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ABSTRACT  
Spatial variability in greenhouse gas production in sediments of a tropical 
reservoir. 
Stina K. Björkman 
 
The objective was to study the spatial variability of organic matter degradation in the 
sediments of a tropical reservoir to answer the hypothesis that degradation is 
significantly higher in river inflow areas than in other parts of the reservoir.  
 
Sediment cores were collected from twelve sites in the nutrient poor drinking water 
reservoir Chapéu d’Uvas in Minas Gerais, Brazil. The sediments were analysed for CH4 
concentrations in the pore water, degradation rates (in incubation experiments), and for 
the sediment properties: water content, carbon content and C/N-ratio.   
 
The sediment properties: water content, carbon content and C/N-ratio were found to 
show higher values in non-inflow areas compared to inflow areas of the reservoir, and 
lowest in the main inflow river. This indicates other sources of sedimentary organic 
matter than the inflow rivers, and such sources could be erosion and/or landslides from 
the surrounding area. Also the CH4 concentration in the pore water was highest in the 
non-inflow areas, and lowest in the main inflow area. The oxic degradation rates from 
the sediment core incubation experiment on the other hand showed the highest 
mineralization rates in the main inflow area of the reservoir and lowest in the non-
inflow bays, this is supporting the hypothesis.  
 
Altogether the superficial aerobic degradation is highest in the inflow area while the 
methanogenic degradation in the deeper sediment layers is not highest in the inflow 
area. This implies that the organic load from the inflows is sufficient to supply the 
superficial degradation but not the degradation in the deeper layers of the sediment, 
which is fuelled by loads of organic matter from other sources, such as erosion. Other 
contributing explanations could be that the inflow pattern varies over time, so that the 
classification of the sites is not accurate for longer timescales.  
 
Key words: CH4 production, C/N-ratio, water content, carbon mineralisation, tropical 
reservoir, greenhouse gas emission 
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REFERAT 
Rumslig variation i produktion av växthusgaser i sediment hos ett tropiskt 
vattenmagasin.  
Stina K. Björkman 
 
Målsättningen var att studera den rumsliga variationen av nedbrytningen av organiskt 
material i sediment hos en tropisk reservoar för att besvara hypotesen att nedbrytningen 
är signifikant högre i inflödesområden än i andra delar av reservoaren.  
 
Sedimentprover har tagits vid tolv olika provplatser i den näringsfattiga 
dricksvattenreservoaren Chapéu d’Uvas i delstaten Minas Gerais, Brasilien. 
Sedimentproverna analyserades för CH4 koncentration i porvatten, 
nedbrytningshastighet (genom inkuberingsexperiment), och sedimentegenskaperna: 
vatteninnehåll, kolhalt och kol/kväve-kvot.  
 
Sedimentegenskaperna visade på lägst halt organiskt material och minst andel terrestert 
material i huvudinflödet och högst i vikar utan inflöden. Detta indikerar att det 
förekommer materialtransport även till vikar utan inflöden vilket skulle kunna bero på 
erosion och/eller jordskred. Även metankoncentrationen i porvattnet visade sig vara 
högst i vikar utan inflöden och allra lägst vid huvudinflödet till reservoaren. Däremot 
visade inkuberingsexperimenten att mineraliseringen av kol i de ytliga sedimentlagren, i 
enlighet med hypotesen, var högst i huvudinflödet, lägre i inflödesvikarna men allra 
lägst i vikarna som saknade inflöden.  
 
Sammantaget visar resultaten att den ytliga aeroba nedbrytningen var högst i 
huvudinflödena och lägst i vikar utan inflöden medan en omvänd tendens kunde 
observeras den metanogena nedbrytningen i de djupare sedimentlagren. Detta indikerar 
att tillförseln av organiskt material från inflödena är tillräcklig för att stimulera den 
aeroba ytliga nedbrytningen, medan den anaeroba nedbrytningen i de djupare 
sedimentlagren inte påverkas av detta. Förklaringen till detta kan vara att organiskt 
material inte bara tillförs reservoaren genom inflödena utan även genom jordskred 
och/eller erosion.  
 
Institutionen för ekologi och geneteik, Limnologi, Uppsala Universitet  
Norbyv. 18 D, 752 36 Uppsala. 
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POPULÄRVETENSKAPLIG SAMMANFATTNING  
Utsläppen av växthusgaser vid produktion av vattenkraft antas vara underskattade, och 
under de första decennierna efter att dammen byggts antas de till och med kunna 
överstiga utsläppen från att elda fossilt bränsle. Utsläppen är störst under framförallt det 
första årtiondet vilket beror på det extra tillskottet av organiskt material i jord och 
växter som översvämmats vid dammbygget. Antalet vattenmagasin förväntas öka på 
grund av ökande vattenanvändning inom jordbruk och hushåll samt ökande produktion 
av vattenkraft. Detta gör att det är viktigt med fler studier och djupare förståelse för 
dammars påverkan på klimat förändringar.  
 
Vid konstruktion av dammar översvämmas landområden intill en flod och det organiska 
materialet som fanns i jord och växtdelar hamnar på botten av vattenmagasinet. Detta 
gör att konstruktion av ett vattenmagasin leder till en högre andel organiskt material på 
botten av dammen än det varit i floden. Utöver huvudinflödet till reservoaren, där det 
mesta av det nya vattnet strömmar in, kan det finnas mindre floder som också strömmar 
in i vattenmagasinet, dessa är ofta belägna i vikar. De delar av reservoaren där floder 
strömmar in kallas inflödesområden och är oftast grunda. Framförallt inflödesområden, 
där inströmmande vatten stannar av, får ta emot stora mängder organiskt material till 
följd av att partiklar som transporterats i vattenmassan sjunker till botten när 
vattenhastigheten avtar. Vattenmagasin får alltså både initialt och kontinuerligt tillförsel 
av organiskt material.  
 
Nedbrytning av organiskt material i exempelvis vattenmagasin utförs av 
mikroorganismer och sker i både vattenmassan och sedimenten. Vid nedbrytning med 
tillgång på syre bildas framförallt koldioxid (CO2), detta förekommer generellt i 
vattenmassan samt det översta lagret av sedimenten. Djupare i sedimenten sker 
nedbrytningen utan tillgång på syre, då bildas framförallt metan (CH4). Om 
produktionen av metan är hög kan det bildas gasbubblor av metan i sedimenten, som 
tillslut bubblar upp till ytan och därmed frigörs i atmosfären. Både koldioxid och metan 
är växthusgaser vilket innebär att de bidrar till den globala uppvärmningen när de 
kommer ut i atmosfären. I tropikerna är nedbrytningshastigheten i vattenmagasin, och 
därmed produktionen av växthusgaser, hög på grund av det varma klimatet.  
 
Målsättningen för detta projekt var att studera den rumsliga variationen av 
nedbrytningen av organiskt material i sediment hos tropiska reservoarer för att besvara 
hypotesen att nedbrytningen är betydligt högre i inflödesområden än i andra delar av 
vattenmagasinet. Hypotesen grundar sig på att temperaturen i de grunda 
inflödesområdena kan behållas relativt hög medan djupare delar av vattenmagasin ofta 
är skiktade med ett varmare lager överst och lägre temperatur vid botten. 
Nedbrytningshastigheten påverkas bl.a. av temperatur och går snabbare vid högre 
temperaturer. Tillförseln av organiskt material i kombination med relativt hög 
temperatur gör att de grunda inflödesområdena förväntas ha högre 
nedbrytningshastighet än andra delar av reservoaren och alltså ge ett större bidrag till 
den globala uppvärmningen.  
 
Sedimentprover har tagits vid tolv platser i den näringsfattiga dricksvattenreservoaren 
Chapéu d’Uvas i delstaten Minas Gerais, Brasilien. Proverna togs genom att ett plaströr 
(ca 5,5 cm diameter) hamrades ner i sedimentet med hjälp av en provtagningsanordning. 
Resultatet blev sedimentproppar med varierande längd (ca 20-80 cm) beroende på hur 
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hårt sedimentet var. Från varje provplats togs flera sedimentproppar för att genomföra 
olika analyser.  
 
Sedimentet från en propp från varje provplats skivades och de olika skikten lades i olika 
platsburkar för att torkas och beräkna vattenhalten. Senare bestämdes även kolhalten 
och kol/kväve-kvoten i laboratorium. Även metan-koncentrationen i porvattnet (som 
finns mellan partiklarna i sedimenten) analyserades. Plaströren för dessa 
sedimentproppar hade borrade öppningar längst sidan, så att sedimentprover kunde tas 
på olika djup i sedimentet, med 2 cm mellanrum. Från fem av provtagningsplatserna 
togs även sedimentproppar för att, genom ett inkuberingsexperiment, bestämma 
hastigheten för nedbrytning vid tillgång på syre, i det översta lagret av sedimentet.  
 
Vattenhalten var lägst i huvudinflödet och högst i vikarna utan inflöden. Även kolhalten 
och kol/kväve-kvoten följde detta samband med lägre halter i inflödesområdena vilket 
antyder att halten organiskt material, och andelen med terrestert ursprung är högre i 
vikarna utan inflöden. Detta var ett oväntat resultat som inte stödjer hypotesen. Det 
indikerar att det förekommer materialtransport även till vikar utan inflöden, vilket skulle 
kunna bero på erosion och/eller jordskred. 
 
Även metanhalterna i sedimentens porvatten visade sig vara högst i vikarna utan 
inflöden och allra lägst i huvudinflödet till vattenmagasinet. Detta var inte förväntat 
eftersom hypotesen var att nedbrytningen, och därmed produktionen av växthusgaser, 
skulle vara högst i de grunda inflödesområdena. Detta antas bero på 
sedimentegenskaperna; nedbrytningen är störst där det finns mer organiskt material, 
vilket var i vikarna utan inflöden. 
 
Däremot visade inkuberingsexperimenten, tvärtemot tidigare resultat, att 
nedbrytningshastigheten i ytskiktet av sedimentet var högre i inflödesområdena. Detta 
stämde överens med hypotesen och indikerar att det organiska material som tillförs 
inflödesområdena stimulerar nedbrytningen vid tillgång till syre, i de ytliga 
sedimentlagren. 
 
Sammantaget verkar alltså den ytliga nedbrytningen vara högst i inflödesområdena, 
medan nedbrytningen i de djupare sedimentlagren (porvattenanalysen) inte följer 
samma mönster. Detta indikerar att det organiska material som tillförs 
inflödesområdena endast stimulerar den ytliga nedbrytningen, men inte den syrefria 
nedbrytningen i de djupare sedimentlagren. Förklaringar till detta kan vara att organiskt 
material inte bara tillförs reservoaren genom inflöden utan även andra delar av 
vattenmagasinet, t.ex. genom erosion och/eller jordskred. En annan bidragande faktor 
kan vara felaktig indelning av provplatserna, till följd av att inflödena till reservoaren 
kan variera inom och mellan år beroende på vattenflöden i omkringliggande områden. 
Detta skulle i så fall göra att indelningen inte är representativ för en längre tidsperiod.  
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GLOSSARY 
Allochthonous  terrestrial origin 
Autochthonous   aquatic origin 
C   carbon content (%) 
CH4 sat   methane saturation; the fraction of samples in a core or 

group of cores with CH4 concentrations of at least 80 % of 
the corresponding saturation concentration 

C/N-ratio   carbon/nitrogen-ratio (by molecular weight) 
DIC    Dissolved Inorganic Carbon 
DOC   Dissolved Organic Carbon 
GHG    GreenHouse Gases; gases in the atmosphere that absorbs and 

emits radiation in the thermal infrared range, which 
contributes to the greenhouse effect. In this project GHGs 
mainly refers to CH4 and CO2  

I   inflow bay (classification of sites) 
M   main inflow area to reservoir (classification of sites) 
Methanogenic bacteria  bacteria able to do methanogenesis (i.e. anaerobic respiration 

resulting in production of CH4, electron acceptor is carbon 
instead of oxygen) 

Methanotrophic  organism that can use CH4 as source of carbon and energy 
Mineralisation  degradation of organic matter to inorganic plant-accessible 

matter  
N  non-inflow bay (classification of sites) 
OC    Organic Carbon 
OM  Organic Matter 
Photo-oxidation  solar radiation breaking down dissolved organic molecules 
SD   standard deviation 
WC    water content 
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1. INTRODUCTION 
The landscape of the earth is shaped by inland waters (e.g. lakes, rivers, reservoirs, 
ponds and wetlands), which despite its relatively small coverage of approximately 1 % 
of the earths surface (Battin et al. 2009) play an important role in the cycle of e.g. 
carbon between land, the atmosphere and the sea (Aufdenkampe et al. 2011). The 
contribution from inland water to carbon fluxes is considerable in relation to those of 
marine and terrestrial environments (Battin et al. 2009).  
 
As a consequence of an increasing demand of water for agriculture, households, and 
production of hydroelectric energy Tranvik et al. (2009) predict that big impoundments 
and agricultural ponds will increase globally, with an area corresponding to about a 
fourth of the global area of natural lakes until 2050 (from 2006). A lot of the organic 
matter carried by inflowing rivers will be deposited in the upstream part of the reservoir, 
due to reduced sediment carrying capacity when the water velocity is reduced (Kumar et 
al. 2011). 
 
Carbon dioxide (CO2) is produced by degradation of organic matter (OM) in water, 
sediments and flooded soils, regardless of oxygen availability, while methane (CH4) is 
mainly produced in the sediments and only under anaerobic conditions (Goldenfum, 
2009). At high mineralisation rates, CH4 might form bubbles in the sediment, which can 
bubble through the water column to the atmosphere, which is called ebullition 
(Bastviken et al. 2004). According to Barros et al. (2011) emission rates of carbon from 
reservoirs are highest in the tropics, and Gudasz et al. (2010) found that degradation rate 
is increasing with temperature. The high input of organic matter together with the 
relatively shallow depths (allowing relatively high temperature also in the bottom water) 
of the inflow areas of reservoirs, implies that there could be a higher rate of degradation 
in these parts of the reservoir.  
 
According to Fearnside & Pueyo (2012) hydro electrical power plants in the tropics can 
emit more greenhouse gases (GHGs) than fossil fuel, the first decades after 
impoundment. These GHG emissions are often underestimated (Fearnside & Pueyo, 
2012). With an increased area of reservoirs a changing climate with increasing 
temperatures a negative loop can be created, fuelling itself. Increasing temperature 
might lead to a higher fraction organic carbon (OC) being mineralised, which can lead 
to anoxia and thereby production of CH4 and hence contribute to the increasing 
greenhouse effect (Tranvik et al. 2009). OM can after deposition to the sediments either 
be mineralised (resulting in production of GHGs), re-suspended or stay buried 
(Mendonça et al. 2012). The resulting net effect on the carbon cycle depends on the 
properties of the sites where impoundments are made (Tranvik et al. 2009). 
 

1.1 OBJECTIVES 
The objective was to study the spatial variability of organic matter degradation in the 
sediments of a tropical reservoir to answer the hypothesis that degradation of sediment 
organic matter OM is significantly higher in river inflow areas than in other parts of 
the reservoirs.  
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Specific objectives were: 
1. to compare inflow bays to non-inflow bays with respect to relevant parameters 

such as: CH4 concentration in pore water, degradation rates, and sediment 
properties (water content, carbon content and C/N-ratio).  

2. to compare the results with the MSc project “Spatial variability in greenhouse 
gas emissions from tropical reservoirs” conducted by David Rudberg in order to 
answer the hypothesis that reservoir GHG emission is related to the amount and 
degradation of sediment OM. (Appendix A, attached to both reports 
respectively.) 
 

The overall aim was to study degradation rates and CH4 concentrations in the pore water 
of the sediments in relation to sediment properties to increase the understanding of 
sediment processes, increase the knowledge about CH4 and CO2 production in tropical 
reservoirs and to identify sediments prone to CH4 ebullition. 
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2. BACKGROUND 
This section addresses the changes in the ecosystem from construction of a dam and the 
conditions for degradation of OM, leading to different kind of emissions of the GHGs 
studied, i.e. CO2 and CH4. Finally a brief overview of some previous results concerning 
degradation and emissions of GHGs from mainly reservoirs is presented. 
 

2.1 IMPOUNDMENTS 
When a dam is constructed in a river, large areas are modified from a terrestrial 
ecosystem to an aquatic ecosystem. As the water and transported particles leaves the 
turbulent flow of the shallow river and enters the calmer and deeper reservoir the 
carrying capacity is decreased resulting in sediment deposition (Kumar et al. 2011). 
There are three fates for OM in a reservoir after deposition to the sediments: 
mineralisation (resulting in production of GHGs), re-suspension or it stays buried 
(Mendonça et al. 2012). Impoundments are expected to increase globally which might 
have a big effect on the carbon cycle. The resulting net effect depends on the properties 
of the sites where the impoundments are made (Tranvik et al. 2009). 
 
According to Vörösmarty et al. 2003 a relatively big fraction of sediments carried by 
rivers are potentially trapped in constructed reservoirs. Some of the OM that would 
naturally reach the ocean and be buried, will after construction of a reservoir be 
deposited in the bottom where it’s more likely to be mineralised (Mendonça et al. 
2012). The long-term effects of sediments trapped in reservoirs seems to be 
considerable but are not yet clarified, and should be taken into account in estimations of 
elemental fluxes of e.g. water, sediments and carbon (Vörösmarty et al. 2003).  
 
Reservoirs, especially in warm regions, are often thermally stratified with a warmer 
layer on top of a colder. The stratification inhibits mixing between the layers, which 
also influences the oxygen levels, and hence also the emissions of GHGs from 
reservoirs (Mendonça et al. 2012). Depending on differences in density, the incoming 
water might flow along the surface water in the reservoir, at the bottom, or somewhere 
in between (Martin and McCutcheon 1998), which affects the fate of the OM. If new 
water enters in deeper parts of a reservoir, where the conditions are anoxic, it is more 
likely that organic matter will undergo anoxic degradation, which results in production 
of CH4 (Mendonça et al. 2012). Also wind, rain and temperature can influence the GHG 
emissions from reservoirs in different ways, e.g. via turbulence (affecting gas transfer 
and circulation depth in the water column), increasing water flows (leading to higher 
loading of OM) and higher temperatures leading to increased mineralisation and GHG 
production (Mendonça et al. 2012).  
 
Due to extensive OM degradation in flooded soils and plant biomass the potential 
emissions of CO2 and CH4 from a reservoir are elevated during approximately the first 
10 years after construction of a reservoir (Tranvik et al. 2009). In tropical zones the 
emissions of CH4 due to anaerobic degradation can be elevated even 10 years after 
impoundment. Despite the lower emission of CH4 compared to CO2, (when comparing 
carbon units), the emissions of CH4 are highly important for the clime on the earth since 
CH4 is a stronger GHG than CO2 (IPCC 2007). According to IPCC (2007) CH4 has 25 
times as high global warming potential than CO2.  
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2.2 ORGANIC MATTER 
OM in a reservoir can have different sources: allochthonous means derived from outside 
the system (terrestrial origin), while autochthonous indicates that the origin is from 
within the system, (aquatic origin). The production in e.g. a lake may alter as an effect 
of loadings and type of OM. A change in loads of allochthonous OM can result in a 
change of dominating organisms in an aquatic system (Tranvik et al. 2009). The 
carbon/nitrogen(C/N)-ratio can be used as an indicator of origin of OM since the C/N-
ratio is higher for terrestrial plants (approximately 32) than for phytoplankton and 
bacteria (approximately 7 and 4 respectively) (De Junet et al. 2005). Since nitrogen is 
mineralized faster then carbon, the C/N-ratio decreases from microbial degradation (De 
Junet et al. 2005).  
 
The mineralisation rate of autochthonous OM is usually relatively high (Mendonça et 
al. 2012), and similar regardless of availability of oxygen. Allochthonous OM on the 
other hand is rich in constituents (aliphatic polymers, triterpenes, lignin, and humic 
matter) that are resistant to anaerobic degradation, thus allochthonous OM is primarily 
mineralised under oxic conditions (Tranvik et al. 2009). 
 
During degradation the labile portion of the flooded OM is consumed first (Abril et al. 
2005). This leads to a maximum of emissions 2-5 years after impoundment, and the 
amount of flooded OM is decreasing with time (Tranvik et al. 2009). Also the reactivity 
of the OM declines relatively fast as it ages (Sobek et al. 2012). 
 

2.3 PROCESSES 
CH4 is mainly produced by degradation of OC in the deeper layers of the sediments, and 
only under anaerobic conditions, by methanogenic bacteria (Goldenfum, 2009). The 
produced CH4 is dissolved in the pore water, but at high mineralisation rates CH4 might 
form bubbles in the sediment due to the low solubility of CH4, which is a hydrophobic 
molecule (Mendonça et al. 2012). The produced CH4 can be transported to the water 
column and further to the atmosphere by e.g. diffusion or ebullition (Section 2.4). Sobek 
et al. (2012) found that high rates of sediment accumulation fuel the methanogenesis of 
OM in the deeper layers of the sediments. This is probably an effect of OM being 
transferred to deeper sediment layers relatively fast due to the high sedimentation rates 
(Sobek et al. 2012).  
 
CO2 is produced during degradation of OC in the water, sediments and flooded soils 
(Goldenfum, 2009). The thickness of the aerobic layer in the top of the sediment is 
dependent on different factors e.g. temperature and oxygen concentration in bottom 
water. In this layer aerobic mineralisation takes place, CO2 is produced and oxygen is 
consumed which decrease the thickness of the aerobic layer (Mendonça et al. 2012).  
 
Primary producers can consume CO2 (photosynthesis), and methanotrophic bacteria can 
oxidise CH4 to CO2 under aerobic conditions (Goldenfum, 2009). CH4 oxidation in the 
water column might be higher in deeper reservoirs, and a large fraction of the CH4 from 
these reservoirs usually reaching the atmosphere as CO2. Due to mineralisation and bad 
mixing conditions, the oxygen in the bottom water can be consumed, leading to anoxic 
conditions (Mendonça et al. 2012). 
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2.4 PATHWAYS OF CO2 AND CH4 FROM RESERVOIR TO ATMOSPHERE 
The pathways of CO2 and CH4 from a reservoir to the atmosphere might be ebullition, 
diffusion (from surface water or through plant stems) or in the case of hydropower 
reservoirs there are two more anthropogenic pathways downstream the reservoir both by 
degassing at the outlet of the reservoir and as enhanced diffusive flux from the 
downstream river (Goldenfum 2009).  
 

2.4.1 Ebullition 
When the pressure in a CH4 bubble (which can be formed in the sediment at high 
mineralisation rates) exceeds the hydrostatic pressure, the CH4 bubbles up through the 
water column to the water surface where it is emitted to the atmosphere (Bastviken et al. 
2004). In shallow reservoirs most of the CH4 emissions are a result of ebullition 
(bubbles), but with increasing depth the bubbles might dissolve before reaching the 
water surface (Mendonça et al. 2012). 
 

2.4.2 Diffusion 
Both CH4 and CO2 can be transported from the water column to the atmosphere by 
diffusive flux depending on the concentration gradient over the interface (Mendonça et 
al. 2012). More carbon is emitted as CO2 than as CH4, through diffusion from the 
surface water to the atmosphere (Barros et al. 2011), and especially from reservoirs in 
warm climate and at low elevation this diffusive flux can be high (Mendonça et al. 
2012). Diffusion of gases can also take place through plant stems (Bastviken 2009), 
used by the plant to transport oxygen to the roots. E.g. CH4 entering the roots of a plant 
can be transported to the water surface without being exposed to CH4 oxidation 
(Bastviken, 2009). Emissions of GHGs through plant stems can be relatively big where 
rooted macrophytes are abundant (Peixoto et al. 2015). 
 

2.4.3 Anthopogenic downstream emissions 
Downstream a hydro electrical reservoir there is two kinds of anthropogenic emissions 
of GHGs. Both degassing of the water at the outlet from the turbines and in the 
downstream river, since e.g. the turbulence from the outlet of the reservoir seem to 
increase the degassing also up to 40 km downstream (Mendonça et al. 2012). However, 
this does not apply to reservoirs constructed for other purposes than hydropower. 
 

2.5 PREVIOUS RESULTS 
There are relatively many articles, from different aspects, concerning reservoirs and its 
impact on the environment (i.e. through emissions of GHGs), here some of them are 
briefly introduced. 
 
As a result of the increasing energy demand, and a likewise concern of changing 
climate, also the interest in understanding the environmental impact of hydropower 
increased in the beginning of the 90’s, when IPCC published the first assessment report 
(Mendonça et al. 2012). In 1993 Rudd et al. published a paper on GHGs in reservoirs, 
which is the first scientific article on the topic. In this paper GHG emissions from 
reservoirs are assumed to be substantial, though lower than burning of fossil fuel. 
(Fearnside 2002) argued that yearly emissions of GHGs from one specific large tropical 
reservoir could be higher than emissions from burning of fossil fuel. A scientific debate 
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started, (e.g. Rosa et al. 2004 and Fearnside 2005), and apart from the disagreement 
concerning the magnitude of the emissions in comparison to other sources of energy, it 
was agreed that the GHG emissions from tropical reservoirs are large (Mendonça et al. 
2012).  
 
It has also been found that the emissions are larger during the first period of years after 
construction (Fearnside 1995; Galy-Lacaux et al. 1999; A. Tremblay, Lambert, and 
Gagnon 2004; Aberg et al. 2004). And that factors that influence the degradation and 
emission of GHGs e.g. are temperature (Gudasz et al. 2010), age and latitude (Barros et 
al. 2011). De Lima et al. (1998) clarified that GHGs emitted from a reservoir were not 
necessarily produced there, but might have been brought by inflowing rivers.  
 
There are relatively many studies of degradation and/or emissions from reservoirs and 
lakes in temperate and boreal zones (e.g. Aberg et al. (2004), Bastviken et al. (2004), 
Sobek et al. (2009 and 2012), Teodoru et al. (2011) and Tremblay et al. (2005). 
However, there are not as many papers from the tropics (e.g. Kunz et al. (2011) and 
Cardoso et al. (2013 and 2014)) even if the contribution to an increased greenhouse 
effect is expected from the tropics due to e.g. the warm climate since a higher 
temperature stimulate degradation of OM (Gudasz et al. 2010).  
 
Relatively recently spatial variability of GHG emissions from reservoirs have been 
addressed by e.g. Roland et al. (2010), Teodoru & Del Giorgio (2011) and Zheng et al. 
(2011). But the difference of degradation of OM and emissions of GHGs at shallow 
inflow areas compared to other sites in the reservoir is still not known.  
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3. METHODS 

3.1 SITES 
This study was performed in a nutrient-poor drinking water reservoir, Chapéu d’Uvas, 
in the Atlantic forest in Brazil. Located in the subtropical climate zone with yearly 
averages of 1200 to 1600 mm precipitation and 17.4 to 24.4 °C (Soares et al. 2007). The 
main inflow river is called the Paraibuna river, with the highest annual flow rates in 
January and February (Soares et al. 2007). Chapéu d’Uvas, was constructed 1994, 
(personal communication, Mendonça 2015), and is situated close to the society Ewbank 
da Câmara, around 20 km north of Juiz de Fora or 150 km north of Rio de Janeiro. The 
area of the reservoir is 12 km2, the maximum depth 41 m and the water volume 0.146 
m3 (Soares et al. 2007).  
 
The studied sites were divided into three classes:  
 

• Main reservoir area (M): sites at the beginning of the reservoir, relatively close 
to the main inflow river. The most upstream point is as far up the main inflow 
river as a core could be taken (increasing sand content upstream made sediment 
core sampling impossible).   
 

• Inflow bays (I): sites at shallow water depth in bays that had an inflow river. 
These sites were chosen close to the inflow mouths in places with relatively flat 
sediment surface (indicated by a sonar attached to the boat, Garmin fish-finder).  
 

• Non-inflow bays (N): these sites were chosen to be similar to the I-sites, but in 
bays without inflows, in places with a relatively flat sediment surface (indicated 
by a sonar attached to the boat, Garmin fish-finder). 
 

The bays were numbered, starting with bay 1 closest to the dam and ending with bay 17 
close to the main inflow river, but all bays are not included in this project. A list of the 
sites is presented in Table 1 and a map of the reservoir is shown in Figure 1. 

 
Table 1. Classification of the sites.   

Site Brief description 
MI Main inflow area, upstream (main inflow river) 
M16 Main inflow area, upstream of I-16 
M17 Main inflow area, at opening to I-17 
I-4 Inflow bay 
I-7 Inflow bay 
I-11 Inflow bay 
I-16 Inflow bay 
I-17 Inflow bay 
N-2 Non-inflow bay 
N-6 Non-inflow bay 
N-13 Non-inflow bay 
N-15 Non-inflow bay 
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Figure 1. Map of the reservoir Chapéu d'Uvas. The big blue arrow marks the main 
inflow river, the smaller green arrows marks smaller inflow rivers and the bar marks 
the dam. Green circles indicates inflow bays (I), red squares non-inflow bays (N) and 
blue triangles main inflow area (M). Modified from OpenStreetMap 2015, © 
OpenStreetMaps contributors, tiles courtesy of Andy Allan. 

 

3.2 SEDIMENT SAMPLING AND ANALYSES 
Sediment cores were collected with a gravity corer equipped with a hammer device (6 
cm internal diameter, UWITEC, Mondsee, Austria) from each study site. The sediment 
accumulation rate was calculated based on all cores in which a clear transition to the 
pre-flooding materials was found. This was checked in all the cores regardless of the 
purpose and hence, the following treatment of the core. An overview of the numbers of 
cores taken for each purpose at each site is presented in Table 2. The cores were used 
for three different purposes: 
 

1. One core from each site was collected to measure sediment properties (water 
content, carbon content and C/N-ratio).   
 

2. A triplicate of CH4 cores was taken from six of the sites, and one core was taken 
from the other six sites (this is a limitation due to number of syringes and vials 
available). The CH4 concentration in the pore water was measured in order to 
identify sediments prone to CH4 ebullition.    
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3. A triplicate of cores was collected from five of the sites for laboratory 
incubation experiment, along with 1,5 L of bottom water collected with a Van 
Dorn sampler. These samples were collected for an incubation experiment at 
controlled temperature in order to study organic matter degradation over time by 
tracing both the CH4 production and dissolved inorganic carbon (DIC), which is 
the main indicator of CO2 production. 
 

The tendencies found between the different groups were tested for statistical 
significance, with Kruskal-Wallis test and a post hoc, in the software R. To interpret the 
results and find correlations between the parameters for the different sites a partial least 
square regression (PLS) was made in the software SIMCA 13.0. The PLS was made for 
the sites where most data was collected, and with variables for sediment properties, that 
were expected to describe most of the variations in CH4 concentration, plus the data 
from the incubations. Finally, the results from the incubation were sorted with respect to 
the classes M, I and N, and related to some sediment properties. 
 

Table 2. Core plan: number of cores taken for each purpose 
at each site. 

Site 
Sediment 
properties 

Methane 
concentration 

Incubation 
experiment 

MI 1 3 3 
M16 1 1 - 
M17 1 1 - 
I-4 1 3 - 
I-7 1 3 3 
I-11 1 3 3 
I-16 1 1 - 
I-17 1 1 - 
N-2 1 3 3 
N-6 1 3 - 
N-13 1 1 3 
N-15 1 1 - 

  

3.2.4 Sediment accumulation 
The sediment accumulation rate was calculated based on the cores in which a clear 
transition to the pre-flooding materials was visible in the shape of an organic-rich layer 
derived from terrestrial plants (leafs, roots, grass). The distance was measured from the 
sediment surface to the organic layer; and the distance was divided by the age of the 
reservoir (21 years, since the reservoir was constructed in 1994). 
 

3.2.2 Sediment properties 
The sediment cores were sliced in a laboratory. The top three layers of each core were 
sliced in 3 cm layers, and each layer was put in a separate plastic jar. The following 
layers were sliced in 6 cm layers. Each of those layers was weighed, mixed to 
homogeneity; about half of it put in a plastic jar and weighed again. The samples were 
then dried at approximately 40°C for around three days. In order to determine the water 
content, the weight was checked both before and after drying. 
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The dried samples were brought to Uppsala University where the samples were ground 
using a soil grinder. Approximately 30 mg of sediment from each sample was weighed 
in an 8*5 mm tin capsule that was sealed and analysed in an elemental combustion 
system (Costech instruments, calibrated with acetanilide). The elemental analyser 
determined the carbon content (C) and nitrogen content by combusting each sample and 
using gas chromatography. Thereafter the carbon/nitrogen-ratio (C/N-ratio) was 
calculated. 
  

3.2.3 Methane concentration 
To measure the pore water concentration of CH4, as an indicator of the 
CH4 production in the sediments, the cores for CH4 samples had side 
ports every 2 cm along the sediment depth, Figure 2. Through these 
side ports, the sediment was sampled in order to measure the CH4 
concentration in the sediment pore water. The top 20 cm of the cores 
were sampled every 2 cm and thereafter every 4 cm until reaching the 
bottom of the core or pre-flooding material. 2 ml of sediment were 
collected from each side port using a 2 ml syringe with a cut off tip. 
The sediment was then added to a 24,4 ml glass vial pre-filled with 5 
ml deionised water to allow for suspension of the sediment, and 
immediately sealed with a rubber stopper. The glass vials were shaken 
for approximately a minute for the CH4 in the pore water to equilibrate 
with the headspace in the vial.  
 
The gas phase was extracted from each glass vial within an hour after sampling, through 
the rubber stopper with a 10 ml syringe equipped with a stopcock and needle, and 
injected in the portable gas analyser (Los Gatos). The resulting peaks for CH4, obtained 
by Los Gatos were integrated in the software R. The total amount of CH4 (mol) in the 
sample was calculated from a calibration curve made from injections of standard 
solutions with known concentrations of CH4 in Los Gatos and plotting the amount of 
CH4 (mol) against the resulting areas of the peaks.  
 
The headspace extraction method (Bastviken et al. 2004) was used to calculate the CH4 
concentration. The method uses the ideal gas law and Henry’s law to find the 
equilibrium pressure of CH4, between the gas- and the liquid phase. The calculation also 
accounts for the 5 ml added water in the liquid phase. The amount of pore water in the 2 
ml sediment samples was calculated from the assumption that water content for each 
sample of the CH4 core was the same as for the corresponding layer in the core from the 
same site in which water content was measured. The CH4 concentration in the pore 
water was calculated in the unit mg(carbon)/L(pore water), (mgC/Lpw).  
  
The saturation concentration of CH4 in the pore water determines how much CH4 the 
water can hold before bubbles starts to form in the sediment. The saturation 
concentration depends on water temperature and on pressure, and thereby on the depth. 
The saturation concentration of CH4 was calculated from the air pressure, the water 
depth at the site, and the sample depth within the core. This result was used to estimate 
to what extent the samples from the cores were saturated. The samples with a CH4 
concentration of at least 80 % of the saturation concentration were considered close to 
saturation and therefore prone to form bubbles. The relatively low limit of 80 % was 

Figure 2. CH4 
core, side ports 
under red tape. 
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chosen because of the risk that some CH4 was lost during sampling. The fraction of each 
core that was saturated was also calculated and will be referred to as CH4 saturation. 
 

3.2.4 Incubation experiment 
The top 10 cm of each sediment core was sealed and transported to Uppsala University 
where it was transferred to U-PVC cores for incubation. The water from the reservoir 
was carefully added on top of the sediment in each core, not to disturb the sediment. 
The cores were placed in a sediment incubation chamber with constant temperature of 
26 °C. They were left open and continuously mixed with a floating magnet to let 
sediment and water chemical parameters equilibrate before the incubation experiment.  
 
After 5-10 days of equilibration each core was sealed with a stopper equipped with 
tubing for sample extraction. At the start of the incubation, the oxygen level in the water 
overlying the sediment was measured non-invasively with micro optodes (PreSens) and 
water samples were taken through the tubing in the stopper to analyse DIC, pH and CH4 
concentration. Both DIC production and O2 decrease can be used as indicators to 
estimate the carbon mineralisation rate.  
 
The sediment cores were incubated in darkness at 26 °C for around 4 hours. During the 
time of the incubation the water above the sediment was continuously stirred with a 
magnetic stirring device. After the incubation period oxygen levels were measured 
again and water samples were taken for the same parameters as before. DIC was 
measured with a TOC-analyser (Sievers 900) and CH4 concentration was measured with 
a gas chromatograph (Agilent Technologies with FID-detector). In some of the cores the 
oxygen concentration was measured continuously. For comparison, DIC and CH4 
production was calculated in the same unit: mgC/(m2 d). 
 

3.2.5 Statistical analyse 
To see if the observed tendencies were statistically significant a Kruskal Wallis test was 
made in the software R. The result for each group (M, I and N) for each parameter was 
tested to find if there were any significant differences between the groups. p-values 
under 0.5 indicate that there was a difference between the groups with a 95 % 
confidence interval. This was followed by a post hoc test to see between which groups 
there were differences. The tests were made both with the three groups M, I and N but 
also for two groups where M and I were clustered and N was the other group. The post 
hoc test was made with the “pairwise.wilcox.test” command, p-value adjusted with 
Bonferroni correction.  
 

3.2.6 Partial Least Square regression, PLS 
Also a partial least square regression, PLS, was made in the software SIMCA 13.0 
(Umetrics) to find how other variables could describe the variations of the CH4 
saturation in the pore water (in SIMCA called: 80%mgCH4) which was chosen as the y-
variable.  
 
The PLS regression model finds new components in the X data (orthogonal axes), to 
describe the variations in the Y data as good as possible. PLS is not as sensitive to 
dependence between x-variables and to deviations from normal distribution within the 
variables, as ordinary multiple linear regression is. The PLS is also tolerant to missing 
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values. The performance of the model is described by R2Y and Q2 values (Sobek et al. 
2009). The R2Y is comparable to R2 value of linear regression and Q2 states how well 
the model predicts new data (Gudasz et al. 2010).  
 
For the PLS regression analysis the sites with triplicates of CH4 cores were selected 
(MI, I-4, I-7, I-11, N-2, N-6). This was done since the variation of CH4 concentration is 
relatively big; the selected sites are also the sites with most data in total. For four of 
these sites (MI, N-2, I-7, I-11), incubation experiments were done; the DIC results from 
the incubations were included in this model. 
 
The chosen y-variable was CH4 saturation (80%_mgCH4) and the x-variables are 
presented in Table 3. To increase the performance of the model an exponential 
transformation was made for the y-variable (80%_mgCH4), before modelling, this was 
done since min/max-ratio = 0. 

 
Table 3. Specification of the X-variables for the PLS model. 

Variable name Parameter, unit 
WC_min Minimum water content, %  
WC_max Maximum water content, % 
WC_mean Mean water content, %  
C_min Minimum carbon content, %  
C_max Maximum carbon content, % 
C_mean Mean carbon content, % 
C/N_min  Minimum C/N-ratio 
C/N_max Maximum C/N-ratio 
C/N_mean Mean C/N-ratio 
DIC_min Minimum DIC production (INC) mgC/(m2 d) 
DIC_max Maximum DIC production (INC) mgC/(m2 d) 
DIC_mean Mean DIC production (INC) mgC/(m2 d) 
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4. RESULTS 
Tables with data from the sediment acumulation and the different analyses are presented 
in Sections 4.1 and 4.2-4.4 respectively. Section 4.4 also contains a part where the 
results from the incubation experiment are compared to water content, carbon content, 
C/N-ratio and CH4 saturation. This is done in order to find correlations. The results are 
presented per core, usually with mean and standard deviation (SD). The significance for 
the tendencies seen for each parameter is presented in Section 4.5 and the results from 
the PLS are presented in Section 4.6. Finally, a comparison between the results from 
this project and the results from the project conducted by David Rudberg (“Spatial 
variability in greenhouse gas emissions from tropical reservoirs”) can be found in 
Appendix A. 
 
The full results that the coming tables are built on can be found in Appendix B-G, the 
result for each layer along the depth of each core is presented for each parameter 
separately. Water content can be found in Appendix B, carbon content in Appendix C, 
nitrogen content in Appendix D and carbon/nitrogen-ratio in Appendix E, the CH4 
concentration in Appendix F and the saturation concentration in Appendix G. 
 

4.1 SEDIMENT ACCUMULATION 
Table 4 shows the sediment accumulation rate, core length (max and mean ± SD) and 
water depth (mean ± SD) for each site to get an overview of the sites. The full result 
from each layer of each core is presented in Appendix B-E. Number of cores for each 
site is given both in total (NTOT) and for the calculation of the sediment accumulation 
rate (NACC). The mean water depth for the sites was between 1.4 m and 7 m. Generally 
the standard deviation was low, with an exception for the sites M16: 7.3 ± 2.1 m, and N-
15: 2.3 ± 0.8 m (mean ± SD). 
 
The sediment accumulation rate seems to be the highest, with 3.1 cm/yr in I-17, which 
is a small inflow bay. Also I-7 (1.7 ± 1.0 cm/yr, mean ± SD), N-2 (1.6 ± 0.4 cm/yr) and 
N-15 (1.4 cm/yr) have relatively high sediment accumulation rate. In the majority of the 
sampled cores, the sediment accumulation rate could not be determined since the 
organic layer indicating the limit of pre-flooding soils could not be detected. The 
maximum core length, of all the cores (regardless of whether or not there was an 
organic layer in the bottom of the core), was found at N-6 (80 cm) followed by I-11 
(73.4 cm), I-16 (69.7 cm), I-17 (65.9 cm), N-13 (62.4 cm). On the other end of the 
range M16 and MI can be found, where the longest cores were 26.7 and 27.3 cm 
respectively.  
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Table 4. Overview of the sites. The sediment accumulation (Sed acc), core length and 
water depth is expressed in mean ± SD. Number of cores is given both in total (NTOT) 
and for the calculation of the sediment accumulation rate (NACC). 

Sed acc (cm/yr) No. of samples Core length (cm) Water depth (m)  
Site mean SD NACC NTOT max mean ± SD mean ± SD 
MI 1.1 0.2 5 7 27.3 22.1 ± 2.9 2.2 ± 0.1 
M17 - - 0 2 33.7 32.8 ± 1.3 4.1 ± 0.0 
M16 - - 0 2 26.7 24.5 ± 3.1 7.3 ± 2.1 
I-4 1.1 0.4 3 4 44.5 28.3 ± 12.4 1.4 ± 0.2 
I-7 1.7 1.0 2 7 38 29.5 ± 6.6 2.4 ± 0.0 
I-11 - - 0 7 73.4 54.5 ± 17.9 3.7 ± 0.0 
I-16 - - 0 2 69.2 63.7 ± 7.8 4.2 ± 0.0 
I-17 3.1 - 1 2 65.9 65.5 ± 0.6 3.9 ± 0.1 
N-2 1.6 0.4 5 7 40.6 33.0 ± 7.9 3.4 ± 0.2 
N-6 - - 0 4 80 58.1 ± 16.5 4.3 ± 0.1 
N-13 0.8 - 1 5 62.4 37.7 ± 16.9 5.0 ± 0.0 
N-15 1.4 - 1 2 34.6 32.2 ± 3.4 2.3 ± 0.8 
 

4.2 SEDIMENT PROPERTIES 
From each site one core was analysed for water content, carbon content and C/N-ratio. 
Mean value ± standard deviation for each core and parameter is presented in Table 5. If 
only comparing the three M sites, a tendency can be seen with increasing mean values 
from the most upstream site MI to the most downstream M16. This applies for water 
content and C/N-ratio, with an exception for carbon content where the site in middle, 
M17, has the lowest value (2.1 ± 0.5 %) followed closely by MI (2.3 ± 1.0 %), while 
M16 (3.3 ± 0.6 %) is distinctly higher. 
 

Table 5. The sediment properties: water content (WC), carbon content 
(Carbon), C/N-ratio for each site represented by one core and given as mean 
± standard deviation (SD). Also the number of layers for each core is given. 

WC (%) Carbon (%) C/N-ratio Number 
Site mean ± SD mean ± SD mean ± SD of layers 
MI 39.0 ± 8.7 2.3 ± 1.0 12.5 ± 0.9 5 
M17 45.4 ± 8.7 2.1 ± 0.7 13.8 ± 0.9 7 
M16 66.0 ± 8.2 3.3 ± 0.6 14.2 ± 2.3 7 
I-4 46.6 ± 17.8 2.0 ± 1.1 14.9 ± 0.5 5 
I-7 56.0 ± 9.6 3.6 ± 1.0 15.9 ± 0.7 12 
I-11 45.6 ± 11.8 1.5 ± 0.6 14.6 ± 1.7 4 
I-16 48.0 ± 7.8 2.4 ± 1.2 16.5 ± 1.7 14 
I-17 50.5 ± 9.7 1.9 ± 0.8 14.8 ± 0.7 6 
N-2 63.9 ± 4.9 6.2 ± 1.2 15.9 ± 0.8 8 
N-6 63.8 ± 12.2 4.2 ± 1.7 15.4 ± 1.9 3 
N-13 40.0 ± 10.1 1.9 ± 0.6 16.2 ± 3.1 8 
N-15 59.8 ± 10.3 3.5 ± 0.8 15.7 ± 0.9 5 
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When comparing the different classes (M, I and N) of the sites (Figure 3) it can be 
seen that water content is similar for M and I but higher for N, the same tendency can 
be seen for C/N-ratio. Also for carbon content the tendency is more or less the same; 
but here the median for I is slightly lower than for M, while the median for N is 
highest. Some exceptions from this are e.g. water content where M16 has the highest 
value of 66.0 ± 8.2 %, and for carbon content where I-7 is relatively high (3.6 ± 1.0 %) 
and N-13 is relatively low (1.9 ± 0.6 %), compared to the mean of their respective 
classes. 
 

 
Figure 3. Water content, carbon content and C/N-ratio for all sites (Tot) and the 
different classes (M-Main inflow, I-Inflow bays and N-Non-inflow bays). Middle bar 
marking the median value, box marks first and third quartiles and the length of the 
whiskers is maximally 1.5 times the inter quartile range, values further from the box are 
marked with circles as outliers.  

 

4.3 METHANE CONCENTRATION 
The results from the pore water CH4 concentration analyses are presented in Table 6 for 
each core. The full result from each layer of each core is presented in Appendix F-G. 
The CH4 concentration is presented as median, mean ± standard deviation. The 
saturation concentration of CH4 is given as the mean value, it is increasing with depth 
but the difference is small within the cores (around 1 mgC/LPW). Also the number of 
layers per core, and the CH4 saturation, are given. 
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When comparing the median values of CH4 concentration for each class (M, I and N), 
M (4.9 mgC/LPW) shows the lowest concentration, I (23.1 mgC/LPW) is noticeably higher 
and N (27.2 mgC/LPW) the highest. The same tendency is seen for CH4 saturation; M 
(31.1 %), I (59.9 %), N (76.1 %). Some examples of cores that don’t follow this pattern 
are M17 (38.3 ± 20.6 mgC/LPW), I-16 (40.4 ± 77.9 mgC/LPW) and N-15 (1.2 ± 4.6 
mgC/LPW).  
 
The CH4 concentration is varying a lot both within and between the cores; the result 
looks different depending on which of the parameters are being compared (median, 
mean ± SD or CH4 saturation). This can be illustrated by comparing the triplicate cores 
from one of the sites. At site N-2, the median of the CH4 concentration is relatively 
equal between the cores (28.8, 27.6 and 29.8 mgC/LPW), also the CH4 saturation is 
relatively alike (100.0, 76.9 and 84.6 %), while mean value and standard deviation is 
varying more (37.5 ± 19.0, 29.0 ± 15.4 and 102.9 ± 140.8 mgC/LPW, mean ± SD).  
 

Table 6. CH4 concentration (unit: mg(carbon)/L(pore water), mgC/LPW.) 
expressed in median, mean ± standard deviation (SD), saturation concentration 
of CH4 in the pore water and CH4 saturation (CH4.sat) for each core. Also the 
ID number of each core is given (Core ID), and the number of layers (No.). 

CH4 (mgC/LPW) 
Site 

 Core 
ID No. median mean ± SD 

mean concsat 
(mgC/LPW)  

CH4-
sat (%) 

MI 89 6 12.8 22.7 ± 28.7 19.9 33.3  
MI 90 10 2.9 9.3 ± 12.3 20.0 20.0  
MI 91 10 5.1 4.9 ± 3.2 20.1 0.0  
M17 96 11 33.6 38.3 ± 20.6 23.2 90.9  
M16 40 8 0.2 0.3 ± 0.1 23.7 0.0  
I-4 65 10 8.3 12.8 ± 10.2 18.6 40.0  
I-4 66 14 10.6 13.6 ± 15.5 18.6 28.6  
I-4 67 5 20.3 17.9 ± 9.3 17.9 60.0  
I-7 82 10 10.3 9.1 ± 4.9 19.8 0.0  
I-7 83 12 4.7 7.3 ± 8.3 19.7 18.2  
I-7 84 12 7.1 9.5 ± 10.2 19.9 8.3  
I-11 47 20 36.3 62.9 ± 83.1 20.8 75.0  
I-11 48 20 30.1 61.5 ± 98.4 20.8 90.0  
I-11 49 19 38.1 83.3 ± 102.7 20.8 78.9  
I-16 99 21 40.4 77.9 ± 113.7 23.7 76.2  
I-17 94 20 71.1 85.9 ± 52.8 23.0 95.0  
N-2 73 13 28.8 37.5 ± 19.0 21.4 100.0  
N-2 74 13 27.6 29.0 ± 15.4 21.4 76.9  
N-2 75 13 29.8 102.9 ± 140.8 21.1 84.6  
N-6 55 21 28.0 40.5 ± 26.8 21.9 90.0  
N-6 57 13 25.9 40.9 ± 41.1 21.4 92.3  
N-6 59 13 44.9 57.8 ± 59.1 21.6 92.3  
N-13 36 19 27.2 35.6 ± 27.6 22.8 63.2  
N-15 101 12 1.4 2.6 ± 2.6 19.2 0.0  

 
 
When comparing the different classes (M, I and N) of the sites (Figure 4) it can be 
seen that there are very many outliers in the data for the CH4 concentration. The 
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tendencies remind of those in Figure 3, and lowest values are found for the main 
inflow area (M), the results from the bays are similar but slightly higher for the non-
inflow bays (N). This difference between the different groups is even clearer when 
looking at the CH4 saturation: with lowest values for M, intermediate for I and highest 
for N.   
 

 
Figure 4. Methane concentration in pore water mgCarbon/Lpore-water, same but cut and the 
percentage of CH4 saturated layers for all sites (Tot) and the different classes (M-Main 
inflow, I-Inflow bays and N-Non-inflow bays). Middle bar marking the median value, 
box marks first and third quartiles and the length of the whiskers is maximally 1.5 times 
the inter quartile range, values further from the box are marked with circles as outliers. 

 

4.4 INCUBATION EXPERIMENT 
The results from the incubation experiments are shown per core in Table 7. By 
comparing the parameters for one site, e.g. N-13, it can be seen that the values for DIC 
production (284, 327, 212 mgC/(m2 d)) is more homogenous than the low values of CH4 
production (9.14*10-5, 5.37*10-3, -3.40*10-4 mgC/(m2 d)), while the O2 decrease (879, 
986, 269 mgO2/(m2 d)) is even more variable within the triplicate of cores. 
  
For the DIC production the values were noticeably higher for the MI (649, 459, 543 
mgC/(m2 d)) than the other sites. Also I-7 (369, 464, 258 mgC/(m2 d)) has relatively high 
values while I-11 (389, 251, 159 mgC/(m2 d)) has values in the same range as N-13 
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(284, 327, 212 mgC/(m2 d)) and marginally higher than N-2 (226, 161, 132 mgC/(m2 d)). 
This indicates higher values for I sites than for N sites. It can also be seen among the 
values for DIC production for each site, that even if they vary, they are more or less in 
the same magnitude, thus, generally all cores show as high values as for MI, or all are 
relatively low as for N-2, or in between. The biggest exception from this is I-11 (389, 
251, 159 mgC/(m2 d)) where the values are relatively spread, in the low-medium range. 
 
The CH4 production during the incubation experiments was low for all cores, but with a 
relatively high variability and values between -3.40*10-4 and 8.87*10-3 mgC/(m2 d). For 
two of the sites one of the cores had a negative value of CH4 indicating a decrease in 
CH4, these sites were I-7 (-2.30*10-4 mgC/(m2 d)) and N-13 (-3.40* 10-4 mgC/(m2 d)). At 
I-11 there was no CH4 in the sample neither before nor after the incubation, thus the 
production was zero.  
 
The oxygen decrease was highest, 1171 mgO2/(m2 d), for one of the cores at N-2, and 
lowest, 73 mgO2/(m2 d), for one of the cores at I-11. Generally, the O2 decrease varied 
between the cores from each site, which made it hard to see any clear tendency between 
the sites. The O2 decrease was generally highest at MI (748, 914, 746 mgO2/(m2 d)) and 
N-13 (879, 986, 269 mgO2/(m2 d)). 
 

Table 7. Results for the incubation experiment. The production of DIC 
and CH4 is given in mgC/(m2 d) and the decrease of O2 in mgO2/(m2 d). 

Site Core ID 

DIC 
production 
mgC/(m2 d) 

CH4 
production 
 mgC/(m2 d) 

O2 decrease 
mgO2/(m2 d) 

MI 85 649 6.63 * 10-3 748 
MI 86 459 1.14 * 10-3 914 
MI 87 543 8.87 * 10-3 746 
I-7 78 396 3.81 * 10-5 672 
I-7 79 464 -2.30 * 10-4 497 
I-7 80 285 1.08 * 10-3 364 
I-11 43 389 0 481 
I-11 44 251 6.99 * 10-6 764 
I-11 46 159 2.85 * 10-4 73 
N-2 68 226 3.59 * 10-4 553 
N-2 69 161 1.43 * 10-4 1171 
N-2 70 132 3.74 * 10-4 424 
N-13 32 284 9.14 * 10-5 879 
N-13  33 327 5.37 * 10-3 986 
N-13 34 212 -3.40 * 10-4 296 
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When comparing the different groups (M, I and N), Figure 5, the DIC production was 
higher at MI, indicating a higher carbon mineralisation rate than the other sites, and N 
sites (N-2 and N-13) had the lowest. Also the CH4 production was higher at MI than at 
the other sites, but here also the CH4 production at N-13 was higher than for the other 
sites. 

 
Figure 5. Boxplot from the incubation experiment, with sites clustered according to 
class (M, I and N). Carbon mineralisation rate (DIC production) and the CH4 
production for all sites (Tot) and the different classes (M-Main inflow, I-Inflow bays 
and N-Non-inflow bays). Middle bar marking the median value, box marks first and 
third quartiles and the length of the whiskers is maximally 1.5 times the inter quartile 
range, values further from the box are marked with circles as outliers. 

 

4.5 STATISTICAL TEST 
When comparing the results for each parameter divided into the three groups M, I and N 
all parameters except the sediment accumulation and CH4 saturation had p-values under 
0.05 in the statistical test (Table 8). This indicates that there are significant differences 
between the groups with a 95 % confidence interval. The result looks similar but clearer 
if the main inflow area (M) and the inflow bays (I) were grouped together representing 
all inflow sites, and the results from these sites were compared to the results from the 
non-inflow bays (N) (Table 9). In this test the sediment accumulation still does not 
show any significant difference between inflow (M+I) and non-inflow (N) with a 95 % 
confidence interval, while CH4 saturation is very close to the limit for significant 
difference. The results for other parameters are significantly different between these two 
groups with a 95 % confidence interval. 
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4.5.1 Sediment properties  
For the water content and the carbon content the difference between groups was 
significant with a 95 % confidence interval between M and N, and also between I and 
N, while the differences between M and I were not significant (Table 8). For the C/N-
ratio, on the other hand, the differences between groups were significant with a 95 % 
confidence interval between M and each of the two other groups respectively (I and N) 
but when comparing I and N no significant difference was found. Altogether it seems as 
the water content and the carbon content differs between inflow bays and non-inflow 
bays regardless of magnitude of inflow, while C/N-ratio seem to differ between main 
inflow of the reservoir and bays regardless of whether the bays have an inflow or not. 
The result looks similar but clearer if only comparing the two groups main inflow area 
(M+I) and non-inflow bays (N), Table 9. 
 

4.5.2 Methane concentration 
The significant differences for CH4 concentration follows the same pattern as the C/N-
ratio, where the result from M differs from those from both I and N, while there is no 
significant difference between values from I and N (Table 8). For CH4 saturation no 
significant difference can be found between the three groups M, I and N, but if the 
results from all inflow areas (M+I) are compared to those from the non-inflow bays (N) 
the p-values is 0.049 indicating a significant difference with a 95 % confidence interval 
between groups (Table 9). The difference between the two groups is 0.053, which is 
close to being significantly different. 
 

4.5.3 Incubation experiment  
The results for DIC production, from the incubation experiment, have a P-value of 0.02 
indicating a significant difference with a 95 % confidence interval between the results 
from the three groups (M, I and N) but when comparing the groups to each other the 
difference does not seem to be significant between any two of the groups (Table 8). 
However, when comparing the results from all inflow areas (M+I) to those from the 
non-inflow bays (N) a significant difference with a 95 % confidence interval can be 
found (Table 9). 
 
 

Table 8. Statistical test with the three groups I, M and N. p-value < 0.05 
indicates that there is a difference between the groups and the values in 
columns M:I, M:N and I:N indicate the difference between the groups in 
particular. 

 p-value M:I M:N I:N 
Sediment accumulation 0.31 0.95 0.43 1.0 
Water content 1.6*10-3 1.0 0.017 2.3*10-3 
Carbon content 2.8*10-6 0.59 0.019 3.8*10-6 
C/N-ratio 1.2*10-6 8.3*10-6 2.0*10-5 0.76 
CH4 concentration 1.3*10-6 1.2*10-5 1.5*10-6 0.88 
CH4 saturation 0.099 0.92 0.27 0.32 
DIC-production 0.020 0.16 0.085 0.39 
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Table 9. Statistical test with two groups; M+I and N. 
p-value < 0.05 indicates a difference between the 
groups and the values in column M+I:N indicate the 
difference between these two groups in particular. 

 p-value M+I:N 
Sediment accumulation 0.44 0.47 
Water content 3.3*10-4 3.3*10-4 
Carbon content 8.1*10-7 8.2*10-7 
C/N-ratio 6.5*10-3 6.5*10-3 
CH4 concentration 0.012 0.012 
CH4 saturation 0.049 0.053 
DIC 0.025 0.029 

 
 

4.6 PARTIAL LEAST SQUARE REGRESSION, PLS 
The PLS was made with the purpose to find new components in the x-data that can 
describe the variations in the y-data (CH4 saturation). The two first components of the 
resulting regression explains 57 % (Comp1) and 27 % (Comp2) of the variations in the 
y-data and had a cumulative R2 of 0.84 and a cumulative Q2 of 0.62, see Table 10. 
 

Table 10. R2 and Q2 values for the y-variable with regard 
to the two first components of the PLS regression. 

 R2 cumR2 Q2 cumQ2 
Component 1 0.57 0.57 0.49 0.49 
Component 2 0.27 0.84 0.25 0.62 

 
How well the x-variables describe the variations in the y-variable can be read from the 
loadings plot for the PLS regression, in Figure 6, as distance between an x-variable and 
the y-variable with regard to the two axes w*c[1] and w*c[2] (representing the two 
components). The axes represent the weight of the variables with respect to the 
components (Comp1 and Comp2) of the model. The distance from origo along an axis 
determines how strongly the variable describes the variations of variations in the y 
variable according to the corresponding component. It can be seen that all three DIC 
production variables (min, max and mean, derived from sediment core incubations) 
have a relatively strong negative correlation to the y-variable (80%mgCH4) with respect 
to both components. The variables for water content and carbon content are clustered 
(also C/N_mean can be found in the cluster) and show a positive relation with respect to 
Comp1, and a weaker negative correlation with respect to Comp2. The C/N_variables 
are spread and negatively correlated to each other. C/N_min and C/N_max are 
negatively correlated with respect to both axes.  
 
All variables except DIC production (min, max, mean) and C/N_min are positively 
correlated to the y-variable (80%mgCH4). Few points are close to the origin, which 
indicates that most of the variables have a relatively strong (and quite even) influence 
on the regression.  
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Figure 6. Loadings plot for the PLS regression in SIMCA. Y-variable is marked in blue, 
x-variables in green. The axes represent the weight of each variable with respect to first 
(x-axis) and second (y-axis) components of the model. Comp1 explains 57 % and 
Comp2 explains 27 % of the variations of the y-data.  

 
The variables most important were: DIC_mean, DIC_min, DIC_max, C/N_max, 
WC_mean for component 1, and DIC_min, DIC_mean, C/N_min, DIC_max and 
C/N_max component 2. The only unimportant variable was C/N_min, for component 1. 
A coefficient plot (not included) suggests that only the DIC-variables (min, max, mean) 
were significant. It could also be seen that the variable called C/N_max is very close to 
the limit, but still not significant.  
 
The scores plot for the PLS-regression, Figure 7, indicates how the sites are related to 
each other. Each point represents the weighted average of all the variables for that site; 
the axes (t[1] and t[2]) represent the first and second components. Correlations between 
different sites can be found analogously as in Figure 6. In this regression the inflow 
bays and non-inflow bays separate with respect to the first component. The biggest 
inflow, MI, is most far away from and negatively correlated to the N sites, without 
inflows, with regard to the first component. Sites I-11 and I-7 have a very small impact 
on the regression according to the first component and are negatively correlated to each 
other in respect to the second component. In this regression there seem to be no outliers.  
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Figure 7. Scores plot for the PLS regression in SIMCA. Colour indicate class: blue M, 
green I, red N. Sites close to each other are similar. Distance from origin illustrates 
how strong the correlation is with respect to each component. Different sides of axis 
indicate opposite with respect to the corresponding axis.  
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5. DISCUSSION 
First the results will be discussed for each part separately (sediment properties, CH4 
concentration in pore water, and incubation experiment); comparisons between the 
results from the different sections, similarities and differences will be discussed. Also 
the results from the statistical test and the PLS will be included. Thereafter some 
general aspects and finally potential sources of errors will be discussed. 
 

5.1 SEDIMENT ACCUMULATION 
The sediment accumulation rate could only be calculated for seven of the twelve sites, 
and for three of these sites it was calculated from only one core, hence the accuracy 
might be low. From Table 4 it was seen that the sediment accumulation rate was 
highest, with 3.1 cm/yr in I-17, followed by I-7 (1.7 ± 1.0 cm/yr), N-2 (1.6 ± 0.4 cm/yr) 
and N-15 (1.4 cm/yr). There was no obvious tendency between the different classes, and 
according to the statistical test (Table 8 and Table 9) no significant differences were 
found between the different groups. This could indicate that there are other factors than 
inflow rivers contributing to the sediment accumulation. One explanation could be 
erosion surroundings directly to the reservoir, the landscape around the reservoir is 
relatively steep at some sites, and the first few metres of the soil was not covered by 
vegetation during the field work. Traces of landslides could be observed at several 
places around the reservoir. Another explanation could be that the pattern of inflow 
rivers change over time, so that the classification does not reflect the conditions in a 
longer perspective, or that the spatial variation in sediment accumulation is large which 
makes it hard to see the differences between the sites based on few sediment cores. 
 
For the cores with an organic layer rich in terrestrial plant remains were found (as an 
indicator of pre-flooding soil) this layer was always found in the bottom of the core. 
This could indicate that the characteristics of the pre-flooding soils impede deeper 
penetration of the core. Therefore, the maximum core length from each site, never 
including pre-flooding soils but sometimes an organic layer, may possibly give a hint of 
the sediment accumulation. The maximum core length is found in N-6 (80 cm). Except 
for that, the cores from I (44.5, 38.0, 73.4, 69.7, 65.9 cm) seemed to be longer than at N 
(40.6, 80.0, 62.4, 34.6 cm). M sites had generally short cores; 27.3, 33.7 and 26.7 cm. 
This indicates that the sediment accumulation rate is lowest at M and possibly a bit 
higher at I than at N.  
 
Mendonça et al. (2014) observed a mean sediment accumulation rate of 0.51 cm/y in the 
large hydro electrical reservoir Mascarenhas de Moraes in southeastern Brazil, in the 
climate zone “Cerrado” (comparable to savannah). Mendonça et al. (2014) also saw that 
the sediment accumulation rate was higher in the beginning of the reservoir (in the 
upstream parts) and decreasing towards the dam. Their result of 0.51 cm/y is lower than 
observed in this project, and the tendency with increasing accumulation towards the 
dam could not be seen in this project.  
 

5.2 SEDIMENT PROPERTIES 
The water content and carbon content seem to vary in the similar ways (Table 5) and 
also the tendency of the C/N-ratio is similar. This is expected since higher water content 
can imply higher content of organic matter, and so could higher carbon content. All 
these three parameters have low p-value in the statistical analysis (Table 8) indicating 
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significant differences between the different groups. For water content and carbon 
content the difference was significant between M and N and also between I and N, but 
the difference between M and I was not significant. For the C/N-ratio on the other hand, 
the differences were significant between M and the two other groups respectively (I and 
N), but the difference between I and N was not significant. Altogether it seems as water 
and carbon content differs between inflow bays and non-inflow bays regardless of 
magnitude of inflow, while C/N-ratio seem to differ between main inflow of the 
reservoir and bays regardless of whether the bays have an inflow or not. If the main 
inflow area and the inflow bays were grouped together (M + I) and compared to the 
non-inflow bays (N) the result looks similar but clearer (Table 9).  
 
The sediment properties at the three different M sites varied substantially with a 
decreasing tendency from the most upstream (MI) to the sites more downstream (M17 
and then M16). There is an exception for the carbon content which is slightly lower at 
M17 than MI. The water content for MI, M17 and M16 were 39 ± 8.7, 45.4 ± 8.7, 66.0 
± 8.2 % respectively. For the carbon content, 2.3 ± 1.0, 2.1 ± 0.5, 3.3 ± 0.6 %, it can 
also be seen that water content is lower in I (49.1 ± 11.6 %), than in N (58.6 ± 13.6 %). 
The same relation can be seen for C (I 2.2 ± 1.2 and N 4.1 ± 1.9 %). This is probably an 
effect of larger particles being deposited quickly in inflow areas while lighter particles 
stay in suspension. This leads to coarse, relatively compact sediment, with low carbon 
content closer to the inlet. Hence, these three sites in the main inflow area (M) were 
different and cannot be seen to represent a homogenous area.   
  

5.3 METHANE CONCENTRATION 
In most of the cores sampled there were a few samples with CH4 concentrations well 
above the average. This is probably why the tendencies of CH4 concentration differ, in 
Table 6, between median (4.9, 23.1 and 27.2 mgC/LPW) and mean (15.6 ± 21.7, 50.1 ± 
80.0 and 43.1 ± 61.3 mgC/LPW), when comparing the different classes (M, I and N). 
Values at or over the saturation concentration of CH4 indicate that the solution is 
saturated of CH4, which is an indication that bubbles could form. The high values are 
due to the samples containing CH4 bubbles in gas phase, and the magnitude of these 
values is to a large extent depending on whether or not some of the gas left the sample 
while sampling. Since the aim was to measure the pore water concentration of CH4, the 
median is assumed to be a better approximation than the mean value.  
 
The hypothesis, that degradation is significantly higher in river inflow areas than in 
other parts of the reservoirs was not supported by the CH4 results. It can be seen in 
Table 6 that higher median CH4 concentration, and consequently higher CH4 saturation, 
was found at the N sites (27.2 mgC/LPW, and 76.1 %) than the I sites (23.1 mgC/LPW, and 
59.9 %), and lowest at M (4.9 mgC/LPW, and 31.1 %). This indicates that the sediments 
at N are more prone to ebullition than at I, which was not expected. This does however 
comply with the results for water content and carbon content, where N sites showed 
higher values than I. So areas with high values for water content, carbon content and 
C/N-ratio seem to be more prone to ebullition,  
 
However, more important for formation of CH4 bubbles than the sediment properties, 
such as the actual amount of carbon, is the accumulation rate of carbon, which 
corresponds to the rate of supply of OC to methanogenic microbes (Sobek et al. 2012). 
In the results for sediment accumulation there was no obvious pattern with respect to 
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the different classes (M, I and N). This can be a result of local erosion directly to the 
reservoir. Around the reservoir there is a lot of/large vegetation of varying kind, and 
there is also cattle living beside the reservoir, so besides soil, erosion could also bring 
organic matter to the reservoir.  
 
The CH4 concentration was significantly different with a 95 % confidence interval in 
the main inflow (M) compared to the bays (I and N) according to the statistical test. 
However the impact from a small inflow did not seem to affect the CH4 concentration 
since there was no significant difference between the inflow bays (I) and the non-inflow 
bays (N) according to the test. The CH4 saturation was not significantly different 
between any of the three groups (M, I and N) with a 95 % confidence interval but if 
only two groups were compared: inflow areas (M and I) against non-inflow bays (N), 
the p-value was around the limit and a difference was found.  
 

5.4 INCUBATION EXPERIMENT  
The carbon mineralisation rate, measured as DIC production during the oxic sediment 
core incubation experiment, was of comparable magnitude for the cores from each site, 
respectively. The highest observed values were in the main inflow area, and also higher 
in the inflow bays than in non-inflow bays, (Figure 5(a)). The difference was found to 
be significant with a 95 % confidence interval only when inflow areas (M and I) were 
compared to non-inflow bays (N) according to the statistical test. However, the 
differences between any two of the three groups (M, I and N) were not significant with 
a 95 % confidence interval even if the low p-value (0.02) indicate that there are 
differences between the groups. The result with higher degradation rates in inflow areas 
than non-inflow bays was expected and does support the hypothesis. 
 
The negative correlation between DIC production and CH4 saturation was the strongest 
correlation in the PLS. This suggests opposite tendencies for mineralization of carbon 
(measured as DIC production) and the frequency of CH4 bubbles, which was seen since 
the DIC production supports the hypothesis, while this is not the case for the frequency 
of CH4 bubbles. The DIC production during the incubation experiment mainly 
originates from aerobic respiration in the oxygenated superficial layers in the sediments. 
The pore water concentration and formation of CH4 bubbles, on the other hand, 
originates from degradation by methanogenic bacteria in deeper layers of the sediment. 
There might me multiple explanations to this, of which one could be that the 
accumulation of carbon in the inflow areas is sufficient to stimulate the surficial 
degradation, where CO2 is produced, but not the degradation in the deeper layers, where 
CH4 is produced.  
 
The CH4 production rates varied but were generally low with a maximum of 8.87 * 10-3 
mgC/(m2 d) at MI. For two of the cores the CH4 concentration decreased during the 
experiment (with -2.30 * 10-4 (I-7) and -3.40 * 10-4 (N-13) mgC/(m2 d)). The low values 
were expected since the water column was continuously mixed, and oxygenated until 
the start experiment. The oxygen levels also at the end of the incubation should be 
sufficient to oxidise produced CH4. As a consequence of the low values measured for 
CH4 concentration many of the samples were around or below the detection limit of the 
GC, and within the magitude of the expected analytical error, and might thus not be 
accurate. However, the CH4 production was much smaller than, and can be neglected in 
comparison to the DIC production ranging from 132 (N-2) to 649 (MI) mgC/(m2 d). 



 27 

 
The oxygen levels can also be used as an indicator of mineralisation but the variations 
between the cores in a triplicate varied quite a lot. This might be due to the condition of 
the optodes: several of the optodes available could not be used since they were not 
functioning properly. The best optodes were selected and used in the experiment but 
there is a chance that also these were less accurate due to age and/or damage.  
 

5.5 GENERAL ASPECTS 
In general it was hard to find clear tendencies in the data with respect to the 
classifications of the sites (M, I and N). The exception was the incubation experiment, 
which showed that the carbon mineralisation was highest in the main inflow, and also 
higher in the inflow bays than in the non-inflow bays. This supports the hypothesis that 
degradation is significantly higher in river inflow areas than in other parts of the 
reservoirs. On the other hand the CH4 concentration implies that anaerobic degradation 
is higher at non-inflow bays than at inflow sites. The difference in superficial and 
deeper degradation might indicate that the accumulation of carbon in the inflow areas is 
sufficient to stimulate the surficial degradation where CO2 is produced, but not in the 
deeper layers where CH4 is produced. 
 
The different tendencies observed for DIC and CH4 indicate that there might be other 
factors with bigger impact than whether the bay had an inflow river (M and I) or not (N) 
during the fieldwork. One possible explanation is landslides or soil erosion at the steep 
slopes directly adjacent to the reservoir having an effect also in non-inflow bays. OM 
derived from a river is generally more easily degradable than OM from soil erosion or 
landslides, indicated by C/N-ratio which is lower for autochthonous OM (Tranvik et al. 
2009) than for allochthonous OM. 
 
Another explanation could be that the inflow pattern to the bays varies, both within and 
between years, so that this classification does not describe the sites accurately over a 
longer time period. Also the N sites are generally smaller, and less enclosed, compared 
to especially the bigger inflow bays (i.e. I-4 and I-11, Figure 1), hence it is possible that 
it leads to mixing with and influence from the main flow of the reservoir. Also, the 
classification can be questioned since it does not seem to reflect the sediment properties 
very well, as discussed for M sites (Section 5.2). 
 
This thesis contributes to the knowledge about carbon cycling by pointing out that the 
presence of inflowing rivers might not be the best predictor of sediment properties and 
sediment organic matter degradation. It also points out that the surficial aerobic 
degradation does not always follow the same pattern as the anaerobic degradation in the 
deeper sediment layers. The GHG production, especially of CH4, seemed to vary quite a 
lot between the sites, and even if it was not explicitly shown which factor was the best 
indicator to identify sediments prone to ebullition, the sediment properties, and maybe 
especially the sediment accumulation, seemed important. Therefore it would be 
interesting to compare the surrounding soil to see to what extent erosions and/or 
landslides contributes as a source of OM. It could also be interesting to study how the 
main source of sediment accumulation (e.g. river inflows or erosion) can influence the 
pattern of areas with high rates of CH4 production to be able to better understand the 
distribution of and to identify sediments prone to CH4 ebullition. 
 



 28 

5.6 SOURCES OF ERRORS 
The different cores from each site were considered to represent site-specific properties; 
especially since the sediment properties were compared to the CH4 concentrations and 
carbon mineralisation rates (from the incubation experiment, when available) from the 
same site, but these replicates were different. For the triplicates it seemed as there were 
similarities, but still with variations. Especially the CH4 concentration in the pore water 
differed. This means that the different cores from a site, analysed for sediment 
properties, CH4 concentration and carbon mineralization, vary so much that it is difficult 
to consider their average as representative for a particular site. Attempts were made to 
find flat sediment surfaces and not to move between collecting cores, but variations in 
the sediment accumulation rate, which can affect the sediment properties and -
processes, might be large even at small distances due to e.g. bathymetry. 
 
During slicing of the cores for sediment properties it is possible that some of the pore 
water leaked, especially in the more fluid layers. It is also possible that the top layer 
from some of the cores contained too much water, if not drained sufficiently, since the 
top layer can be fluid, which can make it hard to distinguish the boundary between 
water and sediment, which then affect the water content. The equipment and method for 
slicing the cores for sediment properties could also have lead to differences of 
approximately a few mm between the layers, which means that one layer can be thicker 
than another. But since all parameters were analysed as fractions or percentage, this 
probably should not affect the results more than the fact that the exact depths of the 
layers may differ some few millimetres. 
 
When collecting the cores the sediment might have been disturbed or mixed to some 
extent so that surface sediment and deeper sediment shifted. For the cases where the 
sediments had started sliding out form a core while raised through the water column, 
that core was discarded and a new one was taken. They might also, to some extent, have 
dried or been disturbed during the transportation from Brazil to Sweden. No leakage or 
signs of disturbance was seen for any of the cores after the flight.  
 
For the incubation experiment the cores were stored for a period of 1 to 1.5 months 
between colleting and the experiment. This might have affected the results since easily 
degradable OC can have been consumed during storage. Also higher temperature during 
transport, and change in redox conditions, may have disturbed the microbial 
communities. 
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6. CONCLUSIONS 
 

• The sediment water content, carbon content and C/N-ratio were higher in the 
non-inflow areas than in the inflow areas of the reservoir. The sediment 
accumulation rate could only be determined for a few cores, and did not vary 
systematically between sites.  
 

• The CH4 concentration, and CH4 saturation, corresponding to the methanogenic 
degradation in deeper layers, was higher in non-inflow areas than in inflow 
areas. This does not support the hypothesis that degradation is significantly 
higher in river inflow areas than in other parts of the reservoirs.   
 

• The degradation rates derived from the oxic incubation experiment, 
corresponding to the superficial degradation by aerobic bacterial respiration, was 
highest in the inflow areas, and especially so in the main inflow area of the 
reservoir, which supports the hypothesis.  
 

• The different patterns in sediment properties, anaerobic degradation, and aerobic 
carbon mineralisation in the top layer of the sediment, might be a result of other 
factors affecting the carbon accumulation rates. e.g. landslides or soil erosion. In 
addition, the inflow pattern to the bays might vary, within or between years, 
such that the classification of sites used in this project appears questionable. 
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APPENDIX A – RELATIONSHIPS BETWEEN SEDIMENT 
PROPERTIES AND GHG EMISSIONS TO THE ATMOSPHERE 
This appendix is co-written by Stina K. Björkman and David Rudberg and is attached to 
their respective theses: “Spatial variability in greenhouse gas production in sediments of 
a tropical reservoir” by Stina (here referred to as P1) and “Spatial variability in 
greenhouse gas emission from tropical reservoirs” by David (here referred to as P2). 
 
The aim of this attachment is to answer the hypothesis: Reservoir greenhouse gas 
(GHG) emission is related to the amount and degradation of sediment organic matter 
(OM). Trends have been identified within the Chapéau d’Uvas Reservoir, between the 
parameters: production (P1) of dissolved inorganic carbon in sediment (DIC) and 
carbon dioxide (CO2) diffusive emissions (P2) as well as sediment pore water methane 
(CH4) saturation (P1) and emission of CH4 ebullition (P2). These parameters were 
considered to serve as suitable proxies to emissions of reservoir GHGs (P2) on one hand 
and degradation of sediment organic matter (P1) on the other. Sediment properties 
(from P1) were also included in the correlation test: carbon content and water content 
are indicators for amount of OM in the sediment, Carbon/Nitrogen-ratio (C/N-ratio) 
indicates the origin of OM (allochthonous OM has higher C/N-ratio than autochthonous 
OM) and sediment accumulation indicates the supply rate of new material. Mean values 
of the different parameters were used; with an exception for the parameter referred to as 
sediment pore water CH4 saturation, where instead the percentage of layers with at least 
80 % of CH4 saturation concentration was used.  
 
Correlations were tested for the sites sampled in both projects. Inflow bays are referred 
to as “I”, Non-inflow bays as “N”, main inflow as “MI” and main reservoir area as “M”. 
Values for sediment pore water CH4 saturation were obtained from triplicate samples 
(triplicates) in all but three sites (N-15, I-16 and I-17). Regression plots were made for 
CO2 and CH4 respectively in order to identify differences and similarities in spatial 
variability as well as trends in data for these two GHGs. Sediment properties were 
compared to CH4 ebullition since sediment pore water CH4 concentration, but not DIC 
production (indicating degradation in surficial sediment layers, where CO2 is produced), 
was affected by sediment properties according to P1. 
 
The resulting graph of the relation between CH4 emission and degradation, proxied by 
mean CH4 ebullition flux and sediment pore water CH4 saturation respectively  
(Figure A1), indicates a negative trend with a relatively high degree of explanation  
(R2 = 0.42). The negative correlation was unexpected, as it suggests that sites with 
higher pore water concentrations of CH4 have lower CH4 emission rates, contrary to the 
hypothesis. The negative trend remained, with slightly increased degree of explanation 
(R2 = 0.50), when only sites containing triplicates of sediment pore water CH4 
concentration were included in the regression. However, the relevance of this trend can 
be questioned, given the few measurements included and the variability in CH4 
emission and sediment pore water CH4 concentration themselves. Neither of the 
sediment properties indicated correlation to mean CH4 ebullition, also here the 
correlations were found to be negative but with low rates of degrees of explanation; for 
sediment accumulation: R2 = 6·10-5; for water content: R2 = 0.01; for carbon content: R2 

= 0.01; and for C/N-ratio: R2 = 0.08.  
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The resulting graph of relation between CO2 emission and degradation rate, proxied by 
mean CO2 diffusion and mean DIC production respectively (Figure A2), indicates a 
negative trend with a relatively high degree of explanation (R2 = 0.45). The sole cause 
of the trend, however, is the extreme value in CO2 diffusion for site N-2. This is likely 
explained by the relatively similar rates of wind speed during CO2 diffusion 
measurements at all sites but N-2, where wind speed was higher. Wind speed is, 
together with concentration differences in CO2 between water and atmosphere, 
explanatory variables for diffusion of CO2. Thus, high variability in wind speed may 
blur trends between CO2 diffusion and DIC. One way to test this hypothesis would be 
through a regression between concentration of CO2 and DIC, but since only two 
sampling locations matched between these, such a regression was not made. When N-2 
was omitted from the regression an extreme, positive correlation was identified, with an 
R2 value of 1.0. This regression is based on only three points, thus its relevance can be 
expected to be low. 
 
It can be concluded that a negative trend was identified between CH4 emission and 
degradation, contrary to the hypothesis, even though the relevance of this trend can be 
questioned. A trend could also be noted between CO2 emission and degradation rate, but 
only a few points were included in that regression, making the estimation less reliable. 
No trends were identified between GHG emission and amount of OM. 
 

 
Figure A1. The mean of CH4 ebullition, in mg carbon m-2 day-1 plottes against the 
percentage of layers with a concentration of at least 80 % of the CH4 saturation 
concentration in pore water (called CH4 saturation) for each site (I = Inflow bay; MI = 
main inflow; N = non-inflow bay; M-17 = main reservoir, outside of bay 17). The 
dashed line is a trendline, with R2=0.41.  

similar rates of wind speed during CO2 diffusion measurements at all sites but N-2, where 
wind speed was higher. Wind speed is, together with concentration differences in CO2 
between water and atmosphere, explanatory variables for diffusion of CO2. Thus, high 
variability in wind speed may blur trends between CO2 diffusion and DIC. One way to test 
this hypothesis would be through a regression between concentration of CO2 and DIC, but 
since only two sampling locations matched between these such a regression could not be 
made. When N-2 was omitted from the regression an extreme, positive correlation was 
identified, with an R2 value of 1.0. This regression is based on only three points, thus its 
relevance can be expected to be low.  
 
It can be concluded that a negative trend was identified between CH4 emission and 
degradation, contrary to the hypothesis, even though the relevance of this trend can be 
questioned. A trend could also be noted between CO2 emission and degradation rate, but only 
a few points were included in that regression, making the estimation less reliable. No trends 
were identified between GHG emission and amount of OM. 
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Figure A2. The mean values of the DIC production in the sediment, plotted against the 
mean CO2 diffusion, both with unit mg carbon m-2 day-1 (I=Inflow bay; MI=Main 
inflow; N=Non-inflow bay). The dashed line is a trendline, with R2=0.45. 
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APPENDIX B – WATER CONTENT (%), ALL DATA 
 
Table B1. First row indicate site, second row give the number assigned to the specific core, followed by the water content (%) for each layer in 
the sediment of each core; sediment depth for each core is given at the left. Please notice that at the site M17 (Core ID: 95) was sliced with 
thinner slices, sediment depth for each layer in this core is given in the right.  

  MI M16 N-2 I-4 N-6 I-7 I-11 N-13 N-15 I-16 I-17 M17 
Sed depth (cm) 88 41 71 62 56 81 45 35 100 98 93 95 Sed depth (cm) 

0 3 42.3 75.8 70.7 77.4 76.8 77.8 68.9 52.6 80.2 60.9 67.5 61.0 0 2 
3 6 46.9 72.8 64.5 52.1 77.7 60.6 66.4 53.3 66.1 42.8 57.8 52.6 2 4 
6 9 47.4 70.3 62.0 44.7 78.7 50.8 41.5 28.4 51.5 49.9 59.6 47.8 4 6 
9 15 34.1 65.6 70.4 32.0 73.6 42.4 42.9 31.3 45.5 37.6 57.6 48.6 6 8 

15 21 24.5 60.1 66.7 27.0 59.0 53.0 49.7 32.3 56.4 44.2 51.8 52.4 8 10 
21 27  51.5 58.9  73.1 55.0 53.6 42.3 59.7 52.0 46.8 53.2 10 12 
27 33   56.0  55.2 56.9 52.0  59.0 40.5 36.5 50.2 12 14 
33 39   61.9  54.4 51.6 48.0   62.1 63.2 49.4 14 16 
39 45     71.1  40.5   49.4 50.1 43.9 16 18 
45 51     54.6  41.6   49.5 37.9 38.3 18 20 
51 57     49.4  23.3   39.0 37.3 41.9 20 24 
57 63     41.8  39.5    44.8 32.1 24 28 
63 69       37.6    46.1 31.3 28 32 
69 75       32.7     32.8 32 33.5 

Max depth: 21 27 39 17 61 36 75 27 30 57.5 64.8 -   
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APPENDIX C – CARBON CONTENT (%), ALL DATA  
 
Table C1. First row indicate site, second row give the number assigned to the specific core followed by the carbon content (%) for each layer in 
the sediment of each core, sediment depth for each sample is given at the left. Please notice that at the site M17 (Core ID: 95) was sliced with 
thinner slices, sediment depth for each layer in this core is given in the right. 

  MI M16 N-2 I-4 N-6 I-7 I-11 N-13 N-15 I-16 I-17 M17 
Sed depth (cm) 88 41 71 62 56 81 45 35 100 98 93 95 Sed depth (cm) 

0 3 1.98 3.28 5.33 3.60 4.60 4.93 2.53 2.14 4.37 2.52 2.87 2.17 0 2 
3 6 3.16 2.84 4.67 2.51 5.69 4.31 2.57 2.28 3.27 1.33 1.93 2.32 2 4 
6 9 3.49 2.76 4.34 2.26 5.46 3.10 0.79 0.85 2.52 1.73 2.21 2.12 4 6 
9 15 2.01 2.76 7.45 1.06 4.47 1.34 0.82 1.94 2.00 0.80 2.05 2.41 6 8 

15 21 0.74 4.56 7.68 0.68 3.03 3.43 1.57 1.52 3.73 1.62 1.66 3.27 8 10 
21 27  3.60 6.23  5.14 3.71 1.86 2.61 4.11 3.50 1.31 3.31 10 12 
27 33   7.05  2.29 4.01 1.47  4.20 2.07 0.95 2.49 12 14 
33 39   6.74  2.13 3.75 1.15   5.67 3.61 2.17 14 16 
39 45     8.18  1.53   2.35 2.50 1.82 16 18 
45 51     3.76  1.46   2.26 1.18 1.66 18 20 
51 57     3.14  0.37   2.06 0.74 1.98 20 24 
57 63     2.49  1.34    1.70 1.24 24 28 
63 69       1.58    2.22 1.12 28 32 
69 75       1.31     1.07 32 33.5 

Max depth: 21 27 39 17 61 36 75 27 30 57.5 64.8    
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APPENDIX D – NITROGEN CONTENT (%), ALL DATA 
 
Table D1. First row indicate site, second row give the number assigned to the specific core, followed by the nitrogen content (%) for each layer 
in the sediment of each core, sediment depth for each sample is given at the left. Please notice that at the site M17 (Core ID: 95) was sliced with 
thinner slices, sediment depth for each layer in this core is given in the right. 

  MI M16 N-2 I-4 N-6 I-7 I-11 N-13 N-15 I-16 I-17 M17 
Sed depth (cm) 88 41 71 62 56 81 45 35 100 98 93 95 Sed depth (cm) 

0 3 0.163 0.291 0.401 0.292 0.395 0.366 0.209 0.185 0.351 0.191 0.228 0.183 0 2 
3 6 0.291 0.270 0.333 0.199 0.479 0.321 0.193 0.201 0.229 0.089 0.153 0.189 2 4 
6 9 0.355 0.261 0.311 0.178 0.488 0.247 0.061 0.060 0.200 0.141 0.184 0.182 4 6 
9 15 0.194 0.235 0.595 0.078 0.386 0.100 0.068 0.100 0.157 0.064 0.163 0.214 6 8 

15 21 0.072 0.280 0.589 0.054 0.236 0.260 0.136 0.108 0.266 0.126 0.132 0.285 8 10 
21 27  0.289 0.464  0.419 0.269 0.158 0.203 0.299 0.225 0.108 0.293 10 12 
27 33   0.494  0.187 0.280 0.133  0.289 0.118 0.079 0.214 12 14 
33 39   0.461  0.158 0.255 0.112   0.382 0.264 0.201 14 16 
39 45     0.515  0.110   0.163 0.194 0.172 16 18 
45 51     0.244  0.111   0.164 0.097 0.146 18 20 
51 57     0.210  0.033   0.147 0.060 0.151 20 24 
57 63     0.164  0.115    0.132 0.101 24 28 
63 69       0.103    0.157 0.086 28 32 
69 75       0.086     0.086 32 33.5 

Max depth: 21 27 39 17 61 36 75 27 30 57.5 64.8 -   
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APPENDIX E – C/N-RATIO, ALL DATA  
 
Table E1. First row indicate site, second row give the number assigned to the specific core, followed by the C/N-ratio for each layer in the 
sediment of each core, sediment depth for each sample is given at the left. Please notice that at the site M17 (Core ID: 95) was sliced with 
thinner slices, sediment depth for each layer in this core is given in the right. 

  MI M16 N-2 I-4 N-6 I-7 I-11 N-13 N-15 I-16 I-17 M17 
Sed depth (cm) 88 41 71 62 56 81 45 35 100 98 93 95 Sed depth (cm) 

0 3 14.16 13.15 15.50 14.40 13.57 15.72 14.15 13.47 14.50 15.39 14.65 13.87 0 2 
3 6 12.65 12.28 16.38 14.70 13.86 15.66 15.48 13.20 16.69 17.38 14.71 14.30 2 4 
6 9 11.46 12.34 16.31 14.83 13.05 14.63 15.05 16.64 14.70 14.37 14.02 13.58 4 6 
9 15 12.10 13.66 14.62 15.72 13.49 15.65 14.00 22.48 14.86 14.74 14.69 13.13 6 8 

15 21 11.94 19.04 15.23 14.67 14.96 15.41 13.49 16.42 16.37 14.98 14.66 13.42 8 10 
21 27  14.55 15.68  14.31 16.06 13.68 15.04 16.06 18.09 14.15 13.18 10 12 
27 33   16.66  14.28 16.67 12.83  16.94 20.45 14.00 13.57 12 14 
33 39   17.05  15.68 17.16 12.01   17.32 15.97 12.61 14 16 
39 45     18.55  16.20   16.85 15.03 12.34 16 18 
45 51     17.96  15.37   16.03 14.10 13.22 18 20 
51 57     17.43  13.00   16.37 14.36 15.29 20 24 
57 63     17.68  13.65    15.02 14.30 24 28 
63 69       17.78    16.51 15.21 28 32 
69 75       17.64     14.54 32 33.5 

Max depth: 21 27 39 17 61 36 75 27 30 57.5 64.8 -   
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APPENDIX F – CH4 CONCENTRATION (mgC/LPW), ALL DATA 
Table F1. First row indicate site, second row the number assigned to the core, followed by the CH4 concentration (mgC/LPW) for each layer in the 
sediment of each core, sediment layer for each sample is given at the left. The sediment depth for the first sample is given at the last row. The 
first around 10 layers were 2 cm thick (the last of them is underlined), thereafter 4 cm thick. Divided in 2 tables. 

 MI MI MI M16 M17 N-2 N-2 N-2 I-4 I-4 I-4 N-6 N-6 N-6 
layer S89 S90 S91 S40 S96 S73 S74 S75 S65 S66 S67 S55 S57 S59 

1 0.915 1.224 0.583 0.223 4.191 21.254 7.212 14.782 20.980 5.511 4.493 16.658 19.283 23.616 
2 84.890 3.396 8.088 0.266 76.215 25.978 11.162 25.090 30.094 7.531 10.622 19.135 19.070 44.995 
3 22.554 2.343 4.879 0.334 26.065 88.513 17.391 385.552 25.424 13.917 20.331 27.999 19.365 55.618 
4 11.841 4.419 1.849 0.360 50.288 40.195 29.155 1.078 9.836 22.176 22.869 94.591 22.483 30.588 
5 13.745 36.746 2.624 0.321 39.532 49.760 31.853 455.507 22.206 62.284 31.025 19.354 20.362 16.589 
6 2.553 29.520 7.050 0.213 75.458 25.210 56.106 41.017 6.724 14.108  19.231 40.150 251.632 
7  9.907 11.060 0.177 33.559 65.221 20.449 23.557 5.745 21.847  65.126 60.225 48.301 
8  2.409 6.447 0.181 25.918 27.748 49.879 29.780 3.676 13.681  88.393 39.623 21.181 
9  2.049 5.281  29.097 38.729 32.752 93.538 1.330 19.578  33.233 25.905 44.865 

10  0.966 1.098  33.578 22.841 55.075 126.524 2.156 6.157  81.736 175.817 29.094 
11     27.531 28.752 21.569 97.021  1.768  22.730 48.434 91.179 
12      23.894 17.122 19.059  1.088  18.553 12.531 34.693 
13      29.885 27.587 25.629  0.659  43.813 29.039 59.421 
14          0.312  50.025   
15            12.831   
16            21.634   
17            94.212   
18            29.967   
19            39.371   
20            24.839   
21            26.097   

Depth 
1st 

sample 
(cm) 

1 1 0.5 1 1 2 1 1 3 3 2 1 2 2 
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Table F2. First row indicate site, second row the number assigned to the specific core, followed by the CH4 concentration 
(mgC/LPW) for each layer in the sediment of each core, sediment layer for each sample is given at the left. The sediment depth 
for the first sample is given at the last row. The first around 10 layers were 2 cm thick (the last of them is underlined), 
thereafter 4 cm thick. Divided in 2 tables. 

 I-7 I-7 I-7 I-11 I-11 I-11 N- 13 N-15 I-16 I-17 
layer S82 S83 S84 S47 S48 S49 S36 S101 S99 S94 

1 14.950 9.507 10.609 3.241 13.161 9.055 22.484 7.962 14.139 0.237 
2 13.792 0.004 11.430 7.541 9.508 11.397 40.820 8.669 51.739 20.039 
3 12.356 15.730 10.109 9.185 36.359 12.930 50.809 2.080 47.875 200.075 
4 13.372 29.340 3.799 11.982 29.529 15.549 34.961 2.854 33.828 127.561 
5 10.326 8.458 3.829 16.215 22.837 21.485 42.286 1.273 33.329 70.737 
6 10.303 4.695 0.574 21.207 21.631 23.294 102.261 1.308 64.613 38.044 
7 10.079 1.711 1.515 25.438 99.691 99.752 33.173 0.737 49.999 71.516 
8 1.582 lost 1.936 282.450 67.111 119.279 58.445 0.675 49.030 47.324 
9 3.541 0.840 4.094 143.239 48.396 26.138 99.746 0.669 40.435 45.918 

10 1.053 0.936 39.559 31.449 42.704 38.123 59.319 1.721 462.824 108.999 
11  3.295 15.998 46.421 88.734 26.869 27.229 1.580 24.955 161.370 
12  6.262 10.465 310.254 33.666 50.396 25.559 1.149 318.947 144.031 
13    46.004 28.824 358.743 14.753  47.824 137.574 
14    28.914 27.312 56.558 9.896  42.800 65.718 
15    36.505 27.617 51.294 12.823  16.467 97.317 
16    36.086 20.130 31.929 8.992  15.254 40.407 
17    46.648 21.176 338.455 11.046  32.601 47.006 
18    46.859 30.699 210.232 10.143  9.729 35.756 
19    46.071 476.669 82.125 11.424  18.040 148.996 
20    61.554 83.515    20.988 108.720 
21         240.077  

Depth 
1st 

sample 
(cm) 

1 1 2 0.5 1.5 2 1 2 1 0.5 
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APPENDIX G – SATURATION CONCENTRATION FOR CH4 (mgC/LPW), ALL DATA 
Table G1. First row indicate site, second row the number of the core, followed by the saturation concentration of CH4 (mgC/LPW) for each layer 
in the sediment of each core, sediment layer for each sample is given at the left. The sediment depth for the first sample is given at the last row. 
The first around 10 layers were 2 cm thick (the last of them is underlined), thereafter 4 cm thick. Divided in 2 tables. 

 MI MI MI M16 M17 N-2 N-2 N-2 I-4 I-4 I-4 N-6 N-6 N-6 
layer S89 S90 S91 S40 S96 S73 S74 S75 S65 S66 S67 S55 S57 S59 

1 19.76 19.76 19.92 23.56 22.95 21.13 21.11 20.78 18.36 18.34 17.85 21.26 21.13 21.28 
2 19.81 19.81 19.96 23.60 23.00 21.17 21.15 20.82 18.41 18.38 17.89 21.30 21.17 21.37 
3 19.85 19.85 20.01 23.64 23.04 21.21 21.19 20.86 18.45 18.43 17.93 21.34 21.21 21.36 
4 19.89 19.89 20.05 23.68 23.08 21.25 21.23 20.91 18.49 18.47 17.98 21.38 21.25 22.60 
5 19.93 19.93 20.09 23.72 23.12 21.30 21.28 20.95 18.53 18.51 18.02 21.42 21.28 21.44 
6 19.98 19.98 20.13 23.76 23.17 21.34 21.32 20.99 18.57 18.55  21.46 21.32 21.48 
7  20.02 20.18 23.79 23.21 21.38 21.36 21.03 18.61 18.59  21.54 21.36 21.52 
8  20.06 20.22 23.83 23.25 21.42 21.40 21.07 18.66 18.63  21.61 21.40 21.55 
9  20.11 20.26  23.29 21.46 21.44 21.12 18.70 18.68  21.69 21.44 21.59 

10  20.15 20.31  23.34 21.51 21.48 21.16 18.74 18.72  21.77 21.48 21.63 
11     23.42 21.59 21.57 21.24  18.80  21.85 21.56 21.71 
12      21.67 21.65 21.32  18.89  21.93 21.64 21.79 
13      21.76 21.74 21.41  18.97  22.00 21.71 21.87 
14          19.05  22.08   
15            22.16   
16            22.24   
17            22.32   
18            22.39   
19            22.47   
20            22.55   
21            22.63   

Depth 
1st 

sample 
(cm) 

1 1 0.5 1 1 2 1 1 3 3 2 1 2 2 
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Table G2. First row indicate site, second row the number of the core, followed by the saturation 
concentration of CH4 (mgC/LPW) for each layer in the sediment of each core, sediment layer for each sample 
is given at the left. The sediment depth for the first sample is given at the last row. The first around 10 
layers were 2 cm thick (the last of them is underlined), thereafter 4 cm thick. Divided in 2 tables.  

 I-7 I-7 I-7 I-11 I-11 I-11 N- 13 N-15 I-16 I-17 
layer S82 S83 S84 S47 S48 S49 S36 S101 S99 S94 

1 19.63 19.47 19.65 20.33 20.35 20.34 22.33 18.95 23.12 22.44 
2 19.67 19.51 19.70 20.37 20.39 20.38 22.37 18.99 23.16 22.48 
3 19.72 19.55 19.74 20.41 20.43 20.44 22.41 19.03 23.21 22.52 
4 19.76 19.59 19.78 20.45 20.47 20.48 22.45 19.07 23.25 22.57 
5 19.80 19.64 19.82 20.49 20.51 20.52 22.49 19.12 23.29 22.61 
6 19.84 19.68 19.86 20.53 20.55 20.56 22.53 19.16 23.33 22.65 
7 19.88 19.72 19.90 20.57 20.59 20.60 22.57 19.20 23.38 22.69 
8 19.93 lost 19.95 20.61 20.63 20.64 22.61 19.25 23.42 22.74 
9 19.97 19.80 19.99 20.64 20.66 20.67 22.65 19.29 23.46 22.78 

10 20.01 19.85 20.03 20.68 20.70 20.71 22.69 19.33 23.51 22.82 
11  19.89 20.11 20.76 20.78 20.79 22.72 19.37 23.55 22.91 
12  19.93 20.20 20.84 20.86 20.87 22.80 19.46 23.63 22.99 
13    20.92 20.94 20.95 22.88  23.72 23.08 
14    21.00 21.02 21.03 22.96  23.80 23.17 
15    21.07 21.09 21.10 23.04  23.89 23.25 
16    21.15 21.17 21.18 23.12  23.98 23.34 
17    21.23 21.25 21.26 23.19  24.06 23.42 
18    21.31 21.33 21.34 23.27  24.15 23.51 
19    21.39 21.41 21.42 23.35  24.23 23.59 
20    21.47 21.49    24.32 23.68 
21         24.40  

Depth 
1st 

sample 
(cm) 

1 1 2 0.5 1.5 2 1 2 1 0.5 


