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Abstract
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The emission of methane (CH4) and carbon dioxide (CO2) from reservoirs has been estimated
to make up for about 1.3% of the global anthropogenic greenhouse gas emission. The
impoundment of a river leads to the accumulation of sediment that is brought in from inflowing
rivers, and the sediment organic matter is degraded to CH4 and CO2. CH4 is of particular concern
as its global warming potential is 34 times stronger than that of CO2. In the tropics, high
temperatures and high availability of fresh organic matter from high net primary production fuel
CH4 and CO2 production. As the construction of hydropower plants is currently undergoing a
boom, especially in the tropics, reservoir emission is probably bound to increase.

The emission of CH4 and CO2 from reservoir surfaces is, however, highly variable, which
makes current estimates uncertain. This thesis is built on the hypothesis that the spatial and
temporal variability of greenhouse gas emission in tropical reservoirs, particularly of CH4

ebullition (the emission via gas bubbles), is so large that the sampling strategy affects whole-
system estimates of greenhouse gas emission.

This thesis shows that greenhouse gas emission from the four studied tropical reservoirs
in Brazil varied greatly at different timescales – over 24 hours, between days and between
seasons. Seasonal variability was identified as the most important temporal scale to be covered
for CH4 ebullition inventories. In addition, the spatial variability of gas emission was large for
all pathways. The variability of CH4 ebullition across space, for example, was estimated to be
almost as large as its variability between seasons, and patterns of spatial variability in diffusive
CH4 and CO2 emission differed between seasons. For both ebullition and diffusion, river inflow
areas were prone to elevated greenhouse gas emission.

This thesis shows that for retrieving solid emission estimates, there is no alternative to time-
consuming measurements in the field. Measurements should be repeated at least once during
each hydrological season (i.e. falling and rising water level). The seasonal surveys should cover
space at a high resolution, including areas with and without river inflows, and different water
column depths. CH4 ebullition made up for 60–99% of the total CO2-equivalent emission from
the whole water surface of the studied reservoirs, with the highest contribution in the most
productive reservoir. The most variable greenhouse gas emission pathway is therefore the most
important one to be measured at appropriate resolution, particularly in productive reservoirs.
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”Double, double toil and trouble;
Microbes burn and methane bubble.”

– adapted from William Shakespeare
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1 Introduction 

1.1 From wood gas and inflammable air to greenhouse gas emis-
sion from reservoirs 

In 1630, Jan van Helmont discovered that some vapours differed from ordi-
nary air. He observed that the gas that escapes from burning wood is different, 
for instance, and called it “gas sylvestre” (woodland gas; Van Helmont 1652). 
In 1756, Joseph Black then proved that “fixed air” is present in the atmos-
phere, in the respiration of animals and in microbial fermentation (Black 
1756). Both van Helmont and Black referred to the gas that was later termed 
“carbon dioxide” (CO2). 

On 14 November 1776, Alessandro Volta wrote to his friend and colleague 
Padre Carlo Giuseppe Campi that he had found “aria infiammabile” (inflam-
mable air, Volta 1777), which Campi had apparently written him about before: 
“What do you say if I now announce you that I found and collected inflamma-
ble air in other places, where I have been this autumn, and even here at my 
home?” He included a drawing (see below), where he supposively showed 
someone finding this inflammable air in an inland water. Volta and Campi 
might not have been the first to observe it. However, in 1778, Alessandro 
Volta was the first to isolate it from Lago Maggiore at the border of Italy and 
Switzerland, and it was later called “methane” (CH4).  

In 1827, Joseph Fourier described his theory that sunlight penetrates the 
atmosphere and heats up the Earth. Fourier suggested that the heat is getting 
trapped because it cannot easily escape back into space, which is why the atmos- 
phere is warm enough for human life (Fourier 1824). This effect was later 
termed “greenhouse effect” (Ekholm 1901). Svante Arrhenius from Uppsala, 
later professor in Stockholm and Nobel Prize winner, claimed in 1896 that 

Section from a letter by Alessandro Volta to Carlo 
Campi, 1776 (Volta 1777)

Drawing from a  
letter by Alessandro 
Volta to Carlo 
Campi, 1776 (Volta 
1777). 
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increased levels of CO2 in the atmosphere could increase this greenhouse 
effect and raise global temperatures (Arrhenius 1896). 

It was not until 1988 however, after the global temperature curve had just 
begun to increase steeply and it was getting generally accepted that the global 
temperatures are rising due to human activities, that the Intergovernmental 
Panel on Climate Change (IPCC) was formed. The IPCC is an intergovern-
mental body of the United Nations, which was formed to provide policymak-
ers with scientific assessments on climate change (IPCC 2019a). Five IPCC 
reports were published between 1992 and 2013. According to the IPCC, and 
as already predicted more than a century ago by Arrhenius, the main cause of 
climate change is the increase of greenhouse gases such as CH4 and CO2 in 
the atmosphere. Fossil fuel burning, land use change and agriculture are 
known as the main causes for the increase in atmospheric greenhouse gas con-
centrations (IPCC 2013). 

Today, it is known that greenhouse gases have different radiative forces 
(i.e. the difference between energy absorption from sunlight by the Earth and 
the energy that is radiated back to space), and we typically express greenhouse 
gas emission in CO2-equivalent emission to make the different gases compa-
rable in terms of climate impact. The concentration of CH4 in the atmosphere, 
for instance, is two hundredfold less than that of CO2 (CH4: 1.9 ppm, CO2: 
411.5 ppm; NOAA 2019a). The radiative force of CH4, however, is 34 times 
larger than that of CO2 assuming a carbon (C) feedback loop and a 100-year 
horizon (Myhre et al. 2013). The C feedback loop describes processes that 
may amplify or diminish the effect of each climate forcing, and because all 
gases have a different lifetime in the atmosphere, they are compared to CO2 
in their radiative forces over a certain timespan (usually 100 years). Due to its 
potency as a greenhouse gas, it has therefore been estimated that CH4 is re-
sponsible for about 75% of the CO2 equivalent greenhouse gas emission from 
lakes and impoundments (DelSontro et al. 2018). 

The greenhouse gases CH4 and CO2 are continuously formed through the 
degradation of organic matter (i.e. C-based compounds from the remains of 
plants and animals). Inland waters receive organic matter from the terrestrial 
environment, and actively transform, transport and store the C-based organic 
matter. Inland waters therefore play a substantial role in the global C cycle. In 
fact, although inland waters cover only ~4% of the Earth’s landmass (Down-
ing et al. 2012; Verpoorter et al. 2014) while the ocean covers more than 70% 
of the whole Earth’ surface area (NOAA 2019b), organic C burial in inland 
waters is comparable to that in the ocean (Mendonça et al. 2017). Inland wa-
ters have been shown to be a significant greenhouse gas source (Cole et al. 
2007; Tranvik et al. 2009; Bastviken et al. 2011; Raymond et al. 2013),  and 
they were included in the terrestrial IPCC greenhouse gas budget for the first 
time in 2013 (IPCC 2013). 

When rivers are dammed, an entire landscape can be flooded in conse-
quence. The flooded terrestrial vegetation of the flooded river basin serves as 
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a first pool of organic matter, and further organic matter is constantly brought 
into the system from the incoming rivers and the reservoir catchment. The 
organic matter gets trapped, accumulates in the sediment, and is decomposed 
by bacteria bit by bit (Figure 1). It has therefore been suggested that the im-
poundment of rivers may increase emission (Louis et al. 2000; Prairie et al. 
2018). According to the most recent global study on greenhouse gas emission 
from reservoirs (Deemer et al. 2016), greenhouse gas emission from the water 
surface of reservoirs worldwide makes up about 0.8 Pg CO2 equivalents, i.e. 
1.3% of the total global anthropogenic greenhouse gas emission per year over 
a 100-year life cycle. About 79% of CO2-equivalent reservoir surface emis-
sion occurs as CH4, 17% as CO2 and 4% as nitrous oxide (N2O; Deemer et al. 
2016).  

Rivers can be dammed for different purposes, such as the generation of 
electricity, for water storage or for flood control. Hydropower projects are in-
creasing in number worldwide (Zarfl et al. 2015). In Brazil, for instance, 1348 
hydroelectric dams produce 64% of the country’s energy, and 145 additional 
dams are either in the building or in the planning stage (ANEEL 2019). While 
hydropower is often claimed as emission-free form of energy generation, the 
tropics are particularly rich in biomass (Louis et al. 2000). Tropical reservoirs 
have therefore been indicated as particularly strong sources of CH4 and CO2 
in a global study on hydroelectric reservoirs (Barros et al. 2011), although the 
most recent global study on reservoirs of different purposes has not confirmed 
these findings (Deemer et al. 2016).  

While many reservoirs have indeed been described as C-neutral or even as 
sinks of C, it has been suggested that 10% of the hydroelectrical reservoirs 
emit more CO2 per produced energy unit than natural gas combined cycle 
plants (Hertwich 2013). The average C footprint from about 1500 hydropower 
plants has been estimated as 273 kg CO2 equivalents per MWh of produced 
electricity (Scherer and Pfister 2016). An average thermoelectric power plant, 
in comparison, produces about 970 kg CO2-equivalents per MWh if it is fired 
with coal, and about 570 kg CO2-eq per Mwh if it is fired with natural gas (dos 
Santos et al. 2017). A recent study on 158 existing and 351 proposed dams in 
the Brazilian Amazon has proposed that upland dams are often comparable 
with solar and wind energy in terms of C emissions, while some lowland dams 
may emit more C than fossil-fuel power plants (Almeida et al. 2019). As 
greenhouse gas emission from reservoirs has been receiving increasing atten-
tion in the past years, reservoirs have now been included in the IPCC guide-
lines for greenhouse gas inventories (IPCC 2019b). 
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1.2 Greenhouse gas dynamics in freshwater reservoirs 

Organic matter is made of organic (i.e. C-based) compounds, and forms the 
base of the food web, with animals and bacteria feeding on it. Organic matter 
can be brought into an aquatic system either via autochthonous sources, or via 
allochthonous sources. Autochthonous organic matter is produced within the 
system, such as through the growth of phytoplankton. Allochthonous organic 
matter is brought to the system from elsewhere, such that leaf litter or other 
residuals from dead plants or animals are brought through river inflows or by 
being flushed down from land.  

Both autochthonous and allochthonous organic matter can either stay in 
water in their “dissolved” form (DOM, dissolved organic matter; particles 
<0.2–0.7 µm in diameter) or in the sediments in their aggregated form (POM, 
particulate organic matter). It has been found that in the water column of in-
land waters, the largest pool of organic C is present in form of DOM (90%), 
while only 10% of the organic C is present as POM (Birge and Juday 1927, 
Wetzel 2001, Steinberg 2003). The POM pool in sediments is however often 
very large in comparison to the DOM pool in the water, since sediment POM 
accumulates at the bottom over time (Kortelainen et al. 2004). 

Organic matter in the reservoir sediment is broken down microbially into 
progressively smaller molecules, and eventually decomposed to the gases CH4 
and CO2. CH4 is produced through the decomposition of organic matter under 
anoxic conditions near or in the sediment by methanogens, microorganisms 
that produce methane as a metabolic product. Autochthonous and allochtho-
nous organic matter are distinct in chemical composition, such that authoch-
thonous organic matter tends to be more labile and decompose faster. This, 

Figure 1. Methane (CH4) and carbon dioxide (CO2) dynamics in a dammed reservoir.
OM is short for organic matter. 
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however, does not necessarily mean that it provides a higher overall extent of 
decomposition than allochthonous organic matter (Grasset et al. 2018). 

The two major pathways of methanogenesis in inland waters are acetoclas-
tic and hydrogenotrophic methanogenesis (Bastviken 2009). Acetoclastic 
methanogenesis is the break-down of acetate (CH3COO−) to CH4 and CO2, 
and hydrogenotrophic methanogenesis is the reduction of CO2 to CH4 under 
the presence of hydrogen. 

Just as CH4, CO2 is also a product of acetoclastic methanogenesis, and it is 
additionally produced during primary production, carbonate dissolution and 
the oxidation of CH4. Primary production consists of two processes, namely 
photosynthesis, the production of oxygen with the use of CO2, and the reverse 
process respiration, in which oxygen is taken up and CO2 is produced (plants 
use some of the CO2 fixed during photosynthesis to gain energy through res-
piration). Carbonate dissolution describes the equilibrium of different forms 
of carbonate and CO2 in water. Carbonate, bicarbonate, CO2 and carbonic acid 
exist together in a dynamic equilibrium, in which, for instance, CO2 is preva-
lent under increasingly acidic conditions. CH4 oxidation can happen with the 
use of oxygen (aerobic) to form CO2, or, in the absence of oxygen (anaerobic) 
with the use of other electron acceptors such as sulfate to form e.g. hydro-
gensulfide. Aerobic CH4 oxidation happens typically close to the oxicline, the 
threshold between oxic and anoxic water layers (Figure 1), whereas anaerobic 
CH4 oxidation is usually found in anoxic sediments. Aerobic CH4 oxidation 
has indeed been found to be substantial in some reservoirs, suggesting that it 
could sometimes be responsible for transforming up to 90% of the CH4 until 
it reaches the hypolimnion (i.e. the lower layer of water in a stratified lake; 
Guérin and Abril 2007). In a study of 14 freshwater lakes across a climate and 
trophic gradient, anaerobic CH4 oxidation was found in 13 of the lake sedi-
ments, where it affected between 12 and 87% of the total produced CH4 (Mar-
tinez-Cruz et al. 2018). 

The dominant pathways of greenhouse gas emission from reservoirs are the 
diffusion and ebullition of CH4 and CO2 from the water surface (Figure 1). In 
terms of gas volume, the diffusive emission of CO2 is most important. How-
ever, the contribution of CH4 to total greenhouse gas emission from reservoirs 
has been found to be much larger than that of CO2 from reservoirs if both 
gases are converted to the CO2-equivalent greenhouse gas effect (CH4: 79%, 
CO2: 17%; Deemer et al. 2016). CO2 is soluble in water (2.9 g L-1 at 25 ºC; 
Yalkowsky et al. 2010), and therefore primarily transported to the atmosphere 
via diffusion. However, CH4 is considered virtually insoluble (0.022 g L−1 at 
25 ºC; Rogers et al. 2000, Yalkowsky et al. 2010) and is therefore barely emit-
ted via diffusion. As soon as CH4 porewater concentrations exceed CH4 solu-
bility, an area of supersaturation is formed, which results in the nucleation of 
a CH4 gas bubble, and eventually in its release (Algar and Boudreau 2010). 
As an average from a global study considering the emission from reservoir 
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water surfaces, 65% of CH4 is emitted via ebullition, and only 35% via diffu-
sion (Deemer et al. 2016), while nearly 100% of CO2 is emitted via diffusion. 

Additional pathways of CH4 and CO2 emission from reservoir water sur-
faces, though not further discussed in this thesis, are the plant-mediated 
transport through the stems of macrophytes, the degassing from the turbines, 
and the gas diffusion downstream of the dam (Figure 1). Plant-mediated 
transport can be relevant in small systems such as ponds but typically becomes 
decreasingly important with increasing size of an aquatic system as the per-
centage of plant-covered water surface typically decreases with increasing 
size of the system (Bastviken et al. 2004; Kosten et al. 2016). The release of 
greenhouse gases at the turbines has in fact been suggested to contribute with 
more than 50% to total reservoir CH4 emission in some very large hydroelec-
tric reservoirs in the tropics (Abril et al. 2005; Kemenes et al. 2007). 

1.3 Quantification of diffusive greenhouse gas emission 

Diffusion, the gradient-driven (i.e. driven by differences in concentration, 
temperature or pressure) passive transport of gas, is the main pathway of CO2 
emission from reservoirs. Diffusive gas flux is calculated from the rate of gas 
exchange between surface water and the overlying atmosphere, and the con-
centration gradient of the respective gas at the water-air interface. Diffusive 
gas flux at inland water surfaces is typically measured with floating chambers, 
eddy covariance or by estimation from measurements of gas concentrations in 
the surface water. 

Floating chambers are inexpensive, usually inverted buckets with a floating 
aid, so that the chambers can be deployed on the water surface in a way that 
only a few centimetres of their sides are submerged in water. At their closed 
top, they have either one or two closable openings. One opening is necessary 
for discrete measurements of concentration within the chamber: from the dif-
ference between the gas concentration at the beginning and at the end of the 
chamber deployment, the diffusive flux to the atmosphere can be calculated. 
Two openings are necessary if concentrations are to be monitored continu-
ously such as with a portable greenhouse gas analyser; this was the method 
used in this thesis and described in more details in the Methods section. The 
greenhouse gas analyser is then typically connected in a closed loop, meaning 
that the gas that is led into the greenhouse gas analyser is afterwards led back 
into the chamber. Over a defined period of time, the change in gas concentra-
tion is monitored, which is linear for diffusive flux. As soon as the gas con-
centration change inside the chamber is non-linear, it can be assumed that a 
gas bubble entered the chamber, containing higher gas concentrations (espe-
cially of CH4) than the rest of the surrounding surface water. Via continuous 
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measurements, it is therefore possible to eliminate ebullitive flux from the dif-
fusive flux estimate. Via discrete measurements, ebullitive flux cannot easily 
be distinguished from diffusive flux. 

Eddy covariance, the measurement of vertical turbulent fluxes within at-
mospheric boundary layers by correlation of fluctuations in concentration with 
fluctuations in vertical wind speed, can provide highly temporally resolved 
measurements of CH4 and CO2. However, although its reach (up to 2000 m2) 
is much larger than that of a typical floating chamber (<1 m2), the spatial res-
olution is limited, the equipment expensive and the data analysis complicated. 
Also, diffusive emission cannot be distinguished from ebullitive emission. 

Measuring the concentrations of CH4 and CO2 in the surface water is an-
other way to calculate diffusive flux to the atmosphere. This can be done via 
discrete samples of surface water (headspace technique, Cole and Caraco 
1998) or, as done for this thesis, via continuous measurements with an auto-
mated equilibrator. Both methods work with the same principle. The gas con-
centration in the surface water is brought into equilibrium with the gas con-
centration in the surrounding air (i.e. mixing of air and water). The partial 
pressure is a measure of the thermodynamic activity of a gas’ molecules, and 
determines to which extent a gas can diffuse or dissolve in a certain environ-
ment at a certain pressure and temperature (Henry’s law). After equilibration, 
the individual partial pressure of both CH4 and CO2 should be identical in 
water and gas phase of the sample. The gas phase can then be analysed for 
CH4 and CO2 concentrations. The surface water concentrations of CH4 and 
CO2 can be calculated from their concentrations in the gaseous phase and their 
individual partial pressure. Together with the gas exchange coefficient k of 
CH4 and CO2, their respective diffusive flux F can be calculated according to 
this equation as suggested by Cole and Caraco (1998):  

 = −   (i) 

where Cw is the concentration of the given gas in the surface water as calcu-
lated from the concentration of the given gas in the gaseous phase as measured 
after equilibration, and Ca is the measured concentration of the gas in the sur-
rounding atmosphere. 

From equation (i), k can thus be calculated from concentrations of the given 
gas in surface water and air, and gas flux. The concentrations can be derived 
from discrete samples of surface water and air according to the headspace 
technique, and from floating chamber (FC) measurements: 

 =    (ii) 

Alternatively, k is often modelled from proxies of turbulence such as wind 
speed (normalized to the wind speed at 10 m above water surface, U10) instead 
as proposed by Cole and Caraco (1998), here termed as kwind: 

 = 2.07 + 0.215 .   (iii) 
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The calculated value for k from either equation (ii) or (iii) can then be inserted 
in equation (i) to calculate the diffusive gas flux. The use of an automated 
equilibrator for measurements of Cw and Ca makes it possible to receive spa-
tially-resolved measurements, while the k still needs to be measured fre-
quently in spatio-temporally distributed discrete measurements. 

1.4 Quantification of ebullitive greenhouse gas emission 

Ebullition, the major pathway of CH4 emission in reservoirs, occurs in spo-
radic events in which suddenly bubbles come out of the sediment and rise 
through the water surface to the atmosphere (Figure 1). Ebullition is highly 
variable in space and time (DelSontro et al. 2011, 2015), and it is therefore 
difficult to measure CH4 ebullition for a whole system in a way that is repre-
sentative of space and time. Many studies have therefore focused on diffusive 
CH4 emission and excluded the (often far more important in terms of magni-
tude) ebullitive pathway from their CH4 emission estimates (Deemer et al. 
2016). Current estimates are thus often too low as they either missed ebullition 
completely, or because they measured it in a way that was non-representative 
of spatial and temporal variability and missed the hotspots or hot moments of 
emission. 

Hotspots of ebullition in inland waters have been described as shallow, 
close to river inflows, and as areas with accumulation of sediment or high 
organic C content (e.g. Ostrovsky 2003; DelSontro et al. 2011; Sobek et al. 
2012; Deshmukh et al. 2014; Descloux et al. 2017; Hilgert et al. 2019). Hot 
moments of ebullition in inland waters have been linked to air temperature, 
bottom water and sediment temperature, low hydrostatic pressure and low air 
pressure (e.g. Mattson and Likens 1990; DelSontro et al. 2010; Maeck et al. 
2013; Deshmukh et al. 2014; Harrison et al. 2017; Grinham et al. 2018). 

In most studies, CH4 ebullition is measured either exclusively with bubble 
traps, or in form of total CH4 flux (diffusion + ebullition) with discrete floating 
chamber deployments or eddy covariance. As also discussed in the previous 
section, these methods are somewhat limited in their coverage of area. Eddy 
covariance is typically deployed in one spot and covers a space of up to 2000 
m2. Bubble traps and floating chambers cover much less area for each deploy-
ment (typically <1 m2) than eddy covariance but can be deployed in several 
different places at the same time. 

Bubble traps such as used for the work of this thesis are usually inexpensive 
custom-built funnels not larger than 50 cm in diameter at their wide side and 
not taller than 50 cm. For measuring CH4 ebullition, the funnels are com-
pletely submerged in water, their wide side pointing downwards and their nar-
row side upwards. At their narrow side, the funnels have a bottle to capture 
upcoming bubbles, which is initially filled completely with water, and when 
bubbles are trapped in the bottle, water is displaced. The trapped gas can later 
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be analysed for gas volume and CH4 concentration, and eventually be con-
verted to CH4 flux to the atmosphere. Bubble traps are inexpensive, easy to 
deploy and sample, and data analysis is comparatively low in time-investment. 

Floating chambers, as described in the previous section, have the advantage 
that they can be deployed in shallow regions since they are only submerged a 
few cm into the water. To cover a representative time for ebullition measure-
ments, however, they need to be left out for various hours and the concentra-
tion inside the chambers can then most likely not be measured continuously 
as a greenhouse gas analyser would have to be connected throughout the meas-
urement. Through discrete measurements of CH4 concentration in the chamber 
at the start and at the end of chamber deployment as done in most cases, the 
total CH4 emission to the atmosphere can be determined, however the path-
ways (diffusion or ebullition) cannot be distinguished. 

There have been promising attempts to perform CH4 ebullition or total 
emission measurements that are more representatively covering space, such 
as the use of automated measurements of methane emission on an autono-
mously moving vehicle (Dunbabin and Grinham 2017) or the use of optimized 
infrared hyperspectral imaging (Gålfalk et al. 2016). While these approaches 
are promising for future assessments, they had not been fully developed for 
spatial studies in reservoirs by the time data was collected for this thesis. An-
other promising approach for a representative spatial coverage of methane 
ebullition, which had at the start of the work for this thesis already been fully 
developed, is the use of a hydroacoustic echosounder. The calculation of CH4 
ebullition from echosounder surveys consumes a considerable amount of time 
for data processing, but it delivers high spatial coverage and was thus used for 
this thesis. 

Hydroacoustic echosounding is traditionally used for measuring depth of a 
water body, and also in fishery to detect fish in water. Over the past twenty 
years, it has been adapted to the measurement of ebullition in lakes and reser-
voirs (Ostrovsky 2003; Ostrovsky et al. 2008; DelSontro et al. 2010, 2011, 
2015). The echosounder is mounted to a boat, and while driving across a res-
ervoir, the echosounder is sending out acoustic signals vertically towards the 
reservoir bottom. The returning acoustic echoes that it receives from rising 
bubbles in the water (as well as from fish and other objects with a density that 
differs from water) are recorded, and can later be analysed for emission esti-
mates. Hydroacoustic surveys for measuring CH4 ebullition may involve a lot 
more processing of recorded data and assumptions on the physics of rising 
bubbles than traditional bubble trap deployments involve. They are, however, 
currently the method with the highest spatial resolution of CH4 ebullition es-
timates. As it is still a rather novel technique, at the point that I started my 
doctoral studies in 2014, there was, to my knowledge, not a single whole-
reservoir study using hydroacoustics. 
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2 Aims 

The primary goal of my thesis was to better understand the dynamics of green-
house gas emission in tropical reservoirs across space and time. Based on ob-
served distribution patterns and drivers of CH4 and CO2 emission, we aimed 
to identify suitable sampling strategies for whole-system greenhouse gas esti-
mates from tropical reservoirs that representatively cover space and time. 

Previous research as mentioned in the introduction to this thesis had indi-
cated that both CH4 and CO2 emission varied across space and time but that 
coverage of measurements in space and time was often poor, resulting in un-
certain whole-system estimates of greenhouse gas emission from reservoirs. 
CH4 ebullition, which is often the pathway of most greenhouse gas emission 
from reservoirs, had previously been found to be particularly variable. Its tem-
poral variability had not been studied in very much detail however, and it was 
not clear if spatial or temporal variability was larger, which makes it difficult 
to know where and when to measure for most representative coverage. 

Based on the available evidence of spatial and temporal variability, my 
work was built on the main hypothesis that the spatial and temporal variability 
in greenhouse gas emission in tropical reservoirs, particularly in CH4 ebulli-
tion, is so large that the sampling strategy impacts whole-system estimates of 
greenhouse gas emission. 
 
In particular, the following research questions were addressed: 
 

• How does greenhouse gas emission vary over different timescales, 
and is temporal variability significant? (Paper I, II and V) 

• How does greenhouse gas emission vary across space, and is spatial 
variability significant? (Paper II–V) 

• Is it more important to cover space or time? (Paper II) 

• When and where should we measure, and how can we upscale from 
these measurements to get the most reliable measurements of green-
house gas emission? (Paper I–V) 

 
All five papers describe field studies. Four reservoirs in Brazil were studied 
in this thesis, namely Chapéu d’Uvas (CDU), Curuá-Una (CUN), Furnas 
(FNS) and Funil (FUN). 
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Paper I investigates the diel variability of C emission in CDU, CUN, FNS and 
FUN, along all flux pathways of both CH4 and CO2, and their potential drivers.  
 
Paper II studies the variability of CH4 ebullition in a river inflow bay in CDU, 
across space and at different scales of time.  
 
Paper III investigates the spatial variability of diffusive CH4 and CO2 emis-
sion in CDU, CUN and FNS, and their potential drivers.  
 
Paper IV compares different upscaling approaches from hydroacoustic meas-
urements of CH4 ebullition in CDU and FUN, and total daily C (CH4+CO2) 
emission is calculated for both reservoirs.  
 
Paper V studies the seasonal variability of CH4 and CO2 diffusion in CDU, 
CUN, FNS and FUN, and identifies regions in each reservoir that were partic-
ularly high and low in seasonality. 
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3 Methods 

3.1 Study sites  

Four Brazilian reservoirs are discussed in this thesis (Table 1, Figure 2). 
Chapéu d’Uvas (CDU; Paper I–V) is an oligotrophic water supply reservoir 
situated in the Atlantic rainforest biome. Curuá-Una (CUN; Paper I, III, and 
V) is a mesotrophic hydroelectric reservoir in the Amazonian rainforest bi-
ome. Furnas (FNS; Paper I, III, and V) is a hydroelectric reservoir in the Bra-
zilian Savannah with a mesotrophic and a eutrophic major tributary. Funil 
(FUN; Paper I, IV, and V) is a hyper-eutrophic hydroelectric reservoir in the 
Atlantic rainforest biome.  

The four reservoirs vary largely in size, age, trophic state and biome. All 
experience rainy summers and dry winters, but CUN with its Amazonian cli-
mate experiences a hot climate all year, whereas CDU, FNS and FUN experi-
ence hot summers and milder winters, and are located at the threshold between 
tropical and temperate climate zones (see discussion on climate zones below). 
 
Table 1.  Reservoir characteristics.  

 Chapéu d’Uvas 
(CDU) 

Curuá-Una 
(CUN) 

Furnas 
(FNS) 

Funil 
(FUN) 

Coordinates 
 
Biome 
Year of first operation 
Reservoir use 
Mean area (km²) 
Catchment area (km²) 
Water residence time (yr) 
Mean total phosphorus (µg L-1)e 
Mean total nitrogen (µg L-1)e 

S 21°33'  
W 43°35' 

Atlantic Forest 
1994 

water supply 
9.5 
310 

Unknown 
12 
452 

S 2°50'  
W 54°18' 
Amazon 

1977 
Electricity 

72a 
15300 
0.1c 

19 
661 

S 20°39'  
W 46°18' 
Savanna 

1963 
Electricity 

1342b 
51772b 

1.4b 

39 
1204 

S 22°31'  
W 44°34' 

Atlantic Forest 
1969 

Electricity 
35 

13518 
0.1d 

34d 
1279d 

Annual mean air temperature (°C)f 

Mean temperature coldest month (°C)f 

Mean temperature warmest month (°C)f 

Total annual precipitation (mm)g 

Total precipitation driest month (mm)g 
Total precipitation wettest month (mm)g 

18.6 
16.1 (Jul) 
22.4 (Feb) 

1597 
22 (Aug) 
287 (Jan) 

25.9 
25.4 (Jul) 

26.9 (Oct–Nov) 
1552 

54 (Oct) 
383 (Mar) 

20.2 
16.3 (Jul) 
23.6 (Feb) 

2119 
20 (Aug) 
291 (Jan) 

20.5 
17.4 (Jul) 
24.2 (Feb) 

1597 
20 (Jul) 

279 (Jan) 
a Farnside, P. M. 1995. Hydroelectric Dams in the Brazilian Amazon as Sources of 'Greenhouse' Gases. Environ. Conserv. 22 (1): 7–19. 
b Roland, F., L. O. Vidal, F. S. Pacheco, N. Barros, A. Assireu, J. P. Ometto, A. C. P. Cimbleris, J. J. Cole. Aqu. Sci. 72 (3): 283–293. 
c Duchemin, E., M. Lucotte, R. Canuel, A. G. Queiroz, D. C. Almeida, H. C. Pereira, J. Dezincourt. 2000. Comparison of greenhouse gas emissions from an old tropical 
reservoir with those from other reservoirs worldwide. Verh. Internat. Verein. Limnol. 27 (3): 1391–1395. 
d average from Pacheco, F. S., M. C. S. Soares, A. T. Assireu, M. P. Cutarelli, G. Abril, J. L. Stech, P. C. Alvalá, J. P. Ometto. 2015. Biogeosciences 12: 147–162. 
e The water chemistry measurements (phosphorous, nitrogen) in the reservoirs CDU, CUN and FNS originate from our sampling campaigns and do not necessarily reflect 
annual average productivity. 
f INMET (Instituto Nacional de Meteorología) stations in Juiz de Fora (for CDU), Santarém (for CUN), Formiga (for FNS) and Resende (for FUN) (1981–2010). 
f INMET (Instituto Nacional de Meteorología) stations in Juiz de Fora (for CDU), Santarém (for CUN), Machado (for FNS) and Resende (for FUN) (1961–1990). 
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3.2 Climate zones 

There are different climate classification systems, and each of them relies on 
a slightly different set of parameters to consider. The most widely used of all 
is probably the Köppen-Geiger classification system, according to which a 
tropical system needs to have monthly average temperatures that are above 18 
°C in every month of the year. A subtropical system with a dry winter (Cwa 
in the Köppen-Geiger classification) has average monthly temperatures above 
0 °C, at least one month above 22 °C, and at least four months above 10 °C. 
Three of the four Brazilian reservoirs that were investigated in this thesis fall 
slightly below the threshold of being a tropical reservoir in at least two 
months, if regarding the temperature averages from 1961–1990: CDU (Juiz de 
Fora, May–August: 16.1–17.6 °C), FNS (Formiga, June-July: 16.3–16.5 °C) 

Figure 2. Geographical location of the studied reservoirs, with the regions studied in 
Paper I and II indicated in red. Papers III–V studied whole reservoirs and are therefore 
not marked. 
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and FUN (Resende, June–July: 17.4–17.7 °C). We agreed to call them tropi-
cal, however, as they are overall situated within tropical latitudes (tropics: 
23°26′12.4″ N to 23°26′12.4″ S; CDU: 21° S, CUN: 2° S, FNS: 20° S, FUN: 
22° S). In the future, all four reservoirs are predicted to be tropical (Aw) also 
according to the Köppen-Geiger classification (prediction for years 2071–
2100, Beck et al. 2018). 
 
 
3.3 General design of the studies 

In Paper I (Figure 3), a small boat was anchored at one chosen location of 
each reservoir (see Figure 2 where the studied areas are marked). From the 
boat, continuous measurements of gas surface water concentrations were con-
ducted with an equilibration system, of ebullitive emission with a hydroacous-
tic echosounder, and of water quality with a water quality probe. Every hour, 
equilibrator measurements were interrupted, and a floating chamber for meas-
urement of diffusive emission was deployed three times for a duration of five 
minutes each. Bubble traps for measurement of ebullitive emission were dis-
tributed in three (FNS) or four (CDU, CUN, FUN) sets of triplicates in dis-
tances of 20–200 m from the anchored boat, and a second small boat was used 
to sample the gas from those bubble traps every three hours. After each sam-
pling campaign, a sediment core was taken nearby the study site for measuring 
the height of the sediment layer above the pre-flooded soil, as well as organic 
C and total N content in the sediment.  

The diel cycles were further split into day (6–18 h) and night (18–6 h), and 
the contribution of daytime emission to total emission over 24 h was calcu-
lated, as well as the contribution of each single pathway (CH4 ebullition, CH4 
diffusion, CO2 ebullition, CO2 diffusion)  to total C emission at day and night, 
respectively. Potential predictors of diffusive and ebullitive CH4 and CO2 
emission, such as temperature, pressure, occurrence of fish and their move-
ment close to the sediment, were determined.                                 

Figure 3. Methodologi-
cal illustration of Paper 
I: Deconstructing car-
bon emission pathways 
of a diel cycle from four 
tropical reservoirs. 
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In Paper II (Figure 4), ebullitive CH4 emission was measured with hydroa-
coustic surveys and bubble traps in one representative bay of CDU (see Figure 
1 where the studied bay is marked) over different timescales. At the intra-
annual timescale, at each of the monthly sampling campaigns over one year 
from August 2016 to August 2017, 4–7 bubble traps were distributed in the 
northern part of the bay, and a hydroacoustic survey was conducted in zigzag 
along the whole bay. At the intra-monthly timescale, only the northern part of 
the bay was studied, where 14 bubble traps were distributed and never moved. 
Every 2–3 days over a period of three weeks, the gas that accumulated in the 
bubble traps over the respective sampling day was collected, and a hydroa-
coustic survey was conducted in zigzag along the northern part of the bay. 
Before and after the intra-monthly study period, five sediment cores were 
taken in the northern part of the bay and analysed for CH4 porewater concen-
tration in depth profiles. Once during the intra-annual study, sediment cores 
were taken for each of the 14 bubble trap deployment spots of the intra-
monthly study, and analysed for organic C and total N content.  

The ebullitive flux was estimated from hydroacoustics per segment of ~40 
m and ~10 m (for intra-annual and intra-monthly study, respectively), and in-
terpolated for each sampling day. The bay was gridded, and the mean flux per 
grid cell was extracted to create a map of mean flux over the year and month, 
respectively. The extent of spatial and temporal variability was then compared 
as the variability for each sampling day between grid cells (spatial variability) 
on the one hand, and the variability between sampling days within each indi-
vidual grid cell (temporal variability) on the other hand. Via different upscal-
ing approaches from the bubble trap measurements and their comparison to 
the best-estimate upscaling approach, a recommendation was developed of 
how to upscale from bubble trap deployments. The impact of water level, tem-

Figure 4. Methodological illustra-
tion of Paper II: Comparing methane 
ebullition variability across space
and time in a Brazilian reservoir. 
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perature and hydrostatic pressure changes on ebullitive CH4 flux from the seg-
ment fluxes of the hydroacoustic surveys and the single bubble trap deploy-
ments were studied for intra-annual and intra-monthly study, respectively.  

 

In Paper III (Figure 5), whole-reservoir CH4 and CO2 surface water concen-
tration, gas exchange coefficients kCH4 and kCO2, and diffusive CH4 and CO2 
emission were measured in CDU, CUN and FNS during low-water season (in 
September 2015, March 2016 and June–July 2015, respectively). A survey 
with the equilibrator was conducted in zigzag from shore to shore across the 
reservoir to measure CH4 and CO2 surface water concentrations, with approx-
imately one measurement per 2 m. Every 1 km of the survey, the boat was 
stopped for triplicated discrete measurements of surface water concentration 
of CH4 and CO2, and for triplicated gas flux chamber deployments for meas-
urements of diffusive CH4 and CO2 flux at the water surface.  

The discrete measurements of CH4 and CO2 surface water concentration 
were used for calculations of the equilibration efficiency of the equilibrator, 
and together with the discrete diffusive flux measurements, for calculation of 
kCH4 and kCO2. The equilibrator-derived CH4 and CO2 surface water concentra-
tion, kCH4 and kCO2, and bathymetry from previous hydroacoustic surveys were 
interpolated across the whole water surface area to obtain five maps for each 
reservoir. From the maps of CH4 and CO2 surface water concentration, to-
gether with the maps of kCH4 and kCO2, the diffusive whole-reservoir CH4 and 
CO2 flux was estimated. Potential predictors of variability in CH4 and CO2 
surface water concentration were determined. From the CH4 and CO2 surface 
water concentration as derived from the equilibrator surveys, the minimum 
sampling effort that was required to produce a representative spatial coverage 
was estimated for each reservoir. Finally, the discrepancy in diffusive CH4 and 

Figure 5. Methodological illustration of Paper III: Spatially resolved measurements 
of CO2 and CH4 concentration and gas-exchange velocity highly influence carbon-
emission estimates of reservoirs. 
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CO2 flux was compared, depending on different ways to obtain kCH4 and kCO2 
values: i) using spatially-resolved kCH4 and kCO2 as obtained from several 
measurements across the whole reservoir, ii) using single measurements of 
kCH4 and kCO2 from the dam, and iii) using single modelled kCH4 and kCO2 from 
average wind speed.  

In Paper IV (Figure 6), ebullitive CH4 emission was measured with hydroa-
coustics and bubble traps across the entire reservoir surface of CDU and FUN 
over periods of approximately two weeks in May 2016 (CDU) and October 
2016 (FUN). Every day in a different part of the reservoir, several bubble traps 
were deployed over periods of 3–5 hours, and a hydroacoustic survey was 
conducted in zigzag from shore to shore, covering as much space as possible 
per day. We then applied and compared different upscaling scenarios.  

Firstly, the ebullitive flux as estimated from hydroacoustics per segment of 
~30 m was interpolated across the whole reservoir. Secondly, the ebullitive 
flux as estimated from hydroacoustics per 30-m segment was divided into 
depth bins of 5 m range, and the mean ebullition of each depth bin was applied 
to grid cells of matching depths of the gridded bathymetry map. Thirdly, each 
reservoir was divided into inflow and non-inflow areas, and the hydroacoustic 
data were interpolated to the whole reservoir with separate depth-relationships 
for inflow and non-inflow areas. Lastly, the reservoirs were divided into five 
morphological sections, and the hydroacoustic data were interpolated with 
separate depth-relationships for each section. To discuss the potential impact 
of the temporal dimension, ebullitive emission estimates from bubble trap de-
ployments in April 2015 and May 2016 (CDU) and in March 2015 and Octo-
ber 2016 (FUN) were used for a comparison between the years. Diffusive CH4 
and CO2 emission estimates from other sampling campaigns (Paper III and V), 
together with our best estimate for ebullitive CH4 emission, were used for cal-
culation of total C (CH4+CO2) emission for CDU and FUN. 

Figure 6. Methodological illustration of Paper IV: Upscaling spatially-resolved me-
thane ebullition measurements in two contrasting tropical reservoirs. 
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In Paper V (Figure 7), whole-reservoir CH4 and CO2 water concentrations, 
gas exchange coefficients kCH4 and kCO2, and diffusive emission of CH4 and 
CO2 were measured in CDU, CUN, FNS and FUN during different hydrolog-
ical seasons. In all reservoirs, low water and falling water season were studied, 
where the low water sampling campaigns are the sampling campaigns that 
were also used for Paper III. Additionally, high water and rising water season 
were studied in CDU. The sampling strategy was essentially the same as de-
scribed above for Paper III: A survey with the equilibrator was conducted in 
zigzag from shore to shore across the reservoir to measure surface water con-
centrations of CH4 and CO2, with approximately one measurement per 2 m. 
Every 1 km of the survey, the boat was stopped for triplicated discrete meas-
urements of CH4 and CO2 surface water concentrations, and for triplicated 
floating chamber deployments for measurements of diffusive CH4  and CO2 
flux at the water surface. 

The discrete measurements of CH4 and CO2 surface water concentration 
were used for calculations of the equilibration efficiency of the equilibrator, 
and together with the discrete diffusive flux measurements, for the calculation 
of kCH4 and kCO2. The equilibrator-derived CH4 and CO2 surface water concen-
tration, kCH4 and kCO2 were interpolated across the whole water surface area to 
obtain four maps for each sampling campaign in each reservoir. These maps 
were then used to calculate the diffusive CH4 and CO2 flux. The interpolated 
maps of CH4 and CO2 diffusion were gridded into 300 x 300 m squares. Each 
grid cell could then be compared to the same grid cell of the map representing 
the other seasons for each reservoir (i.e. seasonal variability per grid cell). By 
determining the geographical location of each of the between-season flux dif-
ferences, we then identified the regions in each reservoir that were particularly 
low and high in seasonal variability, respectively (i.e. spatial variability in sea-
sonal variability).  

Figure 7. Methodological illustration of Paper V: Spatial heterogeneity of diffusive
CO2 and CH4 emission varies seasonally in four tropical reservoirs. 
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3.4 Measurement techniques 

3.4.1 The ultra-portable greenhouse gas analyser 

An ultra-portable greenhouse gas analyser (UGGA, 
Los Gatos Research; Figure 8), operating at 1 Hz (one 
measurement per second), was used for analysis of CH4 
and CO2 concentrations in Paper I–V. It was used for 
measurements of diffusive flux with floating chambers, 
of surface water CH4 and CO2 concentrations through 
both automated and discrete equilibration methods, of 
CH4 and CO2 concentration in gas bubbles caught in bubble traps, and of the 
CH4 concentration in the sediment porewater. For injection of discrete sam-
ples (discrete equilibration samples, bubble trap gas samples and sediment 
porewater samples), the UGGA was equipped with a custom-made inlet port 
with a three-way-valve, so that two gas flows could be interchangeably ap-
plied: On the one hand, the UGGA could be connected to a tube with a soda-
lime cartridge to absorb any CO2. The CH4 and CO2 baseline concentrations 
were 1.8 and 0 ± 0.1 ppm, respectively. On the other hand, syringes for dis-
crete gas injection could be mounted to the third entry of the valve, and the 
three-way valve could be turned to block the baseline gas flow, to allow only 
for gas flow from the syringe to the UGGA. The flow into the inlet port was 
driven by the UGGA’s internal pump, so that when a syringe was connected 
to the three-way valve and the system was opened towards the syringe and the 
UGGA, the gas from the syringe was sucked into the inlet without external 
force. The automatic sucking of the sample was optimal with 10-mL syringes, 
so that only those were used for sample injection. After injection of the sample 
into the UGGA, the valve was turned back to baseline air flow. The peaks in 
CH4 and CO2 content were recorded by the UGGA, and their area was deter-
mined using an in-house R script and compared to in-house calibration curves 
for CH4 and CO2, respectively. Detection limits for manual injection into the 
UGGA were 2.76 × 10−10 and 1.5 × 10−7 mol L−1 for CH4 and CO2, respec-
tively. 

3.4.2 Measurement of surface water gas concentrations 

An online equilibration system (Figure 9, 10) was used for Paper I, III and V 
for high-frequency measurements of CH4 and CO2 surface water concentration 
in form of partial pressure (pCH4 and pCO2). Water from 0.5 m depth was con-
tinuously pumped (3 L min−1) through a pre-filter (polyurethane foam covered 
by a 50-µm plankton net) and a cartridge filter (10 μm pore size, Eaton 
Lofwind), and through a membrane-based equilibrator (Permselect module 
PDMS-XA 1.0, Medarray Inc.). The membrane-based equilibrator is composed 
of an array of hollow silicone fibres with a total exchange area of 1 m2. The 

Figure 8. The ultra-
portable greenhouse 
gas analyzer (UGGA; 
Los Gatos Research). 
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water flows outside the hollow fibres, while the gas flows inside 
the hollow fibres into the UGGA. An open gas flow was used, 
which means that the gas was disposed to the atmosphere after 
passing through the UGGA rather than being sent back into the 
equilibrator. The amount of CH4 and CO2 as estimated by the 
UGGA was logged with a frequency of 1 Hz (1 s-1), and each 
measurement was corrected by the response time of the equili-
brator, being 5 min for CH4, and 3 min for CO2. For the spatial 
surveys in Paper III and V, these data were combined with ge-
ographic coordinates from a USB-GPS device (Navilock 
6002U) which was run through the software Coolterm (version 
1.4.7). At an average boat speed of 7 km h-1, every data point thus represented 
a moving average over 580 m for CH4, and 350 m for CO2. The equilibration 
efficiency was tested in Paper III by comparing equilibrator-derived CH4 and 
CO2 concentrations with concentrations derived from manual samples (see next 
paragraph), and reached 87% (±12 SD, standard derivation) for CH4 and 84% 
(±14 SD) for CO2. 

In addition to the equilibrator measurements, also discrete samples for meas-
uring pCH4 and pCO2 were taken for Paper I, III and V. For this purpose, three 
60-mL syringes (i.e. triplicates) were each filled with 30 mL surface water and 
10 mL atmospheric air, and vigorously shaken for 60 seconds to allow for 
equilibration between water and gas phase. The head-space of 10 mL was then 
transferred to a 10-mL syringe and injected in the UGGA for calculation of 
CH4 and CO2 concentrations in the samples. The solubility coefficients of 
Weiss (1974) and Yamamoto et al. (1976) were used to compute the surface 
water concentrations of CH4 and CO2, respectively. The geographical position 

Figure 10. Set-up of the automated equilibration system (Picture: José R. Paranaíba).  

Figure 9. The 
equilibrator. 
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of each set of discrete equilibration samples was determined with a handheld 
GPS (etrex 30x, Garmin). 

3.4.3 Measurements of diffusive gas fluxes with floating chambers 

Floating chambers (Figure 11, 12) were used for direct 
measurements of diffusive gas fluxes between the air-wa-
ter interface in Paper I, III and V. The floating chambers 
were cylindric in shape, with a surface area of 70 cm and 
a total volume of 17 L, and they were made of transparent 
acrylic fibre so that photosynthesis was not affected. A 
buoyant polyethylene foam ring made of a pool noodle was 
glued around the floating chamber body to ensure it kept floating with its walls 
submerged about 4–5 cm under the water surface. The floating chamber was 
deployed from the boat and left drifting during measurement to avoid the cre-
ation of self-induced turbulence, and connected with two gas-tight Tygon 
tubes to both in- and outlet of the UGGA to create a closed gas loop. The CH4 
and CO2 concentration inside the floating chamber was observed via the 
UGGA’s real-time display, and quantified over periods of 5 min per floating 
chamber deployment. Chamber deployments were discarded if a non-linear 
increase (r2 < 0.9) in CH4 or CO2 concentration was observed over time, which 
would have likely been related to CH4- or CO2-enriched bubbles entering the 
chamber. All floating chamber deployments were repeated three times (i.e. 
triplicates). The water column depth for each chamber deployment was deter-
mined with a handheld sonar (Hondex PL-7), and their geographical position 
was determined with a handheld GPS (etrex 30x, Garmin). 

Figure 12. Floating chamber deployment in the reservoir Funil (FUN), Brazil. 

Figure 11. Float-
ing chamber.  
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3.4.4 Measurements of ebullitive gas fluxes with hydroacoustics 

A 120 kHz downward-faced split-beam transducer (Simrad 
ES120-7C, Kongsberg Maritime AS, Norway; Figure 13) with 
a beamwidth of 7° was mounted to a boat and operated by a 
portable scientific echosounder (Simrad EY60, Kongsberg 
Maritime AS, Norway) and a laptop with the software Simrad 
ER60 (version 2.4.3). A USB-GPS (Navilock 602U) was used 
together with the Simrad ER60 software to record geograph-
ical coordinates, and an extra USB-GPS (Navilock 6002U) to-
gether with the software Coolterm (version 1.4.7) was used as 
a backup-GPS in case the other one did not record properly. 
The transducer was operated at ping rates of 5–10 Hz. Hydro-
acoustic data were analysed with the software Sonar5 Pro (Lindem Acquisi-
tion, Norway). For each sampling campaign, the transducer was calibrated to 
the local in-reservoir conditions such as water temperature and turbidity to 
estimate sound speed, and to data acquisition parameters such as power and 
pulse duration.  

Bubbles in the echogram were distinguished from fish and plankton based 
on their travel path, signal intensity and velocity according to Ostrovsky et al. 
(2003, 2008) and DelSontro et al. (2011). In short, whereas bubbles rise ver-
tically through the water column, fish generally swim horizontally, which al-
lows for the initial distinction between the acoustic backscatter signals each 
of them creates in the echogram (Figure 14). We assumed a mean vertical 
speed of -0.15 to -0.5 m s-1 for bubbles and >-0.1 m s-1 for fish. Targets with 
a vertical speed between -0.1 and -0.15 m s-1 were not counted as either ob-
jects. Echo length was set to 0.8–1.2, maximum standard deviation of the 
beam angle was set to 0.3º, and maximum gain compensation to 6 dB. In ad-
dition to target classification by Sonar5 Pro, their automatic classification was 
verified by manual inspection in the files. The files were then separated into 
segments of 300 pings (transducer moving with the boat, Paper II and IV) or 
3 h (transducer fixed in space, Paper I), and the Biomass analysis in Sonar5 
Pro was used to calculate the total acoustic strength in each segment from all 
targets with acoustic signals stronger than -70 dB.  

The ebullitive CH4 flux per segment was calculated from the total biomass 
and the detected targets in each segment, using a Matlab script developed by 
Tonya DelSontro (University of Geneva, Switzerland; unpublished). In the 
script and by assuming an average CH4 content in the bubbles of 70% based 
on own empirical evidence, bubble flux from the sediment was converted to 
bubble flux from the water surface by applying the bubble dissolution model 
of McGinnis et al. (2006). Only the lowest 3-m layer of the water column was 
analysed, because it provides the highest amount of bubble echoes and the 
most accurate measures for bubble diameter and volume calibration parame-
ters as provided by DelSontro et al. (2015). 

Figure 13. 
Transducer  
of the echo-
sounder. 
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3.4.5 Measurements of ebullitive gas fluxes with bubble traps 

Bubble traps (Figure 15) were used for direct measurements 
of ebullitive emission for Paper I, II and IV. The bubble traps 
were custom-built and consisted of a conical plastic frame-
work of 43 cm height covered by an impermeable tarp, and 
with a 50 cm diameter wide detachable metal ring at their bot-
tom to keep the trap in conical form. The traps had a thread 
for a 220-mL glass bottle on top, and two 500-mL PET bottles 
were bound to the top of their conical framework to keep them 
floating at the water surface, with their whole body sub-
merged in the water and only the top of the floaters being visible above the 
water surface. For deployment of each bubble trap, a cement anchor was care-
fully put on the bottom of the reservoir and attached to a buoy. The buoy was 
connected to the bubble trap in ~1.5 m distance so that the trap could float in 
a radius of ~1.5 m around the buoy (Figure 16). The trap was ensured to be 
completely filled with water and have no bubbles trapped in its tarp. Finally, 
the glass bottle was filled completely with water and screwed to the top of the 
trap, which was the time noted as starting time of the measurement. The water 
column depth was measured with a handheld sonar (Hondex PL-7) by the 
buoy, and the geographical position of each bubble trap deployment was de-
termined with a handheld GPS (etrex 30x, Garmin). The gas trapped in the 
bottle of the trap was typically sampled 3–5 hours after its deployment by 
screwing off the bottle, and closing it under water with a custom-made gas-
tight three-way-valve stopper. The gas in the bottle head-space was then col-
lected through the three-way valve with a 60-mL syringe. 3–5 mL of the gas 

Figure 14. Distinction of fish and bubbles in the water column according to their
travel path from the echogram in the software ER60 (Simrad, Kongsberg Maritime
AS, Norway). 

Figure 15.  
Bubble trap. 
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in the 60-mL syringe was transferred to a 10-mL syringe from which it was 
injected into the UGGA within 1–2 days to retrieve concentrations of CH4 and 
CO2. The volume of captured gas was calculated from the water displacement 
by measuring the remaining water volume in the glass bottle with a measuring 
cylinder. Ebullitive CH4 and CO2 flux was eventually calculated from the CH4 
and CO2 concentrations in the captured gas, captured gas volume and deploy-
ment time. 

 

3.4.6 Explanatory variables of diffusive and ebullitive emission 

Wind speed, air temperature and barometric pressure were measured 2 m 
above the water surface with a handheld weather meter (Skymaster Speedtech 
SM-28) every hour for Paper I, and every 1 km of the spatial survey for Paper 
III and V. Water temperature, pressure, pH, conductivity, and dissolved oxy-
gen and chlorophyll a concentrations were measured continuously about 0.5 
m below the water surface with a water quality probe (YSI 6600 V2), logging 
at 30-second intervals (Paper I and IV). Temperature profiles in Paper I and II 
were made with either the water quality probe, or with temperature sensors 
(HOBO Water Temperature Pro v2). Pressure at the reservoir bottom was cal-
culated as the sum of the pressure exerted by the total water column, assuming 
a pressure of 100 mbar per 1 m height of the water column, and either the 

Figure 16. Bubble trap deployment with the attached buoy to the left, and the echo-
sounder mounted to a boat on the right, in the reservoir Furnas (FNS), Brazil. 
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surface water pressure measured with the water quality probe or the baromet-
ric pressure measured with the weather meter. Additional data of hourly aver-
ages of wind speed, air temperature and atmospheric pressure measurements 
from the nearest weather stations in Juiz de Fora (for CDU), Santarém (for 
CUN), Formiga (for FNS) or Resende (for FUN) as provided by INMET (In-
stituto Nacional de Meteorología, Brazil) were used for Paper I and II. Water 
level for all reservoirs was measured daily by the respective dam operator, for 
CDU directly provided by the dam operator CESAMA, and for CUN, FNS 
and FUN retrieved from ANA (Agência Nacional de Águas, Brazil).  

In addition to weather and water quality measures, the influence of fish 
close to the sediment (<1 m) on ebullition was investigated with the hydroa-
coustic echosounder for Paper I. After distinction between fish and bubbles 
based on direction of individual echo tracks, relative fish size and swimming 
speed were determined to investigate potential relationships with ebullitive 
flux. Depth of sampling sites were either determined from discrete measure-
ments with the handheld depth sonar (Hondex PL-7) or from interpolated ba-
thymetry as retrieved from hydroacoustic surveys (Paper II: Simrad EY60, 
Kongsberg Maritime AG, Norway; Paper III: SES-2000, Innomar Technolo-
gie GmbH, Germany; Paper IV: combined data from both above-mentioned 
hydroacoustic echosounders). 

Sediment cores for sediment characteristics were taken in polyvinyl chlo-
ride (PVC) tubes with a UWITEC gravity corer equipped with a hammer de-
vice, and the cores were visually separated into post-flooding sediment and 
pre-flooding soil. Each layer was homogenized, and analyses of organic C and 
total N content (Paper I and II), and mean grain size (Paper II) were done for 
post-flooding sediment and pre-flooding soil layers separately. Samples for 
organic C and total N analyses were heat-dried at 100 °C. The samples were 
then ground (RETSCH PM 100 CM ball mill) and measured with a combus-
tion N and C analyser (ECS 4010 CHNSO analyser, Costech Analytical Tech-
nologies). From the organic C and total N contents, we then calculated the 
molar C/N ratio for each sample. Grain size analysis was done according to 
Westerhof et al. (1999): Samples were freeze-dried, and then burned for 4 h 
at 550 °C. Deionized water was added, and the samples were treated in an 
ultrasonic bath to dissolve aggregations of particles. The samples were then 
analysed for grain size distribution with a laser diffractometer (Mastersizer S, 
Malvern Instruments), and median grain size was used for further analysis. 

Sediment cores for CH4 porewater profiles were taken with the UWITEC 
gravity corer with hammer device in PVC tubes, which were prepared with 10 
mm holes every 1 cm down the tube, and sealed with PUMA tape (Adhesive 
AG, Switzerland). On-site, 2-mL subsamples of sediment were taken through 
these sealed holes with a 3-mL syringe, and shaken vigorously for one minute 
together with 5 mL deionized water in 22-mL gas-tight glass vials that were 
closed with 10 mm thick rubber stoppers. The head-space was sampled with 
a 10-mL syringe through a needle and analysed for CH4 concentrations on the 
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UGGA. Saturation concentration was then calculated based on sediment tem-
perature and total pressure in each sediment layer. Water column depth for 
each sediment core was determined with a handheld sonar (Hondex PL-7), 
and their geographical position was determined with a handheld GPS (etrex 
30x, Garmin). 

3.4.7 Statistics and interpolation techniques 

For Paper I and III, partial least squares (PLS) regression (SIMCA version 
13.0) was performed to study correlations of CH4 and CO2 emission with en-
vironmental variables. In PLS regression, the predicted and observable varia-
bles are projected to a new space to find a linear regression model.  

For Paper I, a Mann-Whitney U test (default wilcox.test in R Studio version 
1.1.383) served for comparison of daytime and nighttime measurements. In 
Paper II, we used simple linear regressions to find relationships between CH4 
ebullition and different predictor variables.  

In Paper II–V, inverse distance weighting (IDW) was used for interpolation 
of data from the hydroacoustic echosounder (Paper II and IV) and from the 
equilibrator (Paper III and V). IDW uses a weighted average for calculating 
values for the unknown points on a map. It gives more weight to measured 
values that are closer in distance to a point of unknown value by using the 
inverse of the distance to each point for the calculation of a weighted average. 

In Paper II and IV, a depth-dependent upscaling approach was applied. For 
the area to be interpolated, all measured CH4 ebullition data were assigned to 
depth bins, and the mean CH4 ebullition was calculated for each of the bins. 
The mean CH4 ebullition of each depth bin was then fitted to the respective 
grid cell within the assigned depth range, and IDW was used to interpolate 
across the whole area. In Paper II, this method was applied to the CH4 ebulli-
tion data from the bubble traps, and in Paper IV to the data from the hydroa-
coustic surveys.  

In Paper IV, the reservoirs were additionally divided into inflow and non-
inflow areas, and into five similarly sized reservoir sections in another upscal-
ing approach. Each of the two categories, respectively sections, were fitted to 
the gridded bathymetry data according to separate depth bins, and data were 
upscaled to the whole reservoir. The division between inflow and non-inflow 
regions was based on calculations of the catchment size of each incoming 
river, and the water volume of the area under influence of a river inflow. For 
one well-known inflow area of each reservoir, we defined where the influence 
of the incoming river ends. We calculated the water volume of the reservoir 
area under influence of the incoming river itself, and the catchment area of the 
incoming river. Based on this ratio and the catchment size of each of the other 
rivers, we calculated the water volume of their inflow-areas, and drew the 
thresholds accordingly. 
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In Paper II, the quartile coefficient of dispersion (QCD), a measure of var-
iability for data sets with non-normally distributed residuals (Bonett 2006), 
was used for comparison of the variability of CH4 ebullition at different tem-
poral and spatial scales: 

 QCD =    (iv) 

where Q1 is the first and Q3 the third quartile of a data set. The QCD can have 
values of 0–1, with 0 representing lowest and 1 representing highest variabil-
ity. As a measure of spatial variability, the QCD was calculated from the 
means of interpolated CH4 ebullition of all grid cells for each sampling occa-
sion. As a measure of temporal variability, the QCD was calculated for each 
individual grid cell as the difference between sampling occasions in the means 
of interpolated CH4 ebullition. These calculations were based on hydroacous-
tic measurements, which were interpolated across the study area, separately 
for each temporal scale. In addition, temporal variability was quantified using 
the bubble trap data set for each deployment spot across the different sampling 
occasions, separately for each temporal scale. The QCDs of the different tem-
poral and spatial scales were presented together in frequency distribution plots 
with gaussian smoothing (Figure S3 in the Supporting Information of Paper II 
aims to visualise these methods.). 
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4 Results and discussion 

4.1 Summary of findings 

In Paper I, we found that total C emission from reservoirs can vary substan-
tially over 24 hours. Not only the magnitude of total C emission varied, but 
also the contribution of different flux pathways or gases (Figure 17). Total C 
emission was higher during daytime in all four reservoirs, however sometimes 
small (FNS) and sometimes large (CDU, FUN). If total C emission was cal-
culated from only the daytime measurements, it would have been overesti-
mated by 5 to 40%.  

Total C emission was dominated by CH4 ebullition and CO2 diffusion. The 
difference between day and night was larger for CO2 than for CH4 emission, 
so that daytime-only extrapolations overestimated CO2 emission by a much 
larger range (0–84%) than CH4 emission (2–40%).  

The most important drivers for CO2 diffusion were CO2 gas exchange ve-
locity and surface water concentrations of CO2, oxygen and chlorophyll a. 
Barometric and hydrostatic pressure were important drivers of CH4 ebullition 
in some reservoirs, but we found no consistent set of drivers for all reservoirs. 

Figure 17. Contribution of different pathways and gases to total carbon emission as 
methane (CH4) and carbon dioxide (CO2) during one diel cycle in one location of each 
reservoir Chapéu d’Uvas (CDU), Curuá-Una (CUN), Furnas (FNS) and Funil (FUN), 
comparing day (6–18 h) and night (18–6 h). Day and night are shown in different 
shade, and different pathways and gases are shown in different colour intensity. Dif-
fusive and ebullitive emission was calculated from floating chamber and bubble trap 
measurements, respectively. The white star marks the few interpolated nighttime meas-
urements in FUN due to a thunderstorm (graphic from Paper I). 
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In Paper II, we found that CH4 ebullition in one bay of CDU reservoir varied 
more at temporal than at spatial scales, but that both spatial and temporal 
variability were important (Figure 18). Seasonal variability within a year was 
larger than daily variability within two weeks. Without resolving for space 
and time, annual estimates of CH4 ebullition can vary by 75–174% for our 
study area.  

The main drivers of CH4 ebullition were rising water temperature and drops 
in pressure, both at the daily and at the monthly/seasonal scale. Spatial explan-
atory variables such as water column depth or sediment characteristics were 
not correlated with CH4 ebullition.  

We recommend a minimum sampling effort of measuring CH4 ebullition 
in tropical regions in high spatial resolution once during each major hydro-
logic season, i.e. in dry and rainy season when water levels are falling and 
rising, respectively.  

  
 
 
 
 

Figure 18. Comparison of the variability of methane (CH4) ebullition across space 
and different scales of time, measured in one bay of Chapéu d’Uvas (CDU) reservoir 
with a) hydroacoustics, and b) bubble traps. Variability is expressed as frequency dis-
tribution of the quartile dispersion coefficient (QCD), shown with gaussian smooth-
ing. Spatial variability is the QCD between all grid cells of the northern part of the 
bay (plot a, green shading, n=37), comparing all sampling campaigns of the respective 
data set. Temporal variability is the QCD for each grid cell of the northern part of the 
bay between the sampling campaigns of the respective data set (plot a: intra-annual, 
dark purple shading, n=8; intra-monthly, light purple shading, n=6; plot b: intra-an-
nual, red shading, n=9; intra-monthly, yellow shading, n=11; diel, blue shading, n=8). 
Overlapping peaks suggest that variability is similar, whereas a peak with higher QCD 
suggests higher variability than whichever other variability with which we are com-
paring (graphic from Paper II). 
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In Paper III, we found higher dissolved CH4 concentrations and diffusive 
CH4 flux in river inflow areas than in the rest of the reservoirs CDU, CUN and 
FNS. Areas close to the dam, in contrast, were generally low in both concen-
tration and diffusive flux of both CH4 and CO2 (see Figure 19 with exemplary 
maps from the CDU data set, where and pCH4 and pCO2 are representative of 
surface water concentration).  

Main drivers of variability in CH4 and CO2 concentration were surface wa-
ter oxygen and chlorophyll a concentration, pH, water depth, and within-res-
ervoir location of the measurements. The gas exchange coefficient k was also 
highly variable, and k600,CH4 was on average about 2.5 times higher than 
k600,CO2.  

We calculated the number of sampling points needed for diffusive emission 
estimates representative of space, and found that smaller systems require 
higher sampling density than larger systems for both CH4 and CO2 (0.1–10 
sampling points per km2 for CH4, and 1–6 for CO2). We further estimated that 
diffusive C emission could have been underestimated by up to 80% if the 
within-reservoir variability in concentrations and k of CH4 and CO2 had not 
been accounted for. 

 
 
 

Figure 19. Spatial variability of methane (CH4) and carbon dioxide (CO2) in Chapéu 
d’Uvas (CDU) reservoir, measured with floating chambers and equilibrator surveys.
From the left to the right: partial pressure (pCO2, pCH4), CH4 and CO2 gas exchange 
coefficient (k600,CO2 and k600,CH4, where 600 is a so-called Schmidt number used for
making the k of different gases comparable) and the CH4 and CO2 flux between res-
ervoir and atmosphere (graphic from Paper III). 
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In Paper IV, we found overall higher CH4 ebullition in areas influenced by a 
river inflow compared to the rest of the reservoir surface, in both CDU and 
FUN. In CDU, CH4 ebullition decreased with increasing depth, in both inflow 
and non-inflow areas. In FUN, we found contrasting patterns: in inflow areas, 
CH4 ebullition increased with increasing depth, and in non-inflow areas, CH4 
ebullition decreased with increasing depth.  

We therefore, and after comparison of the results from four different up-
scaling methods, used two different techniques for upscaling to whole-reser-
voir CH4. We identified upscaling according to depth as an appropriate up-
scaling technique. It, however, might be necessary to upscale separately for 
different reservoir areas. Inflow areas emitted about twice as much CH4 than 
non-inflow areas in both CDU and FUN (see Figure 20 with exemplary maps 
from the FUN data set). Finally, we estimated a total C emission of 35 ± 0.3 t 
CO2-equivalents per day ± SEM (standard error of the mean) for CDU in 
April–May 2016, and 345 ± 4 t CO2-equivalents per day for FUN in October 
2016. Per square meter reservoir surface, FUN emitted 2.6 times more CO2-
equivalents than CDU, which we attribute to higher productivity in FUN. In-
terestingly, the choice of upscaling approach did not largely influence the 
magnitude of the overall CH4 ebullition estimate. 

Figure 20. Methane (CH4) ebullition in Funil (FUN) reservoir as interpolated from
the hydroacoustic surveys according to Approach I (inverse distance weighting inter-
polation), Approach II (binned by bathymetry), Approach III (grouped into inflow and
non-inflow areas), and Approach IV (grouped into five different morphological sec-
tions, and binned by bathymetry). The main inflow of FUN is marked with a gray
arrow (graphic from Paper IV). 
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In Paper V, we found a seasonally-resolved total diffusive C emission of 2.5, 
21, 218 and 0.3 Gg CO2-equivalents per year in CDU, CUN, FNS and FUN, 
respectively. Diffusive CH4 emission ranged over 104–165 kg d-1 in CDU, 
528–736 kg d-1 in CUN, 6040–26000 kg d-1 in FNS and 21–23 kg d-1 in FUN 
between different seasons. Diffusive CO2 emission ranged over 392–1000 kg 
d-1 in CDU, 5200–67600 kg d-1 in CUN, 86000–24850 kg d-1 in FNS and 34–
61 kg d-1 in FUN between different seasons.  

We further found that not only the overall magnitude, but also the spatial 
variability of CH4 and CO2 diffusion varied strongly between seasons (Figure 
21). Areas characterized by river inflows were often especially variable in flux 
between seasons. Areas close to the dam were often low in seasonal variability 
for CH4 diffusion, whereas they were high in seasonal variability for CO2 dif-
fusion. We calculated that not accounting for within-reservoir variability of 
CH4 and CO2 surface water concentration and gas coefficient k across different 
hydrological seasons may lead to either under- or overestimations of the total 
diffusive C emission by 150–1200%. 

Figure 21. Spatial distribution of the seasonal variability of diffusive carbon dioxide
(CO2; top graphics) and methane (CH4; bottom graphics) fluxes, here exemplary for
the reservoirs Chapéu D’Úvas (CDU) and Curuá-Una (CUN). The data were acquired
with equilibrator surveys for CH4 and CO2 surface water concentrations, and a com-
bination of discrete floating chamber deployments and discrete measurements of sur-
face water concentrations for the estimation of the gas exchange coefficients kCO2 and 
kCH4. Areas low in seasonal variability are shaded in green, and areas high in seasonal
variability are shaded in blue. White shading represents areas where seasonal varia-
bility was within the interquartile range of all compared regions of the respective res-
ervoir. The black arrows indicate river-inflows, and the black house symbols represent
riverside communities (graphic from Paper V). 
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4.2 Magnitude of greenhouse gas emission estimates from four 
tropical reservoirs 

The most recent global synthesis on greenhouse gas emission from reservoirs 
(Deemer et al. 2016) reported a mean CH4 emission of 120 mg C m-2 d-1. We 
found a whole-reservoir mean CH4 emission of 80 mg C m-2 d-1 in CDU, and 
of 215 mg C m-2 d-1 in FUN (Paper IV). In terms of CO2 emission, 330 mg C 
m-2 d-1 was reported as a mean from reservoirs worldwide (Deemer et al. 
2016). We found a mean CO2 emission of 19 and 1.7 mg C m-2 d-1 in CDU 
and FUN, respectively (Paper IV, V).  

In the whole-reservoir study in CDU (Paper IV), 61.4% CH4 emission hap-
pened via ebullition, and 38.6%, via diffusion. In FUN, 99.6% of the CH4 
emission happened via ebullition, and only 0.4%, via diffusion. If converted 
to CO2-equivalents, 60.2% of all CO2-equivalent emission was emitted via 
CH4 ebullition in CDU, and 99.5% in FUN. Only 39.8% and 0.5% in CDU 
and FUN, respectively, were emitted via diffusive emission of CH4 and CO2. 

Accordingly, also our findings of the diel study (Paper I) support the ob-
servation that most greenhouse gas emission happens via CO2 diffusion and 
CH4 ebullition, while CO2 ebullition and CH4 diffusion are negligible. Paper 
I additionally indicates, however, that both of these pathways need to be meas-
ured because in one of the four measured diel cycles, in CUN, we found almost 
no CH4 ebullition while nearly 100% of the greenhouse gas emission hap-
pened via CO2 diffusion. Thus, CO2 emission can be relevant at times or sites 
when CH4 ebullition is absent or very low.  

4.3 Significance of the spatial variability of greenhouse gas 
emission 

The range in CH4 ebullition that we found across different areas of ~45 m2 
(30-m segments multiplied by the acoustic beam width) was very large: in 
CDU, the range was between 0 and 29533 mg C m-2 d-1, and in FUN between 
0 and 28997 mg C m-2 d-1 (Paper IV). This range represents an extremely high 
variability. An important question to address, however, is if we find these high 
ranges in all parts of the reservoirs, or if the total range in ebullition is limited 
to the high-ebullition areas.  

Our data (Paper IV) indicate that there are certain regions of a reservoir, 
often characterized by river inflows, which are especially high concerning 
both the magnitude and the variability of CH4 ebullition. In the study where 
we covered only one bay of CDU with a river inflow (Paper II), for instance, 
we found a mean CH4 ebullition of 281 mg C m-2 d-1. This is nearly six times 
higher than the mean ebullitive CH4 ebullition across the whole reservoir (48.9 
± 0.6 mg C m-2 d-1 ± SEM; Paper IV), more than three times higher than the 
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mean of CH4 emission via ebullition and diffusion together (79.7 ± 0.7 mg C 
m-2 d-1 ± SEM; Paper IV), and more than twice as high as the global mean 
reservoir CH4 emission (ebullition+diffusion: 120 mg C m-2 d-1; Deemer et al. 
2016). Interestingly, both CDU and FUN showed a similar range in CH4 ebul-
lition (CDU: 0–29533 mg C m-2 d-1, FUN: 0–28997), even though the spa-
tially-resolved mean flux in FUN (215.3 ± 2.4 mg C m-2 d-1 ± SEM) was more 
than four times higher than in CDU (48.9 ± 0.6 mg C m-2 d-1 ± SEM; Paper 
IV). Thus, the spatial variability of CH4 ebullition in our study was not related 
to the total magnitude of CH4 ebullition of the respective system. 

In Paper II, we did an exercise performing extrapolations using only data 
from areas of the highest ebullitive fluxes (i.e. the 10% grid cells of a gridded 
bay where we measured the highest CH4 ebullition). We estimated that we 
would have overestimated total CH4 ebullition by 174% compared to our spa-
tio-temporally resolved best estimate (i.e. the mean CH4 ebullition from 
monthly spatially-resolved measurements over one year). Accordingly, if we 
had extrapolated using only data in the areas with lowest ebullition (i.e. the 
10% grid cells of a gridded bay where we measured the lowest CH4 ebullition), 
we would have underestimated the total flux by 79%. Spatially-resolved meas-
urements are key to getting reliable estimates of CH4 emission from the stud-
ied reservoirs. In conclusion, spatial variability in CH4 ebullition was so large 
that disregarding it, e.g. by measuring at only a few sites, could return very 
different estimates of reservoir CH4 ebullition.  

We covered most parts of the reservoirs CDU and FUN with a hydroacous-
tic echosounder, aiming to capture the most possible spatial variability in CH4 
ebullition by including inflow and non-inflow areas as well as regions of dif-
ferent water column depth. Interestingly, four different approaches to upscale 
from these echosounder surveys to whole-reservoir fluxes (Paper IV) resulted 
in rather similar spatially-resolved mean ebullition (mean of four upscaling 
approaches ± SEM, CDU: 49.0 ± 0.1 mg C m-2 d-1, FUN: 204.4 ± 11.6 mg C 
m-2 d-1). It seems therefore that getting spatially well-resolved data is more 
important than the choice of upscaling approach for a whole-reservoir CH4 
ebullition estimate. 

Paper IV showed an at least two times higher CH4 ebullition in areas under 
the influence of river-inflows than in the rest of the reservoir body for both 
CDU (inflow: 153 mg C m-2 d-1, non-inflow: 90 mg C m-2 d-1) and FUN (in-
flow: 534 mg C m-2 d-1, non-inflow: 264 mg C m-2 d-1). It has repeatedly been 
reported that CH4 ebullition predominantly occurs in shallow regions (Ostrov-
sky 2003; Grinham et al. 2011; Zheng et al. 2011; Deshmukh et al. 2014; 
Natchimuthu et al. 2016; de Mello et al. 2018). While we found a consistent 
pattern of increasing CH4 ebullition towards shallower regions in CDU, we 
did not find such a pattern in FUN. In contrast, in the inflow-areas of FUN, 
we found increasing CH4 ebullition with increasing depth up to depths of 31 
m. Non-inflow areas of FUN had the highest CH4 ebullition in the shallowest 
depth bin, but otherwise did not show an evident trend over depth. Water depth 
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thus does not seem to serve as a reliable proxy of ebullition in the studied 
reservoirs. 

In terms of spatial variability in the diffusive CH4 and CO2 flux (Paper III), 
we found that, just as for CH4 ebullition, highest emission frequently occurred 
in river inflow areas. We calculated that we would miss 10–80% of the emis-
sion if we based our measurements on only one measurement of the gas ex-
change coefficient k by the dam instead of performing highly spatially re-
solved measurements across the whole reservoir area. Interestingly, smaller 
systems might need just as many sampling points as larger systems, because 
we found that a higher sampling density was required for smaller reservoirs in 
order to get results of diffusive emission representative for the whole reservoir 
area. Possibly, in smaller reservoirs, the variability in diffusive emission oc-
curs at a small spatial scale, while in larger reservoirs, the variability occurs 
at a larger spatial scale, which might be an effect of more wind-induced mix-
ing and homogenization of water in larger systems. 

4.4 Significance of the temporal variability of greenhouse gas 
emission 

Greenhouse gas emission varied significantly over different scales of time. Ac-
cording to Paper I, if we had measured only during daytime (6–18 h), we would 
have overestimated total C emission by 5, 23, 31 and 39% as compared to meas-
uring the full 24-hour cycles in FNS, CUN, CDU and FUN, respectively. The 
observed diel variability can be due to either CH4 ebullition or CO2 diffusion, 
or both. Since only one diel cycle was studied in each reservoir, we cannot gen-
eralize the trends to the whole reservoirs, but nevertheless, these data show that 
short-term temporal variability in emission might be significant.  

Also at the scales of days and months, temporal variability was significant. 
In Paper II, we did an exercise performing extrapolations using only data from 
the time of the year where we had found the highest ebullitive CH4 fluxes, and 
estimated that we would have overestimated total CH4 ebullition by 142% 
compared to our spatio-temporally resolved best estimate. Accordingly, if we 
had extrapolated using only data from the months of lowest flux during the 
year, we would have underestimated the total flux by 75%. 

All temporal scales of CH4 ebullition (diel, intra-monthly and intra-annual) 
showed high temporal variability (Paper II; Figure 18). This is due to the sto-
chastic nature of the ebullition flux – in most cases, there are either no bubbles, 
or there are many at once. Few regions were actually bubbling at all sampling 
occasions. We found, however, that the largest variability in CH4 ebullition 
occurred at the seasonal timescale. If CH4 ebullition is measured once during 
the time of lowest flux, and once during the time of highest flux, variability at 
smaller time scales will be overruled. We suggested that temperature, but also 
water level rise and drawdown, are good predictors of hot moments of CH4 
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ebullition. Water level is linked to temperature in tropical regions, such that 
the warm months are also characterized by rain and therefore water level rise, 
whereas the opposite is the case for cold months. We therefore suggest one 
sampling in the warm and wet season, and one sampling in the cold and dry 
season to capture the largest range of temporal variability. 

As for CH4 ebullition, temporal variability of CH4 and CO2 diffusion is also 
substantial between hydrological seasons. Daily whole-reservoir CH4 and CO2 
diffusion varied between seasons by a factor of 1.1–13 in the whole-reservoir 
surveys of this thesis. We suggest that CH4 and CO2 diffusion should be meas-
ured during at least two of four hydrologic seasons (i.e. low, rising, high, and 
falling water; Paper V). 

4.5 Comparing temporal and spatial variability of greenhouse 
gas emission 

The above-mentioned ranges in CH4 and CO2 emission occur at both spatial 
and temporal scale. Sometimes, for example while running a spatial survey 
across an entire reservoir over a few weeks, it can be difficult to disentangle 
whether the rates of CH4 and CO2 emission found in specific spots of the res-
ervoir would have occurred one hour, one day or one month later as well. 
Similarly, we sometimes wonder if the spatial patterns would have been the 
same if the different areas of the reservoir had been measured in a different 
order – at different times of the day or at different days. Clearly, each meas-
urement in space is also a measurement in time.  

To better understand how spatial measurements vary over time, we con-
ducted the studies leading to Paper II and V. We found that the variability in 
CH4 ebullition between seasons was more pronounced than the variability at 
shorter timescales (Paper II), and in addition, that the spatial variability was 
similarly important as the temporal variability of the respective time scale. 
Also, the spatial variability can increase if we measure at times of generally 
high CH4 ebullition, such that if we measure in moments of high CH4 ebulli-
tion, we also encounter higher ranges – from zero ebullition to the highest 
rates of the respective time and spot.  

Although we could not compare spatial and temporal variability of diffu-
sion in the same way as we did for ebullition, Paper V showed us that different 
regions of a reservoir can show very different degrees of seasonal variability 
in diffusive gas flux. River inflow-areas were often characterized by high sea-
sonal variability in diffusive flux. We estimated that not accounting for varia-
tion across different hydrologic seasons can lead to 1.5–12 under- or overes-
timation of the diffusive flux. 

In conclusion, for the measurement of CH4 and CO2 emission through both 
diffusion and ebullition, we need to measure in different seasons, but also 
cover space. 
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5 Conclusions and future perspectives 

Assessing whole-reservoir greenhouse gas emission representa-
tive of space and time 

Future greenhouse gas surveys in tropical reservoirs need to include measure-
ments of both CH4 ebullition and CO2 diffusion. CH4 ebullition is often the 
overall more impactful emission pathway in terms of climate impact, and we 
found that it made up for 60–99% of the total CO2-equivalent emission from 
two whole-system estimates of tropical reservoir greenhouse gas emission. In 
other reservoirs and at other times, however, CH4 ebullition occurs at such low 
rates that CO2 diffusion remains the overall most important pathway (e.g. dur-
ing the diel study in CUN, Paper I; also in reference to unpublished data from 
the whole-reservoir survey in CUN at this time). 

Greenhouse gas emission from reservoirs is extremely variable at both spa-
tial and temporal scales, and there is no alternative to highly spatially resolved 
measurements. If the purpose is to describe total C emission from a tropical 
reservoir, future greenhouse gas surveys should aim for at least two sampling 
campaigns: one during falling and one during rising water level. In both sea-
sonal sampling campaigns, the same areas of the reservoir should be covered. 
These areas should include different morphological regions with a high spatial 
resolution, at a minimum covering areas with river inflows and areas without 
river inflows. Surveys should also aim for covering different water level 
depths. 

Some studies have shown that CH4 and CO2 emission downstream the dam 
or via degassing at the turbines of a hydroelectric reservoir can be substantial. 
These emissions might increase our estimates, although the dams of our res-
ervoirs are relatively small compared to the dams where degassing and down-
stream emission had accounted for >50% of overall gross reservoir C emission 
(Abril et al. 2005; Kemenes et al. 2007). The drawdown zone of a reservoir, 
i.e. the area at the reservoir edge that is frequently exposed to air due to water 
level changes, can also emit substantial greenhouse gases (Kosten et al. 2018; 
Almeida et al. 2019). It was estimated that the CO2 emission from drawdown 
zones in one of our reservoirs, CDU, was larger than the diffusive CO2 emis-
sion from the reservoir surface (Almeida et al. 2019), and, under these as-
sumptions, drawdown zones would have accounted for about 8% of the total 
CO2-equivalent greenhouse gas emission from CDU. In other reservoirs in 
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which ebullition is less dominant, the drawdown zones might proportionally 
be of larger importance for the overall reservoir greenhouse gas emission than 
in CDU. 

The estimates of greenhouse gas emission in my thesis are post-flooding, 
i.e. gross emission estimates. To discuss the effect of damming of a river, we 
need to take into account what the land and the river would have emitted if the 
dam had never been built, i.e. calculate the net emission (Prairie et al. 2018). 
These corrections would decrease our overall emission estimates, in case the 
flooded ecosystems were C sources to the atmosphere before flooding. Net 
emission can be estimated, but actual measurements (Teodoru et al. 2012) are 
rare, and are entirely missing for the tropics. 

Continued progress based on this work could take different directions. For 
example, hydroacoustic surveys for measurement of CH4 ebullition were the 
state-of-the-art technique at the start of my thesis, but the post-processing of 
acquired hydroacoustic data is extremely time consuming. Recently, tech-
niques such as autonomously-moving vehicles that can measure CH4 ebulli-
tion and demand little post-processing of the acquired data have been devel-
oped (Dunbabin and Grinham 2017).  

Also the measurements of diffusive gas emission could be made more ef-
fective. With the development and application of the FLAMe (the fast limnol-
ogy automated measurement) platform (Crawford et al. 2015; Loken et al. 
2019), it has been shown how greenhouse gas concentrations in the surface 
water can be measured at boat speeds of more than 45 km h-1, which is six 
times faster than what we were able to do with our system, and it is possible 
to simultaneously measure bathymetry and different water quality parameters, 
with all measurements being operated through one software. It does, however, 
not include ebullition measurements.  

Another promising technique which is still under development, is the use 
of optimized infrared hyperspectral imaging, which allows to quantify CH4 
concentrations above water surfaces, thus including the emission through both 
ebullitive and diffusive pathways (Gålfalk et al. 2016). 

As an addition to extensive field campaigns, the link between reservoir 
characteristics and greenhouse gas emission should be further studied and in-
cluded in models to predict greenhouse gas emission. The G-Res (greenhouse 
gas reservoir) tool, for instance, launched in 2017 and currently based on 
measurements from more than 200 reservoirs worldwide (iha 2019), allows 
the estimation of the greenhouse gas emission from a reservoir based on input 
parameters such as catchment land cover, reservoir size, age, purpose, trophic 
level and geographic location, river inflow and discharge from the dam, and 
climate data. The G-Res tool is an empirical model but does not include much 
mechanistic underpinning. Whereas empirical models rely on correlative re-
lationships that are in line with mechanistic understanding but without fully 
describing the behaviour and interactions within a system, process-based 
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models focus on the simulation of detailed biological and physical processes 
that explicitly describe the behaviour of a system.  

To improve the applicability of a model in non-measured systems, it would 
be useful to build more process-based models which include mechanistic 
knowledge on the regulation of greenhouse gas production and emission. Such 
a model should contain organic matter sources, sediment dynamics, water 
level fluctuations and their effect not only on water surface emission but also 
on the emission from drawdown zones. 
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A brief story about greenhouse gas emission 
from tropical reservoirs 

When I describe my research, people often ask me: What do reservoirs have 
to do with greenhouse gases? When we dam a river, land is flooded to form a 
reservoir – so essentially, reservoirs are man-made lakes. Greenhouse gases 
are part of this story because reservoirs, like lakes, produce greenhouse gases.  

Greenhouse gases got their name because they are to the Earth what windows 
are to a greenhouse. They help the Earth to trap heat inside its atmosphere so 
that the air we breathe is relatively warm compared to outer space. These gases 
are both the reason why Earth is habitable to humans now and the reason why 
additional increases will change the conditions for all life on Earth.  

Greenhouse gases such as carbon dioxide and methane are not only pro-
duced when we use fossil fuels to generate the energy used to power our daily 
lives, but they are also constantly produced by natural processes. For example, 
our breath contains about five percent carbon dioxide, and a typical fart con-
tains about nine percent carbon dioxide and seven percent methane. 

What does this have to do with reservoirs? Well, the reason why our breath 
and farts contain carbon dioxide and methane is essentially the same as why 
these gases are emitted from reservoirs. Bacteria that live in our bodies are 
responsible for the digestion of our food. They are breaking down our food 
into smaller and smaller components, and eventually, we use the energy pro-
duced and emit carbon dioxide, methane and other gases.  

The same happens in reservoirs. Bacteria that live at the bottom of a reser-
voir break down remains of dead plants and animals into smaller and smaller 
pieces, and eventually, carbon dioxide and methane are produced, along with 
other gases in smaller amounts. These gases can stay in the reservoir bed, or 
they can be released through the water to the atmosphere. The release of car-
bon dioxide is not visible by eye. Methane, however, is often visible because 
it forms bubbles – just the way we produce bubbles when we fart in a bathtub. 

But if lakes and reservoirs constantly fart, would they not smell bad? No, 
because what makes our farts smell bad is actually not the methane – it comes 
from sulphur-containing gases. 

Why did I measure gases escaping from reservoirs, and why did I do my 
doctoral studies in Sweden but then wrote about the tropics? Nearly nine per-
cent of the total area of Sweden is water, and almost all Swedish rivers have 
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at least one dam for hydropower generation. We already know a lot about bi-
ogeochemical processes in reservoirs in this comparatively cold climate, how-
ever. We also know that bacteria are more active and produce more carbon 
dioxide and methane at higher temperatures. 

Does this mean that reservoirs in the tropics emit more carbon dioxide and 
methane than reservoirs in Sweden? This does not necessarily need to be the 
case. Not only temperature is important, but also the amount of organic mate-
rial available to the bacteria that live in the reservoir floor, the sediment, in 
combination with the temperature. Once the gases are produced, it depends on 
physics whether they stay in the sediment or are emitted to the atmosphere: Is 
there wind, are there waves or pressure changes, and is the sediment formed 
of compact clay or is it rather made of loose sand so that gas bubbles can easily 
escape?  

To understand what is happening in warmer climates and why, we went to 
some tropical reservoirs to examine the processes in depth. In Brazil, about 64 
percent of the total produced energy is produced from hydropower, and there 
are plans to build many more dams in the future for additional energy produc-
tion. That is why Brazil was a good place for us to study the impact of dams 
of different ages in different landscapes with a tropical climate.  

With money from the European Research Council to study tropical reser-
voirs, we measured greenhouse gas emission from four tropical reservoirs in 
Brazil during different seasons. We worked in a group of about 15 researchers 
from Sweden and Brazil, to make our contribution with new insights on the 
climate impact of tropical hydropower. My doctoral thesis includes some of 
our results. 

What did we find and why does it matter? For examples, we calculated how 
much carbon dioxide and methane were overall released to the atmosphere 
from the tropical reservoirs we studied. Chapéu d’Uvas, a ten-square-kilome-
tre blue-water reservoir in the Atlantic rainforest used for water storage, re-
leased 35 tons of carbon dioxide equivalents per day. Funil, a 35-square-kilo-
metre green-water reservoir in the Atlantic rainforest used for energy produc-
tion, released 345 tons of carbon dioxide equivalents per day.  

(We convert all gas emissions to carbon dioxide equivalents because gases 
have different greenhouse gas effects, thus different potentials to increase tem-
perature in the atmosphere. Methane, for example, is multiplied by 34, as its 
radiative force is 34 times larger than that of carbon dioxide.) 

As other researchers have calculated from reservoir studies worldwide, an 
average reservoir emits seven grams of carbon dioxide equivalent emission 
per square meter water surface and day. In the drinking water reservoir 
Chapéu d’Uvas, we measured 45 percent less emission per square meter water 
surface and day, and in the hydroelectric reservoir Funil, we found 47 percent 
more emission than the global average. 

The water of Chapéu d´Uvas is low in nutrient concentrations (oligo-
trophic), while the water in Funil is rich in nutrients (eutrophic). According to 
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the study on reservoirs worldwide that is mentioned above, eutrophic reser-
voirs tend to emit larger amounts of greenhouse gases, which may be one of 
the reasons why we observed higher emission in the eutrophic reservoir Funil. 

To give you a better idea of how much 345 tons of carbon dioxide equiva-
lents are that were emitted from the reservoir Funil during one day, here are a 
few examples. 345 tons are roughly comparable to the amount of carbon di-
oxide equivalents that is produced from the digestion of food by the 740 mil-
lion Europeans per day, or to the ecological footprint of 172 people flying 
from Stockholm to Rio de Janeiro.  

In terms of hydropower as an energy source, we calculated that the hydro-
power production in Funil leads to emissions of about 67 kilograms carbon 
dioxide equivalents per produced megawatt of energy, under maximum pro-
duction conditions. An average coal-fired power plant, in comparison, emits 
about 970, and an average natural gas-fired plant 570 kilograms carbon diox-
ide per produced megawatt of energy. Although the emission from Funil is 
high compared to other hydropower reservoirs, it is still lower compared to 
fossil fuels. 

Other researchers have, however, measured higher greenhouse gas emis-
sion in some other tropical reservoirs than from coal- or gas-fired plants. 
Whether hydropower is harmful to the climate or an appropriate form of sus-
tainable energy production, therefore depends on the nature of the individual 
reservoir (for example, the size of the dam, the area of the flooded landscape, 
the type of vegetation, or the degree of eutrophication), and should be assessed 
on a case-by-case basis. 

In summary, and to answer “Why does it matter?”: Calculations like these 
and our new estimates of greenhouse gas emission from tropical reservoirs 
contribute to the debate about the climate impact of hydropower, and can be 
used in the next global report on climate change. Since 2013, the greenhouse 
gas emission from lakes makes part of the global creport on climate change. 
As it has been estimated that reservoirs alone make up 1.3 percent of global 
greenhouse gas emission from man-made sources, reservoirs now also are part 
of the measurement guidelines. 

In fact, the calculation of total carbon emission as mentioned above is only 
one result from one of the five chapters of this thesis. The rest of the thesis 
describes how greenhouse gas emission varies over time and space, and why. 
These detailed descriptions of the dynamics of greenhouse gas emission are 
valuable to the work of other researchers and improve our collective under-
standing of greenhouse gas emission from reservoirs, and contribute to better 
measurement strategies. The question is: How can we best quantify emission 
from these large and dynamic systems?  

The first chapter of this thesis showed that the emission of both methane 
and carbon dioxide from different reservoirs may differ between day and 
night, but not always.  
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In the second chapter, we found that methane emission varied most be-
tween seasons, which was linked to temperature and water level variations. In 
addition, the spatial variation was also large, although the sampling area was 
quite small. We concluded that methane emission in tropical reservoirs should 
be measured at least once during falling and once during rising water level, 
with a decent spatial coverage.  

The most important message from the third chapter is that carbon dioxide 
and methane emission should not be measured only close to the dam because 
we would then miss 80 percent of the emission that happens further upstream, 
often where rivers enter the reservoir. We show how measurements should be 
done to be representative of the whole area of large reservoirs.  

In the fourth chapter, we show that between 60 and 99 percent of the green-
house gas emission in these reservoirs are through methane bubbles, called 
ebullition, which were also the focus of my studies. To detect the bubbles, I 
used a hydroacoustic echosounder mounted on a boat, and this is how I was 
able to get a very good spatial resolution of my measurements. Here we also 
showed that the total reservoir emission was barely affected by different ways 
of upscaling from individual measurements of methane emission. In order to 
obtain a reliable emission estimate it is, however, of great importance to re-
trieve many measurements in various parts of the reservoir. 

In the fifth chapter, we compared measurements of greenhouse gas emis-
sion in form of carbon dioxide and methane from four different reservoirs in 
different seasons of the year. We found that different regions of the reservoirs 
showed different seasonal variability: while some areas showed little variation 
between seasons, other areas showed high variation between seasons. There-
fore, it is not enough to measure with high spatial resolution once, but meas-
urements should be repeated several times during different seasons. 

Overall, my research results can help other researchers to decide when, 
where and how often they should measure greenhouse gas emission from reser-
voirs. Unfortunately, I did not find a shortcut to reliable emission estimates 
without the necessity of lots of spatially and temporally resolved measurement 
data. I highlighted the importance of methane emission via bubbles for total 
greenhouse gas emission from tropical reservoirs, and showed that extensive 
sampling is necessary for representative estimates, especially to capture the 
emission of methane via bubbles. On a personal level, I am now an expert on 
greenhouse gas emission from tropical reservoirs, and one of a handful of people 
who have measured methane bubbling with hydroacoustics in tropical waters.  

When you go to a lake or pond the next time, why not take a branch that is 
lying around, and poke the shallow ground under water. Do you see bubbles 
coming up? It is very likely that you found methane, a potent greenhouse gas. 
I would be happy to receive an email with your picture of proof. You can also 
try to burn it – methane burns in air at concentrations of 5–15 percent. To find 
out how to catch the bubbles properly, you now know where to find infor-
mation: in my thesis. 
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En kort historia om utsläpp av växthusgaser 
från tropiska vattenmagasin 

Den första frågan jag brukar få när jag berättar om min forskning är: Vad har 
växthusgaser att göra med vattenmagasin? När vi bygger en damm i en flod, 
översvämmas landytan och bildar då ett magasin, så med andra ord är vatten-
magasin konstgjorda sjöar. Växthusgaser är del av den här historien för att de 
frigörs från vattenmagasin såväl som från sjöar. 

Namnet växthusgas kommer från att växthusgaser fungerar som fönstren i 
ett växthus, fast för hela jorden. De hjälper jorden att hålla kvar värmen i at-
mosfären så att luften vi andas är relativt varm jämfört med den omgivande 
rymden. De här gaserna är anledningen till att jorden är beboelig idag, men 
också anledningen till att ytterligare tillskott förändrar villkoren för allt liv på 
jorden.  

Växthusgaser som koldioxid och metan släpps ut till atmosfären när vi an-
vänder fossila bränslen för att generera elektricitet i vår vardag, men de bildas 
också hela tiden via processer i naturen. Till exempel innehåller vår andedräkt 
ungefär fem procent koldioxid och en vanlig fis nio procent koldioxid och sju 
procent metan.  

Vad har vattenmagasin med det här att göra? Orsaken till att vår andedräkt 
och våra fisar innehåller koldioxid och metan är ungefär densamma som får 
vattenmagasin att släppa ut dessa gaser. Bakterier i vår kropp ger oss möjlighet 
att smälta mat. De bryter ner vår mat till mindre och mindre beståndsdelar och 
sedan kan vi använda energin medan vi släpper ut koldioxid, metan och andra 
gaser som bildas vid nedbrytningen.  

Samma sak händer i vattenmagasin. Bakterier som lever på botten bryter 
ner rester av döda växter och djur till mindre och mindre bitar och slutligen 
produceras koldioxid, metan och en mindre mängd andra gaser. Dessa gaser 
kan stanna kvar i vattenmagasinets botten, men de kan också släppas ut genom 
vattnet till atmosfären. Koldioxidutsläpp kan inte observeras med ögonen. 
Metan kan däremot ofta observeras, för att det formar bubblor på samma sätt 
som när vi producerar bubblor om vi fiser i badkaret.  

Fast om sjöar och vattenmagasin fiser hela tiden, kommer de då inte att 
lukta illa? Nej, eftersom det inte är metanet i sig som gör att våra fisar luktar 
illa, det är svavelhaltiga gaser.  

Varför började jag mäta gaser som släpps ut från vattenmagasin och varför 
doktorerade jag i Sverige men forskade på tropikerna? Nästan nio procent av 
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Sveriges yta består av vatten och nästan hälften av alla svenska vattendrag har 
minst en damm för generering av vattenkraft. Vi vet dock ganska mycket om 
hur vattenmagasin i relativt kalla klimat fungerar biogeokemiskt. Vi vet också 
att bakterier är mer aktiva och kan producera mer koldioxid och metan vid 
högre temperaturer. 

Betyder det att vattenmagasin i tropikerna släpper ut mer koldioxid och 
metan jämfört med vattenmagasin i Sverige? Det kan vara fallet, men inte all-
tid. Det inte bara temperaturen som är viktig, utan även mängden tillgängligt 
organiskt material för bakterierna som lever i sedimentet, dvs. botten av vat-
tenmagasinet, i kombination med temperaturen. Det som avgör om gaserna 
stannar kvar på botten av vattenmagasinet eller släpps ut i atmosfären är be-
roende av fysikaliska faktorer: blåser det, är det vågigt eller finns tryckföränd-
ringar eller består sedimentet av kompakt lera eller lös sand som lättare låter 
gasbubblor passera?  

För att kunna ta reda hur mycket växthusgas som släpps ut och varför be-
hövde vi åka till tropiska vattenmagasin och undersöka dessa processer nog-
grant. I Brasilien kommer ungefär 64 procent av elektriciteten från vattenkraft, 
och det finns planer på att bygga många fler dammar i framtiden för ökad 
elproduktion. Brasilien var av den anledningen en bra plats för att undersöka 
påverkan av dammar av varierande ålder och i olika landskapstyper i ett tro-
piskt klimat.  

Med medel från Europeiska forskningsrådet för att studera tropiska vatten-
magasin mätte vi utsläpp av växthusgaser i fyra tropiska vattenmagasin i Bra-
silien under olika årstider. Vi arbetade i en grupp bestående av ungefär 15 
forskare från Sverige och Brasilien för att bidra med ny kunskap om klimat-
påverkan av tropisk vattenkraft. Min doktorsavhandling innehåller en del av 
våra resultat.  

Vad upptäckte vi och varför är det viktigt? Till exempel beräknade vi den 
totala mängden koldioxid och metan som släpptes ut i atmosfären från de tro-
piska vattenmagasin vi undersökte. Ett av vattenmagasinen (som heter Chapéu 
d’Uvas), ett tio kvadratkilometer stort vattenmagasin i den atlantiska regnsko-
gen med klart vatten, som används för vattenlagring och som dricksvattentäkt, 
släppte ut 35 ton koldioxidekvivalenter per dag. Ett annat vattenmagasin (som 
heter Funil) i den atlantiska regnskogen är 35 kvadratkilometer stort, med 
grönt vatten på grund av övergödning, och används för energiproduktion. 
Funil släppte ut 345 ton koldioxidekvivalenter per dag.  

(Vi omvandlar alla gasutsläpp till koldioxidekvivalenter för att gaser har en 
varierande växthuseffekt, dvs. de har olika potential att öka temperaturen i 
atmosfären. Till exempel multipliceras metan med 34 eftersom gasens pot-
ential att värma atmosfären är 34 gånger större än för koldioxid.) 

Ett genomsnittligt vattenmagasin släpper ut runt sju gram koldioxidekviva-
lenter per kvadratmeter vattenyta och dag, enligt beräkningar gjorda av andra 
forskare på olika platser i världen. I dricksvattenmagasinet Chapéu d’Uvas 
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mätte vi upp 45 procent mindre utsläpp och i vattenkraftsdammen Funil mätte 
vi 47 procent högre utsläpp per kvadratmeter vattenyta och dag. 

Vattnet i Chapéu d´Uvas har låga koncentrationer av näringsämnen 
(oligotrof), medan vattnet i Funil har höga näringskoncentrationer (eutrofie-
rat). Enligt den ovan nämnda studien tenderar eutrofiska reservoarer att släppa 
ut större mängder växthusgaser, vilket kan vara en av anledningarna till att vi 
observerade högre utsläpp i det eutrofiska vattenmagasinet Funil. 

För att förklara betydelsen av hur mycket 345 ton koldioxidekvivalenter, 
som vattenmagasinet Funil släpper ut under en dag, egentligen är, följer några 
exempel: 345 ton koldioxidekvivalenter är ungefär lika mycket som produce-
ras genom matsmältning av alla 740 miljoner människor i Europa per dag, 
eller den mängd koldioxid som motsvarar det ekologiska fotavtryck som 172 
personer lämnar när de flyger från Stockholm till Rio de Janeiro.  

När det gäller vattenkraft som energikälla, så fann vi att produktion av vat-
tenkraft i Funil släpper ut ungefär 67 kilo koldioxidekvivalenter per produce-
rad megawatt energi vid maximal produktion. Ett genomsnittligt kolkraftverk 
släpper ut i jämförelse ungefär 970 kilo och ett gaskraftverk ungefär 570 kilo 
koldioxidekvivalenter per producerad megawatt energi. Även om utsläppen 
från Funil är höga jämfört med andra vattenkraftsmagasin, så är de ändå 
mindre jämfört med från fossila bränslen. 

Andra forskare har dock uppmätt större växthusgasutsläpp i vissa andra 
tropiska vattenmagasin än från kol- eller gaskraftverk. Om vattenkraft är skad-
lig för klimatet, eller en lämplig form för hållbar energiproduktion, beror där-
för på det enskilda vattenmagasinets karaktär (till exempel, storleken på dam-
men och det översvämmade landskapet, typ av vegetation, eller graden av 
övergödning) och bör bedömas från fall till fall. 

För att sammanfatta och svara på frågan ”Varför är det här viktigt?”, så 
bidrar våra beräkningar och uppskattningar av växthusgasutsläpp från tropiska 
vattenmagasin till att värdera klimatpåverkan från vattenkraft, och skulle 
kunna användas i nästa FN-rapport om de globala klimatförändringarna. Se-
dan 2013 har utsläpp av växthusgaser från sjöar tagits med i klimatrapporten, 
och eftersom det har visat sig att vattenmagasin står för så mycket som 1.3 
procent av de växthusgasutsläpp som orsakas av människan, har vattenmaga-
sin inkluderats i mätinstruktionerna till klimatrapporten sedan i år. 

Den ovan nämnda beräkningen av den totala mängden växthusgasutsläpp är 
faktiskt bara ett resultat från ett av fem kapitel i den här avhandlingen. Resten 
av avhandlingen beskriver hur utsläpp av växthusgaser varierar över tid och 
rum, och varför. Detaljer om växthusgasutsläppens dynamik är värdefulla för 
andra forskares arbete, förbättrar vår gemensamma förståelse för växthusgasut-
släpp från vattenmagasin och bidrar till bättre mätstrategier. Frågan är: Vad är 
bästa sättet att kvantifiera utsläpp från dessa stora och dynamiska system?  

Första kapitlet i den här avhandlingen visade att utsläppen av både metan 
och koldioxid från olika vattenmagasin kan skilja sig mellan dag och natt, men 
inte alltid.  
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I andra kapitlet upptäckte vi att utsläppen av metan varierade mest mellan 
årstider, beroende på variationer i temperatur och vattennivå. Därutöver var 
den rumsliga variationen också stor, trots att provtagningsområdet var ganska 
litet. Slutsatsen vi drog var att metanutsläpp i tropiska vattenmagasin måste 
mätas minst en gång under fallande och en gång under stigande vattennivå 
med stor rumslig täckning, dvs. på många ställen.  

Det viktigaste budskapet från det tredje kapitlet är att utsläpp av koldioxid 
och metan inte kan mätas enbart vid dammen, eftersom ungefär 80 procent av 
utsläppen sker längre uppströms, ofta där floderna mynnar i magasinen. Vi 
visar hur mätningar bör utföras för att de ska vara representativa för hela ytan 
av dessa stora vattenmagasin.  

I fjärde kapitlet visar vi att mellan 60 och 99 procent av växthusgasutsläp-
pen i dessa vattenmagasin sker genom bubblor av metangas, så kallad ebullut-
ion, vilka också var fokus för mina studier. För att upptäcka bubblorna an-
vände jag ett högupplösande ekolod, monterat på en båt, och på så sätt kunde 
jag få en mycket bra rumslig upplösning av mina mätningar. Här visade vi 
också att siffran på magasinens totala utsläpp påverkades bara lite av olika sätt 
att uppskatta från enstaka mätningar av metanutsläpp. Däremot är många mät-
ningar i olika delar av magasinet av stor vikt för att få en tillförlitlig uppskatt-
ning av utsläppen.  

I femte kapitlet jämförde vi mätningar av växthusgasutsläpp av koldioxid 
och metan i fyra olika vattenmagasin under olika årstider. Vi fann att olika 
regioner i reservoarerna visade olika säsongsvariationer, dvs. att vissa områ-
den visade bara lite variation mellan årstider, medan andra områden visade 
mycket variation mellan årstider. Det räcker alltså inte att mäta med hög rums-
lig upplösning en gång, utan det bör ske flera gånger under olika årstider. 

Sammanfattningsvis kan mina forskningsresultat hjälpa forskare att besluta 
om när, var och hur ofta de bör mäta utsläpp av växthusgaser från vattenma-
gasin. Tyvärr hittade jag ingen genväg till tillförlitliga siffror, utan det behövs 
mycket mätdata, fördelat i tid och rum, för att få tillförlitliga utsläppssiffror. 
Jag har lyft fram vikten av metanutsläpp via bubblor för i tropiska vattenma-
gasins samlade utsläpp, och visat att omfattande provtagning är nödvändig för 
att få en representativ bild, framför allt av utsläpp av metan via bubblor. Själv 
är jag nu en expert på utsläpp av växthusgaser från tropiska vattenmagasin och 
en av en handfull människor som har mätt metanbubblor med hjälp av ekolod 
i tropikerna.  

Nästa gång du går till en sjö eller damm, varför inte plocka upp en gren och 
peta lite i botten under vattnet? Ser du bubblor som stiger till ytan? Det är 
troligt att du hittat metan, en kraftig växthusgas. Jag tar gärna emot e-post med 
bildbevis. Du kan också försöka tända eld på det – metan brinner vid en kon-
centration på 5–15 procent i luften. Om du vill fånga bubblorna på rätt sätt vet 
du var du kan hitta informationen: i min avhandling.  
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Uma breve história sobre a emissão de gases 
de efeito estufa por reservatórios tropicais 

Quando eu explico minhas pesquisas, muitas pessoas me perguntam: O que 
reservatórios têm a ver com gases de efeito estufa? Quando nós construimos 
uma barragem em um rio, a paisagem se alaga para formar o reservatório – 
então, essencialmente, reservatórios são lagos construídos pelo homem. Os 
reservatórios fazem parte dessa história porque eles, igual aos lagos, produ-
zem gases de efeito estufa.  

Os gases de efeito estufa receberam este nome porque eles são para a Terra 
o que as janelas são para uma estufa. Eles ajudam a Terra a aprisionar calor 
dentro de sua atmosfera. Logo, o ar que respiramos é relativamente aquecido 
mesmo embora o espaço exterior seja extremamente frio. Por um lado, é por 
causa da presença destes gases que a Terra se tornou habitável pelo homem. 
Por outro lado, cada aumento adicional das concentrações de gases de efeito 
estufa na atmosfera pode mudar as condicões para toda vida na planeta. 

Gases de efeito estufa como dióxido de carbono e metano não são apenas 
produzidos quando nós usamos carvão, gás e petróleo para gerar energia, mas 
eles também são constatemente produzidos por processos completamente na-
turais. Por exemplo, nossa respiração contém cerca de cinco por cento de dió-
xido de carbono e um peido normal contém cerca de nove por cento de dióxido 
de carbono e sete por cento de metano.  

O que isso tem a ver com reservatórios? A razão pela qual nossa respiração 
e nossos peidos contém dióxido de carbono e metano é essencialmente a 
mesma destes gases serem emitidos por reservatórios. Bactérias que vivem em 
nossos corpos são responsáveis pela digestão da comida que consumimos. 
Elas quebram os alimentos em pequenos pedaços e, eventualmente, nós usa-
mos a energia generada e deixamos dióxido de carbono, metano e outros gases 
sair.  

O mesmo acontece em reservatórios. Bactérias que vivem no fundo dos 
reservatórios quebram o que restou de plantas e animais mortos em pequenos 
pedaços e, eventualmente, dióxido de carbono e metano são produzidos, bem 
como outros gases em menores quantidades. Estes gases podem permanecer 
no fundo dos reservatórios ou serem liberados através da columa d’água para 
a atmosfera. Parte da emissão, principalmente a do dióxido de carbono, é in-
visível porque os gases se dissolvem na água e saem invisívelmente para a 
atmosfera. O metano, por outro lado, geralmente é visível para nós porque a 
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sua produção em excesso leva a formação de bolhas – igual quando nós pro-
duzimos bolhas de peidos dentro da banheira.  

Mas se os lagos e reservatórios constatemente peidam, não seria esperado 
eles cheirarem mal? Não, porque o que faz com o que os nossos peidos chei-
rem mal na verdade não é o metano – mas sim os gases que contém enxofre.  

Por que eu medi gases escapando de reservatórios e por que eu fiz meu 
doutorado na Suécia sendo que as pesquisas foram feitas nos trópicos? Quase 
nove por cento da área total da Suécia é água e quase todos os rios suecos têm 
pelo menos uma barragem para a geração de energia hidroelétrica. No entanto, 
já sabemos bastante sobre os processos biogeoquímicos em reservatórios nes-
ses climas frios. Sabemos também, que as bactérias são mais ativas e produ-
ziram mais dióxido de carbono e metano em ambientes mais quentes.  

Isso significa que reservatórios nos trópicos emitem mais dióxido de car-
bono e metano do que os reservatórios na Suécia? Pode ser, mas não neces-
sariamente. Não apenas a temperatura é importante, mas também a quantidade 
de material orgânico disponível para as bactérias que vivem no sedimento, no 
fundo do reservatório, em combinação com a temperatura. Depois que os ga-
ses são produzidos, a permanência dos gases no sedimento ou suas emissões 
para a atmosfera depende da física: há vento, ondas ou variações de pressão? 
O sedimento é formado de argila compacta ou de areia solta para que as bolhas 
de gás possam facilmente escapar?  

Para realmente entender o que está acontecendo e o porquê, nós tivemos 
que ir a alguns reservatórios tropicais para pesquisar melhor estes processos. 
No Brasil, cerca de 64 por cento da energia é produzida a partir de reservató-
rios de hidroelétricas e ainda existem muitos projetos de represar mais rios 
para produção futura de energia. O Brasil foi, portanto, um lugar ideal para 
estudar o impacto de reservatórios de diferentes idades em diferentes lugares 
com clima tropical.  

Com o dinheiro do Conselho Europeu de Pesquisa para estudar reservató-
rios tropicais medimos as emissções de gases de efeito estufa em quatro reser-
vatórios tropicais no Brasil, durante as diferentes estações hidrológicas. Tra-
balhamos em um grupo de cerca de 15 pesquisadoras e pesquisadores da Sué-
cia e do Brasil para contribuir com novos conhecimentos do impacto climático 
das hidroelétricas tropicais. Minha tese de doutorado inclui alguns de nossos 
resultados. 

O que descobrimos e por que isso importa? Por exemplo, a partir dos re-
servatórios tropicais que estudamos, calculamos quanto dióxido de carbono e 
metano foram liberados para a atmosfera. Um dos reservatórios que se chama 
Chapéu d’Uvas, um grande reservatório de água limpa de dez quilômetros 
quadrado na Mata Atlântica, construído para armazenamento de água, liberou 
cerca de 35 toneladas equivalentes de dióxido de carbono por dia. Outro re-
servatório que se chama Funil, é um grande reservatório de 35 quilômetros 
quadrado na Mata Atlântica, construído para produção de energia, com água 



 60 

verde, ou eutrófico, por causa da abundância de nutrientes. Funil liberou cerca 
de 345 toneladas de equivalentes de dióxido de carbono por dia.  

(Nós convertemos todas as emissões de gases em equivalentes de dióxido 
de carbono, porque os gases têm um efeito diferente em relação ao aqueci-
mento do ar atmosférico e, portanto, um potencial diferente para aumentar a 
temperatura na atmosfera. O metano, por exemplo, é multiplicado por um fa-
tor de 34, já que sua força radioativa é 34 vezes maior que a do dióxido de 
carbono.) 

Como outros pesquisadoras e pesquisadores calcularam a partir de estudos 
de reservatórios em todo o mundo, um reservatório médio emite cerca de sete 
gramas de equivalentes de dióxido de carbono por metro quadrado de super-
fície aquática por dia. No reservatório de armazenamento de água, Chapéu 
d'Uvas, nós encontramos 45 por cento menos emissões e no reservatório hi-
droelétrico Funil nós encontramos 47 por cento mais emissões por metro qua-
drado de superfície aquática por dia.  

Em Chapéu d’Uvas, as águas apresentam baixas concentrações de nutrien-
tes (oligotrófico), enquanto as águas do reservatório Funil apresentam eleva-
das concentrações de nutrientes (eutrófico). De acordo com o estudo mencio-
nado acima, reservatórios eutróficos tendem a emitir maiores quantitades de 
gases de efeito estufa, o que pode ser uma das razões pela qual nós observamos 
maiores emissões no reservatório eutrófico Funil. 

O que significa que um reservatório emite 345 toneladas de equivalentes 
de dióxido de carbono por dia? 345 toneladas são mais our menos a quanti-
dade de dióxido de carbono que os 740 milliões europeos e mais que os 660 
milliões habitantes da América Latina enteira libertam por dia pela digestão 
dos alimentos consumidos. Como outro exemplo, 172 pessoas voando de Es-
tocolmo ao Rio de Janeiro de avião deixam uma pegada ecológica de 345 to-
neladas dióxido de carbono. 

Em termos de energia hidroelétrica como fonte de energia, calculamos que 
a produção de energia hidroelétrica em Funil emite de cerca de 67 quilogramas 
de equivalentes de dióxido de carbono por megawatt de energia produzida em 
sua máxima produção. Uma usina, de médio porte, que gera energia elétrica 
pela queima de carvão, em comparação, emite cerca de 970 e, uma usina a gás 
natural, de porte médio, 570 quilogramas de equivalentes de dióxido de car-
bono por megawatt de energia produzida. Embora as emissões do Funil sejam 
altas em comparação com outros reservatórios hidrelétricos, ainda são meno-
res quando comparadas à produção de energia que utilizam combustíveis fós-
seis. 

Outros pesquisadores e pesquisadoras, no entanto, mediram emissões mais 
altas em alguns outros reservatórios tropicais do que em usinas a carvão ou 
gas natural. Portanto, se a energia hidroelétrica é prejudicial ao clima ou uma 
maneira de produção de energia sustentável adequada, depende do respectivo 
reservatório (por exemplo, do tamanho da barragem e da área inundada, do 
típo da vegetação ou do grau da eutrofização) e deve ser avaliado caso a caso. 
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Em resumo e em resposta em “Porquê isso importa?”: Cálculos como este 
e nossas novas estimativas de emissões de gases de efeito estufa por reserva-
tórios tropicais contribuem para o debate sobre o impacto climático da energia 
hidroelétrica e podem ser usados para o próximo relatório global da ONU so-
bre as mudanças climáticas. Desde 2013, as emissões de gases de efeito estufa 
por lagos são incluídos no  relatório climático global da ONU. Porque desco-
briu-se que reservatórios sozinhos contribuem com cerca de 1.3 por cento de 
toda emissão de gases de efeito estufa das emissões geradas pelo os seres hu-
manos e, portanto, os reservatórios passaram a fazem parte das diretrizes de 
medição. 

De fato, o cálculo da emissão total de carbono é apenas um dos resultados 
de um dos cinco capítulos desta tese. O restante da tese investiga a distribuição 
das emissões de gases de efeito estufa ao longo do tempo e do espaço e por 
quais razões. Tais detalhes descrevendo a dinâmica da emissão de gases de 
efeito estufa são de valor para o trabalho de outros pesquisadores e pesquisa-
doras, melhorando a nossa compreensão coletiva da emissão de gases de efeito 
estufa por reservatórios e contribuindo para melhores estratégias de medição. 
A questão é: Como podemos quantificar as emissões desses sistemas aquáti-
cos grandes e dinâmicos?  

O primeiro capítulo desta tese mostrou que as emissões de tanto metano 
quanto dióxido de carbono dos differents reservatórios podem diferir entre dia 
e noite, mas nem sempre.  

No segundo capítulo, descobrimos que a emissão de metano varia mais en-
tre as estações hidrológicas do que em outras escalas de tempo, o que está 
relacionado às variações de temperatura e nível de água. Além disso, a varia-
ção espacial também foi grande, embora a área de amostragem tenha sido pe-
quena. Nós concluímos que a emissão de metano em reservatórios tropicais 
deve ser medida pelo menos uma vez durante a vazante e uma vez durante 
enchente, por meio de uma boa cobertura espacial.  

A mensagem mais importante do terceiro capítulo é que a emissão de dió-
xido de carbono e metano não deve ser medida apenas na barragem de reser-
vatórios, porque 80 por cento das emissões acontecem geralmente onde os rios 
tributários desaguam nos reservatórios. Mostramos também como as medi-
ções devem ser feitas para serem representativas para toda a área de reserva-
tórios grandes.  

No quarto capítulo, nós mostramos que entre 60 e 99 por cento das emis-
sões de gases de efeito estufa destes reservatórios aconteceram através da 
emissão de metano por meio de bolhas, também chamada de ebulição, o ca-
minho de emissão em que me especializei. Usando uma sonda de eco-hidro-
acústica que montei em um barco, eu pude descrever a distribuição espacial 
de bolhas ascendentes em uma resolução particularmente alta. Aqui também 
mostramos que o valor das emissões totais dos reservatórios foi ligeiramente 
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afetada por diferentes maneiras de extrapolar as medições de metano. No en-
tanto, muitas medições em várias partes do reservatório são de grande impor-
tância para obter uma estimativa confiável das emissões.  

O quinto capítulo compara as  emissões de gases de efeito estufa sob a 
forma de dióxido de carbono e metano dos quatro reservatórios em diferentes 
estações do ano. Nós encontramos diferentes flutuações sazonais em diferen-
tes partes dos quatro reservatórios. Ou seja, algumas áreas apresentaram pouca 
variação entre as estações, enquanto outras áreas mostraram muita variação 
entre as estações. Portanto, não é suficiente medir com alta resolução espacial 
uma vez, mas as medições devem ser feitas várias vezes em diferentes esta-
ções do ano. 

Em síntese, meus resultados pode ajudar outros pesquisadores e outras pes-
quisadoras a decidir quando, onde e com que frequência devem medir as emis-
sões de gases de efeito estufa por reservatórios. Infelizmente, não encontrei 
um atalho para números confiáveis sem a necessidade de gerar muitos dados 
de medição distribuídos no tempo e no espaço afim de obter números confiá-
veis de emissões. Eu destaquei a importância da emissão do gás metano por 
meio de bolhas por as emissões totais dos reservatórios tropicais e, mostrei 
que é necessária uma amostragem extensiva de forma representativa do espaço 
e do tempo, especialmente para capturar o borbulhamento do gás metano. Para 
mim, pessoalmente, este trabalho significa que sou agora uma especialista em 
emissões de gases com efeito de estufa por reservatórios tropicais e uma das 
poucas pessoas que mediram o borbulhar de metano por meio de técnicas de 
hidroacústica nos trópicos.  

Por fim, quando vocês forem a um lago ou uma lagoa da próxima vez, por 
que não pegam um galho de árvore e ressuspenderem o sedimento debaixo 
d'água. Vocês verão bolhas surgindo? Provavelemente sim. Além disso, é 
muito provável que vocês tenham descoberto o metano, um potente gás de 
efeito estufa. Eu ficaria feliz em receber um e-mail com sua foto do teste. 
Vocês também podem tentar queimar o gás – o metano queima no ar em con-
centrações de 5–15 por cento. Para descobrir como capturar as bolhas de 
forma correta, agora vocês sabem onde encontrar as informações necessárias: 
na minha tese. 
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Eine kurze Geschichte über Treibhausgas-
emissionen tropischer Stauseen 

Wenn ich von meiner Forschungsarbeit erzähle, werde ich oft gefragt: Was 
haben Stauseen mit Treibhausgasen zu tun? Wenn wir einen Damm in einen 
Fluss bauen, wird Land überschwemmt, um einen Stausee zu bilden – also 
sind Stauseen im Wesentlichen künstliche Seen. Treibhausgase sind Teil der 
Geschichte, weil Stauseen, genau wie natürliche Seen auch, Treibhausgase 
produzieren. 

Treibhausgase haben ihren Namen erhalten, weil sie für die Erde sind, was 
Fenster für ein Treibhaus sind. Sie helfen der Erde, Wärme in ihrer Atmo-
sphäre zu speichern, sodass die Luft, die wir atmen, relativ warm ist, obwohl 
der Weltraum eiskalt ist. Diese Gase sind sowohl der Grund dafür, dass die 
Erde bewohnbar für uns Menschen ist, als auch dafür, dass ein zusätzlicher 
Anstieg der Treibhausgaskonzentration der Atmosphäre die Voraussetzungen 
für alles Leben auf der Erde verändert. 

Treibhausgase wie Kohlenstoffdioxid und Methan werden nicht nur produ-
ziert, wenn wir mit fossilen Brennstoffen Energie für unser tägliches Leben 
generieren, sondern werden auch ständig durch ganz natürliche Prozesse er-
zeugt. Unser Atem enthält zum Beispiel in etwa fünf Prozent Kohlenstoffdi-
oxid und ein Furz enthält ungefähr neun Prozent Kohlenstoffdioxid und sieben 
Prozent Methan. 

Was hat all dies mit Stauseen zu tun? Der Grund dafür, dass unser Atem 
und unsere Fürze Kohlenstoffdioxid und Methan enthalten, ist im Prinzip der 
gleiche wie der, warum diese Gase aus Stauseen ausgestoßen werden. Bakte-
rien, die in unserem Körper leben, sind für die Verdauung unserer Nahrung 
verantwortlich. Sie zerlegen unser Essen in immer kleinere Bissen, bis wir 
schließlich die produzierte Energie nutzen können und Kohlenstoffdioxid, 
Methan und andere Gase ausstoßen. 

Das Gleiche passiert in Stauseen. Bakterien, die am Grunde eines Stausees 
leben, zerlegen Reste toter Pflanzen und Tiere in immer kleinere Stücke, und 
schließlich werden Kohlenstoffdioxid und Methan ausgestoßen, zusammen 
mit geringeren Mengen anderer Gase. Diese Gase können im Boden des Stau-
sees bleiben oder über die Wassersäule aufsteigen und in die Atmosphäre frei-
gesetzt werden. Wenn Kohlenstoff an die Atmosphäre freigesetzt wird, ist das 
nicht mit dem bloßen Auge sichtbar. Methan hingegen ist oft sichtbar für uns, 
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denn es formt Bläschen – ganz ähnlich den Gasbläschen, die wir produzieren, 
wenn wir zum Beispiel in der Badewanne pupsen. 

Aber wenn Seen und Stauseen ständig furzen, würden sie dann nicht auch 
nach verfaulten Eiern riechen? Nein, denn was unsere Fürze schlecht riechen 
lässt, ist nicht das Methan – der unangenehme Geruch kommt von schwefel-
haltigen Gasen. 

Warum habe ich Gase in Stauseen gemessen, und warum bin ich nach 
Schweden gegangen, um dann über die Tropen zu promovieren? Fast neun 
Prozent der Gesamtfläche Schwedens besteht aus Wasser und fast alle schwe-
dischen Flüsse haben zumindest einen Staudamm zur Erzeugung von Wasser-
kraft. Wir wissen jedoch bereits eine ganze Menge über biogeochemische Pro-
zesse in Stauseen kälterer Klimazonen. Wir wissen auch, dass Bakterien bei 
höheren Temperaturen aktiver sind und mehr Kohlenstoff produzieren. 

 Bedeutet das, dass Stauseen in den Tropen grundsätzlich mehr Kohlen-
stoffdioxid und Methan ausstoßen als Stauseen in Schweden? Das muss nicht 
zwangsläufig so sein. Nicht nur die Temperatur ist wichtig, sondern auch die 
Menge an organischem Material, das den im Sediment, also dem Boden des 
Stausees, lebenden Bakterien zur Verfügung steht. Sobald die Gase einmal 
produziert sind, hängt es von der Physik ab, ob sie im Sediment des Stausees 
verbleiben oder an die Atmosphäre abgegeben werden: Gibt es Wind, gibt es 
Wellen oder Druckschwankungen und besteht das Sediment aus dichtem Ton 
oder eher aus losem Sand, so dass Gasbläschen leicht entweichen können? 

Um wirklich zu verstehen, was in wärmeren Klimaten passiert und warum, 
mussten wir zu einigen tropischen Stauseen fahren, um diese Prozesse genauer 
zu untersuchen. In Brasilien wird rund 64 Prozent der Energie aus Wasserkraft 
hergestellt, und es gibt noch viele Staudammprojekte für zusätzliche Energie-
gewinnung. Brasilien war daher ideal für die Untersuchung von Stauseen un-
terschiedlichen Alters in tropischem Klima. 

Mit der finanziellen Unterstützung des Europäischen Forschungsrats, um 
tropische Stauseen zu untersuchen, haben wir die Treibhausgasemissionen 
vier tropischer Stauseen in Brasilien zu verschiedenen Jahreszeiten gemessen. 
Wir haben in einer Gruppe aus etwa 15 Forschern und Forscherinnen aus 
Schweden und Brasilien zusammengearbeitet, um neue Erkenntnisse zu den 
Klimaauswirkungen tropischer Wasserkraft zu gewinnen. In meiner Doktor-
arbeit präsentiere ich einige unserer Ergebnisse. 

Was haben wir gefunden und wem nützt das etwas? Zum Beispiel haben 
wir berechnet, wie viel Kohlenstoffdioxid und Methan aus den von uns unter-
suchten tropischen Stauseen insgesamt an die Atmosphäre freigesetzt werden. 
Chapéu d’Uvas ist ein zehn Quadratkilometer großer Stausee mit klarem Was-
ser zur Speicherung von Trinkwasser, der in einer ursprünglich von Atlanti-
schem Regenwald geprägten Region liegt. Er stieß während unserer Messun-
gen im Durchschnitt 35 Tonnen Kohlenstoffdioxidäquivalente pro Tag aus. 
Funil ist ein 35 Quadratkilometer großer Stausee in der atlantischen Regen-
wald-Region mit grünem, also stark nährstoffangereichertem oder eutrophem 
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Wasser, der für die Energieerzeugung genutzt wird. Funil stieß im Durch-
schnitt 345 Tonnen Kohlenstoffdioxid-Äquivalente pro Tag aus.  

(Wir wandeln alle Gasemissionen in Kohlenstoffdioxid-Äquivalente um, 
da Gase unterschiedliche Treibhausgaseffekte haben, also unterschiedlich 
große Potentiale, die Temperatur in der Atmosphäre zu beeinflussen. Methan 
wird zum Beispiel mit 34 multipliziert, da seine Strahlungskraft 34-mal größer 
ist als die von Kohlenstoffdioxid.) 

Andere Wissenschaftler und Wissenschaftlerinnen haben anhand von 
Treibhausgasmessungen aus Stauseen in aller Welt berechnet, dass ein durch-
schnittlicher Stausee sieben Gramm Kohlenstoffdioxid-Äquivalente pro 
Quadratmeter Wasseroberfläche und Tag ausstößt. Im Wasserspeicher-Stausee 
Chapéu d’Uvas haben wir 45 Prozent geringere Emissionen pro Quadratmeter 
Wasseroberfläche und Tag gemessen und im Wasserkraft-Stausee Funil 47 
Prozent höhere. 

Das Wasser des Stausees Chapéu d‘Uvas hat niedrige Konzentrationen an 
Nährstoffen (oligotroph), das Wasser in Funil hingegen ist nährstoffreich (eu-
troph). Laut oben erwähnter Studie über Stauseen in aller Welt neigen eutro-
phe Stauseen dazu, grössere Mengen an Treibhausgasen zu emittieren als oli-
gotrophe, was einer der Gründe dafür sein kann, weshalb wir höhere Emissi-
onen im eutrophen Stausee Funil gefunden haben. 

Was bedeutet es, dass ein Stausee 345 Tonnen Kohlendioxid am Tag aus-
stößt? 345 Tonnen ist in etwa die Menge an Kohlenstoffdioxid, die die 740 
Millionen Europäer durch die Verdauung von aufgenommener Nahrung pro-
duzieren, oder die Menge an Kohlenstoffdioxid, die 172 Menschen bei einem 
Flug von Stockholm nach Rio de Janeiro als ökologischen Fußabdruck hinter-
lassen. 

In Bezug auf Wasserkraft als Energieträger haben wir berechnet, dass die 
Energieproduktion durch Wasserkraft in Funil bei Ausschöpfung der maxima-
len Produktionskapazität ungefähr 67 Kilogramm Kohlenstoffdioxid-Äquiva-
lente pro produziertes Megawatt Energie ausstößt. Im Vergleich dazu stößt ein 
durchschnittliches Kohlekraftwerk rund 970 Kilogramm Kohlenstoffdioxid 
pro produziertem Megawatt Energie aus und ein durchschnittliches Gaskraft-
werk 570 Kilogramm Kohlenstoffdioxid. Obwohl die Emissionen von Funil 
im Vergleich zu anderen Stauseen hoch sind, sind sie im Vergleich zu fossilen 
Brennstoffen immer noch geringer. 

Andere Wissenschaftler und Wissenschaftlerinnen haben jedoch in einigen 
anderen tropischen Wasserreservoirs größere Treibhausgasemissionen gemes-
sen als in Kohle- oder Gaskraftwerken. Ob Wasserkraft klimaschädlich ist o-
der eine sinnvolle Art der erneuerbaren Energieerzeugung darstellt, hängt da-
her von der Art des einzelnen Stausees ab (zum Beispiel von der Größe des 
Staudamms und der überfluteten Landschaft, der Art der Vegetation oder dem 
Grad der Eutrophierung) und sollte von Fall zu Fall beurteilt werden. 
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Zusammenfassend und als Antwort auf „Warum ist das wichtig?“: Berech-
nungen wie diese und unsere neuen Hochrechnungen von Treibhausgasemis-
sionen tropischer Stauseen tragen zur aktuellen Debatte bei, inwieweit Was-
serkraft zum Klimawandel beiträgt, und können für den nächsten UN-Klima-
bericht genutzt werden. Seit 2013 wird der Treibhausgas-Ausstoß aus Seen im 
UN-Klimabericht berücksichtigt. Weil herausgefunden wurde, dass allein 
Stauseen 1.3 Prozent der weltweiten menschenverursachten Treibhaus-
gasemissionen ausmachen, tauchen seit diesem Jahr auch Stauseen in den 
Mess-Richtlinien auf. 

Tatsächlich ist die Berechnung der Kohlenstoffemission nur ein Ergebnis 
aus einem der fünf Kapitel dieser Dissertation. Der Rest der Arbeit untersucht 
die Verteilung von Treibhausgasemissionen über Zeit und Raum und Gründe 
für Variationen. Diese im Detail beschriebenen Dynamiken der Treibhaus-
gasemissionen sind von Wert für die Arbeit anderer Forscher und Forscherin-
nen, sie erweitern unser Wissen über Treibhausgasemissionen von Stauseen 
und können helfen, zukünftige Messstrategien zu verbessern. Die Frage ist: 
Wie können wir am besten die Emissionen dieser großen dynamischen Systeme 
errechnen?  

Das erste Kapitel dieser Dissertation zeigt, dass die Emissionen von Me-
than und Kohlendioxid aus verschiedenen Stauseen zwischen Tag und Nacht 
variieren können, jedoch nicht immer. 

Im zweiten Kapitel haben wir herausgefunden, dass Methanemissionen am 
stärksten je nach Jahreszeit variieren, was mit Temperatur- und Wasserstands-
schwankungen zusammenhängt. Darüber hinaus war auch die räumliche Va-
riation groß, obwohl der Probenahmebereich ziemlich klein war. Wir haben 
den Schluss gezogen, dass die Methanemissionen in tropischen Stauseen zu-
mindest einmal gemessen werden sollten, wenn der Wasserstand fällt, und ein-
mal, wenn er steigt, und das in hoher räumlicher Auflösung. 

Die wichtigste Aussage des dritten Kapitels ist, dass Kohlenstoffdioxid- 
und Methanemissionen nicht nur in Staudammnähe gemessen werden und auf 
den gesamten Stausee hochgerechnet werden können, wie es teilweise ge-
macht wird. Hätten wir nur in Staudammnähe gemessen, hätten wir die Stau-
seeemissionen um 80 Prozent unterschätzt, da etwa 80 Prozent der Emissionen 
weiter stromaufwärts auftreten, häufig dort, wo Flüsse in den Stauseen mün-
den. Wir zeigen, wie Treibhausgasemissionen gemessen werden müssen, da-
mit sie repräsentativ für die gesamte Fläche großer Stauseen sind. 

Im vierten Kapitel zeigen wir, dass zwischen 60 und 99 Prozent der Treib-
hausgasemissionen in diesen Stauseen über Methanbläschen ausgestoßen 
wurden, dem Emissionsweg, auf den ich mich spezialisiert habe, auch Ebulli-
tion genannt. Mit der Verwendung eines hydroakustischen Echolots, das ich 
an einem Boot montiert habe, konnte ich die räumliche Verteilung aufsteigen-
der Bläschen in besonders hoher Auflösung beschreiben. Weiterhin demonst-
rieren wir hier, dass die unterschiedlichen Arten der Hochrechnung von ein-
zelnen Methanemissions-Messungen nur einen geringfügigen Einfluss auf die 
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errechneten Gesamtemissionen haben. Es sind jedoch viele Messungen aus 
unterschiedlichen Gebieten des Stausees vonnöten, um eine zuverlässige Ab-
schätzung der Emissionen zu erhalten. 

Im fünften Kapitel vergleichen wir Treibhausgasemissionsmessungen in 
Form von Kohlenstoffdioxid und Methan von allen vier Stauseen zu unter-
schiedlichen Jahreszeiten. Wir haben in unterschiedlichen Teilen aller vier 
Stauseen unterschiedlich starke saisonale Schwankungen gefunden. Es reicht 
daher nicht aus, einmalig mit hoher räumlicher Auflösung zu messen, sondern 
sollten Messungen zu verschiedenen Jahreszeiten wiederholt werden. 

Schließlich können meine Forschungsergebnisse anderen Wissenschaftlern 
und Wissenschaftlerinnen helfen, zu entscheiden, wann, wo und wie oft sie 
Treibhausgasemissionen in Stauseen messen sollten. Leider habe ich keine 
Abkürzung, ohne zeitlich und räumlich verteilte Messdaten verlässliche Emis-
sionswerte zu erhalten. Ich habe die besondere Bedeutung der Methanemis-
sion über Gasbläschen für die Gesamtemission aus tropischen Stauseen be-
schrieben und zeige, dass ausgiebige Messkampagnen, insbesondere zur Be-
stimmung der Emission von Methan durch Gasbläschen, für ein repräsentati-
ves Bild notwendig sind. Für mich persönlich bedeutet diese Arbeit, dass ich 
jetzt Expertin für Treibhausgasemissionen aus tropischen Stauseen bin, und 
eine von wenigen, die mit einem Echolot Methanbläschen in tropischen Ge-
wässern gemessen hat. 

 Wenn ihr das nächste Mal zu einem See oder Teich geht, nehmt doch mal 
einen herumliegenden Ast und piekst damit in das Sediment nahe dem Ufer. 
Seht ihr aufsteigende Bläschen? Es ist sehr wahrscheinlich, dass ihr Methan 
gefunden habt, ein starkes Treibhausgas. Ich freue mich über eine E-Mail mit 
Beweisfoto. Ihr könntet auch versuchen, das Gas anzuzünden – Methan brennt 
bei Konzentrationen von 5–15 Prozent in der Luft. Um herauszufinden, wie 
ihr die Bläschen am besten einfangen könnt, wisst ihr jetzt, wo ihr das nach-
lesen könnt: in meiner Dissertation. 
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