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Sammanfattning
Träd i tropiska våtmarker har uppmärksammats som en viktig källa till regionala och globala metan (CH4) utsläpp, då träd
fungerar som utsläppskanaler för metan som bildas i sedimenten. Dock finns det en osäkerhet gällande säsongsvariation
och rumslig variation samt mängden CH4 utsläpp från träd, eftersom kunskapen kring regionala flöden är begränsad. Därför
strävar vi efter att optimera provtagningsinsatser för att öka möjligheten till representativa uppskattningar för olika typer av
skogsekosystem och förbättra kunskapen om rumslig och temporär variabilitet för framtida mätningar i Amazonas. Vi
undersökte variabiliteten i flöden av CH4 från träd belägna i tre periodvis översvämmade platser (Solimões, Negro and
Tapajós) längs Amazonfloden, med olika karaktäristiska egenskaper. Studien genomfördes in situ med slutna kammare på 36
träd vid de tre provplatserna, under olika hydrologiska säsonger. Platserna visade en stor säsongsvariation i CH4-flöden,
med de största bidragen under högvattensäsong. En signifikant skillnad mellan två av platserna upptäcktes endast under
högvatten och detta kan vara ett resultat av vattnets varierande fysikaliska och kemiska egenskaper. Med hänsyn till
variation inom studieplatserna har indelning av zoner betydelse för mätning av CH4-flöden i träd, då vattennivån är en
påverkande faktor. En stor rumslig variation upptäcktes, med lägre flöden i zonen närmast land och med det högsta flödet i
zonen där förhållanden varierar mest mellan blött och torrt. Detta mönster kan beaktas genom att utföra provtagningar
längs zonerna med hänsyn till vattenavståndet.
Abstract
Tropical wetland-adapted trees are recognized as an important source of regional and global methane (CH4) emissions, by transport of soil gas
through wetland trees. However, spatiotemporal variability and controls on the magnitude of tree-mediated CH4 emissions remain unknown as
fluxes are poorly constrained. Therefore, we aim to optimize sampling efforts to yield representative emission estimates for distinct types of forest
ecosystems and improve knowledge on spatial and temporal variability. We examined the variability in tree stem mediated CH4 fluxes in situ,
located in three different floodplains (Solimões, Negro and Tapajós) with various characteristics, during different hydrological seasons. The
sampling was conducted by measuring fluxes from 36 trees at each location using closed chambers. All the three study sites, situated in the
Amazon region, displayed seasonal variability in CH4 fluxes, with the largest contributions observed during the wet season. A significant
difference between Solimões and Negro was detected during the wet season and this may be a result of the different chemical and physical
characteristics between the sampling locations. As for within the study sites, zones played a significant role for CH4 flux from trees since the water
level influences the fluxes. A strong spatial variability (lower fluxes in the land zone, and the highest flux obtained in the zone with greatest
variability between dry and wet conditions) was found. This pattern can be addressed by sampling along flooded and non-flooded zones.
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Abstract
Tropical wetland-adapted trees are recognized as an important source of regional and global
methane (CH4) emissions, by transport of soil gas through wetland trees. However,
spatiotemporal variability and controls on the magnitude of tree-mediated CH4 emissions
remain unknown as fluxes are poorly constrained. Therefore, we aim to optimize sampling
efforts to yield representative emission estimates for distinct types of forest ecosystems and
improve knowledge on spatial and temporal variability. We examined the variability in tree
stem mediated CH4 fluxes in situ, located in three different floodplains (Solimões, Negro and
Tapajós) with various characteristics, during different hydrological seasons. The sampling
was conducted by measuring fluxes from 36 trees at each location using closed chambers. All
the three study sites, situated in the Amazon region, displayed seasonal variability in CH4
fluxes, with the largest contributions observed during the wet season. A significant difference
between Solimões and Negro was detected during the wet season and this may be a result of
the different chemical and physical characteristics between the sampling locations. As for
within the study sites, zones played a significant role for CH4 flux from trees since the water
level influences the fluxes. A strong spatial variability (lower fluxes in the land zone, and the
highest flux obtained in the zone with greatest variability between dry and wet conditions)
was found. This pattern can be addressed by sampling along flooded and non-flooded zones.

Sammanfattning
Träd i tropiska våtmarker har uppmärksammats som en viktig källa till regionala och globala
metan (CH4) utsläpp, då träd fungerar som utsläppskanaler för metan som bildas i sedimenten.
Dock finns det en osäkerhet gällande säsongsvariation och rumslig variation samt mängden
CH4 utsläpp från träd, eftersom kunskapen kring regionala flöden är begränsad. Därför strävar
vi efter att optimera provtagningsinsatser för att öka möjligheten till representativa
uppskattningar för olika typer av skogsekosystem och förbättra kunskapen om rumslig och
temporär variabilitet för framtida mätningar i Amazonas. Vi undersökte variabiliteten i flöden
av CH4 från träd belägna i tre periodvis översvämmade platser (Solimões, Negro and Tapajós)
längs Amazonfloden, med olika karaktäristiska egenskaper. Studien genomfördes in situ med
slutna kammare på 36 träd vid de tre provplatserna, under olika hydrologiska säsonger.
Platserna visade en stor säsongsvariation i CH 4-flöden, med de största bidragen under
högvattensäsong. En signifikant skillnad mellan två av platserna upptäcktes endast under
högvatten och detta kan vara ett resultat av vattnets varierande fysikaliska och kemiska
egenskaper. Med hänsyn till variation inom studieplatserna har indelning av zoner betydelse
för mätning av CH4-flöden i träd, då vattennivån är en påverkande faktor. En stor rumslig
variation upptäcktes, med lägre flöden i zonen närmast land och med det högsta flödet i zonen
där förhållanden varierar mest mellan blött och torrt. Detta mönster kan beaktas genom att
utföra provtagningar längs zonerna med hänsyn till vattenavståndet.
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1. Introduction
Methane (CH4) is a greenhouse gas that has increased its concentration in the atmosphere since
pre industrial, and it is one of the main driving forces of climate change (Ciais, et al., 2013).
On a 100-year time scale, CH4 gas emitted is 25 times more effective in absorbing heat in the
atmosphere than carbon dioxide (CO2) and contributes to over 20% of global warming (Forster,
et al., 2007; Denmead, 2008). A stronger temperature response of CH 4 production relative to
CO2 (Marotta, et., al., 2014) urges the need for a greater understanding of global CH 4 fluxes.

One major source of CH4 is anaerobic degradation of organic matter (Forster, et al., 2007), and
the dominant natural source of CH4 to the atmosphere are wetlands (Matthews, 2000; Whiting
& Chanton, 2001; Shindell, et al., 2004; Conrad, 2009; Bloom, et al., 2010; Bridgham, et al.,
2013; Carmichael, 2014). Tropical wetlands stand for the largest amount of CH4 emitted
(Bridgham, et al., 2013; Pangala et al., 2013) and it has been proven, with different
methodologies, that the Amazon basin is an important source of CH4 emissions (Cattânio, et
al., 2002; Potter, et al., 2014; Webb, et al., 2016; Pangala, et al., 2017).

The largest portion of the Amazon basin is within Brazil (Parsons, et al., 2009), consisting of
extensive floodplains with large tributaries, containing well-adapted forests (Parolin, et al.,
2010). It is characterized by an annual variation of the water level with high, decreasing, low
and rising phases. In the Amazon region, periodically flooded soils represent a large area
(Melack & Hess, 2010), and intensity and duration of the flood regulates the distribution of
biological communities (Sioli, 1968; Whitaker & Mativienko, 1992), nutrient cycling and their
biogeochemical processes (Moreira Turcq, et al., 2003). This affects the availability of nutrients
in drought soils and anoxic conditions (Kreuzwieser & Gessler, 2010), and has a direct impact
on the ecosystems in the Amazon region (Whitaker & Mativienko, 1992). The Amazon
floodplains covers rivers with different types of water; clear, white and black (Sioli, 1968). This
may influence the production of greenhouse gases (GHG), due to the differences in
physicochemical characteristics between the water types (Conrad, et, al., 2014). The floodplain
forest suffers periodic flooding and therefore has morphological and physiological adaptations
to deal with the water level variation. (Junk, et al., 2010). The periodic flooding of forests
affects the GHG production and emission (Pangala, et al., 2013; Hu, et al., 2017). The flooding
1

pulse, the differences in physicochemical characteristics between the water types and the
biogeochemical processes in trees and soil are therefore closely linked when seeking to
understand the fluxes of CH4 in the Amazon floodplain. Because of the spatio-temporal
heterogeneity in tropical areas, there is a need to study the system as a whole (Selvam, et al.,
2014). The global estimates need to be examined on regional level at different wetland sites
(Walter, et al., 2000; Turetsky, et al., 2014), since there is a need to integrate this emission
pathway in field studies and models to accurately characterize global methane budgets
(Pangala, et al., 2013)

“Woody plant” pathway of CH4 emissions was first proposed by Rusch & Rennenberg (1998).
In 2017 Pangala et al., presented the evidence that tree stems are the dominant source of CH4
emissions from Amazon floodplain, which represents half of all the wetland CH 4 emissions in
the Amazon basin. In terms of Amazon basin, trees contribute up to 87% of total ecosystem
CH4 flux, representing one third of total global wetlands emissions when trees are combined
with other sources (Pangala, et al., 2017). However, the magnitude of the ﬂuxes from tree
stems is still poorly understood (Pangala, et al., 2015; Machacova, et al., 2016), mainly since
some wetland-adapted trees are known to facilitate egress of CH4 from anoxic soil by stem
emission (Rusch & Rennenberg 1998; Pihlatie et al., 2005; Gauci, et al., 2010; Pangala, et al.,
2013). Considering 53% of tropical wetlands ecosystem are forested (Pihlatie, et al., 2005),
and the majority of CH4 flux studies have used chamber sampling methods that exclude trees
(Bartlett, et al., 1988; Crill, et al.,1988; Devol, et al., 1988; Bartlett, et al., 1990; Wassmann,
et al., 1992; Engle & Melack, 2000) there is a need to further investigate how measurements
should be conducted on trees to capture fluxes. Moreover, studies with the main focus of
measuring CH4 fluxes from soil can result in an underestimation of the total CH 4 fluxes
(Pangala, et al., 2013). CH4 fluxes from plants have predominantly been investigated in
herbaceous plants from wetlands. Since studies of trees are rather rare and the most frequent
studied trees are the ones in constantly flooded areas (Pangala, et al., 2013), owing to the
responses of physicochemical differences and CH4 fluxes from trees, it is important to include
the trees that are periodically flooded in the CH4 budget (Machacova, et al., 2012). In order to
improve the knowledge of CH4 fluxes from trees, and the role of soil characteristics and water
types, there is a need to evaluate the influence of seasonal variation and different water-types
on CH4 fluxes from trees in the tropical wetland system of the Amazon basin (Conrad, et al.,
2014; Pangala, et al., 2015). Understanding the function of the trees appears to be
2

fundamental and they should therefore be included in CH4 flux measurements (Gauci, et al.,
2010). Especially in the Amazon region, given the role that Amazonian floodplain trees play
in ecology of a whole ecosystem (Parolin, et al., 2004).

During the last decades, efforts has been increased to develop world-wide methodologies for
measuring greenhouse gas exchange between landscape and atmosphere. The focus has
mainly been regarding measuring CO2 (Denmead, 2008) and although considerable researches
has been made on quantifying the global sources of the main greenhouse gases nitrous oxide
(N2O), CH4, and CO2, the uncertainties in the overall budgets of these gases remain large, in
part because of the limited spatial and temporal extent of the sampling in tropical regions
(Sousa Neto, et al., 2011). Measurements of CH4 emissions mainly derives from studies on
individual wetlands (Devol, e. al., 1988: Crill, et al., 1988; Melack, et al., 2004). Most
researches on CH4 fluxes and modelling have focused on northern environments (Potter, et
al., 2014) and does not represent the inundation variations common throughout the Amazon
(Walter & Heimann, 2000; Riley, et al., 2011)

In the Amazon floodplain, remote sensing and inversion modelling studies (Pangala, et al.
2017) have highlighted the large knowledge gap. Most studies of tree-mediated CH4 flux have
been laboratory based (Rusch & Rennenberg, 1998; Garnet, et al., 2005; Mukhin & Voronin,
2011), but since soil moisture, soil pH and soil temperature can contribute to variability in
CH4 emissions from trees, in situ measurements become important (Pihlatie, et al., 2005). It is
important to develop accurate methodologies to be used for CH4 investigations in tropical
wetlands (Parolin & Wittland, 2010). Given the high fluxes of CH 4 from tropical floodplains,
validation of the representativeness of measurements in these areas are needed. To determine
the importance of taking seasonal variability into account when measuring CH 4 fluxes,
measurements were conducted during high-water season (March) and low-water season
(October). Spatial variation is taken into consideration by evaluating differences between
study sites, and within study sites. The main focus of this study is methodological aspects of
measuring CH4 to determine which parameters should be included to evaluate and provide
accurate CH4 flux estimates.

3

1.2 Aim and Scope
A previous study demonstrate that soil-produced CH4 is the dominant source of CH4
emissions from trees in the Amazon floodplain. However, there seems to be a knowledge gap
about ﬂuxes from trees. Based on the framework that there is a need to develop
methodologies that take into account seasonal variation when measuring CH4 exchange, the
focus of this project is to evaluate important methodological parameters while measuring CH 4
emissions from trees. The aim is to evaluate methodological aspects of capturing spatial and
seasonal variability in CH4 fluxes from trees at different floodplains in the Amazon region. By
measuring fluxes from trees during different hydrological seasons, it is possible to evaluate if
the CH4 fluxes between the flood pulse periods. To determine the importance of measuring
seasonal and spatial variation, measurements were conducted at three different floodplains
(white, black and clear water), in the Amazon region during high water (March) and low
water season (October). The study sites were divided into zones to capture variability within
the plot. This allowed us to evaluate if there are any differences between the sites, as well as
within the sites. Considering the gravity of representative CH4 data from tree stems in the
Amazon, we will answer the following questions;

●

How does the period of the flood pulse effect CH4 fluxes from tree stems?

●

Does the Amazonian river water type (clear, white and black) influence the fluxes of
CH4 emission from tree stems?

●

Is it possible to capture spatial differences within the study sites and the effect of
hydrological variation on CH4 fluxes from tree stems using zones?

4

2. Background
2.1 Amazon basin characteristics
The Amazon basin stretches from north to south through different countries in South
America, but the largest portion of its basin is within Brazil (Parsons, et al., 2009). It is a
humid tropical ecosystem and is characterized by low variation in temperature and humidity
throughout the year. The mean annual temperature is 26.6 °C, with warmest temperature in
between August and November, and the coolest temperature during the months January,
February, March, and April (Junk, et al., 1997). Decomposition and production rate is
affected by temperature and moist conditions in soil (Trudgill, 2001) and humid tropical
environments provides optimal temperature and moisture condition for decomposition
(Horwath, 2007).

Amazon basin is characterized by an annual flood pulse. The periodic flooding occurs in the
Amazon basin when the temperature and light conditions are most beneficial for plant growth
(Parolin, et al., 2004). The flooding periods can last up to 210 days each year. Even if the
flooding pulse is predictable, there are some uncertainties regarding the maximum and
minimum water levels due to irregularities. Because of the fast rate, the water level can reach
10 cm day-1, causing a total rise of 16 m in the Central Amazonia, were Tapajós, Rio Negro
and Solimões are located (Parolin, et al., 2010). The flooding occurs in open water, lakes,
aquatic macrophytes and flooded forest (Parsons, et al., 2009).

2.2 Amazon floodplains
The Amazon basin and its large tributaries are accompanied by large fringing floodplains
(Junk, et al, 1997), covering approximately 800,000 km2 in the lowland Amazon basin,
including open water, flooded forest and floating macrophyte ecosystem (Melack &
Hess, 2010; Hess, et al., 2015). Derived from primary production and inputs of organic
carbon from neighbouring upland drainages, these aquatic ecosystems release significant
amounts of CH4 (Potter, et al., 2014). The local names of these floodplains are Várzea and
Igapó. Várzea refers to floodplains along white water river and Igapó refers to floodplains
along clear- and black-water rivers. Floodplains are wetlands that oscillate between terrestrial
and aquatic phases (Junk, et al.,1997). Even though there is a wide variety of wetlands, they
5

are characterized by their unique features of hydrology, vegetation and soil. All wetlands have
water at, or near, the surface during some periods of the year (Schlesinger & Bernhardt,
2013). Different ecological parameters are necessary when distinguishing floodplains from
areas exposed to random flooding and the term floodplain will further be characterized by the
amounts of dissolved and suspended substances introduced by the floods (Junk, et al., 1997).

The soil type varies along with the chemistry between Várzea and Igapó. The alluvial soils of
the Várzea are rich in nutrients sustaining a high natural productivity and favourable for plant
growth. In contrast, the soils of the black- and clear- water floodplains, the Igapó, are
considered to have a low production potential sustaining poor in nutrients. Due to the low
amount of suspended soils in Negro river this nutrient may be negligible for Igapó, but
important for Várzea, which is annually flooded by Solimões river that is rich in organic
compounds. (Wolfang, et al., 1997). In the Amazon region, this implicates that the CH4
emission variation may be correlated to periodic floods and soil type.

2.3 Amazon floodplain forest
Approximately one-third of the Amazon basin is covered by rainforest (Encyclopaedia
Britannica, 2017) and accounts for 45% of the world’s tropical forests (Phillips, et al., 2009).
It is one of the biggest flood pulsed environments in the world (Parolin, 2012) and inhabit the
most species-rich floodplains (Ferreira & Prance, 1998). It is estimated that the Brazilian
portion of the Amazon basin has around 11,000 tree species (Hubbel, et al., 2008), but data is
often scarce and unavailable. As a result, the number of tree species remain unknown (Ter
Steege et al., 2016). Because of the seasonal periods of flooding, the low water (terrestrial
phase) and the highwater (aquatic phase) that contributes to flooding of trees (Junk, et al.,
2010), the high biodiversity does not only account for the species richness but is also
important in terms of life cycle strategies and ecophysiological responses to the periodic
flooding (Parolin, 2012).

Amazonian floodplain forests are characterized by an annual flood pulse with changes of the
water table that exceed 10 meters. Seedlings and adult trees are waterlogged or submerged for
continuous periods lasting up to seven months per year. The monomodal flood pulse of the
6

rivers causes drastic changes in the bioavailability of nutrients, oxygen levels, and
concentrations of phytotoxins (Parolin, et al., 2004).

3-7 months uninterrupted periods of waterlogging or even submergence with high amplitudes,
rapid changes of water levels, anoxic conditions in the rhizosphere, and high sedimentation
causes difficult conditions for tree growth (Parolin, et al. 2012). The growth of all trees
inhabiting Amazonian floodplains is not affected by flooding (Gill, 1970). Despite the huge
flooding amplitude and duration, the trees have a number of adaptations and highly diverse
survival strategies which enable them to colonize efficiently in the floodplains (Parolin et al.,
2004). The lowland forest that are subjected to periodic flooding has morphological and
physiological adaptations to deal with the water-table variations (Junk, et al., 2010). The
adaptations of the root system developed by some tree species comprise hypertrophy of
lenticels, formation of adventitious roots, plank buttressing and stilt rooting, development of
aerenchyma, and the deposition of cell-wall biopolymers such as suberin and lignin in the root
peripheral cell layers (Nascimento, et al., 1998; Pimenta, et al., 1998; Waldhoff, et al., 1998;
Parolin, 2001; Haase, et al., 2003) The upland forest is located in higher regions and is not
subject to floods (Junk, et al., 2010). Even so, as a response to the flooding pulse parts of the
upland forest can periodically be covered by water which affects the GHG production and
emission (Pangala, et al., 2013).

There are more than 900 identified floodtolerant tree species (Variations in species
composition and diversity are poorly understood, especially in Amazonian floodplain forests
(Wittman, et al., 2006). Research has found that tree species varies between the different
floodplains in the Amazon (Junk, et al., 1997), and a study indicates that there is a difference
in CH4 emission between different species (Pangala, et al., 2017). A forest inventory showed
that Igapó had twice the amount of species compared to Várzea, which suggest that species
diversity is higher in Igapó forest then in Várzea forest. This diversity seems to increase from
east to west (Junk, et al., 1997). This differentiation is traced back to the different
hydrological regime and water chemistry between the floodplains (Junk, et al., 1997). Várzea
forests are more rich in sediments then Igapo forests. Growth rate of trees is higher in blackwater floodplains then in white-water floodplains. The reproduction in the clear-water
floodplains are somewhere in between (Junk, et al.,2011). In general, there are 142 species ha1

in central Amazonia (Wittman, et al., 2002). Previous studies shows a great difference
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between the Amazonian forest types considering species, bark and wood. Depending on the
view point between authors, list of common tree species of Igapór and Várzea can differ
considerably. The trees in Várzea has a smoother and more less-sulcate bark structure than
Igapó and the forest structure is more open in Várzea. Common fast-growing pioneer tree
species of the Várzea such as Pseudobombax munguba and Salix humboldtiana are rare or
total absent in Igapó. Leguminosae is the most common family of tree species along the
floodplains (Junk, et al., 1997). The low number of inventories in Igapó does not allow
reliable overall estimates of species richness (Parolin & Wittman, 2010). For some tree
species in the Amazon floodplain forest it is not possible to determine the age since the annual
rings are indistinct (Junk et al., 1997).

Due to the hydrochemical differences between the Amazon floodplains, between white-water
(Várzea) and black water (Igapó) (Junk, et al., 1997), there is a need to study emission of CH4
at different floodplains. The floodplain forests with different types of water characteristics,
black, white and clear, will further be explained due to their differences.

2.4.1 Solimões
White-water rivers originate in the Andes and have a muddy colour derived from the high
sediment concentration, since they are rich in nutrient and suspended matter and a high
turbidity (Junk, et al.,1997; Junk, et al., 2011), although large differences have been recorded
due to season, water depth and distance from river bank. The white-water rivers are
characterized by a neutral pH. Solimões river is a classic representative of Amazonian whitewater rivers (Junk, et al.,1997). Conductivity in Solimões river can vary but in the lower
course of Amazon river it has been measured around 40 μS cm-1. The nutrient rich sediments
enable high vegetation growth (Junk, et al. 2011).

2.4.2 Negro
Negro rivers geological origin is on the Precambrian shield of the northern region of the
Amazon basin. Black water rivers are characterized by dark, red-brown, transparent water due
to high amount of dissolved humic substances, organic compounds, mainly fulvic acids and
fertility (Junk, et al., 1997). The humic substances are mainly formed in podzolic soils in
8

small patches throughout the Amazon basin and are concentrated in the catchment area of
Negro River. Black-water rivers have acid pH and are poor of nutrients and suspended matter
(Junk, et al., 1997). The conductivity in Negro river is <20 μS cm-1 and the growth rates of
vegetation are lower than in white-water floodplains (Junk, et al., 2011).
2.4.3 Tapajós
Tapajós river is one of the largest tributaries to the Amazon river and one of the black-water
tributaries. Since the black-water river drains jungle terrain and brings a substantial amount of
water and little sediment to the Amazon main stem, the water loses the black colour and
Tapajós is therefore called clear-water tributaries (Freitas, et al., 2017), since it is transparent
(Junk, et al.,2011). The rivers drain areas where there is little erosion. The pH varies
depending on geology of the catchment area and can be acidic to neutral. Conductivity in
clear-water rivers reaches 20-40 μS cm-1 (Junk, et al., 2011) The amount of dissolved
compounds are small (Junk, et al.,1997). The vegetation growth in the clear-water floodplains
is in between white-water and black-water. (Junk, et al., 2011)

9

2.5 Methane fluxes
2.5.1 Methane production
Methanogenesis is the biogenic formation of CH 4 by methanogens (Glissman, et al., 2004)
and is limited by the supply of labile organic matter (OM) and CH 4 flux shows a direct
correlation to net ecosystem production across a variety of wetland ecosystem (Schelesinger
& Bernhardt, 2013).

The organism capable of producing CH4, methanogenic archaea, produces CH4 under
anaerobic conditions by taking part in a complex process in anaerobic decomposition
(Cicerone & Oremland, 1988; Conrad, 2007), as illustrated in Figure 4.

Figure 4. Modification showing Pathway of Anaerobic degradation of organic carbon compounds to CH 4, as
illustrated by Serrano-Silva, et al., (2014)

CH4 production is a four-step process and several groups of microorganism are
involved. First step is hydrolysis, second step acidogenesis, third step acetogenesis and the
last step is methanogenesis (Serrano-Silva, et al., 2014). Methanogenesis can only happen in
strict anaerobic environments (Cicerone & Oremland, 1988).
10

The first step hydrolysis degrades polysaccharides and turns them into free sugars. The
second and third step, acidogenesis and acetogenesis, subsequently ferments the free sugars to
alcohols, fatty acids, acetate (CH3COOH), CO2 and hydrogen (H2) (Conrad, 2007; SerranoSilva, et al., 2014). Only CH3COOH and CO2 plus H2 constitute substrates for methanogenic
microbes. All other products cannot be consumed directly by methanogens, and must be
fermented again (Conrad, 2007). H2 can be used as an electron donor by methanogens to
reduce the CO2 that evolves from fermented organic matter and finally produce CH4 by
methanogenic archaea (Baldocchi 2012). The last step can be either hydrogenotrophic or
acetotrophic methanogenesis.

Hydrogenotrophic methanogenesis converts CO2 to CH4 and water (H2O) using H2 as the
reductant

Hydrogenotrophic methanogenesis (Baldocchi, 2012);
4H2+CO2→ CH4+2H2O

CH3COOH is also formed from fermented organic matter and can be used by another group of
methanogens which works as a source of energy that splits it into CH 4 and CO2. This process
is called acetotrophic methanogenesis (Baldocchi, 2012).

Acetotrophic methanogenesis (Baldocchi, 2012);
CH3COOH→ CH4+CO2

Biological production of CH4 can only happen when some chemical agents with high redox
potential has been reduced completely. In natural wetlands, such conditions as low redox
potential, are usually found as a result of prolonged water logging (Serrano-Silva, et al., 2014)
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2.5.2 Methane oxidation
Biological CH4 oxidation is done by methanotrophs through soil microorganisms, requiring
the presence of oxygen (Serrano-Silva, et al., 2014; Schlesinger & Bernhardt, 2013;
Cicerone & Oremland, 1988). CH4 oxidation is of great emphasis for the global CH4 balance.
CH4 can be oxidized in anaerobic and aerobic environments (Valentine & Reburgh, 2008).

CH4 oxidation (Serrano-Silva, et al., 2014);
CH4 + 2H2O → CO2 + 4H2
2.5.3 Regulating factors of methanogenesis
CH4 production is limited by O2 concentrations (Whitman, et al., 2006), due to which
methanogenic archeas are extremely sensitive to (Yuan, et al., 2009; Conrad, 2007) and the
presence of O2 can lead to CH4 oxidation. Methanogenesis therefore occurs in anoxic
environments, and the main limiting factor is the availability of organic carbon (Stadmark &
Leonardson, 2007).

2.5.4 Methane fluxes wetland
CH4 flux varies widely across wetland ecosystems types, making global extrapolations
challenging. Current estimates suggest that approximately 3 % of wetlands´ net annual
ecosystem production is released to the atmosphere as CH 4. The flux of CH4 from wetland
ecosystem results from the net effect of methanogenesis and methanotrophy (Schelesinger &
Bernhardt, 2013). The main biogenic source of atmospheric CH 4 is considered to be
biological processes in anoxic environment, produced by methanogens (Serrano-Silva, et al.,
2014).

2.6 Pathways of CH4 emissions in Amazon floodplain
2.6.1 Soil methane flux
Soil water content control the flux through its regulation on the diffusion of CH 4 and welldrained soils generally consume CH4 from the atmosphere (Crill, 1991). Most of the CH4
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production in soils is a result of either anaerobic methanogenesis when anoxic microsites are
formed, or by flooding of soils with a low redox potential. CH 4 has also been found to be
produced in oxic environments, where CH4 is used as a C and energy source by
methanotrophic microorganism (Kasimir-Klemedtsson, 2000; Serrano-Silva, et al., 2014).
One mechanism ruling the spatial and temporal variations in CH 4 production in soil is plantmediated transport via the aerenchyma of vascular plants (Lai, 2009; Pangala, et al., 2013;
Serrano-Silva, et al., 2014). CH4 can be produced in plants (Mukhin, & Voronin, 2011;
Covey, et al., 2012), hence it is difficult to determine the magnitude of the fluxes from trees
derived from soil- or plant produced CH4.

2.6.2 Plant methane flux
The plant-mediated transport mechanism involves migration of CH 4 along the plant, including
through the aerenchyma structure, from the leaves to the rhizome and back to the atmosphere
through old leaves or horizontal rhizomes connected to shoots. This is of interest since some
trees develop aerenchyma to maintain active roots in anoxic environments (Gauci, et al.,
2010). The development of aerenchyma has been recorded in roots of tree species normally
experiencing prolonged saturated conditions in the Amazon (De Simone, et al., 2002).
Pressure gradient generated by differences in water vapor pressure between internal air spaces
in plants and surrounding atmosphere, or temperature are the driving forces in plant-mediated
transport (Serrano-Silva, et al., 2014). The effect of plant-facilitated gas exchange on CH

4

transport and oxidation is complex. By oxidizing their rhizosphere, aerenchymous plants
create a larger volume of oxidized soil where methanotrophs can oxidize CH 4 while
aerenchymous tissues can facilitate CH4 escape through direct transport. In upland soils, it is
typically anoxic as the interior of soil aggregates, and the gases diffuse readily between the
soil and atmosphere (Schelesinger & Bernhardt, 2013). Activities of methanotrophs generally
dominates those of methanogenesis in upland soils (Covey, et al., 2012).

Research showing that tree stems emits CH4 has gained some attention during the years
(Rusch & Rennenberg 1998; Terazawa et al., 2007; Pangala et al., 2013; Pangala, et al.,
2017) and evidence that woody plants play a significant part in the CH4 fluxes and acts as a
pathway for emission of soil produced CH4 has been provided (Gauci, et al., 2010; Pihlatie, et
al., 2005; Pangala, et al., 2015; Carmichael, et al., 2017). It is the dominant source of regional
13

CH4 flux in the Amazon. The tree mediated CH4 fluxes were the largest wetland fluxes
observed, mediating approximately half of all wetland CH emission (Pangala, et al., 2017).
4

Studies only focusing on CH4 deriving from soil, can therefore result in an underestimation of
the total CH fluxes globally (Pangala, et al., 2013).
4

There are different processes that can be responsible for the CH 4 emissions from tree stems.
The process facilitating the most CH4 emissions by tree stem the transport of CH4 produced in
soil by anaerobic decomposition (Terazawa, et al., 2007, Gauci, et al., 2010, Pangala, et al.,
2013). Anaerobically-produced CH4 is transferred from soils into roots via the aqueous
phase, and emits to the atmosphere via transpiration (Gauci, et al., 2010) or in gaseous phase
through diffusion (Pangala, et al., 2014). Other processes can be responsible for CH4 fluxes in
trees. Anaerobic conditions in tree stems can cause anaerobic decompositions, which enables
the process of methanogenic archaea producing CH4. It has also been suggested that a direct
CH4 production in plants can occur when methanogens colonize wood of living trees
(Mukhin, & Voronin, 2011; Covey, et al., 2012). Conditions that promote anaerobic activity
in living wood are prevalent across forests (Covey, et al., 2012). Methanotrophic bacteria has
been found in bark tissues and is the only known process that can partly be responsible for
CH4 uptake by tree stems (Iguchi, et al., 2012).

Moisture, pH and temperature can contribute to some differences in CH4 emission of trace
gases in soils, but there is a need for more field studies and modelling of the area to fully
appreciate how these factors influence the amount of CH4 emitted from trees (Pihlatie, et al.,
2005; Sousa Neto, et al., 2011). Further on, researchers have found CH4 emissions from
leaves (Nouchi, et al., 1990), but in a study by Pangala, et al., (2013) they concluded that not
all wetland adapted trees emits CH4 from leaves, but a higher amount of emissions from trees
stems have been consistently reported in all studies. Some trees do not seem to emit any CH4
indicating that CH4 emissions may differ between species (Pangala, et al., 2014). Further
research is needed regarding the conditions and processes, since they are still unclear
(Pangala, et al., 2013)
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3. Methodology
Our empirical data consist of, measurements performed in the Amazon region by our team
members. Our secondary data consists of former studies and literature of the area. Our project
is part of a larger project: “The global methane cycle” funded by NERC-UK. We were
allowed to use the data from other field trips in order to compare different seasons. The same
methodology as described was used for all the field trips.

3.1 Study Area
The empirical data was collected during the fieldwork performed March/April (high-water)
and September/October (low-water) 2017, at tree study sites in the Amazon basin (Fig. 1).

Figure 1. Geographic location of the part of Amazon basin were sapling was conducted. Sampling sites and
river highlighted
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The measurements were conducted in the municipalities of Manacapuru, Novo Airão and
Santarém in flooded forests at the rivers Solimões (white-water), Negro (black-water) and
Tapajós (clear-water), respectively (Table 1).

Table 1. Coordinates to the sampling areas and the period of sampling
Sampling Area

Coordinates

Sampling period 1

Sampling period 2

(High water)

(Low water)

Solimões

3°20'45.5"S 60°42'15.3"W

28 March - 02 April

01 October - 03 October

Negro

2°39'37.4"S 60°54'25.1"W

06 April - 10 April

6 October- 9 October

Tapajós

2°28'08.7"S 54°58'22.7"W

14 April - 17 April

24 September - 28 September

Our sampling at the different Amazonian rivers (Solimões, Negro and Tapajós) increased the
possibility that any differences between the different water types (white-, black- and clearwater), and attributed mostly to its channel morphology and geology, were captured.

3.1.1 Plots
At each study site, a plot was marked for measurements for all the field trips. The plots were
set up following the guidelines of RAINFOR (The Amazon Forest Inventory Network) field
manual for plot establishment and remeasurement, with the important component to
encourage discussion about methodological issues (Phillips, et al., 2009). The location of the
study sites was chosen based on the different characteristics. The plots were randomly chosen
to avoid ‘majestic forest’ bias, but keeping logistical issues and limited disturbance from
humans in mind. Within in the different study sites the circumference of the trees varied. In
Solimões the highest circumference was 149,1 cm and the lowest 40,5 cm. Negro varied
between 131,6 cm and 50,7 and in Tapajós the highest circumference was measured at 122,4
cm and the lowest 40,8 cm.

The plots were square shaped, since squared shaped plots according to Phillips, et al. (2009)
have fewer problems with trying to find trees in or outside the plots edges, in comparison to a
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rectangular plot, due to an edge: area ratio. Each plot was 60 x 60 m. The size was chosen on
the recommendations of size for sampling data for trees and soil, since the team members
used the same plots for soil measurements. In order to study the variation of CH4 flux from
different trees within the zones that is seasonally flooded by white-water, black-Water and
clear-water tributaries, we divided the three plots into 3 zones (Figure 2).

Figure 2. General representation of plot with zones (horizontal), provided by team members of the project “The
global methane cycle”. Zone 3 is land zone and zone 1 is closest to the river. The flooded and non-flooded zones
varied between campaigns and study sites.

Four trees were measured in each square of the plot, making it 12 trees in each zone
respectively. In high-water season, the whole plot was flooded for Solimões, but in Negro and
Tapajós the plot was only flooded for two of the three zones (i.e zone 3 was dry). In lowwater season the whole plot was dry for all the 3 floodplains (i.e. no zones were flooded).

The trees within the plots were randomly chosen to get representative data. Trees were
selected based on accessibility (ability to access the trees using a boat), occurrence, density
and species, the local field guide helped with local names and the tree dominance in the

17

region. Suitability of the tree for tree chamber measurement (smooth curvature for placement
of chambers to minimize gas leaks, no cracks on tree stems, no tree death, disease) was
considered. The number of trees had been chosen in advance based on the assumption of a
parametric test, since a certain amount of measurements is demanded for statistical analyzes
(Townend, 2008).
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3.2 Study design
3.2.1 Flux Chamber
Chambers were used to measure CH4 fluxes from tree stems. Other techniques for measuring
greenhouse gases, such as eddy covariance or aircraft measurements, are suitable for
measuring gas emissions from large landscapes (Hidekazu & Hisayuki 1999; Denmead, 2008;
Beck, 2013; Potter, et al., 2017), but has underestimated the atmospheric burden of CH4
contribution of these ecosystems (Webb, et al., 2016; Pangala, et al., 2017). Chamber based
methods are a suitable technique, since the technique allows us to detect trace gases
(Denmead, 2008) and are suitable for determine fluxes in non-uniform landscapes and to
capture small-scale spatial differences in fluxes (Schrier-Uijl, 2010). Since we wanted to
measure the magnitude of the emissions from trees across zones, a technique that focuses on
trace gas fluxes is preferable.

A closed chamber technique was used for this study. It is used more often than dynamic, flow
through, chambers because it is easier to detect larger concentration changes. They have no or
very small replacement of air in the headspace allowing gas concentration to increase
continually (Denmead, 2008). It allows a nonlinear regression to analyze fluxes as a function
of time to determine the rates (Siegenthaler et al, 2016) A dynamic chamber might give more
precise measurements (Denmead, 2008), but even so it was not equipped to use in field to due
to sensitivity regarding humidity. A semi-rigid stem sleeve was built as a chamber to measure
the fluxes from tree stems (figure 3), as reported by Siegenthaler et al. (2016).

Figure 3. Showing one of the semi rigid chambers that was used in field
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Similar transparent chambers that encloses part of the tree stems have been used by Pangala et
al., (2013), Gauci et al., (2010) and Rusch & Rennenberg (1998), but the methodologies used
differs. The chambers were suitable in field due to logistical benefits. The chambers are small
and easy to use in tropical wetlands with limited access (i.e no road access). They are
lightweight, easy to transport and easy to store, which was of advantage for the field
trip. Further on, the method is inexpensive (Denmead, 2009).

The chamber was built out of a gas impermeable polycarbonate sheets due to its tendency to
curve. Neoprene foam strip that is gas tight and bendable was attached as a frame around this
rectangular polycarbonate sheet to establish a seal between the chamber and tree stem and to
ensure a more precise, constant volume. The center of the plastic sheet was equipped with a
three-ways stop-cock, connected to PVC tubes. The PVC tubes was used to collect the
samples with syringes. There is a wide variety between the different trees stem diameter, and
a selection of chambers of varied sizes were therefore needed. The chambers were built in
four varied sizes and the fluxes of CH4 only represents the slope from the surface area (m2) of
the tree stem where the measurements were conducted. The data if therefore not
representative for the whole tree and cannot be used for comparisons to other scources of
emissions without including additional parameters. The bark tissue varied between the trees in
the different study since the trees in Negro and Tapajós had more bark tissue than the trees in
Solimões. This may affect volume of the chamber and therefore the calculation of the flux.

Table 3. The surface area and volume of the different chambers used
Tree chamber

Surface area (m2)

volume (L)

1

0,054

1,62

2

0,09

2,7

3

0,15

4,5

4

0,21

6,3
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Straps was used to fix the chambers on to the tree stems. To fix potential leaks when attached
to the tree stem, “play-doh” was used. The design for the chambers came from the team
members of the project “The global methane cycle”.

3.2.2 Flux measurement
Gas samples were collected in the field and stored in exetainer vials for analyzes in the
laboratory at the University Federal of Rio de Janeiro using the “Los Gatos” instrument
(OICOS; Los Gatos Research, Mountain View, CA, USA). All gas samples were analyzed for
CH4 within two months after sampling. This was done considering the number of samples and
time limitation in the field.

The chambers were fixed to the trees using straps around the tree and ensured to cover at least
60% of the trees diameter to capture any spatial heterogeneity in tree stems that could be
contributing to the variability in fluxes at a specific stem height. For each tree, we measured
CH4 emissions from three heights (20-50 cm, 55-85 cm and 90-110 cm) with samples
extracted at time points 1, 5, 10, 15 and 20 minutes, since research has indicated that
emissions vary with the height of the tree (Pihlatie, et al., 2005). Additionally, due to
challenging field conditions and access while conducting measurement from the boat also
meant that the tree heights above 130 cm were difficult to access in most cases. The samples
were extracted with 30 mL syringes and stored in 12 ml exetainers (Labco ltd, High
Wycombe, UK) using a needle. To create circulation inside the chambers we flushed three
times before measurements.

3.3 Analytical method
3.3.1 Gas analyses
To analyze the CH4 samples, an off-axis integrated cavity output spectroscopy “Los Gatos”
was used in the laboratory, modified to employ the ‘closed-loop’ principle described by Baird,
et al. (2010). It has a high measurement frequency and a high precision. Thus, the time
needed to get a representative accumulation slope has been reduced (Siegenthaler, et al.,
2016). The equipment analyzes the concentration of CH 4 in ppm (parts per million). It uses a
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cavity enhanced laser absorption technology called Off-Axis Integrated Cavity Output
Spectroscopy (OA-ICOS).

In the laboratory, the samples were transferred from the exetainer vials to a 5 ml syringe, in
order to analyze 3 ml of the sample. All the samples were injected the same way, into a 2 ml
loop connected to the “Los gatos”. Each sample took approximately 2 minutes to be stabilized
and analyzed. To clean the loops, “Los gatos” was flushed with atmospheric air between the
readings. Stabilized values were noted before injecting the samples.
3.3.2 Calculation of CH4 flux
The rate of increase of CH4 within the chamber was calculated from least squares linear
regression analysis of concentration measurements versus time, the CH4 emitting surface area
and the volume of the chamber was converted to fluxes:

Where c(t) is the gas concentration in time, f0 is the (initial, pre-deployment) gas flux, A is
the area of the tree covered by the chamber, and V is the volume of the tree chambers.
Fluxes was converted to an appropriate measure of ecosystem flux. Fluxes were calculated in
mol m-2 hr-1 using the Ideal Gas Law:

𝑛=𝑃𝑉𝑅𝑇

Where n is the number of mole of analytical gas, P is the atmospheric pressure, V is the
volume of the analyte in litres, R is the ideal gas constant in L atm mol-1 K-1 and T is the
temperature in Kelvin.

3.3.3 Statistical analyses
The software SPSS statistics was used for statistical analyzes. Before using statistical tests, we
looked at the data graphically to verify which test was valid to use. Non-parametric test was
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used since the data was not normally distributed and did not meet the requirements of the
parametric tests, as described by Wahlgren (2008).

Since measurements were conducted at three different height of the tree, statistical analyzes
was deployed for each of the chambers heights since an average flux would not be
representative for our measurements. To test if zones play a significant role, we must first take
the height of the chamber into consideration. As for the two campaigns, the difference
between the campaigns is much greater than the effect of height, so there is no need to take
the height into consideration.
To analyze if there was a significant difference between the distribution of flux (mg m-2 hr-1)
across the three study sites a non- parametric, Kruskal-Wallis One-way Anova test were
deployed (Townend, 2005). Kruskal-Wallis One-way Anova test were also used to analyze
distribution of flux (mg m-2 hr-1) between the three zones. To analyze the difference between
the distribution of flux (mg m-2 hr-1) across high-water season and low-water season a MannWhitney U test was deployed. In all the analyzes the significance level was set to 0,05. We
have chosen to use median as our central tendency due to lack of data and extreme values.
Mean values was also used for comparison for other studies since most biological studies uses
mean values. Height 2 was used to describe our measured median (m) data. Two decimals
were used to describe the median fluxes.

The two campaigns are called high-water and low-water in the statistical analyzes. In lowwater season there are some missing data from Solimões. Tree 11, all heights, and tree 29,
height 1, was not sampled.
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4. Results
4.1 Differences between campaigns
The highest flux (mg m-2 hr-1) of CH4 was measured in high-water season at all three study
sites. In high-water season the highest fluxes measured for Solimões, Negro and Tapajós were
168,8 mg m-2 hr-1, 142,78 mg m-2 hr-1 and 129,31 mg m-2 hr-1 respectively, compared to
83,35 mg m-2 hr-1, 67,89 mg m-2 hr-1and 59,11 mg m-2 hr-1 in low-water season. There was a
large distribution in fluxes measured at both high-water and low-water season. However,
there is a higher amount of extreme values measured in low-water season (Figure 5)

Figure 5. Boxplot presenting differences in total CH4 flux (mg m-2 hr-1) between the campaigns, at each of the
study sites Solimões, Negro and Tapajós. Stars represents extreme values and dots represents outliers
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The mean (±SD) differs between high-water and low-water season in Solimões, Negro and
Tapajós (Table 4), indicating a difference between seasons in the Amazon basin.

Table 4. Mean (±SD) Values of total CH4 flux (mg m-2 hr-1) at the different campaigns, n= number of
observations.
Site

n

Flux CH4

n

Flux CH4

High-water

Low-water

Solimões

108

33,62± 40,77

104

5,98± 14,65

Negro

108

16,49± 26,60

104

3,37± 10,36

Tapajós

108

36,08± 42,18

108

3,42± 9,76

The difference between the distribution of flux (mg m hr ) across high-water and low-water
-2

-1

season at all the sites was proven to be significant (Table 5) (Mann-Whitney U test, p=<
0,05).

Table 5. The table illustrates the p. value obtained in the Mann Whitney test performed to see if there is a
significant difference between the distribution of flux across high-water and low-water, for each of the study
sites.
Site

p. value

Solimões(high-water)- Solimões (low-water)

< 0,001

Negro (high-water)- Negro (low-water)

< 0,001

Tapajós (high-water)- Tapajòs (low-water)

< 0,001
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4.2 Differences between study sites
In high-water season only zone 3 was dry, except for Solimões where all zones were flooded.
There is a difference in total CH4 flux (mg m-2 hr-1) between the study sites at all chamber
heights (Figure 6) and the difference between the distribution of flux (mg m -2 hr-1) across the
sites Negro and Solimões was proven to be significant, for all chamber heights (Kruskal
Wallis, p=<0,05). Solimões and Tapajós had the highest median fluxes at all height. At height
2 the fluxes were measured at m≈ 13,04 mg m hr for Solimões and m≈ 10,92 mg m hr for
-2

-1

-2

-1

Tapajós. Negro had the lowest flux at m≈ 2,13 mg m hr .
-2

-1

Figure 6. Boxplot show the differences of total CH4 flux (mg m-2 hr-1) between study sites for all chamber heights
in high-water season. Stars represents extreme values and dots represents outliers
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In low-water season the entire plot was dry at all three study sites. There is a high distribution
in total CH4 flux and extreme values for all the sites (Figure 7). For example, at height two the
values for Solimões ranged between 0,01 to 43,82 with a median on 0,42. There is no
significant difference in total CH4 flux between the different study sites (Kruskal Wallis, p=
<0,05). The test was run for tree chamber height 1, 2 and 3.

Figure 7. Boxplot show the differences of total CH4 flux (mg m-2 hr-1) between study sites for all chamber heights
in low-water season. Stars represents extreme values and dots represents outliers.
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4.3 Differences between zones
4.3.1 Solimões
In high-water season, all the zones were flooded. There is a difference in total CH 4 flux across
the zones for all heights in Solimões (Figure 8, a). Zone 3 has the lowest distribution and
lowest CH4 flux compared to the other zones. The CH4 flux is highest in zone 2 (m≈ 26,49 mg
m hr ) compared to the zone 1 (m≈9,98 mg m hr ) and zone 2 (m≈ 9,95 mg m hr ). Figure 8
-2

-1

-2

-1

-2

-1

(b), illustrates that there is a significant difference in the distribution of total CH 4 flux across
zone 2 and 3 at chamber height 1 (Kruskal-Wallis, p= < 0,05).

a

b

Figure 8. a) boxplots show differences in total CH4 flux (mg m-2 hr-1) across the zones in Solimões in campaign
high-water season. b) Figure demonstrating flooded (blue) and non-flood (white) zones in Solimões. Zone 3 is
land zone and zone 1 is closest to the river. Stars (*) represents a significant difference between the zones.
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In low-water season all the zones were dry (i.e not flooded). There is a difference in total CH 4
flux across the zones (zone 1 m≈ 0,93 mg m hr , zone 2 m≈ 0,70 mg m hr , zone 3 m≈ 0,19
-2

-1

-2

-1

mg m hr ). Zone 3 appears to show the lowest flux at all chamber heights (Figure 9, a).
-2

-1

Figure 9 (b), illustrate that there was a significant difference in the distribution of total CH 4
flux across zone 2-3 for height 1 and 2, and zone 1-3 for chamber height 3 (Kruskal-Wallis,
p= < 0,05).

a

b

Figure 9. a) boxplots show differences in total CH4 flux (mg m-2 hr-1) across the zones in Solimões in campaign
low-water season. Stars represents extreme values and dots represents outliers. b) Figure demonstrating nonflood (white) zones in Solimões. Zone 3 is land zone and zone 1 is closest to the river. Stars (*) represents a
significant difference between the zones.
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4.3.2 Negro
In high-water season zone 1 and 2 were flooded. There is a difference in total CH 4 flux across
the zones for all heights in Negro (zone 1 m≈ 11,65 mg m hr , zone 2 m≈ 23,95 mg m hr ,
-2

-1

-2

-1

zone 3 m≈ 0,53 mg m hr ) (Figure 10, a). Zone 3 has the lowest distribution and lowest CH4
-2

-1

flux compared to the other zones. Figure 10 (b), shows that there was a significant difference
in the distribution of total CH4 flux across zone 1-3 (wet and dry zone) for height 1 and 2 and
zone 2-3 (wet and dry zone) for height 2 and 3 (Kruskal-Wallis, p=< 0,05).

a

b

Figure 10. a) boxplots show differences in total CH4 flux (mg m-2 hr-1) across the zones in Negro campaign highwater season. Stars represents extreme values and dots represents outliers. b) Figure demonstrating flooded
(blue) and non-flood (white) zones in Negro. Zone 3 is land zone and zone 1 is closest to the river. Stars (*)
represents a significant difference between the zones.
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In low-water season all the zones were dry (i.e not flooded). The differences appear not to be
as big between the zones as in high-water season. Zone 3 (m≈ 0,10 mg m hr ) appears to
-2

-1

have the lowest distribution and lowest CH 4 flux compared to zone 1 (m≈ 0,62 mg m hr ) and
-2

-1

zone 2 (m≈0,64 mg m hr ) (Figure 11, a) Figure 11 (b), shows a significant difference in the
-2

-1

distribution of total CH4 flux across zone 1-3 and zone 2-3 all heights (Kruskal-Wallis, p=<
0,05).

a

b

Figure 11. a) boxplots show differences in total CH4 flux (mg m-2 hr-1) across the zones in Negro campaign lowwater season. Stars represents extreme values and dots represents outliers. b) Figure demonstrating flooded
(blue) and non-flood (white) zones in Negro. Zone 3 is land zone and zone 1 is closest to the river. Stars (*)
represents a significant difference between the zones.
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4.3.3 Tapajós
In high-water season zone 1 and 2 were flooded. Figure 12 (a), illustrates that in high-water
season the CH4 flux in Tapajós is highest in zone 1 (m≈88,77 mg m hr ) and decreases by the
-2

-1

zone 2 (m≈18,84 mg m hr ) and zone 3 (m≈0,85 mg m hr ). Is highest in the zone were soil
-2

-1

-2

-1

is submerged for longest period, and decreases by the zones with shorter time intervals
throughout the year with flooded soil. The zone where soil was not flooded had the lowest
distribution and lowest CH4 flux compared to other zones. There is a difference in total CH4
flux across for all heights in Tapajós. Zone 3 has the lowest distribution and lowest CH 4 flux
compared to the other zones. Figure 12 (b), demonstrates that in Tapajós there was a
significant difference in the distribution of total CH 4 flux across zone 1-3 (wet and dry zone)
and zone 2-3 (wet and dry zone) for all heights (Kruskal-Wallis, p=< 0,05).

a

b

Figure 12. a) boxplots show differences in total CH4 flux (mg m-2 hr-1) across the zones in Tapajòs campaign
(high-water season. Stars represents extreme values and dots represents outliers. b) Figure demonstrating
flooded (blue) and non-flood (white) zones in Tapajós. Zone 3 is land zone and zone 1 is closest to the river.
Stars (*) represents a significant difference between the zones.
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In low-water season all the zones were dry (i.e not flooded). The CH4 flux in Tapajós was
highest in zone 1 (m≈1,22 mg m hr ) where soil is submerged for a longer time throughout
-2

-1

the year. Zone 2 (m≈0,35 mg m hr ) and zone 3 (m≈0,06 mg m hr ) had lower fluxes than
-2

-1

-2

-1

zone 1(Figure 13, a). Figure 13 (b), shows that in Tapajós there was a significant difference
in the distribution of total CH4 flux across zone 1-3 for all height (Kruskal-Wallis, p=< 0,05).

a

b

Figure 13. a) boxplots show differences in total CH4 flux (mg m-2 hr-1) across the zones in Negro campaign lowwater season. Stars represents extreme values and dots represents outliers. b) Figure demonstrating flooded
(blue) and non-flood (white) zones in Negro. Zone 3 is land zone and zone 1 is closest to the river. Stars (*)
represents a significant difference between the zones.
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4.3.4 Differences within the zones
Since it was possible to detect a difference in the flux between the trees, this can also be a
factor affecting the variation between the zones. We found a significant difference in the
distribution of total CH4 flux within all the zones during high water season. In low water
season, zone 3 (not flooded) did not show a significant difference (Kruskal-Wallis, p=< 0,05).
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5. Discussion
5.1 Methodology evaluation
In our study CH4 emissions stabilized by time, and the time interval of 20 minutes yielded
representative flux estimates for the slope calculation, even though earlier studies has
measured CH4 emissions at longer time-intervals (Rusch & Rennenberg, 1998; Gauci, et al,
2010; Pangala, et al., 2013. Short time measurements worked well in the Amazon region
since the fluxes were high. The different sizes of the chambers were of importance since
problems may arise if the chambers are too large and the ratio between the gas exchange
surface is not adapted to lower fluxes in tree stem (Siegenthaler et al, 2016).
The sampling site Solimões differed from the Tapajós and Negro in wet season, since zone 3
was wet in Solimões but dry in Tapajós and Negro. This makes it difficult to compare the
hydrological influence of zones between the study sites.
Since we observed large spatial variation between trees and found significant differences
between study sites and within study sites, the chamber based technique for detecting small
spatial variability and trace gases is suitable for further research.

5.2 Result evaluation
5.2.1 Seasonal flooding
The significant difference between the campaigns for all the study sites indicates that the
period of the flood pulse affects CH4 emission from trees. This support the theory that the
tropical CH4 emissions are linked to the annual high and low water cycles (Matthews & Fung,
1987; Devol, et al., 1990; Barbosa, et al., 2018), and concern should be given to seasonal
variability when measuring CH4 fluxes (Bloom, et al. (2012), since water table position exerts
a major control on biological aspects of CH 4 emission (Whalen, 2005). Much of the CH4 that
diffuses to the sediment surface will be oxidized when oxic soil layers overlay zones of highly
reduced anoxic sediments. Higher water tables often contribute to increasing methane fluxes
(Schelesinger & Bernhardt, 2013; Serrano-Silva, et al., 2014) complying with our results. In
High-water season the mean average for Solimões, Negro and Tapajós respectively, were
33,62± 40,77 mg m-2 hr-1, 16,49± 26,60 mg m-2 hr-1 and 36,08± 42,18 mg m-2 hr-1. During low
35

water season, the mean average were 5,98± 14,65 mg m-2 hr-1, for Solimões, 3,37± 10,36 mg
m-2 hr-1 for Negro and 3,42± 9,76 mg m-2 hr-1for Tapajós. These results highlight that there is
a greater variability between the campaigns than between the study sites. Pangala et al.
(2015), argues that CH4 fluxes from tree-mediated CH4 emissions are higher for some tree
species during wet season. Since we could detect that the fluxes varied between the trees but
in general was higher in wet season, hence the great variance in measured fluxes, this might
imply a difference between species in our study.

Since trees acts as a pathway for soil produced CH4 (Pihlatie et al., 2005; Gauci, et al., 2010;
Pangala, et al., 2015; Pangala, et al. 2017; Carmichael, et al., 2017), the CH4 production in
the soil is closely linked to the emissions from trees. Hurkuck, et al., (2012) found that CH4
increases with the addition of water to dried soils. Our results showed a higher frequency of
extreme values measured in low water season compared to wet season, even though the
distribution of fluxes was higher in wet season. Our results also indicate that a higher number
of samples/increased observations are especially important during low water season to
decrease the risk of only measuring extreme values and reduce biases. Barbosa, et al., (2018)
highlights the need for evaluating CH4 fluxes throughout a full hydrological cycle in
Amazonian floodplain lake. The differences in CH4 flux strength we observed between the
wet and dry season also highlight the importance of measurements to be conducted
throughout the year, to rightly capture the seasonal variability while estimating total annual
fluxes from this region.

Amazon basin has experienced increasing temperatures and more frequent floods and
droughts over the past two decades (Gatti, et al., 2014). The functioning of tropical
ecosystems is sensitive to temperature variations, and increased temperature could have
significant ecological consequences (Victoria, et al., 1998). Marotta, et, al., (2014) estimates
that the CH4 production will increase, on the bases of conservative regional warming until
2100. The production of greenhouse gases in tropical sediment will increase due to an
exponential temperature response of organic matter mineralization, and a higher proportion of
CH4 relative to CO2. This suggest a positive feedback to climate change. Temperature may
not only affect the rate, but also the pathway of CH 4 production by changing the activity and
the abundance of microorganisms (Glissman, et al., 2004), implying the need for continuous
in situ measurements.
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Global warming may also affect the water level in the eastern Amazon basin; less circulation
of water because of deforestation and increased frequency and intensity of El Niño events.
This may influence plants and microbiological processes, such as soil emissions of CH 4,
which are strongly dependent on soil water content (Cattânio, et al., 2012). Thus, it is of
importance of short term as well as long-term monitoring of hydrological factors, since our
result complies with literature, that the hydrological factor has a great influence on the fluxes
in the Amazon floodplain. It is of importance with reproducible comparative methods on a
regional scale to monitor large-scale environmental changes (Parolin & Wittman, 2010).

5.2.2 Differences between study sites and influences of water type
A significant difference could only be found during wet season, between Negro and Solimões.
The highest CH4 flux was obtained in Solimões and the lowest in Negro. This indicates a
correlation between the water types and CH 4 flux since the characteristic varies between the
sites. These results correspond with earlier studies, showing that nutrient rich, pH neutral,
white-water floodplains (i.e Solimões) has the highest CH4 fluxes. (Junk, et al., 2011;
Sawakuchi, et al., 2014; Wik, et al., 2016; Wassman, et al., 1992). Soil oxygen and associated
redox-dynamics are closely linked to patterns in N, Fe, P and C cycling in tropical forest soils
(Gonzales, et al., 2013). pH also influences the redox potential, and a correlation has been
found between an increased pH and reduced redox potential, which is favorable for CH4
production (Serrano-Silva, et al., 2014). This complies with our results, since Negro
characterized by an acid pH showed the lowest CH 4 fluxes despite flooding. Our results show
that the highest flux of CH4 in Tapajós was higher than Negro but lower than Solimões. The
CH4 flux at the different floodplains may also be linked to the amount of vegetation since a
key factor regulating the CH4 budget are tree species. In case of rapid transport through
aerenchyma, which has been noted in some Amazonian trees, CH4 oxidizing microorganisms
do not have the same opportunity to oxidize the CH4, leading to high CH4 emissions (Wang,
et al., 2016). We could detect this correlation between aerenchyma and high flux rates in
Solimões. The difference in growth rates of plants and trees between the study sites can also
affects the microbiological processes, since the anaerobic degradation of organic compounds
is evident for methanogenesis to occur (Cicerone & Oremland, 1988; Conrad, 2007) and CH4
flux shows a direct correlation to net ecosystem production across a variety of wetland
ecosystem (Schelesinger & Bernhardt, 2013). Factors other than vegetation may have an
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impact on the fluxes. Pangala, et al., 2017 found that the CH4 flux was higher in Tapajós than
in Negro and Solimões. This is consistent with our measurements for wet season, were
Tapajós showed the highest median and mean flux.

Even though there were no significant difference in low water season, the number of extreme
values might imply that there is a need for more studies and a higher amount of samples to
fully evaluate the differences between the study sites throughout the year. Further, Potter, et
al., (2014) found a pattern between CH4 emissions and depth of water in Amazon floodplains,
therefore the measurements of water-table depth when comparing fluxes between floodplains
would be beneficial.

5.2.3 Zones
Our results indicate that there is a difference in CH 4 fluxes between the different zones. Even
though there were no significant difference between the sites in low water season, there are
some significant differences within the study sites in both low and high-water season. In both
campaigns, the highest fluxes were observed in zone 2, regardless if the zone was wet or dry,
for Solimões and Negro. This indicates that zone 2 has the highest flux regardless of the water
table. Tapajós zone 1 has the highest fluxes in both campaigns, regardless if it was wet or dry.
Zone 3 was never subject to flooding in Negro or Tapajos, and only flooded during Highwater season in Solimões, always showed the lowest median flux and low distribution for all
the study sites. These results highlight that the flood pulse affect the fluxes between the zones.
A strong spatial variability, with fluxes decreasing with an increasing distance to shore or to
littoral vegetation, was found consisting with Peixoto, et al., (2015) study that also evaluated
the spatial variability. This study provides evidence of high intra-ecosystem variability in CH4
between zones in three floodplains with different characteristics.

A difference in CH4 emissions observed between zones support the theory that soils that are
exposed to waterlogging releases larger quantity of CH4. The results showed that the CH4
fluxes varied within the study sites between the trees and this can be explained by the fact that
the trees morphology varied between the study sites. In Solimões, aerenchyma was visible on
most of the tree stems where measurement was conducted. The tree stems in Negro and
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Tapajós had a larger amount of outer bark and may not have the same ability to transport CH 4
gas from the soil or sediment. Since there is a difference in CH4 emission between tree
species, this may also indicate that trees that are not subject to flooding release less CH4 than
flooded trees that has developed a variety of morphological and physiological traits. Even so,
studies have reported that upland forests may switch from sinks to sources for periods of time,
(Megonigal & Guenther, 2008; Covey, et al., 2012; Nicolini, et al., 2013; Shoemaker, et al.,
2014) as a result of CH4 build up in soil profile with microsites of increased moisture that
facilitates CH4 production (Pangal, et al., 2012). Bastviken et al., (2010) identified diverse
habitats within lakes having widely different flux rates of CH 4., where the chamber placed
near the shore were clearly higher than the chamber placed near the center to the lake. This
can also be recognized in our study were the zones play a significant role for CH 4 flux from
trees.

In wet season, there is a significant difference in CH4 emission from trees between the wet
and dry zone. The only exception is for Solimões, where there is a significant difference
between zone 2 and 3 which are both wet. This supports the theory that there is a difference in
CH4 emissions due to period of waterlogging. Solimões is the only sampling site where
during both campaigns no significant difference in CH4 emissions from trees between zone 31 was observed. This is probably because all three zones were wet and the soil was exposed to
similar degree of methanotrophic activity during this high-water season. Additionally, since
the Amazon basin is a complex ecosystem with multiple interactions between soil properties,
vegetation, hydrological factors and topography, the fluxes from wetland therefore shows
great spatial variability (Schlesinger & Bernhardt, 2013; Baldocchi, 2012). Even so, the result
highlight that there is a significant difference between zones at all study sites and campaigns.
Even during low water season when the zones are dry there is a significant difference between
zone 3-1 between all sampling sites, which can also be explained by the differences in
period/duration of waterlogging between the zones. The result showed a significant difference
in CH4 fluxes between the trees within all the zones during high water and zone 1 and 2
during low water season. Zone 3, the zone submerged for the shortest time-period did not
show a significant difference in low water season. The differences between the seasons for
this specific zone therefore seems to be affected by hydrologic factors rather than differences
between trees. This may be explained by the low fluxes in low water season, hence
differences could not be statistically proven. It cannot be neglected that fluxes from trees
varies and need to be further investigated. From our results, we can draw the conclusion that
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the water should be considered when conducting measurements of CH4 flux, since this drives
differences in spatial variability just within 20 meters.

All our data also have a variation in CH4 flux between the different heights. The height of the
tree seems to be a key factor for measurement. There is a need for further research to evaluate
how the CH4 emissions along the height of the tree (greater than 110 cm in three heights)
varies as this has a significant impact on total CH 4 emissions contribution from trees. By not
measuring along the height of the tree there is a risk that some amount of CH4 is neglected.

5.2.4 Factors affecting CH4 fluxes in the Amazon floodplain forest
According to our results, the hydrological factor is fundamental as well for seasonal variation
as within the study sites. It is important to conduct measurements at floodplains with different
characteristics since the emissions between them varies. We could not detect a correlation
between the size of circumference and the CH4 fluxes from the trees. The highest value
measured during low-water season in Solimões was 83,35 mg m-2 hr-1 and the circumference
of the tree was 86,2 cm. The same result was found in Tapajós and Negro, as the highest
circumference of the trees was 131,6 cm for Tapajos and 122,4 cm for Negro which showed a
low flux value at 0,058 mg m-2 hr-1 and 0,025 mg m-2 hr-1 respectively. This indicate that the
circumference does not play a significant role when measuring CH 4 fluxes.

There are also several environmental factors that may be important to include such as tree
species, since the emissions between species varies, and soil properties such as organic
substrate quality and supply, nutrient availability, oxygen concentration and net primary
production (Clark, et al., 2001; Dalal, et al., 2008; Nguyen Thanh et al. 2011; Baldocchi
2012; Zenone, et al., 2016). Factors regulating species specific emission rates are size of
wood vessel, lenticels covering the and wood density (Pangala et al., 2014; Pangala, et al.,
2015). Soil properties regulate the microbial activity and therefore govern the CH4 production
and consumption in wetlands (Dalal, et al., 2008; Nguyen Thanh et al. 2011; Baldocchi
2012). Since temperature and meteorological conditions has a great influence on emissions
this should be included in future research. Even though the temperature is rather stable in the
Amazon and may not be a key factor when evaluating the emissions throughout the year, the
temperature in the Amazon has increased with global warming and may be a key factor to be
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considered when evaluating emissions on long-term scales. More information is needed to
facilitate

The influence of plants on CH4 fluxes is poorly understood in upland ecosystems (Wang, et
al., 2016), and should be included in future measurements. Further on, there are some
uncertainties regarding trees possibility to produce and oxidize CH4 therefore there is a need
to fully understand these processes in order to understand the magnitude of the emissions that
originates from soil processes, and at which magnitude other processes are in control.
Therefore, our result only shows the magnitude of fluxes from trees and not the processes that
are in control.
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6. Conclusions
-

Our results provide guidance on how to increase the reliability in data by sampling
efforts considering spatial and seasonal variability. This is of importance to provide
representative estimates and future improvement of global greenhouse gas budgets.

-

We observed seasonal variability in CH4 fluxes at the study sites, and this needs to be
considered when conducting measurements

-

CH4 fluxes between the study sites varied, which may be a result of the different water
characteristics

-

The fluxes significantly differed between the zones at the study sites. Therefore, zones
should be included when measurement campaigns are designed in such floodplains

-

Our results show a significant difference in fluxes between trees. Tree species and
characteristics are an important factor to be included when designing a measurement
campaign

-

Further research is needed to evaluate the magnitude of flux from trees that derives
from processes in soil or tree

-

Future research needs to include spatial, temporal and environmental factors to explain
the differences in fluxes in the complex ecosystem of the Amazon basin
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