogenic GHG emissions, thereby 

contributing to the decarbonization of the hydrological landscape. 
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