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I 

 

Abstract 

The existence of extensive tropical peatlands (i.e. 35,600 ± 2133 km2) was recently 

confirmed in Amazonia (Lähteenoja et al., 2009 a, b; 2011; Draper et al., 2014). These 

peatlands appear to be hydrologically intact but are at risk of degradation from anthropogenic 

impacts and climate change (Roucoux et al., 2017). Furthermore, their discovery represents 

a new potential source or sink of atmospheric gas budgets and a new component of the CH4 

global map that need to be considered in future climate change scenarios.  

Our main interests are to test the applicability of biomarkers within these settings, to describe 

CH4 production in Amazonian peatlands and the changes in CH4 efflux through time, as a 

function of various environmental parameters, as this information is currently lacking for 

this area. We focused on surface and core samples from Pastaza-Marañón Foreland Basin, 

northern Peru with samples associated with three vegetation types, providing thus a wide 

view over these dynamic ecosystems. 

Vegetation and environment related biomarkers (i.e. n-alkanes; hopanes; GDGTs) and 

proxies are in agreement with changes depicted in pollen records from Quistococha and San 

Jorge peatland (Roucoux et al., 2013; Kelly et al., 2017). Thus, they can be used to describe 

shifts in vegetation or environment in the third peatland, Buena Vista. Furthermore, since 

present day CH4 are not predictable from a water-table depth point of view as, for example, 

higher effluxes occur during the dry season in black-water seasonally flooded forest (i.e. 

Bunea Vista; Teh et al., 2017), several biomarker groups were used to further our 

understanding of processes that lead to these discrepancies. Thus, short chain and 

monosaturated fatty acids were employed alongside hopanoids and GDGTs, in order to test 

and understand how the archaea and bacteria, and more specifically, methanogen and 

methanotroph communities, responded to changes in the ecohydrology. Furthermore, we 

provide new temperature and pH palaeorecords for each peatland that were previously 

lacking for these environments and compared them to present-day instrumental 

measurements in surface samples.  

By employing a multi-biomarker approach, we can explore the relationship between 

environmental parameters via direct and proxy observations of fluctuations in water table 

depth, changes in vegetation, hydrology and CH4 production potential, gaining a further 

insight into tropical peatland dynamics and carbon biogeochemical cycles within them. 

Finally, we encourage higher-resolution biomarker analysis and provide ideas for further 

research within these peatlands. 
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1. Introduction  

 

1.1. Wetland environments and ecology 

 

Wetlands are highly valuable ecosystems due to their multiple ecological and biodiversity, 

hydrological, carbon sequestration, habitat and human health functions (Figure 1; Russi et 

al., 2013). These functions together with their classifications and landscape values are 

detailed elsewhere (Whiteoak and Binney, 2012, Stefanakis et al., 2014; The Ramsar 

Conventions Manual, 6th edition) and here their global extent and status are briefly discussed 

(Hu et al., 2017).  

Given their complex nature, wetlands have been and are still difficult to define and 

geographically delimitate. They are generally thought as zones of transition between 

terrestrial and aquatic/deep-water environments (Cowardin et al., 1979). As both 

environments are influencing them, their study requires an interdisciplinary approach that 

combines elements of hydrology, geomorphology, climate, soil and biota science (Figure 1). 

In common speech, they have been referred to as “fens”, “bogs”, “marsh”, “swamps”, “mires” 

or “peatlands” (“moors”, “muskegs”) yet these terms are now used to classify wetland types 

Figure 1 Interactions between main environmental spheres within the 

wetland classification. Notice the direct effects of geomorphology and 

climate on hydrology, physiochemical parameters and biota. These effects 

and feedbacks are currently true for Amazonian peatlands, and influence 

the carbon cycle within these settings (taken from Mitsch and Gosselink, 

2015). 
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as throughout the literature they have received more precise definitions that distinguish, in 

broad terms, one from another (Charman, 2002; Mitsch and Gosselink, 2015).  

Recently, as conservation and preservation laws emerged in the ‘70s, a clear definition and 

classification of a wetland was needed (e.g. The Ramsar Convention on Wetlands, Iran, 

1971). The first use of the term “wetland” dates back to 1956 (Shaw and Fredine, 1956) and 

provided a straightforward definition (“lowlands covered with shallow and sometimes 

temporary or intermittent waters”-Shaw and Fredine, 1956), giving examples of ecosystems 

that fall under this category and ecosystems that do not (i.e. “permanent water of streams, 

reservoir, and deep lakes”- Shaw and Fredine, 1956). The term covers today ecosystems 

such as palustrine (i.e. swamps, peatlands, marshes), estuaries, deltas, floodplains, rivers, 

seagrasses, coral reefs, coastal flats, rocky shores (Finlayson and Davidson, 1999; Ramsar 

Convention, 1971). In addition, artificial settings such as ponds, irrigated rice fields, 

reservoirs and water treatment settings fall under the same category and are also defined as 

“wetlands” (Ramsar Convention, 1971) however, their special attributes and environmental 

functions will not be explored here. Today, the definition of “wetlands” is still highly 

subjective to the science field or stakeholders involved, yet it encompasses areas that are 

defined by three main characteristics, generally agreed on (Mitsch and Gosselink, 2015): 

1. Areas where the water table is either at the surface or close to the surface (hydric or 

waterlogged/water-saturated soils, Mitsch and Gosselink and references therein, 2015). Here, 

the water table divides the wetland into two layers, one that it is oxygen-rich (i.e. actotelm-

above water table) and one oxygen-poor (i.e. catotelm-below water table; see further 

discussion in subchapter 1.3.; Charman, 2002); 

2. The vegetation (hydrophytes) within the wetland is highly adapted to periodic flooding 

events and wet conditions; 

3. They differ in terms of soil conditions from surrounding uplands. 

The hydrological status is the main characteristic for wetland definition as it influences 

floristic and biologic components and leads to the formation of physico-chemical proprieties 

of the soil and morphology of the peatland (Mitsch and Gosselink, 2000; Figure 1). This also 

ties closely to their role in the natural water cycle (i.e. hydrologic cycle), with services 

extending from flood mitigation, water filtering and groundwater replenishment to waste 

water treatment (Russi et al., 2013).  
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1.1.1.  Global extent of wetlands 

 

Their extent varies greatly due to 1) uncertain definitions that also include uneven 

hydrological fluctuations and consequently, vegetation-types and species characteristic to 

wetlands, 2) recent inclusion of new ecosystems in the category of “wetlands”, 3) techniques 

used (i.e. remotely sensing, field observations); 4) scale of survey, 5) purpose of research 

(i.e. carbon/CH4 budgets; vegetation assessment; hydrological studies; habitat creation and 

urban development etc.), 6) propagation of un-verified and inaccurate data throughout 

literature and 7) geographical bias  (Davidson, 2014). These results in the failure of 

recognizing the level of pressure and extent of loss wetlands suffered as a direct consequence 

of human activities. 

Multiple papers attempted to estimate the extent of global wetland area (Figure 2), yet due 

to above discussed issues, data varies greatly and there is little agreement on a figure reached 

by two or more individual studies. The overall trend, however, is that previous reported 

figures are lower than those reported more recently, as the definition of wetlands became 

broader, new areas were re-assessed and identified as wetlands (or new ones were discovered, 

e.g. Amazonia, equatorial Africa) and as the accuracy of remote sensing techniques has 

improved.  

Figure 2 Global distribution of wetlands as of 1997 with 5 major types of wetland classes being 

represented as provided based on FAO-UNESCO Soil Map of the World and soil climate map. 

Higher quality figure can be found under the license of USDA (website 1).  
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One of the earliest cited figures was that of Twenhofel (1926; 1951), who investigated global 

wetlands from a CH4 budget point of view. The area reported was of 2.6 million km2. For 

the same research purpose (i.e. CH4 budgets estimates), Sebacher et al. (1986) reported a 

figure between 4.5-9.0 million km2 for boreal peatlands solely (Mathews and Fung, 1987 

and references therein).  

A good agreement seemed to be between Mathews and Fung (1987), Aselmann and Crutzen 

(1989) and Dugan (1993) who provided global estimates of 5.3 million km2 (i.e. twice the 

area previously reported in similar studies), 5.7 million km2 and 5.6 million km2, respectively. 

Furthermore, Mathews and Fung (1987) presented the first global-scale model of wetlands 

and CH4 cycling. However, they divided wetlands into 5 categories (i.e. forested bog, non-

forested bog, forested swamp, non-forested swamp and alluvial-formations), based on 

environmental parameters influencing CH4 emissions while Aselmann and Crutzen’s global 

model (1989) into 6, based on common terminology (“bog, fen, swamp, marsh, floodplain 

and shallow lake”). From their classifying system alone, discrepancies in the accuracy of 

presented data can be inferred.  

Due to the fact that methodologies were inconsistent, research done in this field that presents 

very similar data for global extent of wetlands cannot confirm the fact that an average value 

in close to reality. As various aspects that were taken into consideration by some authors and 

dismissed by others, the real global extent of wetlands is most of the times underestimated 

and individual research report, in turn, minimum values.  

Finlayson et al. (1999) reassessed previous estimates (i.e. between 5.3 and 9.7 million km2) 

to an actual minimum area of 12.8 million km2 (i.e. inland and coastal wetlands), of which 

9.5 million km2 were classified as inland wetlands (i.e. not affected by marine input; non-

tidal-Ramsar definition).  

A further summary of reported global estimates of wetlands extent can be found in Melton 

et al. (2013; Figure 3) who presented data generated by 9 models and remote sensing surveys 

that spanned between 1993-2004 and participated in WETCHIMP experiments (i.e. Wetland 

and Wetland CH4 Inter-comparison of Models Project) and compared the results with 

observational. 
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1.1.2. South America - Wetland areas and underestimated values 

 

Global approximations of wetland area are difficult to assess and conflicting data can be 

found throughout literature (Figure 3). Moreover, gaps in data exist for certain parts of the 

world. For example, Davidson (2014), after reviewing 189 papers on wetland loss, noticed 

that only 3% of reported data comes from Amazonia (Maltchik, 2003; Bohn et al., 2015) and 

recognized the importance of in depth studies of large flooded forest regions, with one of the 

primary examples being the Neotropics (Dixon, 2016) and Amazon basin (see e.g. Finlayson 

et al. 1999; Maltchik 2003; Keddy et al. 2009). Although this area was included in some 

global remote sensing surveys, its wetland extent was commonly underestimated due to 

possible factors such as signal loss due to dense vegetation and seasonal or non-cyclic 

flooding events that do not allow a permanent above the ground water-table to be detected 

by microwave signals (Prigent et al., 2007; Hess et al., 2015). 

More recently, Hu et al. (2017) estimated through the use of a new Precipitation Topographic 

Wetness Index (PTWI) that the global value would be today approximatively 29.83 million 

km2 (i.e. divided into 11.41 million km2 water wetlands and 18.42 million km2 non-marine 

wetlands). This was calculated only by taking into account natural parameters (i.e. 

Figure 3 Wetland global estimates based on 9 models and remote sensing methodologies (Melton 

et al., 2013). 
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topography, precipitation data, drainage basin area, global water table distribution, 

vegetation type) and in the absence of the human impact on wetlands (Figure 4). From this 

analysis, it resulted that South America would be the second by largest area of wetlands, 

with 7.95 million km2, following Asia.  

 

1.1.3. Wetland loss estimates 

The importance of accurate estimates of global wetlands stands not only in mitigation and 

conservation efforts but also in the need to appreciate loss of wetlands ecosystem alongside 

CO2 and CH4 emission budgets. All 189 reports of long-term changes in wetland ecosystems 

reviewed by Davidson (2014) show a decreasing trend of areal extend in all parts of the 

world (Figure 5) and rates of loss higher than long-term rates during the 20th and early 21st 

centuries (Figure 6). However, loss budgets are again proven to be either overestimated 

(Winker and DeWitt, 1985) or underestimated, due to time-span of survey and unawareness 

of areas that fall under the definition of wetlands in addition to similar factors discussed 

above (see subchapter 1.1.1.). For example, the statement made by Winkler and DeWitt 

(1985) that the global loss of wetlands has been of 50% since 1900 has been used throughout 

Figure 4 Potential global distribution of wetlands in the absence of human impact as modeled through 

the Precipitation Topographic Wetness Index (Hu et al., 2017). Green areas are defined as “non-water 

wetlands” and blue areas as “water wetlands”. Approximate area is given for each continent, with Asia 

on the first place, followed by South America and North America.  
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literature with little validation of initial methodology while containing only a part of the 

ecosystems defined as wetlands (Davidson, 2014). In an attempt to reassess the generally 

accepted “50% loss” that was previously based on USA wetland estimates during the mid-

20th century, Davidson (2014) stated that global loss of wetland ecosystems is between 54% 

and 57% since 1900 AD (i.e. yet initial global extent proved to lack important wetland areas, 

for example Amazon and Congo). Furthermore, in the 20th century, loss estimates are now 

at 64-71%, with a higher loss of inland wetlands (i.e. 69-75%) compared to coastal wetlands 

(62-63%) over the same period of time. This rate of loss shifted since the 1980s, with coastal 

wetland loss being considerably higher (i.e. 4.2 times) than inland ones (i.e.  3.0 times) 

compared to long-term values (Davidson, 2014). 

Furthermore, it is interesting to appreciate the rate of loss over time with that from the last 

100 years (Figure 6; Davidson, 2014) where a 3.7-fold increase in loss was observed. This 

Figure 5 Percentage of lost wetlands on a global scale (Hu et al., 2017). Notice the correlation 

between population density and wetland loss in graph a) and the scale of loss of Asian peatlands, well 

above scaled population size. South America has the lowest loss-population ratio (excluding Oceania) 

indicating the “intact” nature of wetlands on this continent.   

Figure 6 Different percentages of wetland loss on different periods at a global scale based on 

presented literature reviews (Davidson, 2014).  
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has a further positive correlation with the increase in population when assessed at a 

continental scale (Davidson 2014; Hu et al., 2017).  

 

1.2. Peatlands and processes 

 

As a general characteristic, peatlands are governed by organic matter accumulation and 

decomposition processes. The balance between carbon accumulation through primary 

productivity and carbon loss (i.e. gaseous emissions to atmosphere or as dissolved organic 

carbon) through decomposition is mediated by microbial communities in relationship with 

water table fluctuations (Clymo et al., 1998). In unaltered peatlands, this is due to changing 

conditions in the peat column with depth, as a combined result of changes in oxygen and 

substrate availability, increased acidity, decreasing temperatures and increasing 

humification degrees (Andersen et al., 2013). These variations lead to stratifications in 

microbial communities, with different levels of specializations associated to organic matter 

decomposition levels (Thormann et al., 2003; Artz et al., 2006). Furthermore, CH4 is 

produced in anaerobic conditions through incomplete breakdown of organic matter by 

Figure 7 Comparison between organic matter decomposition in flooded and non-flooded 

systems, by C3 and C4 plants (Blaser and Conrad, 2016). Notice methane production from 

acetate or H2/CO2 (Eq. 1 and Eq. 2.2). 
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methanogens (see subchapter 1.3.). This critical component of greenhouse gases is further 

explored in this thesis by assessing its relationships to further constituents of peatland 

ecosystems (Figure 7). 

 

1.2.1. Methane production 

 

In the anoxic part of the peat column, below water table, organic matter is decomposed by 

methanogens, a specialized subdivision of archaea. Anaerobic microbes increase their 

biomass by incorporating carbon-based constituents while producing CH4 as a by-product 

of decomposition (Andersen et al., 2013 and references therein).   

Methanogens are grouped into 5 divisions based on the terminal electron donors (i.e. 

substrates) that they use: acetate, H2 + CO2, formate, compounds containing methyl groups 

(methanol, dimethylsulfur) and alcohols (Hanson and Hanson, 1996). However, 

methanogenesis is usually regarded to take place from fermentation of acetate (Eq. 1) that 

predominates in the surface layers (where methanogens consume carbon from compounds 

that contain a methyl radical) and/or reduction of CO2 with H2 (Eq. 2.2) that dominates at 

depth (Figure 7, Hornibrook et al., 1997, 2000 a, b; Chasar et al., 2000a, b). CH4 is 

considered a perfect end product in these settings as it is non-toxic and insoluble in water 

and thus can be easily consumed, transported via ebullition (i.e. bubbles-form) or via plant 

systems-aerenchymaes (Chanto et al., Ch.6 and references therein; see subchapter 1.5.2.). 

Furthermore, methanogenesis was shown to be influenced by the quality and availability of 

organic matter type (i.e. higher in litter-dominated than in wood-dominated; Arai et al. 2014) 

and root exudates (i.e. substrate availability; Walker et al., 2003). 

𝑪𝑯𝟑𝑪𝑶𝑶𝑯 → 𝑪𝑯𝟒 + 𝑪𝑶𝟐         (Eq.1) 

2𝐶𝐻2𝑂 + 2𝐻2𝑂 → 𝐶𝑂2 + 4𝐻2        (Eq.2.1) 

𝑪𝑶𝟐 + 𝟒𝑯𝟐 → 𝑪𝑯𝟒 + 𝟐𝑯𝟐𝑶                  (Eq.2.2) 

 

1.2.2. Consumption  

 

Aerobic organic matter decomposition is restricted to the section above the water table depth 

(i.e. acrotelm) and to aerobic microsites. Here, aerobic bacteria and saprotrophic fungi 

compete over available substrate with several studies debating about their relative biomasses 
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and predominant roles in organic matter decomposition (Andersen et al., 2013 and references 

therein). Moreover, organic matter is further decayed in the anaerobic part of the peat by 

highly adapted microbes.  

 

1.2.2.1. Aerobic methane oxidation 

 

In the oxic layer, the presence of the CH4 monooxygenase enzyme (i.e. MMO) in 

methanotrophs allows them to consume CH4 as a carbon source for energy and biomass. The 

by-product of this process leads to CO2 atmospheric emissions (Hanson and Hanson, 1996). 

Oxygen appears to be the main limiting factor such that in the anaerobic rhizosphere, 

presence of aerenchyma within roots can provide oxygen from the atmosphere and allow 

oxidation and further aerobic decomposition (Chowdhury and Dick, 2013; see subchapter 

1.5.2.). Furthermore, a part of the CH4 emitted from the anaerobic layer is being consumed 

in the top parts of the peat column, limiting atmospheric emissions.  

 

1.2.2.2. Methanotrophs types  

 

Methanotroph bacteria belong to the methylotrophs physiological bacteria group (Hanson 

and Hanson, 1996). They use CH4 and its conjugated forms (i.e. methanol, methylated 

amines, halomethanes, methylated sulphur-containing compounds) as their primarily source 

of carbon and energy (Hanson and Hanson, 1996; Jahnke et al., 1999) and can be subdivided 

into various categories, based on its proprieties. 

First, based on the criteria and laborious experiment done by Whittenbury et al. (1970), 

bacteria were divided into 5 groups: Methylomonas, Methylobacter, Methylococcus, 

Methylocystis and Methylosinus and later on, Methyomicrobium (Bowman et al., 1991, 

1993), Methylocapsa (Dedysh et al., 2002) and Methylobacterium (Patt et al., 1976) were 

added to the genera list. From here on, and based on criteria reviewed by Hanson and Hanson 

(1999), they were further divided into two main groups: type I and type II (Figure 9). 

Methylomonas and Methylobacter were first classified as type I (Whittenbury et al., 1970) 

methanotrophs followed by Methylococcus, Methylomicrobium that were added later to the 

group (Bowman et al., 1991, 1993).  
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Type I (or ϒ-proteobacteria) is known to oxidize CH4 and assimilate formaldehyde through 

the ribulose monophosphate pathway (i.e. RuMP, Figure 9). It has a high affinity to CH4 

concentrations (i.e. thrives in soils where CH4 concentrations are similar to atmospheric 

concentrations), a preference to high oxygen levels (Bull et al., 2000; Bender and Conrad, 

1992, 1993; Cai et al., 2016) and shallow depths within the environment.  

Figure 8 Proterobacteria classification and components of the α-, ϒ- and Verrucomicrobia 

(Hanson and Hanson, 1996).  

Figure 9 Main pathways through which CH4 is being processed by methanotrophs 

and intermediated steps (Hanson and Hanson, 1996). 
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Methylosinus and Methylocystis genera were classified as type II (or α-Proterobacteria) 

which utilise the serine pathway for formaldehyde assimilation (Figure 9; Hanson and 

Hanson, 1999 and references therein). They are known as low affinity methanotrophs (Bull 

et al., 2000), meaning they live in environments where CH4 concentrations are higher than 

atmospheric concentrations, having thus a preference for low oxygen concentrations and 

deeper settings within the environment. A third group exists, type X, that uses an altered 

serine pathway process (i.e. through the use of the ribulosebisphosphate carboxylase 

pathway) (Hanson and Hanson, 1999; and references therein). This group is however, 

commonly associated with type I.  

 

1.2.2.3. Competition relationships between type I and II 

 

Competitive relationships between type I and II methanotrophs were observed in relationship 

to several factors. For example, Knief et al. (2003) found evidence of type I in pH neutral 

soils while type II were confined to more acidic environments. Type I prefers oxygen-rich 

environments, lower CH4 effluxes rates and the presence of copper and nitrogen nutrients 

for development while type II prefers oxygen-limited and CH4-rich settings and can develop 

in the absence of copper and nitrogen (Amaral and Knowles, 1995; Graham et al., 1993).  

Furthermore, based on the substrate on which they grow, methanotrophs have been divided 

into obligate and facultative types (Anthony, 1982 and references therein). Almost all 

genera are defined as obligate, meaning that they can only grow on CH4 substrates, yet past 

(Patt et al., 1974) and more recent experiments (Dedysh et al. 2002; Theisen and Murrell, 

2005; Dedysh and Dunfield, 2011) showed that some members of the Methylocella, 

Methylocystis, Methylobacterium and Methylocapsa genera can use both CH4, CO2 (i.e. one-

carbon substrate) and compounds containing C-C bonds (i.e. multicarbon compounds). 

However, the current assumption is that type I (or ϒ-proteobacteria) are obligate 

methanotrophs and can consume only CH4 while type II (α-Proterobacteria) can are 

facultative and can consume both CO2 and CH4 (Hanson and Hanson, 1996 and references 

therein).   
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1.2.2.4. Methane oxidation pathways and fractionation behaviours 

 

In order for CH4 oxidation and methanol (i.e. CH3OH) formation process to take place, 

methanotrophs use an enzyme called methane monooxygenases (i.e. MMO) and the two 

pathways related to this enzyme are showed in Figure 9. 

1) Serine pathway is specific to type II and is one of the routes through which formaldehyde 

is assimilated and biosynthesised into cell material by its combination with glycine which 

leads to serine formation (i.e. via particulate MMO-pMMO). During this process, 

formaldehyde and CO2 (2:1 mol) are combined to form a three-carbon compound (Hanson 

and Hanson, 1999 and references therein). 

2) RuMP cycle (Anthony, 1982 for review) needs only three moles of formaldehyde to 

create a three-carbon intermediate compound. In this pathway, formaldehyde is combined 

with ribulose monophosphate (via soluble MMO-sMMO) in a process that is specific to type 

I and X methanotrophs (Hanson and Hanson, 1999 and references therein). 

 

1.2.2.5. Anaerobic methane oxidation 

 

It is now accepted that CH4 oxidation also occurs in the absence on oxygen (de Lange and 

Brumsack, 1998), in the anaerobic part of the peat column (e.g. Zehnder and Brock, 1980; 

Caldwell et al., 2008) and is the main CH4 oxidation pathway in marine settings (e.g. Blair 

and Aller, 1995). This process was termed “reverse methanogenesis” (Hoehler et al., 1994) 

and was studied with the use of 13C depleted archaeal lipids (e.g. Pancost et at., 2000a; 

Pancost et al., 2001). Archaea (i.e. ANME-1 group) mediates anaerobic CH4 oxidation 

although, in some CH4-rich marine settings, archaeal communities occur along bacteria 

species (i.e. sulfate reducing bacteria) (Hoehler et al., 1994; Pancost et al., 2001). More 

recently, the discovery of brGDGTs lipids depleted in 13C, led to the conclusion that 

anaerobic bacteria (Weijers et al., 2006a) are also capable of oxidizing CH4 anaerobically 

(Schouten et al., 2013 and references therein, see chapter 1.8.2.). However, the processes 

through which CH4 is oxidized in the absence of O2 are not completely understood since 

only a few anaerobic methanotrophs have been cultured (Hinrichs et al., 1999; e.g. Girguis 

et al., 2003; Vaksmaa et al., 2016).  
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1.3. Tropical peatlands characteristics (lowland tropical peatlands) 

 

Peatlands record changes in vegetation and in the amount of detrital organic carbon over 

time. Thus, by studying peat cores we can indirectly assess shifts in temperature, hydrology 

and biogeochemistry of the soil (Yavitt et al., 1988). Reduced vegetation cover and biomass 

in ombrotrophic (i.e. rain water fed mires) lowland tropical peat swamps is accelerated by 

anthropic land use and leads to the migration of water table level down, exposing peat and 

thus, stored carbon, to the atmosphere and oxic degradation (Page et al., 2011b).  

Furthermore, as plant assemblages are a direct consequence of climate (i.e. temperature, 

hydrology), the occurrence or absence of one taxa through a particular period can provide 

enough information to assess the hydrological regime. This is also related to the degree of 

preservation and thickness of the organic content that are a consequence of water table 

depths and, subsequent aerobic or anaerobic degradation. Drier or wetter seasons influence 

the depth of the water table, the degree and type for organic matter decay. This has further 

implications in the overall functioning of peatlands as carbon sinks or sources (Page et al., 

2011b). Thus, the water table divides the peatland into two main layers: the acrotelm and 

catotelm (Figures 7 and 10). The acrotelm is the layer above water table that is in contact 

with the atmosphere and where aerobic decay of organic matter to CO2 and CH4 

consumption take place. The catotelm is the layer below water table, where anaerobic 

processes take place and organic matter is overall stored. However, even in waterlogged 

soils, degradation takes place anaerobically, with the breakdown of organic matter and 

subsequent release of CH4 (Charman, 2002).  

The fluctuations in water table depths lead to varying thicknesses of the two layers, 

governing thus organic matter accumulation and degradation processes (Charman, 2002). 

Although δD and δ18O can provide further information on the sources of water (i.e. meteoric, 

fluvial) and evaporation rates, δ13C provides vital information on carbon (i.e. CH4 and CO2) 

pathways and recycling within the peatlands. From here on, the concentrations of recalcitrant 

lipids (i.e. biomarkers) specific to various microbial communities at certain depths, as well 

as their carbon isotopic signatures, can provide estimates of the microbes community sizes 

and characteristics (i.e. methanotrophs/ methanogens), activity and rates of CH4 and CO2 

production and consumption at a certain time (McClymont et al., 2010; Pancost et al., 2000). 

These principles will be further explored in this thesis in an attempt to provide a first estimate 
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of CH4 efflux variations with time in newly discovered Amazonain peatlands (Lähteenoja et 

al., 2009a, b).  

Moreover, several studies done in tropical peatlands and forests (Arai et al., 2014; van Lent 

et al., 2018), indicated through incubation experiments the importance of water-filled pore 

spaces (WFPS) and litter availability and quality (Updegraff et al., 1995) in driving CH4 

production and oxidation processes. Thus, even under flooded conditions, more CH4 is 

oxidize than produced during periods of little to no litter availability and more CH4 is 

produced when WFPS has a higher percentage. This indicates the importance of vegetation 

type and availability of substrates from litter sources compared to woody material for 

methanogenesis (Arai et al., 2014a). 

 

1.4. South-East Asia peatlands – a tropical comparison 

 

Although the importance, area, effects and variables of boreal and temperate peatlands are 

starting to be better-understood (Page et al., 2011b), the total area covered by and our 

understanding of tropical peatlands functioning, are still missing important components. Peat 

is located at the tropics in humid forests of Central America, Amazonia and (sub)equatorial 

Africa, covering an area estimated in 2011 at almost 440, 000 km2 (i.e. between 384, 776-

656,430 km2) with an estimated carbon pool of 81.5-91.8 Gt and a volume of 1,756 Gm3 

(Page et al., 2011b). Although Peruvian extent estimates were included in the 2011 review 

(Page et al. 2011b; total area provided by Ruokolainen et al., 2001; thickness by Lähteenoja 

et al., 2009a), extensive research in this area (see subchapter 1.6.; table 1) as well as in 

tropical Africa (Dargie et al., 2017), indicates that the global tropical proposed area is 

potentially underestimated.  

The focus of recent research from tropical peatlands was mainly on South-East Asia, which 

cover more than half of peatlands found in the tropics (i.e. 57%, Page et al., 2011b). 

Furthermore, they were extensively used as an example for the degree of human degradation 

and for the immediate and long term consequences that followed the decay of these 

ecosystems (Roucoux et al., 2017; Page et al. 2011b; Arai et al., 2017; Dommain et al., 2014; 

Koh et al., 2009; Wahyunto et al., 2003, 2004). In SE Asia, degraded peats are due to 

population growth and excessive use of land for agriculture (e.g. Mega Rice Project) and 

infrastructure. This meant that lowland peatlands were destroyed through fire and drainage 

and incorporated into human-used land over the last 3 decades. In the last 25 years (i.e. 
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starting 1990), half of the peat swamp forests from Malaysia Peninsula, Borneo and Sumatra 

(i.e. approximatively 7.85 Mha) were transformed into managed land through deforestation, 

leading to reduced biomass, diversity, habitat loss and water table drawdown (Miettinen and 

Liew, 2010; IPCC 2014-Field et al., 2014; Jauhiainen et al, 2016). Agriculture practices 

altered natural drainage systems through the implementation of anthropic drainage systems. 

They were used to keep the water table levels low and seasonal flooding occurrences reduced 

as root species (i.e. palm oil, Acacia pulp, and vegetables) do not tolerate anoxic conditions 

present in lowland peatlands. Nowadays, as a consequence of repeated natural disasters and 

anthropogenic pressures, SE Asian peatlands act as a major global carbon source (Page et 

al., 2011b and references therein) and conservation practices are only limited to small 

projects that aim to conserve the remaining intact, yet restricted areas (Page et al., 2006; 

2011b; Roucoux et al., 2017). 

SE Asia counterparts on the South American and African continents are mainly unaffected 

by large scale anthropogenic pressures and their hydrology can be considered “intact” 

(Roucoux et al., 2017). However, if unprotected, they risk large-scale agriculture expansion 

projects (legal or illegal), transport infrastructure development with routes that cut through 

unaffected carbon-rich forests, smallholder activities like cultivation, unsustainable hunting 

and harvesting, hydropower projects, mining (Roucoux et al., 2017), oil and gas extraction 

(Yusta-Garcia et al., 2017; Roucoux et al., 2017; Rosell-Mele et al., 2018). Although most 

of these risks can be prevented and mitigated through conservation (Roucoux et al., 2017) 

and restoration practices (Page et al., 2006), we need to understand their palaeohydrology 

and palaeovegetation shifts, environmental pressures in both the absence and presence of 

human impact, superimposed on global warming and climate change trends, in order to 

assure their ecological integrity.  

 

1.5. Characteristics of tropical peatlands  

 

In the tropics, anoxia is mainly generated by intense precipitation regimes and waterlogged 

conditions, abundant vegetation, high growth rates and low rates of oxygen solubility in 

water due to high temperatures, that lead to high microbial biomasses and demand for 

oxygen (Junk et al., 2010 and references therein).  
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1.5.1. Methane emission pathways 

 

The concept of CH4 and CO2 production in the anoxic layer of peatlands has been discussed 

since the beginning of the 19th century (Dalton, 1802; Websky, 1864). Once produced in the 

anaerobic parts of the peatland, CH4 can be transported to the surface, and eventually, to the 

atmosphere, via three possible ways: 1) diffusion through peat; 2) as bubbles (ebullition) and 

3) through plants (Figure 10).  

Diffusion of CH4 through peat is the slowest and less effective process over short periods of 

time of the three pathways; however, it is the main pathway to provide substrate in the 

aerobic part of the peatland (Whalen, 2005) and thus, the main way of reducing CH4 effluxes 

from a peatland. Clymo and Williams (2012) demonstrated that on time scales of 1000s years, 

diffusion is responsible of around 95% removal of the total CH4 and CO2 from the peat 

column.  

 

Figure 10 Physical and chemical processes within a peatland. Notice the two main pathways for 

CH4 production, thewaythat plans adapt to anoxic conditions and the three pathways of CH4 

emission. The rhizosphere, the area orlayer with active root systems, is an important component of 

a peatland as it rich in substrate for methanogenesis and potentially rich in oxygen for 

methanotrophy. Figure from Le Mer and Roger, 2001. 
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CH4 transport via bubbles is due to the low solubility of the gas (Clymo and Pearce, 1995). 

This means that the gas will not enter the aquatic phase readily. Ebullition (Martens and 

Klump, 1980) is the fasted route through which CH4 is transported through the oxic layer to 

the atmosphere. However, during this process, CH4 bubbles are only partially oxidized, if at 

all (Laing et al., 2011). Ebullition can be due to several factors such as changes in 

atmospheric pressure (e.g. Kellner et al., 2005; Comas et al., 2008), changes in water table 

depth (Strack et al., 2005) and/or temperature (Beckmann et al., 2004) and it is further, 

shaped by the quality of the peat and its components. 

Finally, transport via vegetation is related to adaptations of plant tissues to waterlogged 

conditions (see for example Chanton et al., 1992; Takahashi et al., 2014). Vegetation living 

in waterlogged soils adapted to anoxic conditions by developing systems to cope with 

oxygen scarcity around roots, such as aerenchymous tissues, lenticels (i.e. small pores), and 

aerating pneumatophores (Figure 10; see subchapter 1.5.2.), all which are further discussed 

below.  

 

1.5.2. Vegetation adaptation to waterlogging and implications to the CH4 cycle 

 

Several studies indicated high photosynthetic rates even during periods of high flooding, 

with new leaves and fruits produced during that time (Junk et al., 2010 and references 

therein). Thus, vegetation living in waterlogged soils (mangroves, forested peatlands), 

adapted to anoxic conditions by developing systems to cope with oxygen scarcity around 

roots, such as aerenchymous tissues, lenticels (i.e. small pores) and aerating pneumatophores 

(Figure 11; de Graneville, 1974). Aerating roots (pneumatophores) are common in wetlands 

and were shown to have effect on greenhouse gas emissions from soils (e.g. Purvaja et al., 

2004). In Pastaza-Marañón foreland basin (PMFB), their density was positively correlated 

to in-situ CH4 fluxes and negatively correlated to the degree of palm forest degradation (van 

Lent et al., 2018). 

M. flexuosa palms are known to possess root pneumatophores for gas exchange (de Granville, 

1969). Such structures allow the transport of dissolved O2 to anoxic depths but can also lead 

to CH4 intake from deeper anoxic sections within the peat and its release directly into the 

atmosphere, by-passing thus the oxidizing surface layer (Pihlatie et al., 2005; van Lent et al., 

2018 and references therein). 
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In the case of species with aerenchymous tissues, gases are transported within the plant via 

diffusion or humidity-generated pressure fluxes (Takahashi et al., 2014 and references 

therein). When O2 is exchanged between shoots and the root system, aerobic methanotrophs 

can consume CH4 at the root end (Chanton et al., 1992; Askaer et al., 2011b). These 

adaptations allow gas movements at rates higher than diffusion (Couwenberg and Fritz, 2012. 

Furthermore, the presence of aerenchyma structures (Figure 11; i.e. in Carex sp.) allows the 

transfer of CH4 directly form the anoxic part to the atmosphere, by-passing again 

methanotrophy (Chanton, 2005; Drew et al., 2000; Van Lent et al., 2018 and references 

therein).  

Cyperaceae species found at both QT and SJO, contain ethylene hormone, known to lead to 

the formation of aerenchyma, hollow plan tissues that transport oxygen from the atmosphere 

to roots during anoxic conditions (Mitsch and Gosselink, 1993). Furthermore, this hormone 

is closely tied to the “rhizosphere oxygenation” that leads to oxic microspaces formation via 

radial oxygen loss (Naiman et al., 2010; Smith and Luna, 2013) and “aerobic” 

methanotrophy. However, the presence of aerenchyma can also act in reverse, transporting 

GHG formed in the catotelm directly to the atmosphere, bypassing bacteria-mediated 

consumption (i.e. “chimney effect”; Koelbener et al., 2010; Figure 11). 

Figure 11 Vegetation adaptations to waterlogging. Left figure (website 2), aerial roots in M. 

flexuosa; top-right, pneumatophores (website 3) and bottom-right (a, i) aerenchyma tissues (edited 

from Junk et al., 2010).    
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1.6. Amazonian peatlands 

 

Lowland tropical peatlands represent more than 8% (33-49 Mha) of peatlands worldwide 

(386-409 Mha) and store more than 70 Gt of carbon, representing almost 20% of the carbon 

contained in peat soils worldwide and 2% of the global soil carbon (McClymont et al., 2010 

and references therein; Arai et al., 2014). In terms of greenhouse gas (GHG) emissions, 

peatlands in the Amazon basin have been grouped in past studies with non-peat forming 

areas (Wilson et al., 2016; Teh et al., 2017) which makes emission rates difficult to discern 

on a regional scale (Teh et al., 2017 and references therein). Nonetheless, the Amazon basin 

was approximate to represent 7% of global CH4 atmospheric contributions (Wilson et al., 

2016). 

Compared to their SE Asia (i.e. Indonesian and Malaysian) correspondents, tropical 

peatlands from Amazonia, New Guinea and Central Africa, are regarded as “intact” given 

the mild anthropic activities (i.e. agriculture, transport networks, deforestation, artificial 

drainage networks, unsustainable practices), reduced population density (i.e. 2.4 people/hm2 

for PMFB) and conservation attempts (Roucoux et al., 2017; e.g. 1984 touristic reservation 

Resolucion Suprema No 223-84 ITI/tur at QT site, Van Lent et al., 2018). However, due to 

demands on local markets for products of M. flexuosa palms, unsustainable practices are 

employed for harvesting, trees being usually cut. These practices were shown to have 

immediate impacts on CH4 and CO2 on-site emissions and vegetation decomposition rates 

(Virapongse et al., 2017; van Lent et al., 2018). 

The existence of extensive peat deposits in Amazonia lowlands was confirmed by field 

studies taken in 2006 in northern Peru and subsequent publications (i.e. Lähteenoja et al., 

2009a, b, 2012; Draper et al., 2014). Carbon accumulating rates have been calculated at 26-

195 g C/m2 /yr (Lähteenoja et al, 2009a) when based on peat radiocarbon dating or between 

39±10 and 85±30 gC/m2/yr (Lähteenoja et al., 2009b) when based on apparent peat 

accumulation rate. The wide range in accumulation rates is due to different study areas and 

highlights the overall dynamic nature of hydrology and vegetation in the carbon cycle. 

Furthermore, they represent a high resolution Holocene palaeohydrologic and palynologic 

record which was lacking in the Amazon basin during Holocene (Lähteenoja and Page, 

2011) as overall palaeoenvironmental records were so far restricted only to speleothems in 

the region (e.g. Kanner et al., 2013; Bernal et al., 2016), lake sediments (Abbott et al., 1997; 

2003) and ice cores (Kanner et al., 2013 and references therein). However, these data sets 
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are comparable in terms of δ18O signatures on centennial timescales, allowing interpretation 

on climate variability and influences on vegetation and peat development. 

They have been divided into ombrotrophic and minerotrophic based on the horizontal 

distribution of nutrients (i.e. Ca, Mg, K, N, Na, Fe; Lähteenoja et al., 2009b; Lawson et al., 

2014), showing all characteristics of dynamic peatlands that are known in other tropical areas 

such as SE Asia and equatorial Africa.  

Previous studies in the region focused on the extent of wetlands and water bodies in South 

America (Eva et al., 2004), with a total area of 940,900 km2, with the recognition of swamp 

forests within the PMFB. A few studies focused on local peat deposits from Brazil 

(Suszczynski, 1984; Lappalainen, 1996), on soil analysis in the Amazonian basin 

(Dubroeucq and Volkoff, 1998), on vegetation types and ecology (Junk, 1983; Kahn and 

Mejia, 1990; Kahn and Granville, 1992) or on regional carbon pool approximates from soil 

(Batjes and Dijkshoorn, 1999) however all have failed to recognize peat formations in their 

areas of research. The general view was that, although there are vast wetland areas in 

Amazonia, peatlands cover a very limited area (Ruokolainen et al., 2001 and references 

therein; Räsänen et al., 1991). Räsänen et al. (1991) holds one of the first published records 

of peat formation in Northern Peru that also coincide with the location of one of the peat 

cores in this study, at Lake Quistococha. Their early observations of abundant M. flexuosa 

taxa surrounding Lake Quistococha “with thick peats undergrowth” was confirmed recently 

by more in-depth studies (see Chapter 3). Furthermore, one of the few attempts to define the 

soil ecology on a large scale was done by Ruokolainen et al. (2001) in a paper that pointed 

out the lack of information from these peatlands in terms of peat extent, volumes and 

characteristics and the need of further research in the area. During their ground vegetation 

research, the authors have noted that at least Mauritia swamps are subject to poor drainage 

and waterlogged conditions, hold peat accumulation and cover large areas within Amazonia 

Peru (Ruokolainen et al., 2001 and references therein). They made first observations on the 

existence of organic matter rich soils, depths and nutrient profiles in this region (i.e. nutrient 

poor or rich based on hydrological regimes). 

Peat accumulations in Amazonia were first compared to the already confirmed Indonesian 

peatlands and were proven to show similar accumulation rates (Lähteenoja et al., 2009b). 

Since then, carbon budges estimates based on area, peat’s thickness, quality and density 

started to emerge and considered of global importance (see Chapter 3).  

 

http://www.sciencedirect.com/science/article/pii/S0341816209001167
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1.6.1. Pastaza-Marañón Foreland Basin – Study area 

 

In this study, we focus on peatlands from Pastaza-Marañón Foreland Basin (PMFB) in 

Amazonian Peru (i.e. Northern Peru), a lowland wetland region (Lähteenoja et al., 2009b). 

Peatlands forming here are regarded as massive carbon-storage areas (Draper et al., 2014) 

but there are still gaps in the knowledge when it comes to regional GHG of particular 

ecosystems, the way they add up to the global atmospheric budges (Huang et al., 2008; 

Saikawa et al., 2014; Saikawa et al., 2013, cited by Teh et al., 2017; Lawson et al., 2015) 

and their contributions to palaeoclimate. Furthermore, studies done in different locations 

within the basin (Lähteenoja and Page, 2011; Lawson et al., 2014) showed that there are 

multiple peatland ecosystem types across the region, with peat varying in terms of 

accumulation rates, physical and chemical proprieties (Lähteenoja and Page, 2011), offering 

thus a complicated spatial view over the potential variability in terms of CH4 production and 

consumption. 

 

1.6.1.1. Geology and topography 

 

From a geological point of view, PMFB in NW Peru is a low-topography, subsided foreland 

basin of approximatively 100 000 km2 (reported as 120 000 km2 in Räsänen et al.,1990; 1992) 

that has formed due to Cenozoic uplift of Andes (Draper et al., 2014 and references therein). 

Of its total area, approximatively 44,000 km2 are covered with peatlands (i.e. 35,600 ± 2,133 

km, Draper et al., 2014), making it the largest continuous peatlands discovered to present, 

with an estimated carbon pool of 3.14 Pg C (above- and below-ground; Draper et al., 2014). 

The geological setting permits wetland-type environments development (Lähteenoja and 

Page, 2011).  Tropical lowlands in this region are characterized by complicated fluvial 

dynamics, with anastomosing and braided rivers that eroded into the underlying Miocene-

Pliocene strata or adjacent Quaternary deposits. Thus the rivers formed terraces (Räsänen et 

al., 1991; Roucoux et al., 2013) or deposited quartz- and clay-rich alluvium from the Andean 

region, Amazon shields or Piedmont basins (Guyot et al., 2007) as dictated by tectonic 

processes and climatic oscillation (Räsänen et al.,1991).  

PMFB is located between Marañón and Pastaza rivers (Figure 12), with the later draining 

into Marañón River, (part of the Marañón basin) which later drains into the Amazon, forming 

the largest basin on Earth (Goulding et al., 2003). Marañón river discharge is of 4975 m3/s 

(Moquet et al., 2011) (or 16,200 m3 /s-1/yr, Espinoza-Villar et al., 2012) and it is one of the 
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three principal rivers that deliver the highest part of sediments to Amazon collected from an 

area of 350,000 km2 from the north and central Peruvian Andes (Quintana-Cobo et al., 2018 

and references therein). Pastaza river’s discharge was reported between 704 m3/s and 913 

m3/s (Moquet et al., 2011 and Yusta-Garcia et al., 2017, respectively). Moreover, the 

chemistry of Marañón river was found to influence the overall Amazon water chemistry due 

to high percentages of minerals transported from salt and carbonate rocks in upper reaches 

(Moquet et al., 2011), implying thus the importance of the two tributaries in the development 

and geochemistry of minerotrophic (i.e. high Ca/Mg ratios) peatlands within the PMFB. 

Present day mean annual temperature for the areas of Lähteenoja et al. (2009a, b), Lähteenoja 

and Page (2011) and Teh et al. (2017) studies was reported at 26˚C with precipitations at 

3100 mm/year and humidity levels as high as 80-90% (Marengo, 1998). Precipitation regime 

is of high importance in such settings as rain water, apart from affecting the depth of the 

water table, can also introduce electron acceptors (i.e. NO3
-; SO4

-) that influence the rates of 

microbial processes in the oxic and anoxic sections of the peat column (Dise and Verry, 

2001; Gauci et al., 2002, 2004). Evaporation rates were reported at 1500 mm/yr and thus the 

climatic and topographic parameters provide a perfect site for waterlogging and anoxic 

conditions for peat formation and accumulation. The wet season is recorded between 

November and May with higher river discharges between March and May, when most flood 

pulses and highest water table depths are known to occur (Espinoza Villar et al., 2009b; Teh 

et al., 2017). Rain events are less frequent between June and August during the dry season 

and more predominantly between August and October-when low water table depths occur 

(Quintana-Cobo et al., 2018). 

Studies done by Householder et al. (2012) and Lähteenoja et al., (2009a) have showed that 

up to 90% of the peatlands in the PMFB are flooded for most time of the year with peat 

dominating along river floodplains (i.e. variable peat thicknesses in minerotrophic peatlands; 

between 3.9 m and 12.9 m, Householder et al., 2012; most reported value 7.5 m maxim depth 

for PMFB, Lähteenoja et al., 2011). Furthermore, they have a high-nutrient content 

(Householder et al., 2012; Lähteenoja et al., 2009a; Lawson et al., 2014) with high inorganic 

Ca as the main component (Lähteenoja et al., 2009b) and are affected by annual water table 

fluctuations due to pulses in Amazonian water budget. The remaining 10% form the 

ombrotrophic (dome, raised bogs) part of the peatlands (Draper et al., 2014), are not affected 

by river discharge, receive nutrient-poor waters from rainfall, with lower Ca concentrations 

(Lähteenoja et al., 2009b) and have been assigned to the “pole forest’’ vegetation type. 

Carbon density of the “pole forest” (i.e. 1391 710 Mg C/ha), although considered 
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ombrotrophic, is higher than that of nearby peatlands along rivers. This is due to the 

existence of carbon-rich forests (Draper et al., 2014; Teh et al., 2017), continuous growth of 

vegetation (i.e. high amount of precipitations and temperatures) and high water table depth 

during dry season (Kelly et al., 2014 and references therein).  

 

1.6.1.2. Factors affecting climate, hydrology and vegetation formation in PMFB 

 

Horizontal migration of Amazonian river channels is the general preferred explanation for 

peat initiation in this area (Lähteenoja et al., 2009b). Even though samples for this study are 

associated with pollen zones and are not at resolution that can allow detailed discussions on 

changes in climate on a decadal and centennial time scale, with the aid of biomarkers, 

understanding climate forcing mechanisms in South America and looking at an array of data 

Figure 12 Main Amazon effluents and marked location of Maranon and Pastza rivers 

(arrows), within the Amazon Basin (Website 4).  
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from different proxies will allow a better understanding of palaeoenvironment changes, peat 

initiation and formation and vegetation changes seen on broader time scales (see subchapter 

6.2.1). Furthermore, data available from this study, as well as biomarker-calibrated pH and 

temperatures are tested against mid and late Holocene palaeorecords available for the South 

American continent in order to understand for the first their potential in these newly 

discovered peatlands (see subchapter 6.2.1). 

 

The great spatial extent of Amazonia allows it to be influenced my numerous climatic factors 

on time scales that range from several years to thousands. Furthermore, it has been observed 

that different parts within the region respond differently to climatic factors (Cheng et al., 

2013). A few of the factors are discussed below. 

 

External forcing/Orbital scale (from Little Ice Age to Holocene timescale)  

 

Changes at orbital scale (i.e. Milankovitch cycles) have been linked to changes in the spatial 

distribution of precipitations, with differences seen between the southern and northern parts 

of the same region (i.e. Brazil, Cheng et al., 2013). However, differences in precipitation 

between the South of Brazil and West of Amazonia have been attributed to changes in 

intensity in the South American Monsoon (SAMS), which is caused by differences in 

insolation budgets linked to precession cycles (Cruz et al., 2005). The SAMS is responsible 

for high rainfall budgets over South America (Bernal et al., 2016 and references therein), 

with high intensity monsoons leading to abundant precipitations and relatively wetter 

periods.   Furthermore, differences in precipitations have also been noticed in δ18O 

excursions for the eastern and western regions on the South America (i.e. South America 

Precipitation Dipole, Cheng et al., 2013) continent driven by higher summer insolation 

budgets that intensify atmospheric convection and precipitations. Coupling between SAMS 

and low-SST in the North Atlantic was observed during Holocene, during which the South 

American Convergence Zone extended over most S America, with solar-radiation mediated 

shifts between the South and North of South America (Bernal et al., 2016 and references 

therein).  

 

High δ18O excursions (Figure 13) seen in the isotopic signatures in NE Brazil and E 

Amazonia during early-mid Holocene (transition from Last Glacial Minimum to Early-Mid 

Holocene, 10-5k BP) have been attributed to the reduction in intensity of the South America 

Monsoon (SAM). As Amazonia was receiving lower insolation due to precession 
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movements, a higher input of moisture from the Atlantic Ocean reached parts of the 

continent, also decreasing the intensity of the SAM (Aniceto et al., 2014 and references 

therein). They record a drier period in the first part of Holocene that is followed by sharp 

decrease in δ18O values as the climate became significantly wetter (Cheng et al., 2013; Figure 

13). During the same period, western Amazonia was experiencing a dry period, with the rain 

amount reduced by 15-30% compared to normal day (Cheng et al., 2013). 

 

El Nino-Southern Oscillation (El Nino and La Nina) 

 

Occurrence of El-Nino events on a decennial timescale has been linked to lower average 

precipitation amounts in Amazonia and NE Brazil (Cheng et al., 2013), however it is not yet 

clear how ENSO is influenced by precession movements and how they are recorded in δ18O 

isotopic signatures. 

 

1.6.1.3. Climate influences in PMFB 

 

In terms of climate oscillations in the PMFB region, 14C dates from lake cores published and 

reviewed by Räsänen et al. (1991) show contradicting ages when coupled with pollen records. 

Drier periods were first suggested starting with 4000 BP, at 2100 BP and after, at 700 BP 

for central Amazonia (Absy et al., 1979; 1982) while other studies found evidence of drier 

climate between 4200-3150 BP (Räsänen et al., 1991 and references therein). However, in 

Räsänen et al., (1991) study, only 2 out of 6 14C basal lake depths from Peruvian Amazonia 

were considered reliable, with the other 4 (and possible previously published dates) affected 

by allochthonous water-recirculated and deposited older organic matter. A study done by 

Bush et al. (2007) on lake sediments within the same regions shows that between 4100 and 

2540 cal yr BP precipitations increased in the area of study (i.e. after a relatively drier Mid-

Holocene period). This coincides with the age of basal organic matter in two of the peat 

cores (i.e. Quistococha and San Jorge) and could have created the ideal settings that led to 

first peat accumulations. A relative humid period is also recorded between 3500 and 2800 

cal yr BP in a speleotherm recovered from a cave in central Peruvian Andes (Kanner et al., 

2013). One study done in Quistococha Lake (Aniceto et al., 2014) depicted two distinctive 

sedimentation rates, separated by a break in sedimentation. The bottom of the core which 

was dated between 6100-4900 cal yr BP showed high sedimentation rates (i.e. 0.5cm/yr) and 

strong inorganic content, being under the influence of Amazon. The break in sedimentation 

was related to drier conditions during mid-Holocene while the reinitiation of sedimentation 



 

27 

 

starting 2600 cal yr BP was due to wetter conditions during late Holocene (Aniceto et al., 

2014). However, for the same lake, Kelly et al. (2018) found no evidence of hiatus and  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

assigned previous results on detrital old carbon that changed radiocarbon ages. Furthermore, 

the most recent study done in the Peruvian Andes, analyzed a sedimentary core from the 

floodplain of Lake Lagarto, situated in the floodplain of Marañón River. However, the core 

was only 98 cm long with a basal age of 640 Cal yr BP (Quintana-Cobo et al., 2018). The 

biostratigraphy of the core denotes weaker hydrodynamics, finer and lower density sediment 

input with a high accumulation rate possible due to the surrounding M. flexuosa vegetation 

and contributions from in-situ primary production (algae production; Quintana-Cobo et al., 

Figure 13 Isotopic records across 

multiple proxies across South America 

compared to Huagpo Cave (Peru, grey-

left axis) (Kanner et al., 2013). 
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2018). The sedimentation rate decreased from 630-500 cal yr BP to 400 cal yr BP that was 

linked to decrease precipitation in Andes and thus, decreased discharge. 

However, as previously stated fluvial system may deposit reworked sediments and disturbed 

organic matter from high reaches in lakes and across river banks. It may also lead to age 

inversions or unreliable biostratigraphic records. This would also have implications in the 

type and nature of biomarkers present in river banks and lake deposits as a considerable 

percentage is likely to be allohthonous (Quintana-Cobo et al., 2018 and references therein). 

While it is possible to determine climate oscillations (and from here on to describe 

environmental and vegetation shifts) based on lake/river bank sediment type and rate of 

deposition (Quintana-Cobo et al., 2018), studying biogeochemical cycles with regards to 

CH4 formation and oxidation requires a more in-depth assessment of site-specific conditions. 

 

1.6.2. Studied peatlands 

 

Since their discovery, numerous peatlands within the PMFB have been investigated and 

some described in terms of physical and chemical parameters. A list of sites that were studied 

and included in detailed or overall reports and references can be found in Table 1: 

 

Table 1 Studied peatlands in PMFB and reference in which further details can be found. 

Peatland name Reference 

Buena Vista  Lähteenoja et al.,2009a, b; Teh et al., 2017; Kelly et al., 

2014 

San Jorge Lähteenoja et al., 2009a, b; Teh et al., 2017; Kelly et al. 

2014, 2017;  

Quistococha  Lähteenoja et al., 2009b; Teh et al., 2017; Roucoux et al., 

2013, 2017; Kelly et al., 2014; Lawson et al., 2014; Van 

Lent et al., 2018; Kelly et al., 2018 

Charo Lähteenoja et al.,2009a, b;  

Teh et al., 2017 

Riñón  Lähteenoja et al., 2009a, b; 

Miraflores Lähteenoja and Page, 2011;  

Teh et al., 2017 

Nueva York  Lähteenoja and Page, 2011 
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Maquia  

Roca Fuerte 

Aucayacu 

Nueva Alianza 

Tacshacocha 

San Roque 

Buena Vista del Maquia 

Chino 

Ex Petroleros  

Fundo Junior 

Itaya 1,2,3 

Pebas 

Primavera 

San Nicolas 

Santa Rosa 

Tarapoto 

Lähteenoja et al., 2009a 

 

1.7. Biomarkers and their use as proxies  
 

The term of “geolipid” is commonly used to describe decay-resistant biomarkers in 

sediments and soils. Lipids, former components of cell membranes, are typically recalcitrant 

in nature compared to other biochemical components of organic matter, and insoluble in 

water, making them more long-lived in the sedimentary records (e.g. Meyers, 1997; Briggs 

and Summons, 2014; Luo et al., 2018).  

Biomarkers (i.e. biological markers or geolipids) are here defined as decay-resisting 

molecular compounds originating from past-living organisms and vegetation, that are now 

found as fossil molecules across a wide range of environments (Peters et al., 2005). They are 

former geolipids that have undergone chemical transformations (i.e. oxidation, cyclization), 

maintaining however they chemical structure (i.e. backbone structure) (Briggs and Summons, 

2014).  They are highly useful in attempts of quantifying past environmental changes 

(Eglinton et al., 1964; Eglinton and Calvin, 1967) as they record conditions in the 

environment at the time of their formation and organism’s death, acting thus as proxies in 

the absence of direct evidence. If a link is demonstrated between the biological component 

and present recalcitrant-lipid, they are regarded as proxies in describing the initial 
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composition and sources of organic matter, palaeoenvironment characteristics, level and 

processes of biodegradation (Gonzales-Vila, 1995). The first convincing linkage made 

between geolipids and living organisms was made by Treibs (1934), when a correlation was 

made between chlorophyll a in photosynthetic organisms and porphyrins in petroleum. 

Furthermore, they can be used as tools in understanding former-living communities, 

vegetation-type successions at one point in the geological record and the thermal record that 

led to the formation of oils and rocks. They are known to characterize all three domains of 

life (Gaines et al., 2009; Figure 14) and, as they are resistant to decomposition and diagenesis, 

biomarkers are ubiquitous in nature and can be found in rocks, crude oils, sediments and 

soils that formerly sustained life (Meyers, 2003; Hunt et al., 1996; Peters et al., 2005; Gaines 

et al., 2009). 

The main geolipids employed in this research include hydrocarbons (alkanes, hopanoids), 

fatty acids, and glycerol dialkyl glycerol tetraethers (GDGTs) and are discussed below 

with their main applications for this study. Alkanes and n-alkanes are used to depict changes 

in vegetation at a site and between the three peatlands while hopanoids, fatty acids and 

GDGTs provided information on variation in concentrations of archaea and bacterial masses 

with respect to past water table depths, pH, temperatures, vegetation and levels of anoxicity. 

Furthermore, isoGDGTs are employed in discussions on variations in CH4 cycle as they 

occur in the anoxic part of the peatland, with isoGDGT-0 indicating anaerobic methanogen 

mass, while isoGDGTs 1-4, are known for their anaerobic methanotrophic processes. 

BrGDGTs, on the other hand, since they are related to anaerobic bacteria (Acidobateria) are 

employed to understand competition processes in the catotelm, however, based on recent 

articles (see subchapter 1.7.2.2.), the potential for an aerobic source is also discussed.  

 

1.7.1. Alkanes and n-alkanes 

 

Leaf waxes act as a barrier against many factors within the ecosystem. At a molecular level, 

they are composed of n-alkanes with an odd over even preference, n-alkanols and fatty acids 

(with an even over odd preference), aldehydes and esters (Jenks and Ashworth, 1999; Figure 

15). Their molecular fossils have various degrees of resistance to degradation (i.e. 

recalcitrance) and their concentrations can aid palaeoenvironmental reconstructions 

(Eglington and Hamilton, 1967; Eglinton and Calvin, 1967; Poynter et al., 1989; Pu et al., 

2011). This is due to the fact that different plant species that characterise certain 

environments (i.e. arid, submerged), will biosynthesize specific lipids that, if preserved, can 
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be analyses as biomarkers. One of the most important and highly used biomarkers are n-

alkanes (Figures 15 and 16), mainly due to their high potential for preservation across a 

wide range of temperatures (Meyers, 1997) which makes them ubiquitous in nature. They 

are found in the N1 fraction extracted via Hexane (see Chapter 2), as part of the aliphatic 

hydrocarbon fraction, along with hopanes. 

Figure 14 Biomarkers characterizing all three domains of life and their subdivisions  (Briggs and 

Simmons, 2014). Notice corespondents of flowering plants, bacteria and archaea. 
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N-alkanes are divided into three groups based on their chain lengths: short-chain (<C21), 

middle-chain (C21-C24) and long-chain n-alkanes (>C25). This division is primary based on 

the primary source that biosynthesize them. The general assumption is that odd short-chain 

n-alkanes are produced by microbial organisms (Dinel et al., 1990) while odd long-chain n-

alkanes with peaks in n-C27, n-C29 and n-C31 (Figure 16), by vascular plants (Eglington and 

Hamilton, 1967). Eglinton et al. (1962) and Eglington and Hamilton (1967) demonstrated 

that the odd long-chain n-alkanes are biosynthesized by terrestrial higher plants and, more 

precisely, they are components of leaves’ epicuticular waxes (Figure 15). Moreover, one 

study showed that bacteria is able to biosynthesized n-alkanes across all three chain lengths 

(i.e. C15-C28, e.g. Li et al., 2018), algae contribution is inferred from a peak in the n-C17 n-

alkane with no odd/even preferred distribution (Gonzales-Vila, 1995 and references therein;) 

while non-emergent and emergent aquatic plants have peaks in concentrations at n-C21, n-

C23 or n-C25 (Ficken et al., 2000; Crenwell, 1984). In this study, shorter-chains (<n-C15) were 

not identified on chromatograms, which can be due to their volatile or easily dissolvable 

nature in water and subsequent loss (Brown, 1987). Furthermore, the length of the n-alkane 

chains and degree of branching has an impact on the degradation process and speed at which 

microbes can degrade them (e.g. Singh et al., 2011 and references therein). For example, 

longer chain alkanes, alkanes with cyclopropyl moieties and branching structures have the 

effect of reducing their biodegradation potential, making them more resistant to biological-

mediated breakdown (e.g. Atlas, 1981). 

Figure 15 N-alkane and fatty acids provenience from epicuticular leaf wax and 

characteristic n-alkane chromatogram (taken from Eley and Hren, 2018). Notice that both 

biomarker groups originate from the surface of a leaf (a) and the signature of n-alkane in 

figure c is dominated by long-chain n-alkanes with an odd over even predominance. 
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However, recent studies have showed that these provenience generalizations should be used 

with care as they might lead to misinterpretations of the organic matter source, 

palaeonvironmental events and vegetation successions. For example, Kuhn et al., (2010) 

showed that even over odd (E/O) short-chain n-alkanes preference (i.e. n-C16 and n-C18) can 

indicate an input from tissues of higher plants (i.e. leaves and roots) and thus should not be 

attributed to thermal breakdown (i.e. fires, diagenetic) as previously thought. Eckmeier and 

Wiesenberg (2009) argued the contrary, suggesting that this n-alkane distribution can prove 

useful in archaeological studies of land use, as it can be used as indicators for biomass 

burning. Several of the proxies available in literature and relevant for this study are based on 

general accepted n-alkanes signatures.  

Nonetheless, they have been employed over a wide range of environments and sample types 

with their potential already demonstrated in peatbogs and wetlands (e.g. Nichols et al., 2006; 

2009; 2014; Baker et al., 2016; Pancost et al., 2002) and, due to existing palynological 

records that led to palaeoenvironmental reconstruction at QT and BVA sites (Roucoux et al., 

2013; Kelly et al., 2017), these proxies have been verified and applied accordingly in BVA 

samples and the rest of the PMFB peatlands. 

 

1.7.1.1. Carbon preference index (CPI)  

 

The carbon preference index (CPI) is employed in petroleum studies in order to assess the 

maturity or source of organic matter. CPI values for n-alkanes provides a relative distribution 

between the odd and even n-alkanes’ concentration within the sample. For example, in fresh 

higher plant OM, n-alkanes will show a preference of odd over even (O/E) carbon number 

(i.e. higher concentrations of Codd than Ceven) and thus, the CPI will have higher values than 

Figure 16 N-alkane distribution as seen on GC-FID in a sample from the surface of QT peatland.  
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in samples containing older, microbial-reworked OM (Andersson and Meyers, 2012). If the 

samples contain a higher input of algae or bacterial reworked material, the CPI will have 

lower values, as there will be a higher concentration of shorter-chain n-alkanes, causing thus 

a shift in distribution. Thus, relatively higher values in CPI will indicate better preserved 

terrestrial organic matter, while relative lower values, will indicate a higher degree of 

microbial reworking or more labile OM sources (Baker et al., 2016). Studies employing the 

CPI proxy in peat-forming environments (Baker et al., 2016; Andersson and Meyers, 2012) 

reported high values (i.e. up to 12), suggesting the high preservation degree of OM in these 

settings and highlighting the effect of penetrating roots on CPI at depth.  

Due to the fact that different formulas have been proposed and discussed throughout 

literature (e.g. Bray and Evans, 1961; Allan and Douglas, 1977; Rieley et al., 1991; Marzi 

et al., 1993; Andersson and Meyers, 2012), this study employs the CPI proxy proposed by 

Bray and Evans (1961) due to its wider use in literature and range of n-alkane that the 

formula covers (n-C24 to n-C32). However, other CPI formulas provide the same information 

as other similar proxies (see for example Marzi et al., 1993), that of biodegradation and 

overall organic matter source(s).  

 

Bray and Evans:              𝐶𝑃𝐼 =
1

2
(

𝐶25+𝐶27+𝐶29+𝐶31

𝐶24+𝐶26+𝐶28+𝐶30
+

𝐶25+𝐶27+𝐶29+𝐶31

𝐶26+𝐶28+𝐶30+𝐶32
) 

1.7.1.2. Paquatic (Paq) 

 

Paquatic (Paq) is a proxy ratio that can be employed to understand changes in vegetation types 

as it is used to determine the input of aquatic plants (i.e. submerged and floating) that produce 

mid-chain n-alkanes (i.e. C23 and C25) relative to long-chain n-alkanes (i.e. >C29) found in 

the leaf wax of higher plants (Ficken et al., 2000). This proxy has been first used to describe 

the relative input in lake settings, yet has been employed in peatlands studies, especially in 

intertropical and tropical setting (e.g. Baker et al., 2016) due to fluctuating nature of the 

water table, characteristic hydraulic conductivity and frequency of flooding events that can 

cause shifts in vegetation.   

 

𝑃𝑎𝑞 =
𝐶23 + 𝐶25

𝐶23 + 𝐶25 + 𝐶29 + 𝐶31
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Thus, the first study that employed Paq (Ficken et al., 2000), proposed that for Paq<0.1, the 

main vegetation input comes from terrestrial higher plants; values between 0.1 and 0.4 are 

characteristic of emergent macrophytes or a mix between the two ends, while values between 

0.4 and 1 are characteristic of submerged or floating vegetation. The latter can either indicate 

increased precipitations (Pu et al., 2011) and/or an increase in flooding frequency and 

duration. 

 

1.7.1.3. Pwax 

 

Pwax is a proxy ratio that allows distinctions between different higher plant species input. For 

example, palaeoenvironmental conditions could have been favourable for predominantly 

vascular plant, yet changes in diversity due to competition factors, could have led to certain 

species to prevail, and consequently, have a higher input to bulk OM (Baker et al., 2016 and 

references therein). A relatively low Pwax value will also indicate increase in precipitations 

and thus a more humid period as homologues C23 and C25 would increase in concentrations. 

Alternatively, a relatively high Pwax could indicate a decrease in precipitations and increase 

in temperature, thus a drier climate with less input from the C23 and C25 homologues (Pu et 

al., 2011).  

 

 𝑃𝑤𝑎𝑥 =
C27+C29+C31

C23+C25+C27+C29+C31
 

 

1.7.1.4. Average chain length (ACL) 

 

One previous use of the ACL was based on the assumption that n-alkane lipids derived from 

grass have longer chain lengths that those derived from woody vegetation (Cranwell, 1973), 

thus having the potential of identifying changes between grass and woodland vegetation, and 

in a peatland, between drier and wetter intervals. However, more recent studies and literature 

reviews (e.g. Buch and McInerney, 2013) showed that there is little correlation between the 

vegetation type and ACL, with ACL values being higher in woody plants in only some 

studied sites and it is, in turn, an unreliable proxy (i.e. only 7 out of 26 reviewed sites showed 
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differences between different vegetation types, Wang et al., 2015). The use of ACL should 

be thus site specific and not employed between different locations (Wang et al., 2015). 

Poynter et al., (1989) proposed that the distribution of n-alkanes in samples of aeolian dust 

varies with latitude, and thus, with climate and temperature, with long-chain odd-carbon-

numbered n-alkanes being produces in greater concentration in warm and dry climates 

(Calvo et al., 2004). This correlation between the average chain length of n-alkanes and 

temperature can be used as a relative palaeothermometer proxy and offer best results when 

employed over a wider time range comprising glacial and interglacial cycles or between 

samples from different latitudes. Studies thus attributed a relatively higher value in ACL to 

relatively drier and/or warmer periods (Peltzer and Gagosian, 1989).  

Furthermore, ACL has been shown to differ significantly between individuals within the 

same genus (i.e. values ranging between 26.87 and 28.99; Hoffmann et al. 2013) and 

multiple environmental parameters (i.e. temperature, precipitation, and hydrology) have 

been shown to cause changes in ACL values.  

For this study, samples are characteristic of a tropical lowland environment, with high 

humidity and precipitations all year round due to latitudinal positioning. Due to all of the 

above-discussed issues with this ratio, values of ACL will only be discussed in relationship 

to vegetation and environmental changes depicted through other proxies or biomarkers, as 

supplementary evidence and no interpretations will be made solely on its values. Both 

ACL23-33 and ACL23-39 have been calculated and compared (i.e. numbers refer to length of 

n-alkanes within the covered range), however little to no variation has been observed 

between the two, and ACL23-33 is further depicted in graphs. 

 

𝐴𝐶𝐿23−33 =
23 ∗ 𝐶23 + 25 ∗ 𝐶25 + 27 ∗ 𝐶27 + 29 ∗ 𝐶29 + 31 ∗ 𝐶31 + 33 ∗ 𝐶33

𝐶23 + 𝐶25 + 𝐶27 + 𝐶29 + 𝐶31 + 𝐶33
 

 

𝐴𝐶𝐿23−39 =
23 ∗ 𝐶23 + 25 ∗ 𝐶25 + ⋯ + 39 ∗ 𝐶39

𝐶23 + 𝐶25 + ⋯ + 𝐶39
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1.7.1.5. Pristane vs Phytane (Pr/Ph) ratio 

 

Pristane and phytane are isoprenoid hydrocarbons whose ratio (i.e. Pr/Ph ; Figure 18) is 

usually employed in petroleum research (e.g. Goossens et al., 1988; Van Graas et al., 1981; 

Moustafa and Morsi, 2012; Nwadinigwe and Alumona, 2018), as a detector of oil spill 

contamination (McIntyre et al., 2007), in marine environmental studies (Rontani and Bonin, 

2011) or as a tool to understand palaeoenvironments of deposition (e.g. Didyk et al., 1978; 

Peters et al., 2005; Zulkifley et al., 2015).  In the marine environment, prokaryotes are 

contributing to the formation of pristane (i.e. during feeding; oxidation end products of α-

tocopherol) and phytane (i.e. degradation of chlorophyll phytyl side-chain). Furthermore, 

methanogens residing in lakes below the bioturbated layer are another important phytane 

producer (Risatti et al., 1984). 

In wetland environments, they are formed via processed of biodegradation. Pristane is 

formed via oxidation of chlorophyll phytyl side-chain (i.e. decarboxylation), phytol, in 

aerobic environments while phytane through reduction of phytol (i.e. dehydration), in anoxic 

environments (Blumer et al., 1963; Blumer and Thomas, 1965). As they both have the same 

predecessor molecule (chlorophyll phytyl side-chain), their ratio (i.e. Pr/Ph) was used in 

many studies to gain an insight into the oxygen levels in their environment of formation 

(Brooks et al., 1969; Didyk et al., 1978). However, chlorophyll is not the only precursor 

phytane and pristine (i.e. can also form from tovophernols, see Peters et al., 2005) yet the 

ratios can indicate plant input in environment with different levels of oxygen (Gola et al., 

2013 and references therein) thus above-discussed ratios are used with caution when 

assessing redox conditions in the environment. 

Figure 17 Pristane and phytane retention times relative to n-C17 and n-C18 in analysed samples on 

a GC-MS chromatogram. Notice that they both appear one compound away from the main n-

alkane. 
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Phytane in the GC-MS sample chromatograms was identified based on the retention time of 

a phytane standard (Figure 17). Pristane was identified using its characteristic ions m/z 113, 

183 and molecular ion (M+ 268) and by compering its mass spectra with the NIST library. 

In the studied samples, both elute a compound away from n-C17 and n-C18, respectively 

(Figure 17).  

The Pr/Ph ratio was proposed as an indicator of the environment of deposition, and more 

specific, as an oxic-anoxic proxy for palaeoenvironment (Brooks er al., 1969; Didyk et al., 

1978). For example, Lijmback (1975) proposed an aquatic depositional setting for ratio 

values less than 2 (Pr/Ph<2), fluvio-marine and coastal swamp settings for values between 

2 and 4, and peat swamp settings for values up to 10 (Nwadinigwe and Alumona, 2018 and 

references therein).  

 

Zulkifley et al. (2015) analysed the geochemical characteristics of a lowland tropical 

peatland in Malaysia (Kota Samarahan-Asajaya area) and found very similar values to those 

depicted in QT, SJO and BVA in PMFB peatlands, which indicated an oscillation in the 

environment between anoxic and suboxic conditions given by the fluctuating nature of the 

water table in both locations. Mohialdeen et al., 2015, in a study on Kurdistan oilfields, 

observed low ratios of Pr/Ph (i.e. 0.72-0.91), pristine/n-C17 (i.e. 0.25-0.39) and phytane/n-

C18 (i.e. 0.35-0.45) and concluded that the biomarkers were formed from OM deposited 

under anoxic conditions in a marine setting.  

 

 

 

Figure 18 Chemical structure of pristine (top) and phytane (bottom).Edited from 

website 5 and 6.   

Phytane  

Pristane  
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1.7.2.  GDGTs 

 

Glycerol dialkyl glycerol tetraethers (GDGTs) are membrane lipids found in both bacteria 

and archaea. Although they were initially thought to be limited only to the latter phylum, 

since their discovery in bacteria cultures (Langworthy et al., 1983; Sinninghe Damsté et al., 

2007), GDGTs are more widely recognized in both groups.  

They occur in a wide range of environments such as lakes, oceans, soils and peat bogs 

(Weijers et al., 2006a, b, 2007; Zheng et al., 2015; Naafs et al., 2017a) and have a high 

preservation potential, being found in sediments as old as 140 Ma (Schouten et al., 2013 and 

references therein), with their diagenic products (i.e. biphytanes) found in much older 

sediments. They can be analysed in their intact form (i.e. containing the polar head, Figure 

20) or as core lipids (i.e. without the polar head) through various methods (see Schouten et 

al., 2013 for method review), however this study focuses on and refers to core lipid 

distribution within the three peat cores from Pastaza-Marañón foreland basin.  

Due to their recalcitrant nature, they can be used as biomarkers and, moreover, due to their 

specific distribution in some environments, they are used as palaeoenvironmental proxies in 

order to infer past OM sources, sea surface and air temperatures (Schouten et al., 2002; 

Weijers et al., 2007a), soil and peat pH and temperature (Weijers et al., 2007a; Zheng et al., 

2015; Naafs et al., 2017a).  

Archaea, although a prokaryote as bacteria, synthetize a monolayer membrane (Figure 21) 

where the GDGT isoprenoidal lipid spans the full membrane (Weijers et al., 2006b), and 

these lipids (i.e. biphytane structures) are bounded to a glycerol moiety via an ether link 

(Figures 21 and 23) (i.e. whereas phospholipids that characterize bacteria consist of two 

straight fatty acids with an even number of carbon that are linked to a glycerol-3-phosphate 

compound via ester bonds; Figure 22). The branched (i.e. methylated) isoprenoidal chains 

of archaea are based on two main lipid configurations (i.e. core structures) that are at the 

base of diether lipids: archaeol (C20; see subchapter 1.4.2.4.) or caldarchaeol (C40) (Caforio 

and Driessen, 2017 and reference therein). A higher variation in chemical structures is found 

in archaea lipids that contain caldarchaeol back-bone as it contains 4 ether bonds (i.e. 

tetraethers; Figure 20).  These morphological differences were seen as adaptations to 

extreme environments (i.e. highly acidic, anoxic and/or high growth temperatures) in which 

archaea are known to dominate, particularly because ether bounds are more resistant than 

ester ones. However, subsequent studies (Michaelis and Albrecht, 1979; Chappe et al., 1979; 
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1980) have discovered GDGTs in numerous non-extreme environments (i.e. lakes, marine 

sediments). 

Bacteria – dialkyl glycerol diester lipids  

 

As only a few studies on cultures of archaea exist, biological GDGT sources are yet to be 

further discovered (Auguet et al., 2009 and references therein). However, their ubiquitous 

occurrence in nature together with cultures of the few strains, allow delimitations of their 

environmental conditions in which they occur (see Schouten et al. 2013 for biological 

sources of GDGTs in Euryaarchaeota, Crenarchaeota and Thaumarchaeota) 

 

17.2.1. Isoprenoid GDGT 

 

Isoprenoid GDGTs are known to be produced by a wide range of archaea (Zheng et al., 2015 

and references therein; Weijers et al., 2006a, b; Schouten et al., 2007b). Their notation 

Figure 19 Core isoGDGTs’ chemical formulas, common name and characteristic m/z ion. Notice 

below structures of intact GDGTs (taken from Pitcher et al., 2011).  
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GDGTx (with x ranging from 0 to 8), refers to the number of cyclopentane moieties within 

their formula (Figure 19).  

GDGT-0 (m/z/=1304; also known as caldarchaeol) is found in almost all groups of archaea 

(apart from the halophilic group) however, due to its occurrence in CH4 oxidizing 

environments (Pancost et al., 2001; Elvert etal., 2005; Blaga et al., 2009), higher abundance 

in anoxic peat sections than in oxic ones and the 13C depleted signature of its biodegradation 

products, it was linked to methanogenic euryarchaea (e.g. Zheng et al.,2015; Schouten et 

al., 2013 and references therein). For example, high concentrations of GDGT-0 occur during 

wet and warm intervals in a peat core from Zoigê-Hongyuan, East of Tibetan Plateau, 

suggest that it can be produced by methanogenic archaea (Zheng et al., 2015). 

 

Crenarchaeol (m/z=1292) is the only isoGDGT to contains a cyclohexane structure and was 

assigned mainly to Thaumarchaeota (Schouten et al., 2013 and references therein). It was 

found to dominate during drier periods in a peat core from Eastern Tibetan Plateau and it 

was associated with increased archaea-mediated oxidation of ammonia (Zheng et al., 

2015). Furthermore, in the same study, crenarchaeol was found in higher concentrations 

during proposed drier periods with higher oxygenated (and pH) sediments (also known to 

favour development of Thaumarchaeota; Figure 22) that could possible lead to higher 

effluxes of N2O and thus was assigned to the oxic part in sediments or peatlands (Zheng et 

al., 2015). 

Figure 20 Differences at lipid level between the membrane structure of bacteria and archaea 

(Weijers, 2007, PhD thesis). Noticed the bi-layer lipid membrane and ordering in bacteria and 

mono-layer in archaea.  
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GDGTs 1-4 (m/z=1300, 1298, 1296, 1294) are present in Crenarchaeota, Thaumarchaeota 

and in some groups of Euryarchaeota (Figure 22) and were not shown to be produced by a 

wide range cultured methanogenic archaea, however they were found in anaerobic CH4 

oxidizing environments suggesting a possible methanotrophic archaea source (i.e. ANME-

1) when they have higher concentrations than crenarchaeol. Furthermore, their degradation 

products (i.e. biphytanes) had 13C-depleated isotopic signatures, especially for GDGT-1 

(Schouten et al., 2000; Schouten et al., 2013 and references therein).  

GDGTs 5-8, were previously only associated with environments with extreme temperatures 

(i.e. hot springs) and no link was made with CH4-producing or –oxidizing environments 

(Schouten et al., 2013 and references therein). However, they were recently discovered (i.e. 

GDGTs 5-7) in tropical ombrotrophic peatlands and seem to be restricted by pH< 5.1 and 

temperatures>19.5°C. Furthermore, relative increases in isoGDGTs 5-7 concentration might 

be correlated with increasing temperature on the background of constant pH, making them 

a potential proxy for assessing palaeotemperature increases (Naafs et al., 2018 b). 

Figure 21 Differencess between archaea and bacteria phospholipids (website 7). Notice the 

branched trails (isoprenoids) and unbranched trails in bacteria (straight fatty acids). 
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1.7.2.2. Branched GDGTs 

 

Branched GDGTs were not reported until recently as major components of any microbes, 

however they possess features that are found in both bacteria and archaea. Weijers et al. 

(2006a) attributed these lipids to a bacteria source in a study that showed the presence of 

cyclopentyl moieties and membrane spanning character (Figure 23) which were thought to 

be characteristic only to archaea and suggested that membrane adaptations can be due to the 

highly acidic environments in which they live. 

In high latitude peatlands, temperatures are expected to hinder bacteria growth during the 

cold season, thus, in those settings the GDGTs’ distribution most likely reflects summer-

active communities (Naafs et al., 2017a and references therein). However, due to their 

latitudinal positioning (i.e. tropics), peatlands in PMFB experience temperatures of 26°C 

(Marengo, 1998) all year round, thus it is expected that: i) surface samples to record GDGTs 

values of the season in which they were collected, bearing values that also indicate the 

position of the water table (i.e. wet vs dry season); ii) core section to be at equilibrium with 

mean average annual temperature (MAAT) (Naafs et al., 2017a and references therein). 

They were first identified in peat bogs (Schouten et al., 2000; Pancost and Sinninghe Damsté, 

2003; Weijers et al., 2006b) and assigned to bacteria with the identification of “GDGT-8” 

chemical structure (i.e. 1,2-di-O-alkyl-sn-glycerol; Weijers et al., 2006b). 

Figure 22 Main divisions of  proteroarchaeota (website 8) 
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They differ from isoprenoid GDGTs due to the branched and cyclopentyl structures in their 

n-alkyl moieties (Figure 24), which sets them apart from archaea’s stereoconfiguration 

which is opposite (Weijers et al., 2006b). Furthermore, their basic structure (i.e. 13,16-

dimethyloctacosane) is found in and ascribed to bacteria.  Several lines of evidence assigned 

brGDGTs to bacteria sources, and more precisely, to bacteria that live in anaerobic 

environments, however, organisms that produce them are not known with confidence 

(Naafs et al., 2017a). Firstly, brGDGTs were found in higher abundance in the anoxic part 

of sediments and peat columns (Weijers et al., 2006b; Zheng et al., 2015; Naafs et al., 2017a). 

Secondly, their carbon isotopic signature suggests that the producer(s) grow(s) on 

heterotrophic substrates (Pancost et al., 2000; Pancost and Sinninghe Damsté, 2003). Finally, 

due to several occurrences in culture-based (Sanninghe Damsté et al., 2011) and natural 

sediments (De Rosa et al., 1988; Pancost et al., 2000; Weijers et al., 2006; Peterse et al.,2010), 

in which they were also reported to decrease in concentration with decreasing pH, they were 

attributed to anaerobic mesophilic bacteria with one confirmed source in the Acidobacteria 

phylum (Weijers et al., 2009a; which is also positively correlated to pH values, Jones et al., 

2009).  

In Schouten et al., (2013), aerobic bacteria sources for brGDGTs were not dismissed and 

a study done by Sinninghe Damsté et al. (2011), found two Acidobacteria that produced 

brGDGT-I under aerobic conditions. Although mainly thought to be indicative of anaerobic 

microbes, they can also be produced by aerobic or facultative aerobes (Weijers et al., 2006a; 

Loomis et al., 2014).  

Figure 23 Visual representation of membrane -panning character of branched GDGTs (Website 9). 



 

45 

 

Further publications adapted the generalized view that brGDGTs indicate bacteria 

communities, while isoGDGTs, CH4-producing or consuming archaea communities. 

Proposed biosynthetic pathways for both br- and isoGDGTs can be found in Weijers et al., 

(2006). In terms of general occurrence, the ternary diagram below (Figure 25; Schouten et 

al., 2013), indicates the fact that brGDGTs occur predominately in terrestrial environments 

while Crenarchaeol and GDGT-0 (i.e. Caldarchaeol), are found in marine or lacustrine 

environments. 

 

 

The presence of both iso- and brGDGTs within peatlands of PMFB has numerous 

implications and values when describing variations in water table depth and the impact of 

anoxia on CH4 effluxes. Thus, while isoGDGTs can indicate either anaerobic CH4 

production and/or consumption, implying high water tables and waterlogged conditions, 

brGDGTs have the potential to indicate both the anaerobic component of bacteria and, 

coupled with concentration of aerobic bacteria producers, the existence of a constant 

acrotelm or the fluctuating nature of the water table depth. Varying concentration between 

Figure 24 Core brGDGTs chemical formula representation and names. Notice the hexane moiety 

in Crenarchaeol and the highlighted methyl radicals where the addition occurs at the α and/or ω-

6 position (edited from Naafs et al., 2017). 
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the two groups (i.e. methanogens and methanotrophs) can also indicate competitive 

relationships or the input (or lack) of suitable substrate for methanogenesis. Furthermore, 

due to a high temperature regime at tropics, microbes, and consequently, GDGT production 

at surface and potentially at depth takes place all year round. Thus, it can be possible that if 

large and unexplained concentrations are seen in core samples relative to surface ones, that 

they may be the result of continuous accumulation under anoxic conditions. Due to the 

recalcitrant nature of GDGTs, crenarchaeol and/or brGDGT-Ia (i.e. if aerobic Acidobacteria 

main source) they need to be assessed against present day conditions in order to determine 

their potential as biomarkers within these environments.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.7.2.3. Proxies 

 

MBT’5me and CBT’peat indexes for MAAT and pH calibrations in peat 

 

MBT’5me index is an indicator of the degree of methylation of the brGDGTs, which is 

positively correlated with temperature; while CBT’peat index is an indicator of isoGDGTs 

Figure 25 Ternary diagram indicating relative composition of samples from different 

aquatic and marine environemnts in terms of brGDGTs, GDGT-0 and Crenarchaeol 

concentrations (Schouten et al., 2013).  
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cyclisation and is positively correlated with peat pH (Naafs et al., 2017a). The MBT’5me 

reported here does not contain the methyl radical at the C6 position (De Jonge et al., 2014) 

and it is based on the fact that brGDGT-Ia concertation has a positive correlation with 

MAAT, while brGDGT-IIa and brGDGT-IIIa bear a negative correlation with MAAT 

(Naafs et al., 2017a). The database used for calibration is dominated by high latitude 

peatlands, however it contains samples from PMFB and the main peatlands, also investigated 

in this study. The error (RMSE) for temperature calibration was of 4.7°C and for pH 

calibration of 0.8 units (Naafs et al., 2017a). 

𝑀𝐵𝑇5𝑚𝑒
′ =

[𝐼𝑎 + 𝐼𝑏 + 𝐼𝑐]

[𝐼𝑎 + 𝐼𝑏 + 𝐼𝑐 + 𝐼𝐼𝑎 + 𝐼𝐼𝑏 + 𝐼𝐼𝑐 + 𝐼𝐼𝐼𝑎]
 

 

𝐶𝐵𝑇′𝑝𝑒𝑎𝑡 = 𝑙𝑜𝑔
𝐼𝑎 + 𝐼𝐼𝑎′ + 𝐼𝐼𝑏 + 𝐼𝐼𝑏′ + 𝐼𝐼𝐼𝑎′

𝐼𝑎 + 𝐼𝐼𝑎 + 𝐼𝐼𝐼𝑎
 

 

𝑝𝐻 = 2.49 × 𝐶𝐵𝑇𝑝𝑒𝑎𝑡 + 8.07 

 

𝑀𝐴𝐴𝑇𝑝𝑒𝑎𝑡(℃) = 52.18 × 𝑀𝐵𝑇5𝑚𝑒
′ − 23.05 

 

MBT and CBT proxies for MAAT and pH calibrations in soils  

 

In soils, different calibrations are used based on the concentrations of branched and 

isoprenoidal GDGTs (Weijers et al., 2007b). 

𝑀𝐵𝑇 =
[𝐼𝑎 + 𝐼𝑏 + 𝐼𝑐]

[𝐼𝑎 + 𝐼𝑏 + 𝐼𝑐] + [𝐼𝐼 + 𝐼𝐼𝑏 + 𝐼𝐼𝑐] + [𝐼𝐼𝐼𝑎 + 𝐼𝐼𝐼𝑏 + 𝐼𝐼𝐼𝑐]
 

𝐶𝐵𝑇 = − log (
[𝐼𝑏 + 𝐼𝐼𝑏]

[𝐼𝑎 + 𝐼𝐼𝑎]
)  (𝐶𝐵𝑇 ± 0.3) 

 

𝑀𝐵𝑇 = 0.122 + 0.187 × 𝐶𝐵𝑇 + 0.020 ∗ 𝑀𝐴𝑇  

 

𝐶𝐵𝑇 = 3.33 − 0.38 × 𝑝𝐻 
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The pH error was calculated to ±0.1 pH units, while the CBT error was of ±0.3 (Weijers et 

al., 2007b). These proxies are used for determining pHs and temperature calibrations in the 

clay-rich, inorganic layers, underlying both QT and BVA peatlands. 

 

Methane index and Cald/Cren 

 

Methane index (MI) was developed (Zhang et al., 2011) to track marine gas hydrate 

destabilization due to the fact that it takes into account the relative contribution of 

isoGDGTs-1, -2 and -3 that are known to be synthesized, although not exclusively, by 

methanotrophic archaea (Zhang et al., 2011) and associated with CH4-producing 

euryarchaea (Dirghangi et al., 2013 and references therein). Furthermore, the δ13C trend of 

these lipids, matched the trend of MI, indicating light carbon incorporation, which is specific 

to large amount of CH4 releases. Crenarchaeol and its isomer were attributed to planktonic 

(and benthic) crenarchaeota (Sinnighe Damsté et al., 2002), allowing them to distinguish the 

relative input of biomass of non-methanotrophs in marine environments from that of archaea. 

Although MI was developed for marine environments, a study by Dirghangi et al. (2013) 

applied the index in terrestrial environments, on soil samples from two distinct climates (i.e. 

wet and dry), with different levels of soil moisture. The study showed a good correlation 

between the index caldarchaeol/crenarchaeol (Cald/Cren) and MI, proving its further use on 

land. 

 

𝑀𝐼 =
[𝐺𝐷𝐺𝑇 − 1] + [𝐺𝐷𝐺𝑇 − 2] + [𝐺𝐷𝐺𝑇 − 3]

[𝐺𝐷𝐺𝑇 − 1] + [𝐺𝐷𝐺𝑇 − 2] + [𝐺𝐷𝐺𝑇 − 3] + [𝐶𝑟𝑒𝑛] + [𝐶𝑟𝑒𝑛𝑖𝑠𝑜]
 

 

Cald/Cren index is used in terrestrial settings to assess relative contribution from 

methanogenic euryarchaea that are known to syntetisise caldarchaeol (i.e. isoGDGT-0), and 

thaumarchaea, the only known,  up-to-date, producer of crenarchaeol (Dirghangi et al., 2013 

and references therein), suggesting values of MI<0.5 to be indicative of CH4 oxidation while 

Cald/Cren>20 as input from methanogenic archaea-correlating thus terrestrial environments 

with anoxic conditions (Dirghangi et al. (2013). MI can thus be used to an extent in 

waterlogged conditions where caldarchaeol measurements are not available. MI values were 

multiplied by 100 to show comparable trends with Cald/Cren, thus we will interpret values 

of MI<50 as indicators of CH4 oxidation. 
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1.7.3. Archaeol 

 

Archaeol (i.e. bis-O-phytanylglycerolether; 2,3-di-O-isopranyl sn-glycerol diether; Figure 

26) is a ubiquitous archaeal diether lipid diagnostic for methanogens and methanotrophic 

archaea since it is a component of their membranes (Koga et al., 1998b; Niemann and Elvert, 

2008). Due to its recalcitrant nature (Navale, 1994; Pease et al., 1998), it has been employed 

in multiple studies regarding wetlands and peatlands (Pancost et al., 2011; Zheng et al., 

2014), permafrost (Lupascu et al., 2014), cold seeps (e.g. Hinrichs et al., 1999; 2000; Pancost 

et al., 2000 a, b; 2005), stratified marine columns (Berndmeyer et al., 2014, unquantified); 

hypersaline environments (Pease et al., 1992) to characterize microbial communities (esp. 

Euryarchaeota). The oldest sediments, in which archaeol was found, date back to Eocene 

(van Dongen et al., 2006). Its successor, sn-2-hydroxyarchaeol has a low recalcitrant nature 

(Pancost et al., 2011), and was not identified in samples available for this study.  Archaeol 

was used in the past to understand redox conditions within peatlands and more specifically, 

the influences of water table positions on CH4 production. Archaeol was only found below 

water table depth (i.e. catotelm) in the 4 ombrotrophic peatlands studied by Pancost et al. 

(2011) across Europe; however, their concentration was highest at the interface between the 

oxic and anoxic layers within the peat. In temperate ombrotrophic bogs, this is due to the 

fact that methanogenesis relies on substrate availability, which is highest at the interface. 

 

 

 

 

 

Studies employing archaeol as a biomarker in the CH4 cycle, found concentrations of 2-8 

μg/g in cold seeps carbonate rocks (Pancost et al., 2005) and between 1.5 and 35 μg/g in NE 

Tibetan Plateau peats (Zheng et al., 2014) during Holocene. In several studies, due to its 

depleted isotopic signature, archaeol was linked in origin to methanogens and consequently, 

used as an indicator of CH4 production (Lim et al., 2013; Koga et al., 1998; Pancost et al., 

2005). 

In PMFB, since archaeol is found in higher abundance in core samples (i.e. up to 6 μg/g) and 

only as a trace biomarker in surface samples at all three locations (i.e. 0.048-0.23 μg/g), we 

Figure 26 Archaeol chemical structure (website 10). 
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can speculate that its abundance is related to the position of the water table and occurrence 

of anoxic conditions, indicating a relationship with the anaerobic methanogen community 

(Pancost et al., 2011). Furthermore, water table at these sites has high positions all year round 

(Teh et al., 2017), allowing anoxic conditions to prevail in microsites even during the dry 

season at shallow depths, explaining in part the occurrence or archaeol in smaller 

concentrations in surface samples (e.g. Lim et at., 2013). Furthermore, methanogenesis is 

not restricted in these settings by decreasing temperatures or substrate availability (i.e. 

limited bioproduction). Surface peat temperature was recorded between 24.8 and 26.1°C 

(Teh et al., 2017), while the presence of trees and diverse vegetation types at all three sites 

could provide root exudate substrates for methanogenesis (see subchapter 1.2.; Pancost et 

al., 2011 and references therein).  

Here, we only analyze archaeol (i.e. core lipid) and do not investigate the distribution and 

concentrations of phospholipid archaeol that was proposed as an indicator for living 

methanogen community or glycolipid-bound archaeol that characterizes fossilized and living 

communities (Lim et al., 2013). Archaeol was identified in GC-MS after its characteristic 

signature m/z=130 alongside a few other signatures (i.e. m/z=57, 169, 197, 278, 341, 369, 
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Figure 27 Mass spectra of the compound identified as archaeol. The background noise was 

removed.  



 

51 

 

412, 426), after the mass spectra provided in Teixidor and Grimalt (1992).  Its mass spectra 

after background noise subtraction is provided in Figure 27. 

Several studies linked methanogenesis to shallow depths within peatland (i.e. depths 

between 20 and 50 cm, Zheng et al., 2014 and references therein). This, together with high 

rates of peat accumulation in these tropical sites allow the assumption that archaeol 

concentrations down-core are palaeosignals and do not represent present day active 

communities (i.e. ruling out continuous accumulation). However, as mentioned studies are 

restricted to temperate or boreal sites, where temperature, depth of roots, vegetation type and 

root exudates availability differs, cautions was exerted when interpreting results.  

 

1.7.3. Hopanes 

 

Hopanoids found in OM are mainly indicative of prokaryotes, and more exactly, they were 

confirmed in proterobacteria (α-, β-, ϒ-; Figure 28) and planctomycetales (Talbot et al., 

2008a and references therein). Rohmer et al. (1984) reported hopanes in most cyanobacteria 

and obligate methylotrophs studied, in many chemoheterotrophs of gram-positive and -

negative bacteria and in all purple non-sulphur bacteria. However, they were absent in purple 

and green sulphur bacteria and, at that time, they are reported absent from archaea (Rohmer 

et al., 1984; Fischer et al., 2005). They were compared in terms of function, structure and 

biosynthesis to sterols (i.e. steroids, such as cholesterol), characteristic to eukaryotes 

(Rohmer et al., 1979; Rohmer et al., 1984; Kannenberg and Poralla, 1999). However, more 

recent work demonstrated the presence of sterols in prokaryotes (Volkman, 2003; Pearson 

et al., 2003) and of both sterols and C30-hopanoids in higher organisms such as ferns, lichens 

fungi (Ageta and Arai, 1983; Rohmer et al., 1992; Volkman, 2005 and references therein) 

and tropical tree resin (Ourisson et al., 1987), instructing for greater care when assigning 

biomarker sources.  

 

Although the simplest hopanoid, diploptene, can be biosynthesized in the absence of oxygen, 

within the prokaryote division, it is mainly characteristic of aerobic bacteria (Rohmer et al., 

1984; Ourisson et al., 1987; Rohmer et al., 1992; Kannenberg and Poralla, 1999). However, 

this assumption is not entirely true at present, as several studies reported the presence of 

hopanoids in anaerobic bacteria (i.e. Härtner et al., 2005; Sinninghe Damsté et al., 2004; 

Kool et al., 2014). Furthermore, others reported the presence of hopanoids in anaerobic and 

CH4 producing and consuming environments (Elvert et al., 2000; Pancost et al., 2000) and 
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their presence was proven through cultures of facultative and obligate anaerobic bacteria 

(Sinninghe Damsté et al., 2004; Fischer et al., 2005; Rush et al., 2014; Kool et al., 2014). 

More recently, Kool et al. (2014) described the occurrence of bacteriohopanepolyols (BHP) 

in Candidatus “Methylomirabilis oxyfera”, an anaerobic methanotroph with the genomic 

potential of producing 3Me-hopanoids. As hopanoids are also produced via diagenetic 

alteration of BHPs (Kool et al., 2014 and references therein; Ries-Kautt and Albrecht et al., 

1989; Pancost et al., 2003), the hopanes present within sediments could come from diverse 

aerobic and anaerobic bacteria, with methylation of C2 or C3 not being restricted to aerobic 

methanotrophs, or even aerobic bacteria (Kool et al., 2014 and references therein). 

 

 

In bacteria cell’s membrane, hopanoids are hydrophobic and contained between 

phospholipids (Kannenberg and Poralla, 1999; Figure 29). Although their roles within 

divisions of bacteria are not completely understood (Saenz et al., 2015), they are known to 

be involved in membrane strengthening, organisation and fluidity, crucial for cell growth 

and functioning (Kannenberg and Poralla, 1999). One of their most researched function is 

that in membrane ordering. Hopanoids, like sterols, act as outer membrane regulators in 

bacteria, aiding its flexibility and stability among other functions. It has been demonstrated 

that in Methylobacterium extorquens, the main hopanoids’ (diplopterol, 2-methyl-

Figure 28 Subdivisions of Proterobacteria (Website 11). 
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diplopterol and BHPs) ordering function is proportional to their number or “loading” in the 

outer membrane (Saenz et al., 2015). This means that hopanoids have a regulating and 

ordering function dictated by their density in the outer membrane. Although research still 

needs to assess their wide range of roles across members of bacteria domain, considering 

parallels between sterols and hopanoids could be a first step in overcoming this knowledge 

gap.   

Biological bacterial membranes have a bilayered structure created by the alignment of 

hydrophobic and hydrophilic ends of the phospholipids or glycolipids (Figure 29). The 

hydrophobic end of a phospholipid is orientated towards the interior of the cell’s membrane 

while the hydrophilic polar heads, towards the exterior (i.e. extracellular space and cytosol-

intracellular space) – in direct contact with the water phase, leading to low membrane 

permeability and forming a matrix for proteins arrangement within the membrane’s walls 

(Caforio and Driessen, 2017). Furthermore, bacteria and eukarya kingdoms are characterized 

by phospholipids that contain straight fatty acids (i.e. saturated or unsaturated) that are 

bonded to a glycerophosphate structure (i.e. glycerol-3-phosphate, Figures 20 andf 29). 

 

 

1.7.3.1. Nomenclature and stereochemistry 

 

Hopanoids belong to the diverse group of isoprenoids, from where they get their structurally 

characterizing name, triterpenic isoprenoids or pentacyclic triterpenoids, a name indicating 

that they have 30 carbons and 5 rings in their backbone structure (Figures 30 and 31). 

Figure 29 Simplified model of a phospholipid (left) and bilayer membrane structure (right). The 

“head” of the lipid is facing  outward and is composed of hydrophilic polar end containing 

phosphate or glycerol radicals (i.e. phospolipids or glycerolipids) while the “tails”-is made of 

two hydrophobic non-polar ends which are saturated or unsaturated fatty acids. (Figure edited 

from Khan Academy, website 12). Notice the role and location of Cholesterol in membrane 

ordering in eukaryotes that is very similar to that of hopanoids in prokaryotes. 
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However, the overall chemical structure of a hopane can have anywhere between 27 and 35 

carbons, yet it maintains its specific backbone configuration (Kannenberg and Poralla, 1999; 

Volkman, 2005 and references therein). 

The biological-specific hopanoid stereochemistry is usually lost during diagenetic processes 

that lead to the generation of isomers, with different chemical geometries (Peters and 

Moldowan, 1991). Changes in the stereochemistry of hopanoid skeleton occur at C17, C21 

and C22, the latter being involved in the R and S configurations (Peters et al., 2005; Figure 

31). Numbers in front of carbon denote the location of the atom within the hopanoid structure. 

The α(H) and β(H) notations are related to the spatial geometry of the covalent bond between 

the carbon (i.e. in this case, at C17, C21 and/or C22, chirality centres) and hydrogen. The α 

geometry indicates that the bond between the C and H is orientated below the plane of the 

paper or the plane defined by the 3D projection of the molecule (i.e Figure 30) while the β 

geometry indicated the bond is orientated above the plane (Peters et al., 2005). 

 

 

 

 

 

 

 

 

 

Thus, for example, the abbreviation ββ in hopanoids will refer to the fact that the molecule 

has the hydrogen at location carbon-17 and carbon-21 above the plane of the paper. The αβ 

abbreviation refers to the fact that the first bonds at C17 is orientated below and the second 

bond at C21 above the paper plane.  

Figure 30 Sterane and triterpene condifuration (edited from 

Peters et al., 2005.)
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The R and S geometries refer to the geometry of the asymmetric C22 (Peters et al., 2005). 

The C22 epimerization with R and S spatial geometries can be established by ordering the 

substituents of C22, an asymmetric carbon, in the order of their atomic masses, with the 

lowest one (i.e. a hydrogen atoms) away from the viewing point. The remaining constituents 

will be numbered, starting with the highest. An arrow from the 1st substituent (i.e. the one 

with the highest atomic mass) to the 2nd substituent, will indicated a R (i.e. clockwise) or S-

geometry (i.e. counterclockwise).  

The biological configuration corresponds to the ββ (i.e. 17β, 21β-hopanoid) stereoisomer of 

a hopane. In petroleum-forming settings/sedimentary rocks, with increase maturation, the ββ 

stereoisomer will be transformed into the thermally stable αβ configuration, with the highest 

concentrations in most samples or/and in the βα (Peters and Moldowan, 1991). In terrestrial 

and especially in peat-forming environments, the isomerisation was attributed to pH, 

hydrology or temperatures (Huang et al., 2015; Inglis et al., 2018). Due to the fact that the 

stereoisomers of a hopanoid will have the same chemical formula and characterizing ions, 

they can be distinguished on chromatograms based on their elution times and relative 

Figure 31 Carbon numbering in hopanes and positions of stereoisomerism 

(Website 13).  

Figure 32 Identified hopanes and elution order in a peat sample from BVA. Notice elution time after 

n-C29 alkane. 
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concentrations. The αβ-S geometry will elute first, followed by the αβ-R (Huang et al., 2015). 

The βα (S, R) and ββ (S, R) will elute next, in this order (Figure 32).  

 

1.7.3.2. Hopanoid biochemical formation 

 

Hopanoids form through bacteria mediated cyclization of squalene via squalene-hopene 

cyclase (SHC) (Figure 33), a process similar to the cyclization of oxidosqualene that leads 

to the formation on sterols (see Kannenberg and Poralla, 1999 review for steps in squalene 

formation). Cyclization of squalene takes place in a single step with the disappearances of 

the 6 double bonds, closing of the 5 rings and formation of 9 stereo centres (Kannenberg and 

Poralla, 1999). The simplest hopanoids are diploptene (17α(H), 21β(H)-hop-22(29)-ene; or 

simply, hopane) and diplopterol (22-hydroxyhopane) that contain 30 carbons in their 

molecular structure. The complex or elongated hopanoids, known as bacteriohopanepolyols 

(BHPs) contain an extra side chain starting at C-30 (Figure 31). The geometry and structure 

of the side chain (i.e. Spencer-Jones et al., 2016) and the fact that the whole BHP molecule 

is recalcitrant in nature, allows them to be employed in phylogenetic identifications 

alongside diploptane and diplopterol, characterizing methanotrophs together with a wide 

diversity of bacteria (Rohmer et al., 1984; Talbot et al., 2008). 

 

 

 

 

1.7.3.3. Diagenesis and stereochemical transformations 

 

During early stage transformations, biological hopanoids (i.e. ββ structures) and BHPs can 

be modified via a series of chemical processes into shorter BHPs, hopanols or hopanes with 

2 or 3 hydroxyl radicals, hopanes, hopenes or hopanoic acids (Figure 34; Peters and 

Figure 33 Squalene and oxidosqualene cyclization processes (Kannenberg and Poralla, 1999).
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Moldowan, 1991; Huang et al., 2015 and references therein).  Their degradation products 

are used in palaeoenvironmental reconstructions (i.e geohopanoids) as they go expected 

stereochemical transformations (e.g. Huang et al., 2015; Inglis et al., 2018). Commonly, with 

increasing thermal maturation, the biological, ββ-hopanoid structures is transformed into αβ 

or βα more stable stereoisomers while hopanoids with more than 30 Carbons in their 

chemical structure, also experience stereochemical changes at C-22 (i.e. S or R; MacKenzie 

et al., 1980; Peters and Moldowan, 1991;).  

Thermal maturation can be thus assessed via two main indices: a decrease in the  
𝛂𝛃+𝛃𝛃

𝛃𝛃
  ratio 

and an increase in the  
𝟐𝟐𝑺

𝟐𝟐𝑹+𝟐𝟐𝑺
 ratio (MacKenzie et al., 1980; Inglis et al., 2018 and 

references therein). 

 

 

1.7.3.4. Hopanes – pH proxies  

 

However, the dominant presence of αβ-22R-C31 hopanoid (i.e. homohopane) instead of ββ 

configuration in modern peat deposits (i.e. thermally imature), implies either that αβ-C31 

hopane is produced in-situ by bacteria or that its precursors are highly sensible to 

environmental conditions (Pancost et al., 2003; Inglis et al., 2018). One of the main 

precursors of αβ-C31 hopane could be C32 hopanoic acid that undergoes decarboxylation 

(Inglis et al., 2018 for full-proposed pathway). Huang et al. (2015) proposed that pH, 

temperature and redox conditions can have a strong influence on the low-temperature 

isomerization of C31-hopane in acidic peat deposits, however, at a global scale, Inglis et al. 

Figure 34 Proposed pathway of BHP degradation and hopane formation  (Xie et al., 2014). 
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(2018) confirmed only the strong correlation between  
𝛂𝛃+𝛃𝛃

𝛃𝛃
 ratio and pH and that low-

temperature acid-catalysed isomerisation takes place in early stages of peat formation. Based 

on this relationship the following hopane pH-based proxy was proposed: 

 

𝑝𝐻 = 5.22 × (𝐶31 ℎ𝑜𝑝𝑎𝑛𝑒 
ββ

αβ + ββ
) + 3.11; 

 

with a r2=0.64 and RMSE=1.4, for n=94 (Inglis et al., 2018). 

 

1.7.3.5. Diploptene  

 

One of the first studies done on the chemical provenience and structure of diploptene, dates 

back to 1970 when it was named compound X by Gelpi et al (1970). Its molecular ion (i.e. 

molecular mass, m/z 410; Figure 35) and base peak (i.e. ion fragment with the highest 

intensity; m/z 191) were recorded probably for the first times on a mass spectrometer and 

found in three cyanophycean algae, Chroococcus turgidus, Nostoc sp. and Lyngbya aestuarii.   

As its base peak was specific to pentacyclic triterpenes, an attempt to define its chemical 

structure was made. In 1971, two other studies identified the same compound in two other 

bacteria: Methylococcus capsulatus (Bird et al., 1971) and Bacillus acidocaldarius (De Rosa 

Figure 35 Mass spectra of diploptene as provided by NIST library. 
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et al., 1971) and since, independent studies have reported the existence of diploptene in other 

bacteria classes (Rohmer et al., 1984). 

Simple hopanoids (i.e. diploptene and diplopterol) can thus be major indicators of bacteria 

within the environment (Elvert et al., 2001 and references therein). Diploptene was detected 

in diverse environments (Figure 36), such as soils (Putkinen et al., 2009), lacustrine and lake 

sediments (Elvert et al., 2001; Davies et al., 2016), microbial mats, oceanic sediments and 

coastal environments (Prahl et al., 1992).  

 

 

1.7.3.6. Diplopterol 

 

Diplopterol is made of a C30 hopanoid skeleton, with an additional hydroxyl radical at C22 

(see Figure 31 for numbering). In several studies, diplopterol was reported alongside 

diploptene to trace aerobic CH4 oxidation within different environments and samples (Figure 

36) yet, as they are not exclusively synthesized by CH4 oxidising bacteria (MOB, Pancost 

and Damsté, 2003), further proxies should be taken into consideration when assessing their 

provenience. Thus, the majority of studies proved this correlation (i.e. diploptene/diplopterol 

– MOB) by analysing their carbon isotopic signature; under the premise that if in CH4-

producing environments they are indicators of MOB, their δ13C signature should be strongly 

negative, indicating thus CH4 as the main or only carbon source (Ménot and Bard, 2010).  

The process of squalene cyclization to form diplopterol lipids is characteristic to a wide 

variety of bacteria (Ourisson et al., 1987). Several studies have used diplopterol alongside 

diploptene as biomarkers to track aerobic CH4 oxidation in aquatic setting (e.g. Hinrichs et 

al. 2003, Uchida et al., 2004; Ménot and Bard, 2010). A study conducted by Summons et al. 

Figure 36 Isotopic signature of diploptene and diplopterol and environments in which they 

were found (Ménot and Bard, 2010).
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(1994) showed that in terms of 13C depletion, squalene showed the least depleted signature, 

followed by diploptene and diplopterol. 

Diplopterol was identified based on the base peak m/z=131 that corresponds to BSTFA 

silylate sidechain, and supplementary m/z=189, 191 that indicate the pentacyclic triterpenoid 

structure together with m/z=95, 149, 395 (Sessions et al., 2013; Elvert and Niemann, 2008). 

The mass chromatogram is provided below. As N3 fraction in which diplopterol eluted was 

derivitised using BSTFA compound (see Methods-Chapter 2), the SiC3H9 compound 

(mass=73.1891) attached to the –OH radical, with the m/z=501 indicating the whole mass 

of the compound (Figure 37).  

 

1.7.3.7. Diploptene and diplopterol: biomarkers for methanotroph bacteria 

 

Diploptene and diplopterol negative δ13C values indicate CH4 oxidation, and thus, bacterial 

CH4 consumption (Ménot and Bard, 2010). In this context, more depleted δ13C values 

suggest higher CH4 oxidation and hence, higher CH4 supply. As CH4 is depleted in 13C, 

similarly negative signatures will be showed by organism that incorporate CH4 or consume 

MOBs, thus CH4 can be traced through the food web (Pancost et al., 2000; Davies et al., 

2016). In peatlands, diploptene’s characteristic δ13C signature, was recorded between −30‰ 
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Figure 37 Mass spectrum of Diplopterol in analysed samples. Notice zoom-in box and relative 

intensities of m/z fragments taken on NIST library software. 
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and −40‰ PDB, relatively enriched when associated to values of biogenic CH4 (-60‰). 

However, other studies done in lacustrine environments (Naeher et al., 2014) have recorded 

values of δ13C as low as -60‰, indicating biogenic CH4 as the only carbon source (Figure 

38). 

 

 

 

 

 

 

 

 

 

 

 

 

1.7.4. Fatty acids  

 

Eukaryotes and bacteria membranes contains phospholipids that aid in their overall 

impermeability and functionality (Boschker and Middelburg, 2002). Phospholipids fatty 

acids (PLFA) contain a hydrophilic head, composed out of a phosphate or glycerol 

compounds (i.e. phospholipids or glycolipids, Zelles, 1999; Figure 30), orientated towards 

the water-phase (i.e. towards the extracellular space and cell space) and hydrophobic tails, 

composed of two fatty acids (FA i.e. acyl constituents; Kaneda, 1991) linked via ester bounds 

to the larger phospholipid. The structural differences in FA have implications on membrane 

fluidity and growth such that microbes with only straight FA in their membranes require 

monosaturated FA to regulate fluidity and growth, whereas membranes that contain 

branched FA are already suited for these functions (Kaneda et al., 1991 and references 

therein). Moreover, soil PLFAs with a chain length between 14 and 20 carbon atoms are 

typically considered to be of predominantly bacterial and fungal origin (Zelles, 1999) and 

Figure 38 Carbon isotopic signaturess of diploptene 

and diploopterol (circles and squares, respectively) 

taken from Menot and Bard, 2001.
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for certain bacteria groups, the use of FA can allow taxonomic identifications to genus level 

(Boschker and Middelburg, 2002). 

Here, the main focus is on monosaturated FA, several of which were proposed and 

investigated in multiple studies regarding methanotroph populations across a wide range of 

environments (see short review Table 2). Although methods that analyse intact phospholipid 

exist (Sturt et al., 2004), only FA chains are analyzed in this study, reflecting thus the 

microbial community at the time of deposition. Moreover, although FA were methylated for 

GC analysis (i.e. obtaining Fatty Acids Methyl Esters, FAMEs, see Methods-Chapter 2), 

compounds discussed in this section were converted to FA, reflecting their true molecular 

carbon number. Furthermore, unsaturated FA nomenclature will follow the one proposed by 

Frostegård et al. (1993), where the unsaturation is counted from the methyl end (aliphatic or 

ω end). The structure of C19:1ω9 FA in both trans- and cis- configurations (Figure 39) is 

provided for reference. For saturated FA, iso- indicates the position of a methyl branch at 

the 2nd last C from the aliphatic end while anteiso- indicated the position of a methyl branch 

at the 3rd last C. Saturated FA have the notation Cx:Y, implying a straight chain (i.e. x-

number of carbons and Y-number of double bonds) with varying number of  carbons.  

Saturated and polyunsaturated FA are also included in this study however, their distribution 

is only used to infer relative changes in the environment and microbial structure (e.g. White 

et al., 1979; Nichols et al., 1985) since they are known to be subject to environmental shifts 

and stress (Guckert et al., 1986; Kieft et al., 1994). In terms of palaeoenvironment 

reconstructions, long-chain FA with and even/odd preference indicate input from 

epicuticular leaf waxes (Eglington and Hamilton, 1967; Volkman, 2006) and can be 

transformed through hydrogenation to n-alkanes with and even/odd preference in reducing 

environments (Welte and Ebhardt, 1968; Welte and Waples, 1973).  Even carbon numbered 

FA with 12 to 18 carbons are important constituents in aquatic plants (Peters et al., 2005) 

and microbial FA have typically between 12-24 carbons, with the most common ones 

between 14-20 carbons (Denich et al., 2003).  

More specific FA (Table 2) such as C15:0 has been used in studies of sulphate reducing 

bacteria that is also involved in anaerobic CH4 oxidation, iC15:0 and iC17:0 are indicators 

of gram-positive bacteria while C18:0 and C17:0 do not occur in any specific bacteria. Other 

studies showed that saturated (i.e. C16:0, C17:0, C18:0 and C19:0; see review Trotsenko 

and Khmelenina, 2005) and polyunsaturated (C18:2ω7c,12c and C18:2ω6c,12c; Bodelier et 

al., 2009) FA were suggested to represent methylotroph bacteria (e.g. Nichols et al., 1985) 

and their distribution and variations can be used together with biomarkers used for 
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palaeoenvironmental assessments and GDGTs to discuss changes in CO2 and CH4 

production and consumption. Higher levels of unsaturation are found in green algae (i.e. 

C18:3ω3), diatoms (i.e. C16:2ω4, C20:5ω3, C22:6ω3) (Boschker and Middelburg, 2002) 

and thus, in eukaryotes.  

 

 

 

 

 

 

 

 

 

In lake environments, unsaturated FA have been noticed to drastically decrease after the first 

8 cm of sediments, due to their relatively less stable configuration that makes them 

susceptible to microbial reworking (Meyer et al., 2003 and references therein; Cranwell, 

1981 and references therein).  

FA with even-carbon number predominated in terms of concentrations. Identification of FA 

was made based on mass (M+) in GC-MS and identification of iso- and anteiso- based on 

characteristic m/z: m/z specific for M+ -43 dominated for iso- whereas m/z specific for M+-

57 dominated in anteiso-. Elution order was: iso-, anteiso-, saturated FA as in other studies 

Figure 39 Trans- and cis- structures in a fatty acid. Notice 

bend in the FA chain in cis- structure (Website 14). 

Figure 40 Elution order of iso- and anteiso C15:0 in a surface peat sample from QT.  
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investigating FA (e.g. Heindel et al., 2012; Figure 40). As one of the objectives of this project 

is to provide information on the methane cycle, monosaturated fatty acids with 16 and 18 

carbons were investigated in all three peatlands.  

 

1.7.5. Summary of used biomarkers and proxies 

 

A summary is provided below (Table 2) for the quick identification of biomarkers, proxies 

and their applications in this research. However, as they are employed in a tropical wetland 

setting, their applications might differe for other environments or research questions.  

Table 2 containing a summary of the biomarkers and proxies used in this study, together with their functions and 

references, 

Proxy Equation Indications References  

n-alkanes 

Carbon 

preference 

index (CPI) 

1

2
(
𝐶25 + 𝐶27 + 𝐶29 + 𝐶31

𝐶24 + 𝐶26 + 𝐶28 + 𝐶30
+

𝐶25 + 𝐶27 + 𝐶29 + 𝐶31

𝐶26 + 𝐶28 + 𝐶30 + 𝐶32
) CPI ↑  better preserved 

terrestrial OM 

CPI ↓  microbial 

reworking or more labile 

OM sources  

Bray and Evans, 1961; 
Baker et al., 2016; Andersson 

and Meyers, 2012 

Paquatic (Paq) 𝐶23 + 𝐶25

𝐶23 + 𝐶25 + 𝐶29 + 𝐶31

 Aquatic (mid-chain n-

alkanes) vs terrestrial OM 

input (long-chain n-

alkanes). Paq<0.1  

terrestrial OM; 

Paq= 0.1 – 0.4 emergent 

macrophytes; 

Paq>0.4   submerged and 

floating vegetation. 

Ficken et al., 2000; 

Baker et al., 2016 and 
references therein 

Pwax 𝐶27 + 𝐶29 + 𝐶31

𝐶23 + 𝐶25 + 𝐶27 + 𝐶29 + 𝐶31

 Proxy to distinguish 

between higher plant 

species input; relatively low 

Pwax-humid period; 

relatively higher Pwax-drier 

period; 

Pu et al., 2011; 

Baker et al., 2016 and 
references therein 

Average chain 

length 

(𝛴[𝐶𝑛] × 𝑛)/𝛴[𝐶𝑛] 
 

[Cn]-concentration of the n-alkanes with 

n atoms, n=23 – 33 

Grass vs woody vegetation; 

Latitude (climate) proxy; 

Relative T°C proxy; 

Used in relation with other 

biomarkers and proxies. 

Cranwell, 1973; 

Peltzer and Gagosian, 1989; 

Poynter et al., 1989; Calvo et 
al., 2004 

Pristane –

Phytane ratio 

[Pr]/[Ph] oxygen levels in their 

environment of formation; 

Pr/Ph > 1 suboxic to oxic; 

Pr/Ph<1 anoxic. 

Brooks et al., 1969; Didyk et 
al., 1978;Gola et al., 2013 

isoGDGTs 

Caldarchaeol 

GDGT-0 

[GDGT-0] methanogenic euryarchaea Zheng et al.,2015; Schouten 

et al., 2013 and references 

therein 

Crenarchaeol [Crenarchaeol] archaea-mediated oxidation 

of ammonia 

Zheng et al., 2015 

GDGTs 1-4 [isoGDGTn] 

Concentrations of GDGTn, n=1 – 4 

methanotrophic archaea Schouten et al., 2000; 

Schouten et al., 2013 and 
references therein 

GDGTs 5-7 [isoGDGTn] 

Concentrations of GDGTn, n=5 – 7  
in tropical ombrotrophic 

peatlands: restricted by pH< 

5.1 temperatures>19.5°C; 

↑ when constant pH and 

increasing T°C 

Naafs et al., 2018 b 
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Methane index 

(MI) 

[𝐺𝐷𝐺𝑇1] + [𝐺𝐷𝐺𝑇2] + [𝐺𝐷𝐺𝑇3]

[𝐺𝐷𝐺𝑇1] + [𝐺𝐷𝐺𝑇2] + [𝐺𝐷𝐺𝑇3] + [𝐶𝑟𝑒𝑛] + [𝐶𝑟𝑒𝑛𝑖𝑠𝑜]
 
MI<0.5  CH4 oxidation Zhang et al., 2011; 

Dirghangi et al. (2013) 

Cald/Cren [Caldarchaeol]/[Crenarchaeol] Cald/Cren>20 input from 

methanogenic archaea in 

terrestrial and anoxic 

environments  

Dirghangi et al., 2013 and 

references therein 

brGDGTs 

brGDGTs 

 
[brGDGTn] 

 
Concentrations of GDGTn, with n= Ia,  

Ib, Ic, IIa, IIIa etc. 

anaerobic mesophilic 

bacteria(Acidobacteria); 

lake and soil environments; 

competing with archaea in 

anaerobic settings 

Schouten et al., 2013 

𝑴𝑩𝑻𝟓𝒎𝒆
′  [𝐼𝑎 + 𝐼𝑏 + 𝐼𝑐]

[𝐼𝑎 + 𝐼𝑏 + 𝐼𝑐 + 𝐼𝐼𝑎 + 𝐼𝐼𝑏 + 𝐼𝐼𝑐 + 𝐼𝐼𝐼𝑎]
 

Degree of methylation; 

MBT’5me positively 

correlated with T°C 

 

Naafs et al., 2017a 

𝑪𝑩𝑻′𝒑𝒆𝒂𝒕 𝑙𝑜𝑔
𝐼𝑎 + 𝐼𝐼𝑎′ + 𝐼𝐼𝑏 + 𝐼𝐼𝑏′ + 𝐼𝐼𝐼𝑎′

𝐼𝑎 + 𝐼𝐼𝑎 + 𝐼𝐼𝐼𝑎
 

Degree of cyclisation; 

CBT’peat positively 

correlated with pH 

Naafs et al., 2017a 

𝒑𝑯𝒑𝒆𝒂𝒕 2.49 × 𝐶𝐵𝑇𝑝𝑒𝑎𝑡 + 8.07 

RMSE=0.8 

pH proxy in peatlands Naafs et al., 2017a 

𝑴𝑨𝑨𝑻𝒑𝒆𝒂𝒕(℃) = 52.18 × 𝑀𝐵𝑇5𝑚𝑒
′ − 23.05 

RMSE=4.7℃ 

T°C proxy in peatlands Naafs et al., 2017a 

𝑴𝑩𝑻𝒔𝒐𝒊𝒍 
[𝐼𝑎 + 𝐼𝑏 + 𝐼𝑐]

[𝐼𝑎 + 𝐼𝑏 + 𝐼𝑐] + [𝐼𝐼 + 𝐼𝐼𝑏 + 𝐼𝐼𝑐] + [𝐼𝐼𝐼𝑎 + 𝐼𝐼𝐼𝑏 + 𝐼𝐼𝐼𝑐]
  Weijers et al., 2007b 

𝑪𝑩𝑻𝒔𝒐𝒊𝒍 
− 𝑙𝑜𝑔 (

[𝐼𝑏 + 𝐼𝐼𝑏]

[𝐼𝑎 + 𝐼𝐼𝑎]
)  (𝐶𝐵𝑇 ± 0.3) 

 Weijers et al., 2007b 

𝑴𝑩𝑻𝒔𝒐𝒊𝒍 0.122 + 0.187 × 𝐶𝐵𝑇 + 0.020 ∗ 𝑀𝐴𝑇  

 

MAT=mean annual T°C 

proxy for soil 

Weijers et al., 2007b 

𝑪𝑩𝑻𝒔𝒐𝒊𝒍 3.33 − 0.38 × 𝑝𝐻 

RMSE pH=0.1 

 

pH proxy for soil Weijers et al., 2007b 

Archaeol [Archaeol] Component of methanogens 

and methanotrophic archaea 

membranes 

Koga et al., 1998b; Niemann 

and Elvert, 2008; Pancost et 

al., 2011; Zheng et al., 2014 

Hopanes 

Diploptene 

 
[Diploptene] 30-carbon hopanoid found 

in the membranes of 

bacteria; aerobic settings 

Ourisson et al., 1987; Rohmer 

et al., 1992; Kannenberg and 
Poralla, 1999 

Rohmer et al. 1984; 

Fischer et al., 2005; 

Diplopterol [Diplopterol] 

pH(hop) 
5.22 × (𝐶31 ℎ𝑜𝑝𝑎𝑛𝑒 

𝛽𝛽

𝛼𝛽 + 𝛽𝛽
) + 3.11 

RMSE=1.4 

pH proxy based on C31 

hopane 

Inglis et al., 2018 

Fatty acids and strains 

Potential type I methanotrophs 

C16:1ω5 (t)  - Bodelier et al., 2009 

C16:1ω8c  - Bodelier et al., 2009; Bowman 

et al., 1993 

C16:1ω7c  Methylocella 

silvestris 

Zigah et al., 2015 (and ref 

therein) 

C16:1ω6c  Methylomonas  Taipale et al., 2009 

C18:1ω8c  Methylocystis strain Dedysh et al., 2007 

C14:0, C16:0  ubiquitous Bodelier et al., 2009; Mills et 

al., 2013; Bowman et al., 

1991;1993 
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C16:1ω5c  (also found in fungi, Olsson, 

1999) 

Nichols et al., 1987 

Potential type II methanotrophs 

C16:1ω8c   Bowman et al., 1991 

C16:1ω7c   Bowman et al., 1993 

C18:1ω8c   Bodelier et al., 2009; Bowman 

et al., 1991 

C18:1ω7c   Bodelier et al., 2009, Zigah et 

al., 2015; Maxfield et al., 2006 

    

C18:1ω9   Maxfield et al., 2006 

C18:1ω9c   Bowman et al., 1991 

Ammonia-

oxidising 

bacteria 

   

C16:1ω7c 

C16:1 

  Bedard and Knowles, 1989 

Gram positive 

bacteria 

   

iC14:0, 

aC15:0,iC15:0,

aC17:0 

iC17:0 

 Micrococcus sp. 

Tetraspaera sp. 

Actinobacterium sp.  

Taipale et al., 2009 

iC16:0,iC18:0   Frostegard et al., 1993b 

Morgan and Winstanley, 1997 

brC14:0, 

brC15:0, 

brC16:0 

   

Gram negative 

bacteria  

   

18:1ω7c   Taipale et al., 2009 

Other    

10Me16:0  Desulfobacter (bacteria) 

Actinomycetale 

 Rajendran et al., 1993 and ref 

therein;  Frostegard et al., 

1993b 
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1.8. Importance, aims and previous research 

 

The importance of understanding peatlands in Pastaza-Marañón foreland basin (PMFB), 

northern Peru, can be discussed at different geographical levels and time scales. Thus, on a 

local and regional scale, peat here forms under different hydrological regimes and vegetation 

types (Lähteenoja et al., 2009a, b; Lähteenoja and Page, 2011; Roucoux et al., 2013; Kelly 

et al., 2017). The samples available for this study were collected from three different 

vegetation types, from both the surface and depth, allowing us not only to understand how 

CH4 effluxes varied in the past, but also how they might vary in the future under different 

climate change scenarios. 

At a latitudinal scale, these peatlands form in a tropical climate, which means in permanently 

humid and warm conditions with high water tables. Part of the organic matter that forms in 

these settings is not oxidized as it is stored in the anoxic layer. Thus, these peatlands act as 

an important carbon sinks that need to be conserved. 

Finally, on the global scale we are interested in atmospheric CO2 and CH4 budgets. Peru has 

the 4th largest area of peatlands in the tropics (Hergoualc’h et al., 2018) and furthermore, 

PMFB within Peru was linked to high tropospheric CH4 concentrations (del Aguila-Pasquel, 

2017 and references therein). The high potential of CH4 effluxes from waterlogged peatlands 

and the frequency of these conditions in PMFB (Lähteenoja and Page, 2011; Lähteenoja et 

al., 2012), led to the hypothesis that PMFB represents an important potential source of 

greenhouse gases globally.  

A first rough approximate of the CH4 emissions from the Neotropics is between 4.9 and 8.6% 

of the present 645 Tg CH4/year global total (Winton et al., 2017 and references therein).  

From the IPCC’s 5th Assessment Report (IPCC, 2014) we know that CH4 has a global 

warming potential 28 times higher than that of CO2 over a period of 100 years. Since these 

peatlands are new components on the CH4 map, it means that present day CH4 budgets are 

underestimated and that there is an immediate need to understand processes that led to CH4 

(and CO2) production and potential for consumption in the past. Furthermore, the PMFB 

peatlands are regarded as one of the largest intact tropical peatlands (Roucoux et al., 2017), 

however, a recently published study (Hergoualc’h et al., 2018) showed that modern land-use 

practices can have immediate impacts on carbon sequestration in these vulnerable 

ecosystems. For example, in areas of degraded M. flexuosa swamps, one of the most 

common peatland types in PMFB, there was a shift from palm swamp vegetation to forests 



 

68 

 

(i.e. woody-vegetation; Hergoualc’h et al., 2018) that caused a reduction in carbon 

sequestration between 11% and 17%, depending on whether the area was characterized as 

medium or severely degraded, respectively (Hergoualc’h et al., 2018). Thus, by 

understanding how these peatlands cope with present day anthropogenic stresses and how 

they functioned in the past, we can provide data for their future successful conservation. 

Since their discovery (Lähteenoja et al., 2009a), there have been numerous studies in the 

area. We now have a good approximation of the area covered by peatlands through remote 

sensing, their carbon pool size (Draper et al., 2014) and local past changes in vegetation and 

hydrology from pollen analysis (Roucoux et al., 2013; Kelly et al., 2017). Radiocarbon dates 

provided information on when peat started to accumulate at various sites in the region 

(Lähteenoja et al., 2009a, b; Roucoux et al., 2013; Kelly et al., 2017), and from that time 

onward, peat accumulation rates were calculated and breaks in deposition assessed (see for 

example Kelly et al., 2017). Further studies included nutrient and geochemical analysis 

(Lähteenoja et al., 2009a; Lähteenoja and Page, 2011; Lawson et al., 2014), hydraulic 

conductivity of peat at various locations and depths (Kelly et al., 2014), present day and past 

water table variations (Teh et al., 2017; Swindles et al., 2014), ecohydrology of peatlands 

(Swindles et al., 2014) and pore water dissolved organic carbon (DOC) (del Aguila-Pasquel, 

2017). Studies published during this research also produced degradation maps via remote 

sensing (Hergoualc’h et al., 2018), looked at the ecology, harvesting practices, economy 

management and spatial distribution of M. flexuosa (Virapongse et al., 2017 and references 

therein), at the floristic diversity within PMFB (Draper et al., 2018) and at the lacustrine 

records and human settelments in the area (Kelly et al., 2018). Most importantly, there are 

also recently published studies on quantifications of the CH4 efflux during the dry and wet 

seasons (Teh et al., 2017; del Aguila-Pasquel, 2017; Winton et al., 2017) in peatlands 

characterized by different vegetation types, on pneumatophore density, their effect on CH4 

fluxes within PMFB, on the relationship between degradation (del Aguila-Pasquel, 2017; 

van Lent et al., 2018), pH and carbon quality (Winton et al., 2017) and CH4 effluxes from 

the basin. All of the latest studies confirm the importance of peatlands in these region as 

important and dynamic ecosystems that store vast amounts of carbon.  

It is important to realize that since the confirmation of peat in PMFB (less than 10 years ago 

from the first published research; Lähteenoja et al., 2009a, b), although only restricted areas 

have been investigated, a vast suite of physical and qualitative parameters are now known. 

Furthermore, with regards to the CH4 cycle, Lawson et al. (2014) highlighted the importance 

of the hydrological regime, water table depth fluctuations and high, year-round temperatures 
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in understanding the role of the microbial community and its potential impact on carbon 

storage and organic matter accumulation within PMFB. Del Aguila-Pasquel (2017) provided 

a rough annual CH4 estimate and commented on the importance of identification of CH4 

sources and pathways within the basin and Winton et al. (2017) argued on the “especially 

urgent” nature of research regarding the CH4 cycle. However, little to no research has been 

conducted on the CH4 variations through time as a major component of the past and present 

carbon cycle and only a few comments have been made on the microbial communities from 

the aerobic and anaerobic parts of a peatland and how they (might) react to local and climatic 

changes (see however Naafs et al., 2017a, 2018; Inglis et al., 2018).  

The main objectives of our study are to assess the employability of a suite of biomarkers in 

tracking vegetation and hydrology changes, as well as CH4 production and efflux in PMFB 

over time, as a function of various environmental parameters (i.e. water table depth, 

temperature, vegetation, nutrient content, dissolved oxygen, pH etc.). Given this important 

gap in knowledge, the successful conservation of the remaining tropical peatlands, in the 

light of long-term consequences arising from the degradation of SE Asia peatlands, is crucial 

and an improved understanding of the processes that govern organic matter accumulation 

and decomposition at a microbial scale is needed. Based on these, further aims and proposed 

methods that arise from the main objectives are as follows: 

1) Evaluate the potential of a suite of biomarkers present in surface and core samples to 

accurately depict present-day and past environmental and climate changes assessed 

primarily through pollen-records and geochemical analysis in order to test the large 

scale applicability of biomarkers within these environments; 

2) Understand and describe changes in biomarkers ascribed to methanogen (i.e. 

archaeol, isoGDGT-0) and methanotroph (i.e. hopanes, fatty acids, isoGDGT) 

communities with depth and relate them to various changes in the palaeoenvironment; 

3) Observe any correlations between climate, vegetation types, inferred CH4 production 

and consumption potential and changes in the concentrations of biomarkers 

indicative of methanotrophs; 

4) Assess the changes in concentration and potential of diploptene, a bacteria 

biosynthesised biomarker, to inferred fluctuations in CH4;   

5) Recommend further biomarker-related steps for additional research and formulate 

questions that still need to be answered. 
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2. Methods  

 

This chapter describes the methods, instruments, chemical techniques and software used to 

extract and analyse 33 samples available for this Master by Research project. References are 

provided where the complete process is not described. All glassware used was soaked in 

Decon solution, cleaned, dried and combusted in the furnace for 6h at 450°C to prevent any 

contamination. A summary of the complete process is found below (Figure 41).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 41 BECS Procedures for Organic Analyses extraction and processing. Steps are further 

explained in the following sections. Black squares have been added to the original diagram to 

indicate final analysis processes and GC instruments used for data acquisition. Although N2 

fractions and part of the N3 components have not been included in the report, they have been 

analysed for further processing. Black boxes represent the final analysis method.  
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2.1. Peat sample collection and core collection 

 

Peat core and surface samples were collected in the summer of 2010 by a research group, Dr 

Katherine Roucoux included, from the University of St Andrews. The three available cores 

(Quistococha, Buena Vista, San Jorge; Figure 43) were acquired using a stainless-steel 

Russian-type corer and were shipped under a temperature of 4°C (see Lawson et al., 2014) 

to limit vegetation and microbial further development.  

Half-hectare forest census plots in each peatland were divided into 10 (20m x 20m) squares 

(A type) and 5 rectangles of (10m x 20m - B type) (i.e. in order to cover the remaining area). 

The corners of each A type squares and the centre part (5 sample points in total/square) were 

sampled at the surface and the material combined (as illustrated in Figure 42). For this 

research project, surface samples belonged to type A squares 1, 3, 5, 7 and 9 (i.e. in Figure 

42, sample 2377-square 1; sample 2379-square 5 and sample 2381-square 9). The cores at 

each site were collected between squares type A 3 and 8 (slightly more in subplot 3 in SJO; 

see exact grid location in Figure 43) (Dr Katherine Roucoux; private correspondence). The 

cores were divided into samples at a resolution of 8 cm and 33 samples were wrapped in 

plastic foil, transferred to plastic bags and sent to University of Glasgow, where they were 

stored into a freezer at a temperature below 0°C. 

 

 

 

 

 

 

 

 

Figure 42 Sampling strategy for surface sample collection illustrating only type A squares at QT 

(not to scale). For this research, samples 1, 3, 5, 7 and 9 were provided. Their corresponded on the 

above figure is as follows: sample 2377-square 1; sample 2379-square 5 and sample 2381-square 

9. Notice the sampling strategy in a 20m x 20m square. The corners of the square and centre were 

sampled and combined, making one analysed sample in this study representative of a 400 m2 area. 

The star represents the location of the core, that can be correlated with Figure 43.  

A+B+C+D+E collection points = one analysed sample 

N 
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2.2. Freeze-drying and homogenization 

 

Rubber gloves were used to unwrap the samples. Gloves were cleaned between each sample 

and changed between surface and cores samples from each location to limit contamination.  

Figure 43 Overview over Pastaza-Marañón Foreland Basin. Top figure represents the location of the 

three peatlands in relationship with the Amazon river and each other (Lähteenoja, 2009b). The bottom 

figures represent zoom-ins on areas from which the cores were collected (i.e. yellow star). Notice the 

exact grid location marked on margins for SJO, QT and BVA peatlands (left to right) and major 

geomorphologic features in the area. Maps have been digitized from aerial field maps used in during 

field work by Dr Outi Lahteenoja and Dr Katherine Roucoux.   
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A freeze-drying technique was used to remove the water content from the frozen samples 

via sublimation. Samples were transferred from a freezer into an Alpha 1-2 LD-Christ 

freeze-drier. The opening of the plastic bags was previously covered with tissue held in place 

with rubber bands to prevent material from escaping under vacuum. The base temperature 

was -50°C and pressure dropped to 0.070 mbars to allow water removal via sublimation. 

Samples were kept in the freeze-drier between 36h and 48h.  

Dried samples where then homogenized using a pestle and mortar. Twigs and thick, woody 

plant roots that could not be broken down were removed at this point to a plastic labelled 

vial. The pestle and mortar were rinsed with DCM after each sample. 

 

2.3. Accelerate Solvent Extraction (ASE) 

 

The ASE 350 (Agilent) was used to extract the organic content from each of the samples. 

For each sample, two ASE caps and one body were used. The cell’s caps were lined with 

pre-combusted glass fibre filters that prevented sample material to block the cell or pass 

through into collection vials. One cap and a body were hand tightened, their weight measured, 

and samples were loaded via a metallic funnel into pre-cleaned ASE cells. Approximatively 

0.5 g of each sample was added into a pre-cleaned ASE cell via a metallic funnel and the 

exact mass determined via subtraction (i.e. masses ASEcap+ASEbody+Sample – ASEcap+ 

ASEbody) and recorded. The remaining space in the ASE body was filled with combusted 

sand and the 2nd cap was attached. Two (or three) cells containing only combusted sand (i.e. 

blanks) were loaded at the beginning, (middle) and end of each run to assure that no 

contamination from the ASE occurred. Blanks were treated as normal samples and 

transferred as TLE in GC-2ml-vials and analysed on GC-FID. The ASE cells containing 

samples where then loaded into the ASE tray with 60 ml vials lined with aluminium foil for 

collection in corresponding places and the “rinse” function was performed in triplicate. 

 

2.4. Total Lipid Extract (TLE) 

 

TLE was collected in 60 ml vials and gently dried under N2 in a Turbo Evaporator. The 60ml 

vials where removed before completely drying and the TLE was transferred in pre-weighted 

8 ml vials, dried and weighted, in order for TLE mass to be determined.  
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Following BECS laboratory procedure, when the mass of the TLE was greater than 10 mg, 

it was split into two aliquots, one with a mass of 10 mg that was later processed and analysed 

and the remaining part archived. Exceptions were made for a few samples when the mass 

was close to 10 mg.  

 

2.4.1.  Acid and Neutral separation 

 

A small piece of quartz wool was transferred using tweezers to the top of the capillary tube 

in a borosilicate Pasteur pipet to prevent Si-gel reaching the collection vials and superclean 

LC-NH3 Si-gel was loaded into the pipet (approx. 4 cm) using a funnel, creating a “column” 

(Figure 44). A small quantity of combusted sand was added to the top of the LC-NH3 Si-gel 

to prevent drying and the column is pre-conditioned with 2-3 ml 1:1 DCM:ISO, which was 

collected in a “waste” 8 ml vial and discarded.  

 

 

 

 

 

 

 

 

The TLE was further separated into Neutral and Acid fractions (TNF and TAF, respectively) 

which was done by transferring 10 mg of TLE dissolved in approximately 0.5 ml of 1:1 

DCM:ISO into a pre-condition borosilicate Pasteur pipet. The TLE vial was washed 2 times 

with small quantities of 1:1 DCM:ISO and sonicated 5-15 seconds to allow full transfer of 

the sample into the column. Approximatively 4 ml of 1:1 DCM:ISO were passed through 

the column and the TNF was collected into a pre-weighted and labelled 8ml vial. TAF was 

collected in a similar fashion by eluting 4ml ether with 4% acetic acid onto the same column. 

Both TNF and TAF were gently dried under N2 with a hot plate set at 38°C and their dry 

mass calculated.  

Figure 44 Column diagram showing the make-up of a 

separation column. 
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2.4.1.1. TNF separation  

 

The TNF fraction was further separated into N1, N2, N3 and N4 fraction to allow easier 

compound identification and minimize coelution during final steps of analysis.  

A new column was created in the same manner as previously described (Figure 44) however 

it was loaded with approx. 3-4 cm of 230-400 mesh/35-70 micron silica powder. The 

columns were preconditioned by eluting 2-3 ml Hexane that was collected in an 8 ml waste 

vial and discarded.  

TNF was dissolved in a small quantity of Hexane and transferred into the column. The TNF 

vials were further washed with small volumes of Hexane and sonicated to ensure that all 

organic material was transferred. N1 fraction was collected into a pre-weighted 8 ml vials 

by eluting 4 ml of Hexane through the column. Notice at this point that Hexane was used to 

pre-condition the Silica powder, to dissolve and transfer the sample and to collect N1 fraction 

as it allows non-polar compounds (i.e. n-alkanes and hopanes) to elute. The polarity of the 

following solvents is increased in order for more polar compounds to elute. N2 fraction was 

thus further collected by eluting 4 ml of DCM through the same column, followed by N3, 

which was collected by eluting 4 ml of 25:75 Ethyl Acetate:Hexane and lastly, N4 fraction 

was collected by eluting 4 ml of Methanol through the column. The column was left to dry 

and discarded. 8 ml vials were dried under N2. A summary of the process can be found 

below (Table 3).  

Table 3 Fraction, solvent and amount used for their extraction, and collected final fraction. 

 

Fraction  Solvent  Volume ml 

(solvent)  

Organic Content  

N1  Hexane  4  Aliphatic 

hydrocarbons  

N2  DCM  4  Ketone/Ester/Aro

matics  

N3  Ethyl 

acetate:hexane 

(25:75)  

4  Alcohols  

N4  Methanol  4  Polar  
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The N1 fraction eluted through the column and collated in a 8 ml vial was completely 

transparent, and the colour of subsequent fraction shifted from light yellow (N2), to light 

green (N3) and light brown (N4) for the analysed peat samples. 

Once dried, N1 and N2 fractions were transferred into an insert in 2 ml GC vials. The insert 

was lifted using a spring to allow easier GC syringe injection. N3 and N4 fractions were 

further processed. 

 

2.4.1.2. N3 BSTFA derivitisation  

 

Derivitisation reactions are used to transform certain compounds in order to increase their 

volatility using the same GC temperature conditions, detectability and elution times during 

GC analysis. Highly polar compounds are thus chemically altered to allow them to elute at 

lower temperatures than they would normally would during GC (Knapp, 1979). Of interest 

here are compounds that contain hydrogen bonds (i.e.-OH, -COOH) that lower their 

volatility when passed through the column.  In reactions used during this project, the 

analyte’s mass was increased by chemically attaching radicals with known masses to certain 

chemical elements (i.e. polar parts) in its chemical structure (Orata, 2012).  

The N3 fraction was further processed by adding 30 μl of BSTFA (i.e. N, N–bis(trimethyl–

silyl)trifluoro-acetamide; Figure 45) and 40 μl of pyridine in 8 ml vials containing the 

fraction. N3 was blown down for a short period of time to replace O2, the vial was sealed 

with a Teflon-lined cap and left for 2h at 80°C.  

Pyridine was used as a reaction catalyst while BSTFA reacts with alcohols to form 

trimethylsilyl (TMS, Mass=73) which are volatile and easy to separate (Scott, 2003). 

However, as the TMSs are less compatible with the Flame Ionization Detector (FID), GC-

MS was used to identify and quantify N3 fraction. Samples were transferred and dissolved 

in DCM and analysed within 48h from derivitisation once pyridine was dried. 

 

Figure 45 Chemical equation and reaction of TMS derivitisation. 
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2.4.1.3. N4 filtering  

 

N4 fraction was dried, transported in 8 ml vials and processed at the University of Bristol, 

Organic Chemistry Unit (OGU). Samples were dissolved in a small volume of 99:1 

Hexane:Isopropylic Acid (99:1 Hex:IPA) for transferring using a pipette in a high TOC 

syringe fitted with a 0.45 μm filter. The syringe was previously cleaned with three 

consecutive beds of 99:1 Hex:IPA. The sample was then passed through the syringe, 8 ml 

vial rinsed with 3 small volumes of Hex:IPA (99:1), collected in a 3.5 ml vial and dried. 

Filtering allowed removal of residual particles larger than 0.45 μm, that is incompatible with 

the HPLC system.  

Samples were transferred in inserts placed in 2 ml GC vials. Approximatively 10 μl of C46 

(GDGT C46) with a concentration of 24.04 ng/μl was added as an internal standard (i.e. 240.4 

ng). The inserts were dried, redissolved in a known volume (100 μl) of Hex:IPA (99:1) and 

analysed. An external standard with known composition was added to aid the identification 

process. 

 

2.4.2.  Total Acid Fraction (TAF) 

 

The TAF was dried in a pre-weighted 8 ml vial and its mass was calculated. The TAF 

fractions need to be methylated prior to analysis. 100 μl of Methanol (MeOH) with 12% BF3 

was added into the vial leading to the formation of Fatty Acids Methyl Esters (FAMEs). The 

vial was sealed with a Teflon-lined cap, placed at 70°C for 1h and dried under N2 under a 

hot plate at 38°C. Further separation was required.  

A column with regular Si-gel was constructed as described below.  Hexane was used for 

cleaning the column and transferring the TAF samples. TAF 8 ml vials were washed with 

small volumes of Hexane to ensure complete TAF transfer. 4 ml of Hexane were eluted 

through the column and collected in a pre-weighted 8 ml vial (A1 fraction). 4 ml of DCM 

were the eluted to collect the FAME fraction (A2 fraction). A1 fraction was kept until A2 

was successfully analysed and discarded. A2 fractions were transferred into inlets in 2 ml 

GC vials, dried and dissolved in a known DCM volume (i.e. 150μl). 
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2.4.2.1.  DMDS method  

 

Due to particular interest in the location of the double bounds in FAMEs, the method 

described in more detail in Nichols et al., (1986) was performed first on 6 pilot FAME 

samples, after their concentrations were determined through GC-FID analysis. The 

procedure allowed the opening of the double bond to occur through the addition of two –

CH3S radicals. A characteristic mass spectrum is provided in Figure 46.  

The A2 fraction was transferred in Hexane in 8 ml vials. 100 μl of Dimethyl Disulphide 

(DMDS) was added along 1-2 drops of Iodine (6% w:v in diethyl ether). The vial was sealed 

with a teflon-lined cap and left in the oven for 48h at 50⁰C. After 48h the samples were 

remove from the oven and left to cool at room temperature. 1ml Hexane and 1.2 -1.5 ml 

Aqueous Sodium thiosulphate (5% w:v in distillated water) were added to remove iodine. 

The solution was hand shacked until completely transparent and left to segregate in two 

layers based on densities on a flat surface.  The top layer contained the organic part, which 

was extracted using a pipette (A2 org). 0.5-1 ml of Hexane:Chloroform (4:1, v:v) were added 

and shacked well. Placed on a flat surface, two layers separated and the top layer extracted 

again using a pipette (A2 org). A 0.5-1.5 g of Na2SO4 and shacked well to remove any water 

that might have been transferred. A2 org was dried under N2, dissolved in a small volume of 

Hexane and transferred using a 500 μl syringe to not allow Na2SO4 dried powder to pass into 

the insert in the 2 ml GC vial. The A2 org vial was washed twice with Hexane and the  
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Figure 46 Showing DMDS derived monosaturated FA. Notice the position 

of CH3S- radicals where the double bond occurs. 
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transfer repeated. The samples were dried in the insert and a known amount of Hexane (150 

μl) was added.   

A full list of specific fragments and their m/z values are provided in Nichols et al., (1986). 

For the purpose of this study only signatures specific to the location of the double bond in 

FAMEs with 16 and 18 Carbons were investigates and their specific m/z signatures are 

provided below (Table 4; Figure 46).  

 

 

 

 

 

 

 

 

 

 

 

 

 

2.4.2.2. Nomenclature and characteristic ions  

 

In terms of nomenclature, as an example, for the C16:1ω7, C16 represents the number of 

Carbons in the Fatty Acids that corresponds to the C17-FAME; 1ω7 represents the number 

of double bounds, in this case, one, and the ω carbon position, C7. Carbon numbering is 

performed from the chain end opposite to the carboxylic acid group (i.e. –COOH), present 

in the fatty acid structure and it is indicated with the  symbol. The ∆ nomenclature refers 

to position of carbon as numbered from the carboxylic end (Table 4). Notation c or t refers 

to the optical structure of the molecule, cis- or trans- that elutes in this order (Figure 47).  

Figure 47 Variety of C18:1 fatty acids as seen at BVA after the DMDS derivitisation. The 

signal was enhanced by performing the search based on the m/z=390 ion. 
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Table 4 Monosaturated FA m/z frangment signatures for BVA identification. Notice mass of 

compound and the two fragments that cab be identified in the mass spectra of each compound.  

        

 

 

 

 

 

 

 

 

 

 

2.5. Standards and Blanks  

 

Composition of BECS external standard mix (STD) is provided below (Figure 48). For every 

GC-MS or GC-FID run, the BECS standard was analysed in three different concentrations 

(1:0 STD:DCM, 1:1 STD:DCM; 1:3 STD:DCM) for compound and concentrations 

determination. 

In order to adjust compound concentrations for changing GC temperatures during analysis 

(see GC-FID and GC-MS methods), three calibration curves were calculated for each run 

for STD compounds eluting before the 25-minute mark, between 25-35 minutes and after 35 

minutes. Linear regression equations were calculated using Microsoft Excel and expressed 

as: 

Equation 1:  𝑦 = 𝑎𝑥 

where y=peak area from chromatogram and x=compound concentration; calibration curves 

were used only if they provided a r2 value between 0.94 and 0.99. 

A quality check test was performed at the end of each run by injecting in the 1:0 STD:DCM 

vial and comparing the concentrations of several compounds to the initial 1:0 STD:DCM. A 

Fatty accids Mass of compound ω-fragment ∆-fragment 

16:1ω9c 362 173 - 

16:1ω8c 362 159 203 

16:1ω7c 362 145 217 

16:1ω7t 362 145 217 

16:1ω6c 362 131 231 

16:1ω5c 362 117 245 

16:1ω5t 362 117 245 

18:1ω9c 390 173 217 

18:1ω8c 390 159 231 

18:1ω7c 390 145 245 

18:1ω7t 390 145 245 

18:1ω5c 390 117 273 
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blank GC-vial containing only DCM was added and run after 7-10 samples in order to 

determine if any contamination from the GC machine occurred.  

A set of blanks were used in the ASE run. Two cells were filled with combusted sand and 

added at the beginning and end of the sequence to test for any contamination that might come 

from the ASE or prior. The blanks were treated as normal samples and their masses 

calculated, however, they were not separated further into TNFs and TAFs. The blank TLE 

was transferred into inserts in 2 ml GC vials and analysed on the GC-FID. The majority of 

minor GC peaks that appeared had concentrations below 1.5 µg/g, with a single peak having 

a concentration of approximatively 78 µg/g, however this peak did not interfere with the 

concentrations of the compounds of interest. The peak was identified as a phthalate, a plastic 

contaminant. 

Compound concentrations  

Once identified, the compounds’ peak area was extracted and divided by a (Equation 1). The 

result was then calibrated to the volume in which the sample was dissolved (i.e. usually 150 

μl), to the initial mass of total TLE and to the mass of dried sediment added to ASE cells. 

Final results represent compound mass per gram of dried peat (μg/g). 

Figure 48 General BECS standard, showing including compounds and relative retention times on a 

GC-FID. 
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2.6. GC-MS  

 

Samples were run on GC-MS Agilent 5977 for identification within the range 50-600 m/z. 

The column used was a HP-1-MS column, 60m long, with a 0.250 mm internal diameter and 

0.25 μm film thickness. The initial oven temperature was 60°C (stabilised for 2 min), and 

increased with 30°C/min until 120°C and with 5°C/min until 305°. The total run time was 

56 minutes with first result at 10 minutes (i.e. gas cut off after 10 minutes). The front inlet 

temperature was 310°C, interface temperature between MS and source 310°C, while the 

temperature of the source was 230°C and that of the MS quad 150°C.  Purge time was 0.705 

minutes and purge flow 50 minutes. The column flow was 1.2 ml/min and flow velocity 28.4 

cm/sec. The method used constant flow. The injection volume was 1μl. Helium was used as 

the carrier gas, with a flow of 25 ml/min. 

 

2.7. GC-FID 

 

Samples were run on GC-FID Agilent 7890 for quantification within the range 50-600m/z. 

The column was a RTX-1Restek column, with a length of 60m, internal diameter of 

0.250mm and film thickness of 0.25μm. The oven temperature program started at 60°C and 

stabilised for 2 minutes, increased at a rate of 30°C/min until 120°C and then at a rate of 

5°C/min until 330°C where it stayed for 15 minutes.  

The front inlet used splitless injection at a temperature of 320°C; purge time was 0.705min 

and purge flow 50 minutes. The run time was 61 minutes. Flow was at 1.2 ml/min, velocity 

30.4 cm/s. The method used constant flow, with changing pressure (psi). Hydrogen was used 

as the carrier gas, with a flow of 40ml/min. 

N4 - GDGTs 

N4 fraction was re-dissolved in a mixture of Hexane:Isopropanol (99:1, v:v) and samples 

passed through a 0.45 µm PTFE filter. 10 µl of C46  with a concentration of 24.04 ng/µl was 

added as an internal standard. Samples were then gently dried under N2 and redissolved in 

100 µl. 

Analysis of core lipids (GDGTs) was performed on a high performance liquid 

chromatography/ atmospheric pressure chemical ionisation – mass spectrometry 
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(HPLC/APCI-MS) using a ThermoFisher Scientific Accela Quantum Access 

triplequadrupole MS (Naafs et al., 2017a). The method used selective ion monitoring mode 

with m/z m/z 1302, 1300, 1298, 1296, 1294, 1292, 1050, 1048, 1046, 1036, 1034, 1032, 

1022, 1020, 1018, 744, and 653) for increased sensitivity and ease of identification (Naafs 

et al., 2017a). 
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3. Quistococha peatland (QT) (core 03°50′24.0″S, 073°19′09.92″W) 
 

3.1. Introduction  

 

At present, peat forms at Quistococha under M. flexuosa-dominated palm swamp vegetation, 

in an acidic peat with intermediate nutrient availability (Teh et al., 2017; Figure 49). 

Lähteenoja et al. (2009 a) described the peatland as “nutrient-poor minerotrophic peatland”, 

which was later confirmed by van Lent et al. (2018) who classified the site as minerotrophic 

(i.e. Ca/Mg>6). This indicates a complicated hydrological regime, with a combination of 

atmospheric, riverine and groundwater sources. At present, this vegetation covers 

approximatively 78% of the peatlands in Pastaza-Marañón foreland basin (PMFB; Draper et 

al., 2014). Furthermore, M. flexuosa grows here in a relatively constant humid (80-90%) and 

hot (>25°C) climate with mean annual precipitation of 3097 mm/yr and two weak 

distinguishable seasons, a drier one between June and September and a wetter one between 

November and December (Marengo, 1998; Roucoux et al., 2013). The samples available for 

this study come from the peat core that was used for pollen analysis by Roucoux et al., (2013) 

and geochemical analysis by Lawson et al. (2014), core QT-2010-1. 

 

3.1.1. Site description, location, geology       

 

Quistococha peatland (QT) is located in the proximity of Itaya River, in the Amazon 

floodplain, only 10 km away from the Iquitos city, in NE Peru (Roucoux et al., 2013, Figure 

49). A lake bearing the same name is located within the peatland, several hundred meters 

away from the coring site. The lake area is approximatively 1 km2, with a depth of 3.2−4 m 

(Räsänen et al., 1991; Aniceto et al., 2014). Sediments from this lake were analysed by 

Aniceto et al. (2014) and will provide additional data when interpreting environmental 

change experienced at this location. 

 

Due to the meandering nature of the Amazon river and adjacent alluvial, easily eroded 

sediments and rock units, higher grounds and terraces bound the present-day floodplain 

(Figure 49), marking the extent of palaeochannels. At the study site, the Amazon carved 

terraces (i.e. up to 15 m in height, Aniceto et al., 2014) in the Quaternary and Miocene-

Pliocene strata, forming channels. As the QT peatland is bounded by terraces (Figure 49), 
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water flow is restricted, leading to waterlogged conditions and peat formation. Furthermore, 

a clay levee is located to the east of the peatland, limiting water flow (Kelly et al., 2014). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

At present, two rivers are located close to QT, Itaya and Nanay, both tributaries of the 

Amazon River, however, the latter does not influence the geochemistry of QT. The Itaya 

river was referred to as an important flood water source for adjacent peatlands since it formed 

in 1761 (Roucoux et al., 2013 and references therein). The QT site is part of the Amazon 

floodplain, currently in an infilled palaeochannel and part of an area that is permanently 

waterlogged and periodically flooded during the wet season, known as “varzea” (Roucoux 

et al., 2013; Aniceto et al., 2014).  

 

3.1.2. Age model and peat accumulation rates  

 

The QT-2010-1 core consists mainly of peat yet it extends below into the underlying silts 

and clays, reaching a depth of 630 cm (Roucoux et al., 2013). The age model presented in 

Figure 50 was constrained using 7 samples that were radiocarbon dated. The age model 

shows that peat started accumulating at the site around 2200 cal yrs BP ago (i.e. calibrated 

years before present). The peat has an average accumulation rate of 1.43 mm/yr between 0 

Figure 49 Location of QT peatland and Quistococha Lake. Notice the elevated 

terrace in the W-NW of QT peatland and theproximity of river Itaya and Amazon. 

Numbers refer to measured elevations. Edited from Roucoux et al., (2013). 
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and 260 cm and 3.30 mm/yr, between 260 and 395 cm (Roucoux et al., 2013), similar to 

rates reported in other studies within the same peatland (Lähteenoja et al., 2009a). 

 

3.1.3. Vegetation and samples  

 

The present day vegetation is palm swamp (Draper et al., 2014) doiminated by M. flexuosa, 

locally known as aguajal. M. flexuosa palm swamp, started to develop around 1000 cal yr 

BP, but pollen of this species was first recorded around 2100-1990 cal yr BP where the 

Figure 50 Age model for QT peatland. Notice the 6th sample 

that is not in stratigraphic sequence, showing a kink in the age 

model, due to possible younger root material within the 

sediment (Roucoux et al., 2013). 

Figure 51 QT peatland nutrient status, geographical location and number of measurements taken 

by Teh et al. (2017). 
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species is indicative of decreasing flooding episodes relative to the deeper, seasonal flooding 

indicated by the pollen in the preceeding interval (Roucoux et al., 2013). 

Palynological records show a complicated vegetation history at this location, with abrupt 

inversions and transitions (see subchapter 3.1.4.; Roucoux et al., 2013), not following a 

predictable and accepted (i.e. unidirectional) model developed for Asian tropical peatlands 

(Kelly et al., 2017 and references therein). As a summary (Figure 52), vegetation 

development started as sedge fen and floating mat vegetation (2200 cal yr BP), evolved into 

a periodically flooded woodland (i.e. 1800 cal yr BP), oscillated twice between herbaceous 

and seasonally floaded woodland (1880-1010 cal yr BP) and finally started to establish itself 

as the current vegetation type from 1000 cal yr BP until 400 cal yr BP. The changes in 

vegetation types are primarily thought to be caused by changes in the flooding regime and 

the highly dynamic banks of Amazon River (Roucoux et al., 2013). Thus, peat accumulation 

at the site is primarily a result of lateral river migration (Lähteenoja and Roucoux, 2010 and 

references therein) (Roucoux et al., 2013). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Pollen data analysis of one of the cores from QT suggests that for at least the past 2280 cal 

yr BP (i.e. radiocarbon dating), vegetation at this site saw multiple shifts (Figure 52). Starting 

with the lowermost, sandy part of the record and working upwards towards recent peat 

deposits, these changes in vegetation and sediment types will allow a more comprehensive 

Figure 52 Vegetation development at QT (Kelly et al., 2017).  
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interpretation of how and why biomarker signatures vary in time. Changes in vegetation 

cannot be attributed only to changes in climate due to presumed stability of temperature 

expected in this tropical region, but need to be treated as local changes, primarily caused by 

the dynamic character of the two rivers in the area (i.e. Itaya and Amazon). Overall, in the 

past 2200 years, conditions favored deposition of peat, although the hydrological regime saw 

several shifts at the site. One sample from each vegetation or sub-vegetation type was 

available for biomarker study. Data and interpretation from pollen records (Roucoux et 

al.,2013) at the site are provide below. 

 

3.1.4. Literature review on vegetation changes based on pollen assemblages 

(Roucoux et al., 2013) 

 

0. Below the pollen record (630-432 cm) – age greater than 2280 cal yr BP 

The section between 630-432 cm is not covered by the current analysed samples within this 

project (Figure 53). It was described as a fine sand deposit with a high magnetic 

susceptibility that contained high inorganic content and from which an approximate age 

could not be extracted. Although the age is not known, it was greater than 2280 cal yr BC, 

relative to the above section (Roucoux et al., 2013).  

Another sedimentary record (i.e. 3 cores) taken from Lake Quistococha (3°49’46.87” S 

7°19’05.67” W), located in the proximity of the peat-core indicates drier conditions during 

mid-Holocene (Aniceto et al., 2014). The influences of the Amazon on the area started to 

decrease after 5800 cal yr BP and although Aniceto et al. (2014) found evidence of a hiatus 

and thus a drier period within the QT lake cores, more recent research by Kelly et al. (2018) 

assigned the inferred hiatus to input of older organic matter from floods that could have 

offset the radiocarbon ages. The decline in Amazon River influences on the site was set 

between 4490-2180 cal yr BP and the area was probably outside of Amazon’s sediment-rich 

floods by 2180-1660 cal yr BP (Kelly et al., 2018).  
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1. Zone QT-1 (432-408 cm) – 2280-2200 cal yr BP 

Peat deposits start just above 432 cm and the first pollen 

assemblage was recorded between 432-408 cm by Roucoux et al. 

(2013). The sample available for analysis from this pollen zone 

available comes from 410 - 420 cm. This part of the core was dated 

at ca. 2280-2200 cal yr BP and pollen was found in inorganic clay, 

marking a change in the environment from fluvial to a calmer, 

lake-like setting (Roucoux et al., 2013; i.e. ox-bow lake). The 

clayey unit creates an impermeable layer (Kelly et al., 2014) with 

consequences on ground water flow, maintaining waterlogged 

conditions. Clay deposition rate was calculated for the region at 5 

cm/100 yr (Räsänen et al., 1991). Vegetation was composed of 

species adapted to newly exposed sediments-in environments 

where light competition is low (i.e. Cecropia sp.), including many 

herbaceous taxa (Roucoux et al., 2013). 

2. Zone QT-2 (408-376cm) – 2200-2100 cal yr BP 

The following pollen zone occurs between 4.08-3.76 m, matches 

with the sample between 380 - 388 cm and was dated to 2200-

2100 cal yr BP. The base of this section has an increase in organic 

matter content from the previous zone. Organic matter makes up 

75% of this section and is interbedded with layers of clay 

sediments, marking the point when peat started to accumulate at 

this site. This indicates that the area was still affected by periodic 

flooding events (i.e. by white-water rivers, high in sediment 

content). Pollen records provide an indication of two possible 

types of present flora: marginal fen and/or floating mat vegetation. 

Other taxa (i.e. Hevea guianesis) that can also be found today at 

the site indicate the development of a vegetation able to adapt to 

periodic or permanent waterlogged conditions (Roucoux et al., 

2013). 

3. Zone QT-3 (376-296 cm) 2100-1990 cal yr BP 

The next section was delimited between 376-296 cm and dated 

between 2100-1990 cal yr BP. This coincides with the 348 - 356 
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cm sample from the same core. The average organic content reaches 90%, and pollen records 

indicate the existence of flood-adapted species, thus waterlogged conditions continued in 

this area. The main flood water source switched from the sediment-rich Amazon to 

sediment-poor waters of Itaya River (Roucoux et al., 2013). 

Based on pollen records, vegetation changed from temporal/permanent waterlogged taxa to 

wet woodland representatives. Higher in this section, pollen of M. flexuosa is found, which 

is the main vegetation present at this site today. This indicates a change in the flooding 

regime from deep (i.e. 3-5 m) seasonal flooding to a permanent waterlogged environment 

with episodic shallow flooding events (~1.5 m) (Roucoux et al., 2013 and references therein). 

4. Zone QT-4 (296-152cm) 1880-1010 cal yr BP 

The section spanning between 296-152 cm was dated at 1880–1010 cal yr BP and coincides 

with samples between 294-286 cm (i.e. subzone QT-4a), 248-240 cm (i.e. subzone QT-4b) 

and 178-170 cm (i.e. subzone QT-4c in Roucoux et al., 2013). 

The main change in the environmental conditions at the site is marked by a decrease in 

Mauritia species and an increase in pollen from species characteristic to seasonally flooded 

forest, adapted to deeper and longer flooding events. The presence of other new taxa in this 

environment (i.e. subzone QT-4a) (i.e. Acalypha, Ficus, Papilionoideae, Mimosoideae) and 

low pollen percentage from Cyperaceae and Poaceae species indicate that the canopy was 

closed. 

In the following subzone (QT-4b), Cyperaceae and Poaceae are dominating, suggesting an 

opening of the canopy and herbaceous vegetation. This was caused by two possible events: 

a decrease in the depth and duration of flooding episodes and/or development of a permanent 

water body at the site that sustained fen and possibly floating mat vegetation.  

Subzone QT-4c (together with QT-4d, no sample available), saw the same vegetation 

repetition as 4a and 4b, with the canopy closing under woodland vegetation (4c) and opening, 

with input from herbaceous taxa pollen (4d; ~110yr). 

5. Zone QT-5 (152-72cm) 1010-360 cal yr BP 

The next zone was divided between 152-72 cm, dated 1010–360 cal yr BP, coincides with 

the samples from 120-128 cm and marks another episode of M. flexuosa expansion and 

appearance of two taxa common in permanent waterlogged regions. The canopy was also 

closed and peat continued to accumulate with low inorganic sediment input. 
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6. Zone QT-6 (72-16cm) 360 cal yr BP - Present 

The final section spans between 72-16 cm, was dated at 360 cal yr BP to present and 

contains the final sample from this site, 20-28 cm. The pollen assemblages in this zone 

indicate (i.e. see Roucoux et al., 2013 for further data) that deep seasonal flooding episodes 

stopped and that the canopy remained closed (see Roucoux et al., 2013 for further details).  

Present day vegetation and environmental data 

The main vegetation type, characterized by M. flexuosa (Roucoux et al., 2013), is known to 

possess adaptations to waterlogging and anoxic conditions (Granville, 1969; see subchapter 

2.4.1.).  Davalliaceae nephrolepis, a fern species, also occurs at the site (see subchapter 6.2.). 

Data on present day gas emission, air and peat temperature, conductivity, dissolved oxygen, 

water table levels and pHs were collected from the top 15 cm of the peat column by Teh et 

al., (2017; Table 5). Between the three peatlands studied here and reported in Teh et al. 

(2017), QT represents the highest mean flux of CH4 (36.7± 3.9 mg CH4-C/m2/day), alongside 

the highest mean flux of N2O (1.11±0.44 μg N2O/m2/day). A summary of the parameters is 

provided below: 

Table 5 Present day parameters at QT (Teh et al., 2017). 

 

Furthermore, van Lent et al. (2018) found that CH4 fluxes vary within the QT peatland based 

on levels of degradation experienced by the location. The study (in-vitro incubation 

experiments, relative fluxes provided) found that sites characterized as intact and medium 

degraded acted as CH4 sinks with no shifts to sources for any water-fill pore-space (WFPS) 

values (i.e. 20% to 100%-mimicking flooding). The peat forming in a highly degraded site 

acted as a CH4 source only when WFPS values were higher than 70%. This was further 

correlated with emissions of N2O from each site, which was found to have a negative 

relationship with CH4 production. N2O emissions were found to be highest within those sites 

QT 

 

 

Peat(T°C) 

 

Air(T°C) Conductivity 

(μS/m2) 

Dissolved 

O2  (%) 

WT 

level 

(m) 

pH  CH4 

C/m2/day 

Wet 

season 

25.6 ± 

0.6c 

26.3 ± 

0.1 

45.9 ± 

2.1 

19.4 ± 

1.3 

37.2 

±1.7 

5.04 

±0.03 

46.7± 8.4 

Dry 

season 

25.3 ± 

0.1 

26.4 ± 

0.1 

51.9 ± 

1.8 

17.3 ± 

1.5 

6.1 ± 

1.3 

5.49 

±0.03 

28.3± 2.6 
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when WFPS was at 84% and at 100%. CO2 production (i.e. incubation experiment) and C 

mineralization was also found to be higher at highly degraded sites (van Lent et al., 2018).  

 

3.1.5. Geochemistry and peat conductivity (K) at QT site 

 

Magnetic susceptibility decreases abruptly in two steps: before 2800 cal yr BP and after 2600 

cal yr BP and is minimum at the base of the peat core (i.e. 413 cm) (Roucoux et al., 2013; 

Lawson et al., 2014). The grain size increases downward, in the clay-silty unit underlying 

peat, which is also recorded in the QT Lake (Aniceto et al., 2014). C and N content increase 

abruptly from the depth of 413 cm (i.e. first peat deposits) with higher N (wt%) values 

towards present. The C/N ratio is seen to increase gradually at the transition between clay 

and peat. This was interpreted as an important input from algal sources before peat initiation, 

which correlates well with the lake-type environment proposed by Roucoux et al., (2013). 

Fluctuations seen in the ratio within the peat column was interpreted by Lawson et al., (2014) 

as inputs from different vegetation types. Lignin values fluctuate between 40 and 80 wt% 

(organic matter fraction), with values around 60% at the base of the peat core, suggesting a 

high recalcitrant character of the peat and potential for biomarker studies. 

Ca, Fe, Mn and Na show similar trends, decreasing upwards while Al, Mg and K are 

increasing increase upwards, within the peat column. Ca, Mg, Al, K and Fe show very high 

values in clayey silt unit compared to present day values, indicating the mix origin of 

weathered material from higher reaches (Lawson et al., 2014).  Lower values of Mg and Ca 

within the peat column indicate lower input from nutrient-rich waters, and thus, lower 

influence from Amazon River. This was experienced during longer periods of time when 

precipitation was the main water source along secondary sources of ground water input 

(Lawson et al., 2014), the latter which gives QT its nutrient-intermediate status.  

In the top part of the peat column (0-150 cm), C/N and lignin ratios are seen to decrease 

towards the top (Figure 54). One suggested explanation was that the input from fresh roots, 

changes in litter quality and less decayed material towards the top (Lawson et al., 2014). The 

slight increase seen in K, Ca, Mg and Na relative to the bottom peats (150-413 cm) was 

attributed to organism uptake of nutrients and thus, higher demands for K and Ca by 

vegetation (i.e. bioaccumulation). Na relative increase was attributed to its recycling by fungi 

and animals. A further breakdown of surface nutrient profiles in soils and litter fall is 



 

93 

 

provided by Van Lent et al. (2018), taking into account variations based on degradation 

characteristics of sites within the QT peatland. 

The relative increase in Fe and Mn in upper peats was attributed to redox conditions (i.e. Fe 

and Mn soluble under acidic conditions) and to the fact that peat at QT might be periodically 

exposed to oxic condition down to 30 cm in depth (27 cm below surface during dry season, 

Kelly et al., 2014). Furthermore, the water can be oxygenated due to root transport (i.e. 

known to penetrate depths of 1.5 m – Kelly et al., 2014; see subchapter 1.5.2.) or increased 

water intake by vegetation (Lawson et al., 2014) which would have high implications in the 

CH4 cycle.  

 

3.1.6. Hydraulic conductivity (K) 

 

Hydraulic conductivity is a major physical parameter that influences the position of water 

table within a peatland (Table 6). It was related to the type of plant material and its degree 

of decomposition. Thus, in terms of its values, a relatively high K indicates high potential 

for water flow (i.e. high peat permeability), while low values will restrict water flow within 

the peatland (Kelly et al., 2014). This would relate to the Fe and Mn profiles seen by Lawson 

et al. (2014) and proposed redox conditions, to the degree of peat aeration and microbial 

development.  

K differs at QT within the same peat core and within the same peatland (and vegetation type), 

(Table 6; Kelly et al., 2016). Across the peatland, K was also an order of magnitude higher 

at a depth of 50 cm compared to 90 cm depth, indicating that depth has an important impact 

on the behaviour of water flow within this peatland (i.e. whereas depth did not have a 

significant impact on K within BVA and SJO). K median value for the three plots (i.e. A, B, 

Figure 54 Quistococha lake sediment core parameters (Aniceto et al., 2014). 
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C-moving away from Quistococha Lake towards C), are summarized in the table below for 

the two depths: 

Table 6 Hydraulic conductivity parameters with distance from QT lake at two different depths 

(Kelly et al., 2016) 

 

3.1.7. Published isotopic data  

 

Bulk carbon isotopic measurements are available in Roucoux et al., (2013; Figure 55) for 

depths that correspond to radiocarbon dating. The lightest value is recorded at a depth of 80-

81cm (i.e. δ13C=-37.6‰ while the heaviest, at the depth of 130-131cm (i.e. δ13C=-29.3‰).  

 

 

 

 

 

 

 

 

 A B C 

50 cm 0.00369 cm/s 0.01606 cm/s 0.00387 

90 cm 0.00167 cm/s 0.00627 cm/s 0.00164 

Figure 55 Radiocarbon and calibrated ages at QT, edittted from Roucoux et al., 2013. 
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3.2. Results   

 

3.2.1. N-alkanes 

 

The summed masses of n-alkanes in the 5 surface samples is almost equal to the sum of n-

alkanes in the 8 core samples, with values of 2284.5 µg/g and 2266.9 µg/g, respectively. 

Short chain n-alkanes in the range of nC16-nC20 have the highest masses in surface samples, 

followed by medium length n-alkanes and finally, long-chain n-alkanes. The same situation 

is true for most core samples, however, unlike surface ones, the length of the n-alkanes 

extends up to 38-39 carbons, whereas surface samples’ maximum chain length is 31 carbons. 

Short and medium-length n-alkane individual concentrations spike at surface and at depths 

of 348-356 cm and 286-294 cm. Long-chain n-alkanes (C26-C36) have their maximum 

concentrations and smaller peaks at different depths. Overall, in the long n-alkane range, odd 

numbered chains dominate in most samples (Figure 56).  

CPI peaks at 120-128 cm and 20-28 cm, when it reaches values of 12.03 (Figure 57.1.). The 

lowest CPI value is recorded in the clay, inorganic unit, and, in peat containing samples, at 

the depth of 240-248 cm, where a local disturbance in vegetation was depicted in pollen 

records by Roucoux et al. (2013).  

Paq varies between 0.07 and 0.28, crossing the threshold for emergent macrophytes between 

380-388 cm and 348-356 cm and once more, at the depth of 120-128 cm (Figure 57.2).  

ACL and Pwax show mainly the same trends, with the lowest values recorded between 380-

388 cm and 348-356 cm, however they peak at different point within this range. Furthermore, 

ACL decreases in surface samples, while Pwax shows an increase at surface (Figures 57.3. 

and 55.4).  

For the QT site, values of the Pr/Ph ratio are mainly below 1, varying between 0.24 and 1.27, 

with Pr/n-C17 and Ph/n-C18 ranging between 0.11-0.59 and 0.09-0.61, respectively (Figure 

57.5). 
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Figure 56 N-alkane concentration distribution with depth at QT. For each plot, the x axis represents number of 

carbons in each n-alkane while y axis is in g/g, indicating concentration. Notice coloured circles in the peat-

log representing samples maching up with graphs on the right-hand side. 
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3.2.2. GDGTs 

 

At QT, brGDGTs dominate with 80% the total distribution of GDGTs, with the remaining 20% made 

out by isoGDGTs (Figure 60). Even in the three measured surface samples, brGDGTs varied between 

70% and 95%, with the remaining fraction representing relative isoGDGT input. 

 

 

 

 

 

 

 

 

In the brGDGTs fraction, brGDGT-Ia (Figure 58.8.) has the overall highest concentrations, 

representing 89.05% (i.e. 6592.14 µg/g) of the total brGDGTs. Its concentrations increase steady 

from 57.93 µg/g recorded in the clay samples to 120-128 cm where it peaks, reaching 1909.9 µg/g.  

BrGDGTs –Ib and –IIa (Figures 58.9. and 58.10.) have the next highest concentrations, both peaking 

in surface samples with average concentrations of 151.34 µg/g and 469.75 µg/g, respectively. 

Although not shown in this section, brGDGT-Ic, -IIc, and –IIIa, also occur in all sample, with their 

summed concentrations of 78.09 µg/g, 5.08 µg/g and 28.06 µg/g, respectively.  

Peat temperature calibrated through brGDGTs indicates the lowest value for the depth of 380-388 

cm when it reached 22.08°C (±4.7°C). It increases slightly upwards and peaks at 27.43°C (±4.7°C) 

at 120-128 cm (Figure 58.11). Surface calibrated temperature is at 27.02°C (±4.7°C) whereas 

instrumental temperature was reported at 26.4°C (Teh et al., 2017). 

Calibrated pHs and temperatures using brGDGT proxy proposed by Naafs et al. (2017a; see 

subchapter 1.7.2.3.). The GDGT-calibrated pH for the 410-420 cm sample has a value of 6.53 

compared to 6.41 for the same depth given by the hopane-calibrated pH. The GDGT-calibrated pH 

continues to decrease to a value of 3.09 for a depth of 170-178 cm (Figure 54.12), and reaches 5.37 

in the surface samples.  

1903.8, 

20%

7402.6, 

80%

QT brGDGTs vs isoGDGTs (

isoGDGTs brGDGTs

Figure 60 Iso- and brGDGT (green and blue, respectively) distribution at 

QT in surface and core samples.  
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In terms of isoGDGTs, the highest concentrations are recorded for isoGDGT-0 (caldarchaeol), which 

represents 49.14% of the total isoGDGTs at QT. Its lowest values are recorded in the 410-420 cm 

samples and in the 120-128 cm sample, with concentrations of 4.6 µg/g and 8.08 µg/g, respectively. 

IsoGDGT-0 peaks in surface samples, reaching a concentration of 208.89 µg/g.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

IsoGDGTs-1, -2, -3 and -4 have similar concentrations, mostly limited between 0 and 50 µg/g (Figure 

58.1.-58.3.). IsoGDGT-1 and -2 appear to be coupled until the depth of 120-128 cm, peaking together 

at170-178 cm with values of 17.61 µg/g and 29.26 µg/g. After the depth of 120-128 cm, a decoupling 

Figure 61 Relative isoGDGT and brGDGT input of GDGTs at QT with respect to 

each sample. Notice x axis corresponding to depth of sample in cm. 
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takes place, with isoGDGT-2 remaining fairly constant and increasing in the surface samples, while 

isoGDGT-1 initially increases at 20-28 cm then decreases, bearing the same average concentrations 

in the surface samples of 23 µg/g.  IsoGDGT-4 reflects less changes depicted in isoGDGT-1 and -2 

at depth, showing only a slight increase from the bottom of the core until the depth of 20-28 cm 

where it reaches its highest concentration of 38.13 µg/g (Figure 58.3.). IsoGDGT-3 shows the same 

concentration shifts as isoGDGT-1 and -2, however, at the depth of 20-28 cm it reaches a 

concentration of 54.89 µg/g, the highest between the four (Figure 58.3.).  

IsoGDGT-5 is seen at all depths, apart from the organic-poor, clay-rich sample. Its concentrations 

are seen to increase steady towards surface, and range between 0.051 µg/g and 5.21 µg/g reached 

between 20-28 cm (Figure 58.4).  

Crenarchaeol and its two isomers increase slightly from the bottom of the core, with the greatest 

concentration increase seen in crenarchaeol. Its concentration peak at the surface, at a value of 7.58 

µg/g (Figure 58.5.). 

Caldarchaeol/Crenarchaeol (Cald/Cren) fluctuates between high and low values, with the troughs 

recorded for depths of 410-420 cm, 240-248 cm and 120-128 cm (i.e. 5.29, 8.86 and 1.75, 

respectively). The ratio peaks at 20-28 cm with a value of 93.51. The methane index (MI) was 

multiplied by a factor of 100 in order to be plotted on the same graph as Cald/Cren. The lowest value 

is recorded in the surface samples, at 55.59 while the highest value for the same depth as Cald/Cren, 

20-28 cm, where it peaks at 97.78 (Figure 58.6). 

 

3.2.3. Hopanes  

 

The main hopanes reported here are C27-hop, C29-hop and C31-hop with their stereoisomers. 

Furthermore, diploptene is found in both surface and core samples, while hopanes αβ stereoisomers 

were not identified in surface samples (Figure 57).  

For C27-hop, ββ stereoisomers was found in all samples, and peaked at the depth of 120-128 cm, 

while for C29-hop, the βα isomer and for C31-hop, the αβ isomer peaked at that depth, displaying 

concentrations of 24.8 µg/g, 5.99 µg/g and 93.01 µg/g, respectively (Figure 57).  

Diploptene is seen to increase steady towards the surface, peaking at a depth of 20-28 cm, at a value 

of only 9.75 µg/g, and showing a lower average value in surface samples, of 4.66 µg/g. However, at 

surface, values ranged between 2.89 and 7.01 µg/g (Figure 57.6.).  
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The calibrated pH based on the hopane-proxy proposed by Inglis et al. (2018), indicates a bottom 

core pH of 6.41 that is recorded in the organic-poor, clay unit and decreases upwards, towards more 

acidic conditions, reaching 3.95 at the depth of 120-128 cm. There is a slight increase at 20-28 cm 

to a pH of 4.175 (Figure 57.11.). Since the C31-hop ββ isomer was not identified in surface samples, 

the depth of 20-28 cm represents most recent calibrated pH measurement for this core.  

 

3.2.4. Fatty acids 

 

Fatty acids (FA) were investigated in order to determine microbial community shifts, thus only short 

chain saturated, unsaturated and branched FA were analysed for QT (Figure 59). Their variations in 

concentration with depth are presented in Figure 59, and for most, due to higher concentrations in 

surface samples that hindered changes at depth, their concentrations were multiplied by a factor of 

2.5 and plotted on the same graph (i.e. orange plot). There appears to be a decoupling between the 

saturated and branched FA correspondents. For example, C16:0 shows multiple shifts in 

concentration at depth and its trough are mirrored by peaks in the branched FA. Similarly, C14:0 is 

seen to decrease in concentration between 120-128 cm and 20-28 cm while isoC14:0 is seen to 

increase between these depths. 

Between C14 and C17, even numbered FA dominated the fraction. The highest concentration in this 

range is recorded by the C16:0, that peaks in the surface samples with a value of 184.9 µg/g (Figure 

59.6.), followed by C14:0, with the highest concentration of 27.43 µg/g at surface.  

Between the monosaturated FA, C18:1ω9 shows changes in concentrations with depth, peaking with 

21.58 µg/g at 120-128 cm, while C18:1ω7 does not vary greatly in concentration, ranging only 

between 0.02 and 5.38 µg/g (Figure 59.11). 
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Palaeoenvironment Interpretations and observations 
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Lake-like environment; ↑Paq  

Non-peat forming environment (soil); notice 

sharp ↑ in CPI, ↓in Pr/Ph and pH (diamond) 

↓↓ CPI (low conservation) Paq<0.2(terrestrial); 

Pr/Ph<1 (anoxic)  herbaceous taxa 

↑ CPI (high conservation) Paq~0.2;  

Pr/Ph<1 (anoxic)  
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Pr/Ph↑ oxic; ↑hopanes and C18:1 FA; 

Potential CH4 sink  

↑ aerobic bacteria; ↓methanogens 

 

↓methanogens 

QT  

QT  

QT  

Table 7 Summary of QT results and observations.  



 

105 

 

3.3. Interpretation 

 

Zone QT-1 (410-420 cm) – 2280- 2200 cal yr BP 

 n-Alkanes 

The bottom of QT core has a Paq that records lacustrine palaeoenvironmental conditions 

(Paq>0.12), supporting the pollen record (Roucoux et al., 2013). The organic matter input 

was probably, in part, from emergent macrophytes that grew at the site (Ficken et al., 2000; 

see subchapter 1.6.1.2.). CPI has a relative low value indicating more labile, easily 

degradable organic matter sources (Andersson and Meyers, 2012), with ACL peaking at this 

point together with Pwax and given the different palaeoenvironment and composition of this 

sample, the peaks can be interpreted as different environmental conditions than in further 

pollen zones. The Pr/Ph ratio shows lower values than up-core, below 0.5, indicating anoxic 

conditions (Zulkifley et al., 2015). Individual n-alkane concentrations are low, dominated 

by short chain n-alkanes (i.e. n-C17, n-C18, n-C19, n-C20) however, extending up to n-C39, 

indicating allochthonous input, suggesting that although the palaeoenvironment was a lake-

like setting, higher plants were present in the area, and provided organic matter to the lake. 

The bottom of the lake was probably anoxic, however, microbes are expected to survive 

closer to the surface. 

 GDGTs 

In terms of GDGTs concentrations, we see very low values in the silty-clay sample that 

indicates that both brGDGTs and isoGDGTs may be autochthonous in nature (i.e. not 

carried-in by floodwaters). Because the palaeoenvironment for this depth was most likely a 

lake-like setting (Paq), with open and well-oxygenated waters at the surface (Zheng et al., 

2015 and references therein), there was minor production of both br- and isoGDGTs. 

Crenarchaeol and the two isomers have also a small input, suggesting no contribution from 

ammonia-oxidizing Thaumarchaeota (Schouten et al., 2013 and references therein). 

However, in a different study in the area, part of the offset in MBT and CBT-based 

temperatures recorded by Amazon’s deep-sea fan was attributed to in-situ river production 

of br-GDGTs rather than to soil erosion (Zell et al., 2013a; Zell et al., 2014 and references 

therein), thus, Amazon floodwaters may deliver a small quantity of brGDGTs to these 

peatlands. The GDGT-calibrated pH (Naafs et al., 2017a) for this depth is slightly too acidic 

than expected, with a value of 5.06 (±0.8), indicating a mix between atmospheric 

precipitations and river floodwater, with a higher input from the former. GDGT-calibrated 
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temperature (Naafs et al., 2017a) is again lower than expected, at 22.45°C (±4.7°C). 

However, the calibrations used here are peat-specific, thus for this clay-rich sample, a lake- 

or soil-based GDGT calibration would probably yield more accurate results. For example, 

the soil CBT and MBT calibrations proposed by Weijers et al., (2007a) result in a 23.74°C 

temperature while the pH is again, slightly higher, at 6.53 that are more characteristic of the 

assigned palaeoenvironment (diamond-shaped plots in Figures 58.11. and 58.12.). 

 Hopanes 

The oxygenated surface waters could have allowed aerobic bacteria to develop yet there is 

also a high possibility of allochthonous hopane input-this distinction is probably best seen 

in the co-occurrence of αβ, ββ and βα isomers for the same depth, that indicate a mix between 

mature and immature organic matter. However, the hopane-calibrated pH has the highest 

value, of 6.4 (±1.4), indicating different environmental conditions than the one that 

influenced and sustained the formation of peat up-core. This also correlated to the GDGT 

calibration of Weijers et al. (2007a), a value of 6.53 and indicating the presence of microbes 

in the water column.  

 FA 

Similarly to previous biomarkers, most short-chain FA have low concentrations in QT-1 

pollen zone (Figure 59). Saturated FA seem however to dominate compared to unsaturated 

and branched, indicating well preserved organic matter and the lack of degradation after this 

point. BrGDGDs are also found in reduced concentrations at this depth and thus, saturated 

FA can represent components of the anaerobic bacteria community.  

 

Zone QT-2 (380-388cm) – 2200-2100 cal yr BP 

 n-Alkanes 

The increase in CPI from the previous sample indicates the onset of peat accumulation, low 

decomposition rates and thus, high water tables and anoxia. This only in part supports the 

palynological interpretation that the the peatland periodically flooded (Roucoux et al., 2013), 

with the possibility of a marginal lacustrine environment formation.  Paq ratio peaks in QT-

2, indicating higher input from aquatic plants, with values of 0.28 (Figure 57.2), strongly 

indicating emergent macrophytes and a pool formation at the site. The organic matter of 

mainly aquatic sources accumulated at the bottom of the lake, leading to oxygen depletion 

and lack of decay. Roucoux et al. (2013) identified pollen of plant species of floating mat 
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vegetation or marginal fen, with floodwater delivered to the site from the Amazon, 

confirming this biomarker signal.  ACL and Pwax values decrease, indicating higher humidity 

and precipitations that in this case correlate with Paq and a pool development scenario. 

Overall, mid-chain n-alkanes have high concentrations at this depth, dominated by n-C21. 

Long-chain n-alkanes with an odd distribution also show an increase, indicating as in the 

previous sample the presence of higher plants at the site, now with a relatively higher input. 

Pr/Ph ratio (Figure 57.5) indicates highly anoxic conditions at the bottom of the pool where 

organic matter accumulated, conditions that occur in fen and Cyperaceae habitats (e.g. 

Lawrence and Zedler, 2011; Roucoux et al., 2013). 

 GDGTs 

All plotted brGDGTs and isoGDGTs show a 4 to 6-fold increase in concentrations at this 

depth, indicating again waterlogged and anoxic condition (Figure 58). At QT, this indicates 

the conditions recorded by the organic matter that accumulated at the bottom of a lake-like 

setting, with a high possibility of well-oxygenated surface waters (Roucoux et al., 2013).  

IsoGDGTs 

There is an increase in the Cald/Cren ratio and MI that reach values of 29.35 and 85.4, 

respectively (Figure 58.6). This is due to the relative higher increase in Caldarcheol (i.e. 

isoGDGT-0) that is a potential biomarker for methanogenic archaea (Schouten et al., 2013 

and references therein). Together with the high MI value (i.e. 85), they indicate the onset of 

CH4 production and, consequently, the potential for CH4 consumption (Zhang et al., 2011). 

Indeed, we see an overall increase in isoGDGTs 1-4 that could suggest development of CH4-

consuming archaea (i.e. ANME-1 phylogenetic group), an increase in isoGDGT-0, a 

methanogen biomarker (caldarchaeol), that is again correlated to the potential presence of 

methanotrophic Archaea but only a small increase in crenarchaeaol despite favorable 

occurring conditions (i.e. warm temperatures, Scouten et al., 2000; Zhang et al., 2006). The 

relatively low concentration of crenarchaeol, which was found in other peatlands (Pancost 

and Sinninghe Damsté, 2003; Zheng et al., 2015), suggests that there was little input from 

other archaea sources and that the site was mainly anoxic, with little potential for oxygen-

demanding archaea (i.e. oxidising Thaumarchaeota) to develop. Thus, lake waters were 

poorly oxygenated or unable to support crenarchaeol-producers development. 

Moreover, the presence of abundant biomarkers of potential CH4-consuming microbes (i.e. 

isoGDGT 1-4), indicate CH4 production was likely in the environment at this time. Archaeol 

concentrations (Figure 58.7) also increase at this depth (i.e. from 0.36 to 4.36 µg/g) 
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supporting the interpretation of an increase in or establishment of a methanogen community. 

The increase in archaeol is comparable to brGDGT and isoGDGT increases, with values that 

are 12-times higher than recorded in the clay unit below.  

The presence of isoGDGT-5 in this pollen zone is characteristic of a pH acidic, ombrotrophic 

peatland (i.e. pH < 5.1) (Naafs et al., 2018b). Indeed, the GDGT-calibrated pH for this depth 

was calculated at 5.7 (±0.8) for the inferred lake-like setting, indicating possible 

allochtochonus isoGDGT-5 input from flood waters  (Zell et al., 2014) or a calibrated pH 

that should take into account the lower error (-0.8, pH~4.9). Furthermore, given that these 

values are recorded in a peat sample that represents a period of approximatively 264 years 

(i.e. peat accumulation rate between 260-395 cm was calculated at 3.30 mm/yr and the 

sample spans 8 cm), it is expected to see fluctuations in dominant water sourcce between 

river and atmospheric precipitation over this time frame, even within a lake-like setting. 

Thus, floods might not have been so frequent or floodwater might have been shed faster than 

today (i.e. higher peat permeability, higher hydraulic conductivity surrounding the lake). 

BrGDGTs 

BrGDGTs at this location show a relative increase from the previous sample, which should 

be expected between a clay-rich sample (QT-1) and an organic-rich one (i.e. peat). Plotted 

brGDGT-Ia,-Ib,-IIa show increasing concentrations, thus higher input from anaerobic 

bacteria (Schouten et al., 2013) in these anoxic and warm settings (Figure 58.8.-58.10.; 

Zheng et al., 2015).  

Also, for this depth we see input from brGDGT-IIa’, -IIb’ (i.e. with an additional methyl 

radical at the 6th C position, see De Jonge et al., 2013) which would suggest again relatively 

higher pH than in the rest of the peat column (Naafs et al., 2017a and references therein, 

Zheng et al., 2018). This is also supported by geochemical and pollen evidence, which 

suggest input from sediment-laden Amazon river occurred at this time (Roucoux et al., 2013; 

see subchapter 3.1.1.). 

 Hopanes 

The first increase in hopanes is seen most predominantly in diploptene, ββ C27-hop and αβ 

C29-hop and can be due to the establishment of the first bacteria community. The fact that at 

a depth of 384 cm (i.e. QT-1) the ββ biological form of the C27-hop stereoisomer is still 

found, can either imply that organic matter did not undergo complete thermal maturation (i.e. 

that the ββ configuration is stable for the physio-chemical conditions at depth for QT) or that 

ββ C27-hop might be produced in-situ, after anoxic conditions were established (i.e. potential 
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archaea source). As previous stated, hopanes can also be produced by facultative and 

obligate anaerobs (e.g. Fischer et al., 2015) and this correlates with evidence from br-GDGT 

data that also increases at this depth and led to an inferred increase in the anaerobic bacteria 

component (see subchapter 1.7.  2.2.). No ββ isomer of the C29-hopane was identified; 

however, both stable configuration αβ and βα of C29-hop were identified for this depth which 

could possible suggest a higher degree of microbial-mediated “maturation” and chemical 

stability recorded through the C29-hop (i.e. rather than through C27-hop) within this acidic 

environment (Huang et al., 2015 and references therein). C31-hop shows lower 

concentrations relatively to up-core values, however, it shows an increase from the previous 

depth, and both ββ and, the thermally mature αβ stereoisomers are found, leading to a pH 

value of 5.37 (±1.4). Overall, the bacteria community (either aerobic and/or anaerobic) 

seems to increase in size at this point and, as the palaeoenvironment was characterised by 

seasonal floods (Roucoux et al., 2013). The existence of an aerobic peat layer at the surface 

during the dry season could have allowed (facultative) aerobic bacteria to develop over the 

course of 20-25 years, even in aerobic microsites around roots during the wet season 

(Naiman et al., 2010; Smith and Luna, 2013). 

 FA 

At this depth, all represented FA increase in concentrations with the onset of peat deposition. 

The peak in aC15:0 indicates an increase in gram positive bacteria and more specifically, in 

aerobic bacteria (Table 2). However, interpreted in the same context with GDGTs, pollen 

record and up core changes, the increase in concentrations can be a consequence of flooding, 

higher inorganic sediment input at this depth (i.e. the increase in organic matter was only up 

to 75% with white water input from Amazon, Roucoux et al., 2013) and thus, higher nutrient 

input compared to periods of waterlogging. Both proposed biomarkers for type II 

methanotroph are seen to increase, indicating the potential for CH4 oxidation even at early 

stages of QT peatland development. Crenarchaeol also increases in concentrations, thus the 

water table could sustain a relative stable bacteria community between flood events. 

Compound specific isotope analysis for this depth would be a good indicator of the early 

bacteria communities and CH4 oxidation potential as it is also advantaged by a thin peat 

deposit with potential little available substrate for methanogenesis.  
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Zone QT-3 (348-356 cm) 2100-1990 cal yr BP 

 n-Alkanes 

A spike in short-chain n-alkanes indicating continuous input of aquatic plants characterizes 

this pollen zone. The CPI value decreases implying a vegetation change with input from both 

terrestrial and aquatic species (also increase in Paq and Pwax). The site was probably still 

dominated by the presence of a pool (i.e. Paq of 0.25).  The increase seen in Pr/Ph ratio 

indicates subanoxic conditions (>1) that contradicts the pollen record interpretation (QT-3) 

of a permanently waterlogged forest (Roucoux et al., 2013). As Paq implies the existence of 

a pool at the site, the water could have had a higher percentage of dissolved oxygen 

(subanoxic). If the peatland was waterlogged and mainly anoxic, the signal can however be 

due to the aerenchyma adaptations of plants, possible allowing the oxidation of phytol 

(Blumer et al., 1963) and apparition of M. flexuosa at the site (Roucoux et al., 2013; see 

subchapter 1.5.2.). The ACL ratio has the lowest ratio, indicating vegetation adapted to 

increased precipitation thus in this case, to permanent waterlogged conditions.  

Short-chain n-alkanes dominate at this depth, with n-C18 and n-C19 reaching concentrations 

of 81 and 78 µg/g respectively. This suggests the recalcitrant potential of biomarkers, as 

short chain n-alkanes can be easily degraded (e.g. Singh et al., 2011), and the overall low 

maturity of peat. 

 Hopanes 

In QT-3 zone, all hopanes apart from βα C29-hop show decreasing concentrations. This can 

be related to the shift in the hydrological regime that changed from seasonal floods to 

permanent waterlogged conditions (Roucoux et al., 2013). The relative decrease can be 

attributed to the overall lack of oxygen that could have restricted the aerobic bacteria 

community only around root networks. Furthermore, the presence of hopanes during 

predominant anoxic conditions with concentrations higher than present day when the water 

table is above surface all year round (Teh et al., 2017), can support the possibility of hopane 

input from anaerobic bacteria (e.g. Härtner et al., 2005; Sinninghe-Damsté et al., 2004). 

However, as the brGDGT sample could not be analysed for this depth, less can be inferred 

about the anaerobic bacteria community. The increase in βα C29-hop, which is not the most 

stable configuration can either suggests that the ββ C29-hop stereoisomer was chemically 

altered to the βα configuration and/or that the βα C29-hop also acts as the precursor of 

chemically altered extended hopanes (>C30 from BHPs, Inglis et al., 2018 and references 

therein) although this assumption needs further investigation in these settings. The hopane-
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calibrated pH for this depth is 4.61 (±1.4), slightly lower than at the previous depth, 

indicating a higher input from atmospheric precipitations that also probably supported the 

permanently waterlogged conditions.  

 FA 

The decrease seen in FA at this depth can be again related to an increase in flooding 

frequency, sediment input and waterlogged conditions, with less available oxygen. The 

presence of an anoxic pool indicated through a high Paq (i.e. 0.25) probably restricted the 

producers of short chain FA, as at this location medium and long-chain FA that indicate 

vegetation input increased in concentrations (data not displayed). 

 

Zone QT-4a (294-286 cm) 

 n-Alkanes 

Between the depths of 294 and 286 cm (i.e. approx. 35 years), the organic matter input was 

a combination between aquatic, with evidence of lipids from microbes (i.e. n-C16 to n-C21; 

Dinel et al., 1990), and vascular plants which are detected through the dominant odd over 

even long-chains n-alkane signal (Figure 56). There is also a decrease in the CPI ratio, 

suggesting a higher input from non-vascular species however, at this depth Paq decreases 

below 0.1, bearing a strong terrestrial signal, indicating the retreat of the open pool from the 

site towards the end of the 8 cm sample span (see subchapter 6.2.1. for extrapolated ages). 

Pr/Ph ratio increases towards subanoxic values (i.e. >1) indicating either a dynamic water 

table or/and a constant acrotelm. An increase is also seen in ACL and Pwax values that 

suggests hot and drier conditions however, given the tropical setting with constant 

temperatures and precipitations regimes, this can also be related to higher plants expansion 

at the site, seen as an increase in the concentration of n-C31 from the previous depth. As it 

was depicted through pollen analysis (Roucoux et al., 2013), these proxies indicate a flooded 

forest, however biomarker data indicate that the flooding regime was most likely seasonal 

as seen through the increase in the Pr/Ph ratio to subanoxic values and ACL and Pwax that 

could indicate a higher frequency of dry events.  

 GDGTs 

Overall, there was relatively higher input of isoGDGTs (Figure 58) than in the previous 

discussed sample, indicating a larger and more active methanogenic archaea community 

supported by periods of higher water tables and anoxia.   
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isoGDGTs 

The steady increase in isoGDGT-0 (caldarchaeol) can indicate either higher or consistent 

input with time from methanogenic archaea at this depth (Kates et al., 1993; Pancost and 

Sinninghe Damsté, 2003) or input from non-methanogenic crenarchaeota (Schouten et al., 

2000). Crenarchaeol concentrations also increase from previous depth, suggesting that 

crenarchaeota is a possible contributor to isoGDGT-0 concentrations. However, within the 

same sample, archaeol indicates the same slight increase, confirming methanogen origin or 

a higher methanogenic community than in the previous samples (Zheng et al., 2015; Pancost 

and Sinninghe Damsté, 2003; Naeher et al., 2014).  

A similar increase, however, relatively more pronounced, is seen in isoGDGTs 1-4, which 

indicates an equal development in the anaerobic methanotroph euryarchaea, which is 

associated with the occurrence of  methanogenic euryarchaea (Weijers et al., 2004). 

The MI value is similar to the previous sample, indicating a sustain level of CH4 production, 

while the Cald/Cren ratio decreases due to a relatively higher input of crenarchaeol 

supraimposed on the slowly increasing background of caldarchaeol (isoGDGT-0).  

brGDGTs 

Only brGDGD-Ia shows a slight increase, while the next most abundant isoprenoidal 

GDGTs (-Ib and –IIa) show a slight decrease in concentrations. This could indicate minor 

shifts in the active anaerobic bacterial community as the increase in isoGDGT-Ia still 

suggests anoxic conditions (i.e. waterlogging). This slight decrease in the less abundant 

isoGDGTs also highlights the relative small accumulation overtime of brGDGTs (i.e. 

palaeosignal) as they are less prone to oxic degradation than isoGDGTs (Schouten et al., 

2013 and references therein).  

The calibrated pH value is 5.72 (±0.8), which is consistent with periodic flooding of the area, 

however, it also the highest value in this area, suggesting a shift in the environmet after this 

point. The calibrated temperature is at 22.08°C (±4.7 °C).  

 Hopanes (discussed for depths 290, 244 and 174 cm) 

Between 290 cm and 174 cm, which covers 3 samples (i.e. depths 286-294 cm, 240-248 cm 

and 170-178 cm; QT-3, QT-4a, QT-4b) not much variation is seen in the concentration of 

hopanes at QT, apart from a sudden increase in the αβ C31-hop at the depth of 174 cm. During 

this time, based on pollen records (Roucoux et al., 2013), the environment oscillated from 

flooded woodland to waterlogged conditions with herbaceous taxa and again to a seasonally 
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flooded forest. However, these changes were not depicted in the hopane record, leading to 

the possibility that the presence of floods and waterlogged conditions restricted the 

development of an aerobic bacteria at the site. The anaerobic bacteria community, as seen 

from brGDGTs shows a decrease at a depth of 244 cm that is also depicted in ββ C27-hop, 

βα C29-hop and αβ C31-hop implying again anaerobic bacteria as a possible source for 

hopanes (e.g. Härtner et al., 2005; Sinninghe-Damsté et al., 2004), a signal that is again seen 

at shallower depths within the same peat core. In addition to this, the increase seen only in 

αβ C31-hop mirrors the increase seen in the brGDGT-Ia. The calibrated hopane-based pH for 

this section was between 3.9 and 4.8 (±1.4), confirmed by the overall acidic character of QT 

at present.  

 FA 

With the shift in hydrology towards a flooded regime, there is again an increase in most 

short-chain biomarkers, however, at this depth, floodwater was described as sediment poor 

(i.e. black water, Roucoux et al., 2013) from Itaya river. Water replenishment within the 

peatland could also have had an impact due to input of oxygen-rich river water compared to 

the former standing water under waterlogged conditions (e.g. Venterink et al., 2003; 

Morales-Olmedo et al., 2015). Furthermore, a flooded regime implies periods of higher and 

lower water tables, allowing acrotelm development during the dry season.  

 

Zone QT-4b (240-248 cm) 

 n-Alkanes 

This depth sees a decrease in short chain n-alkanes concentration while the long-chain n-

alkanes only decrease slightly. CPI decreases at this depth showing relatively higher input 

from even n-alkanes compared to the long-chain odd n-alkanes and, based on overall lower 

concentrations, less well-preserved organic matter. Pr/Ph ratio decrease below 0.5 indicating 

highly anoxic conditions which, correlated with the decrease in non-vascular and aquatic 

plant input (i.e. Paq=0.11), lead to the interpretation of permanent waterlogged conditions. 

The ACL and Pwax also show relatively lower values suggest wetter conditions.  

Roucoux et al. (2013) proposed two scenarios for this depth and shifts in vegetation: i) either 

a reduction in flood frequency and depth that led to a tree mortality and herbaceous dominant 

vegetation or ii) the previous woodland vegetation replacement by fen or floating mat 

vegetation with the development of a pool. Biomarker data seems to indicate that the first 



 

114 

 

scenarios is more likely due to: a decrease in n-alkanes and the Paq ratio; no n-alkane signal 

from higher plants; biomarker and pollen evidence decoupling compared to the previous 

depth of 380-388 cm aquatic setting; aerobic setting expressed through a relatively high 

Pr/Ph ratio, which was not seen during the previous pool development, indicating oxic 

condition and an increase in Crenarchaeol indicating a periodic occurrence of an acrotelm, 

discussed below. 

 GDGTs 

All plotted GDGTs, apart from crenarchaeol show decreasing trends, suggesting lower water 

table depths, a thicker acrotelm and anaerobic activity restricted to possible anoxic 

microsites. Indeed, microbial communities seemed to have reacted to pollen-inferred 

environmental changes as expected as this sample comes from a section that is here 

interpreted as characterized by decreased flood depths and frequencies, tree mortality and 

replacemnet by herbaceous taxa (Roucoux et al., 2013).  

IsoGDGTs 

IsoGDGT-0, which indicates methanogenic archaea input (Pancost and Sinninghe Damsté, 

2003), shows a significant 2-fold decrease suggesting that CH4 production was reduced. This 

can be due to a lowering in water table depth that restricted the methanogen community to 

horizonts already depleted in substrate (Zheng et al., 2014 and references therein). This 

interpretation is also supported by a relative increase in crenarchaeol, which is representative 

of mainly archaea communities living in oxygen-rich settings and thus indicates a drier 

period (Zheng et al., 2015 and references therein). Finally, archaeol is also seen to decrease 

in concentrations (i.e. from 4.74 to 3.89 µg/g), supporting this argument.  IsoGDGTs 1-4 

show similar decreasing trends suggesting that methanotroph archaea community also 

decreased in size since there was less CH4 available for consumption.  

MI values also indicate lower values, under 80, but these values suggest that CH4 was still 

produced at lower depths and some consumed at surface.  

BrGDGTs 

BrGDGTs indicate that anaerobic bacteria responded to less anoxic conditions and then 

decreased as seen in brGDGT -Ia, -Ib and -IIb, which mirror that of isoGDGTs. It is 

interesting that biomarkers specific to the aerobic bacteria community (i.e. hopanes, 

diploptene, diplopterol) did not increase in concentration in this sample (Figure 57). As there 

is no major geochemical shift at this time (Lawson et al., 2014), this may be due to a limited 
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community of aerobic bacteria in the area given the previous waterlogged conditions or to 

competition between anaerobic and aerobic methanotrophs over lower CH4 and poor 

substrate availability (i.e. provided by herbaceous taxa). As part of the CH4 is also consumed 

in the anaerobic part, this period and consequently, biomarker concentration, might be 

specific to lower CH4 effluxes. δ13C signatures of methanotroph related biomarkers are 

expected to be enriched (less negative) than at the previous depth if less CH4 was available, 

and if microbes consumed other substrates at this time. 

The GDGT-calibrated pH value (Naafs et al., 2017a) is lower than expected for such an 

environmental shift, at 4.05 (±0.8) as drier surface conditions would result in less organic 

acid production (e.g. Clymo, 1984). The pH calibration made using hopanes (Inglis et al., 

2018) bears a higher value of 4.8 (±1.4), the highest within the peat column for this 

calibration and the two values are within error of each other. However, both pH values 

indicate atmospheric precipitation input was probably constant and no drier period was 

reported around 1800 cal yr BP (see subchapter 1.6.1.3.). 

Temperature calibration holds a value of 25.19°C (±4.7°C), the highest until 170-178 cm, 

which can explain the correlations between a lower water table, low pH and lack of evidence 

for a dryer period. Thus, a higher temperature would imply higher rates of evaporation 

during the wet period which would allow the pH to remain acidic. The presence of 

herbaceous vegetation and thus lack of penetrating roots (i.e. decrease in n-alkanes across 

all ranges) at this depth also implies less root exudates for methanogenesis. Several studies 

discussed the importance of root systems in soil and peats (Huguet et al., 2013; Ayari et al., 

2013) in enhancing brGDGT production. As roots extend in the toposoil (i.e. below surface), 

they create the microbial active (and frequently anoxic) rhizosphere (Huguet et al., 2013 and 

references therein), enriched in substrate. Thus, herbaceous vegetation could not provide 

required substrate for both anaerobic and aerobic communities, hence the reduce  signal from 

hopanes. One further implications is that, although trees did not grow at this stage, forested 

and palm swamp vegetation types that occurred upcore (see subchapter 3.1.4.) were expected 

to have root systems extending down to this depth and lead to further increase in substare 

and methanogenesis (i.e. increase in isoGDGT-0) however, this is less visible in the 

biomarker data and thus serves as a proof for the ability of biomarkers to depict 

palaeoenvironmental signals in these settings (i.e. ruling out continuous accumulation). 

 

 



 

116 

 

 FA 

At this depth, short chain FA do not provide significant information on environmental 

changes, with only C14:0, isoC16:0 and C17:0 increasing slightly in concentrations. 

However, no iso- and anteisoC17:0 were identified for this depth, possible supporting the 

interpretation of a lack of substrate for bacteria and a restructuring of the microcommunity. 

Furthermore, only C18:1ω9 biomarker mirrors concentrations changes seen in other FA 

while C18:1ω7 remain almost constant until the surface.   

 

Zone QT-4c (170-178cm)  

 n-Alkanes 

In terms of n-alkanes, this depth is characterized by a high input from higher plants (i.e. 

vascular), with an odd over even predominance of long-chain n-alkanes. This indicates the 

re-establishment of the forested vegetation which is also supported by increases in CPI, ACL 

and Pwax proxies. The low Pr/Ph ratio and decrease in Paq indicate anoxic conditions, 

probably waterlogging or periodic flooding also implying the adaptation of current 

vegetation to the lack of dissolved oxygen and high water tables. There is also an increase 

in the relative input of n-alkanes >C33, however, n-C36 and n-C38 dominate in this range 

(Figure 56). Since longer n-alkanes are more resistant to microbial degradation (Singh et al., 

2011), it can indicate the development of new vegetation species (i.e. high ACL; see 

subchapter 1.7.1.4.) under the already developed canopy.  

 GDGTs 

The recovery in all GDGTs concentrations at this depth again supports the re-establishment 

of previous wet, waterlogged and anoxic conditions. Most microbe-related biomarkers 

indicate relative fast increases, suggesting microbial community recovery. These trends 

support the pollen interpretation of a seasonlly flooded woodland with closed canopy and 

flood waters delivered by the Itaya River (Roucoux et al., 2013). 

IsoGDGTs 

All isoGDGTs have higher concentrations than in the previously flooded environment (i.e. 

depth 294-286 cm), seen as a first peak in the data (Figure 58). It is most possible that the 

spike seen in isoGDGTs is a palaeosignal, indicating the highest methanogenic (isoGDGT-

0) and anaerobic methanotrophic (isoGDGT 1-4) community at this location up to this point. 
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The higher relative increase in isoGDGT-1, -2 and -3 compared to -4 that had not occurred 

until this point could be due to responses in different producers (i.e. if different sources) as 

dictated by competition. Archaeol peaks at this depth, suggesting a well-established 

methanogenic community and high CH4 production. Crenarchaeol maintains its previous 

high values, signifying that thaumarchaeota managed to cope with shifts in the environment, 

however it might be restricted to peat’s (palaeo)surface. Water table oscillations at this depth 

(and in the above peat sections) were probably limited to a shallow depth below surface since 

isoGDGT are more prone to degradation in the presence of oxygen (Zheng et al., 2015 and 

references therein). 

MI values increase again to 92.8 representative of overall high CH4 production and 

incorporation. 

BrGDGT  

Although brGDGTs decay slower than isoGDGTs, their concentrations show a less 

proeminent increase, suggesting that the recovery of the anaerobic bacteria community did 

not matched the increase in anaerobic archaeal community. Furthermore, there is a decrease 

in brGDGT-Ib relative concentration, possible indicating competitive relationships. The 

calibrated pH is the lowest for this peatland, at 3.08 (±0.8), suggesting an increase in 

precipitation in the area. The calibrated temperature is at 24.5°C (±4.7°C) and this slightly 

lower value could have been influenced by vegetation type that provides shading (i.e. closed 

canopy). 

 FA 

The FA sample for this depth was not available for the final analysis.  

 

Zone QT-5 (120-128 cm) 1010-360 cal yr BP 

 n-Alkanes 

At this depth, there is an increase in the input of shorter chain n-alkanes with n-C19 

dominating in this range and a slight decrease in the long-chain n-alkanes. The Pr/Ph ratio 

indicates overall anoxic conditions while the Paq increases above 0.2 implying emergent 

macrophyte input and a lake-like setting development. However, due to the strong odd to 

even dominance of long-chain n-alkanes the main vegetation was probably forested and 

under waterlogged conditions, allowing macrophyte development in short-lived, localized 
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pools. The CPI peaks at this depth suggesting sustained input from terrestrial vegetation 

while the decrease in ACL and Pwax might be due to apparition of different vascular 

vegetation species. 

 GDGTs 

During this period, there is a relatively very low input from isoGDGTs (less than 5% of the 

total GDGTs in this sample) which could potentially suggest the lack of substrate for 

methanogenesis (i.e. humified herbaceous taxa) or that there was a substantial re-

arrangement in the microbial community during the previous drier event (i.e. grass 

development; no sample available; see Roucoux et al., 2013). As in the previously available 

sample, it follows a drier period during which the canopy was opened and the woodland 

vegetation (represented by the sample at 170-178 cm) was replaced by herbaceous taxa 

(similar to sample depth 240-248 cm; Roucoux et al., 2013).  

IsoGDGTs  

All isoGDGTs apart from crenarchaeol show decreasing concentrations. The most abrupt 

decrease is recorded in isoGDGT-0 (caldarchaeol) from previous values of 143 µg/g to 8.08 

µg/g. This indicates a considerable decrease in methanogen community that caused a 

possible collapse in the immediate levels on the food chain (i.e. decrease in isoGDGT-1, -2 

and -3 – anaerobic methanotrophs). This interpretation is also supported by low 

concentrations of archaeol of 1.19 µg/g. Although pollen analysis indicates vegetation 

adapted to permanent waterlogged conditions, the water table might have fluctuated, 

frequently oxygenating deeper horizons, not allowing a stable and continuous anaerobic 

microbial community to develop. This is to some extent also indicated through a constant 

concentration of crenarchaeol that is synthesized by thaumarchaeota living in oxic 

environments. IsoGDGT-4 shows increasing concentrations, however, without compound 

specific isotopic analysis and without having further samples from the same or adjacent 

depths, it is difficult to decide between the possible scenarios: i) either only certain anaerobic 

methanotrophs existed at the time with disappearance of previous species, leading to 

available niches (i.e. increase in isoGDGT-4); ii) isoGDGT-4 producer(s) might be 

facultative, growing on other carbon substrates than CH4; iii) vegetation type influences 

(discussed below); iv) localized disturbance. There is also an increase in the concentration 

of isoGDGT-5, which was only found in peatlands with pH<5.1 and, although not much 

about the occurrence of this biomarker is known in peatlands so far (Naafs et al., 2018), 
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simultaneous increase in isoGDGT-4 and isoGDGT-5 (which continues in the above sample) 

might be due to either the existence of the same produces or to favorable conditions for both. 

The MI reflects changes in CH4 production, with a value close to the threshold of CH4 

oxidation (Zhang et al., 2011). It is possible that during this period the environment acted as 

a CH4 sink, with further evidence coming from peaks in concentrations of C18:1ω7 and 

C18:1ω9 fatty acids, hopanes and diplopterol. 

BrGDGTs  

BrGDGT-Ia and brGDGT-Ib reach peak values at this depth – which supports the 

permanently waterlogged environment and anaerobic conditions (Sinninghe Damsté et al., 

2000). This suggests that lower CH4 production was the primary driver of isoGDGT -1 to -

3 decrease and that methanogenesis decrease (i.e. isoGDGT-0 decrease) was possible a 

consequence of low substrate availability. Calibrate pH has a value of 3.47 (±0.8) while 

calibrated temperature is at 27.4°C (±4.7°C). 

Another correlation can be made between vegetation succession at the site and fluctuations 

in overall GDGT concentrations. The previous decrease in isoGDGT (i.e. 240-248 cm) was 

noticed after the first appearance of M. flexuosa vegetation at QT while the current discussed 

decrease during the re-establishment of M. flexuosa at the site. M. flexuosa contains special 

adaptations to waterlogged conditions such as a thickened exodermis tissues that allow 

oxygen exchange between plant and environment (de Granville, 1969; see subchapter 1.5.2.) 

implying also oxygen leakage from roots into the anoxic environment (van Noordwijk et al., 

1998). From 260 cm upwards, peat accumulation rates also started decreasing from 

3.30mm/yr to 1.43 mm/yr and this depth yields concurrent increase in aerobic bacteria (i.e. 

hopanes, diplopterol, fatty acids). It is thus possible that the presence of M. flexuosa 

vegetation, although restricted to waterlogged environments, to provide enough oxygen 

through root diffusion in the anaerobic part of the peat to allow micro-oxic site formation 

(also crenarchaeol increases), and simultaneous aerobic and anaerobic bacteria 

decomposition (i.e. hopane and brGDGTs increase).  

 Hopanes 

All hopanes peak in concentration at this depth suggesting conditions favourable for the 

bacteria community. The palaeoenvironment was assessed as permanently waterlogged 

(Roucoux et al., 2013), thus it is hard to imagine a thicker anoxic layer to support aerobic 

activity. Furthermore, the concentrations are higher than at previous depths when water table 

oscillated during the wet and dry season, thus palaeohydrology cannot be considered the 
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main (or only) driver. As discussed above, due to prevailing waterlogged conditions, many 

plants could have developed aerenchyma tissues and in terms of vegetation, at this depth 

there was also an expansion in M. flexuosa, a palm species known to possess root 

pneumatophores for gas exchange (de Granville, 1969). The presence of these adaptations 

could explain the increase in aerobic hopane producers as oxygen could have travelled from 

the surface to the roots and create oxic microsites for in-situ CH4 consumption (see 

subchapters 1.2.2. and 1.5.2.). Furthermore, anaerobic bacteria biomarkers (brGDGTs) also 

peak at this point, showing a positive relationship with hopane concentrations as seen before, 

suggesting that anaerobic bacteria can also be a source of hopanes. Another possibility for 

this overall increase is correlated to the peak seen in αβ C31-hop. As the αβ C31-hop is overall 

the most abundant hopane at this location, several studies argued that it can also come from 

BHPs biological hopanoids, after oxidation and decarboxlation reactions catalysed by the 

acidic environment (Ries-Kautt and Albrecht, 1989; Huang et al., 2015 and references 

therein). BHPs were not included in this study; however, this relationship can be explored 

further in these environments. 

Finally, the hopane calibrated pH also shows the lowest value at this depth of 3.95 (±1.4), 

indicating high atmospheric input and waterlogging.  

 FA 

The peak seen in C18:1ω9 is also depicted in hopanes and brGDGTs implying a well-

developed (aerobic and/or anaerobic) bacteria community. Again, it would be interesting to 

analyse the carbon isotope signatures for this depth as it is expected that the majority of 

hopanes will indicate a mixed signal or 13C enriched while monosaturated FA could bear a 

less enriched signal, allowing thus the confirmation of monosaturated FA as biomarkers for 

type II methanotrophs in these environments. As type II methanotrophs are facultative, they 

could also consume CO2, and 13C incorporation could indicate the relative degree of CH4 

production.  

 

Zone QT-6 (20-28 cm) 360 cal yr BP  

 n-Alkanes 

This depth is characterized by relative low input from short chain n-alkanes, and a dominant 

input from odd long-chain n-alkanes indicating terrestrial vegetation. The increase however 

in n-C32 from the previous depth (i.e. 24.6 µg/g compared to 9.32 µg/g) was correlated to 
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the increase in pollen from Davalliaceae Nephrolepis fern species, as this relationship was 

also seen at San Jorge peatland. The CPI decrease at this depth is due to the increase in the 

n-C32 concentration and subsequent decrease in n-C33 and can also indicate higher 

biodegradation. Pr/Ph ratio indicates anoxic, thus waterlogged conditions while Paq suggests 

the presence of macrophyte vegetation due to an increase in n-C25.  

 GDGTs 

At this horizon, isoGDGTs have the highest relative dominance, with almost 35% of the 

total GDGTs indicating a greater input from archaea. 

IsoGDGTs 

All isoGDGTs show an increased in concentrations (i.e. isoGDGT 0-5) with the exception 

of isoGDGT-2 and crenarchaeol. The increase in isoGDGT-0 indicated that methanogenesis 

resumed together with the re-establishment of anaerobic methanotrophy (i.e. isoGDGT-1,-

3,-4), however archaeol concentrations remained low until the surface. The decrease in 

crenarchaeol indicates dominant anaerobic conditions-thus, the water table rarely decreased 

below surface. This is also supported by the fact that isoGDGTs-3 and -4 show decreasing 

concentrations in adjacent samples – suggesting that peaks seen in isoGDGTs at this depth 

are palaeosignals as isoGDGTs degrade faster under oxic conditions (Schouten et al., 2003 

and references therein). Indeed, this sample comes from a period that did not experience any 

deep seasonal flooding, with the canopy closing under M. flexuosa (Roucoux et al., 2013). 

The cessation of deep seasonal flooding indicates that the site was mainly fed by rainwater. 

MI peaks at this depth as crenarchaeol concentrations decrease – indicating strong CH4 

production and incorporation.  

BrGDGTs 

BrGDGTs show decreasing concentrations from previous depths, indicating a decreasing 

anaerobic bacteria community, possible due to competitive relationships with archaea. 

Calibrated pH yields a value of 3.35 (±0.8) while calibrated temperature has a value of 27°C 

(±4.7°C).  

 Hopanes 

Apart from diploptene, which shows a slight increase in concentration, all hopanes decrease 

in concentrations indicating anaerobic conditions. Most values return to previous down core 

concentrations, suggesting that conditions that supported the previous increase in hopane 



 

122 

 

concentration at 170-178 cm and 120-128 cm and, consequently, in bacteria community, 

were unusual and require further investigation at those depths.  

Diploptene initial increase is possible due to the persistence of M. flexuosa species at present 

that can reach depths of 24-30 cm (van Lent et al., 2018) potentially providing oxygen at 

depth. Furthermore, the present-day waterlogged conditions had a positive influence on the 

size of the anaerobic bacteria community as depicted through brGDGTs concentrations yet, 

at least at the surface, this is not reflected in concentrations of identified hopanes making the 

link between anaerobic bacteria and hopane distribution somewhat complicated.  

The hopane calibrated-pH for this depth is 4.17 (±1.4), within the error range of GDGT-

calibrated pH. 

 FA 

The decrease just before the surface in some FA can be explained through the simultaneous 

decrease in brGDGs and hopanes, as they return to previous values found downcore. The 

decrease is only experienced in short chain straight FA which are considered ubiquitous 

indicators of microbial biomass (Finean and Mitchell, 1981; Morgan and Winstanley, 1997). 

It is however not clear why the proposed methanotroph FA biomarker also decreases at this 

point. This suggests that CH4 effluxes could have been higher during this period since the 

potential for CH4 consumption was reduced. 

Given the proximity to the surface and the relatively young age of peat deposits, 

biodegradation at FA level is probably reduced, and the decrease in concentrations can be 

seen as an environment and/or vegetation induced change.  Furthermore, the lack of seasonal 

flooding (Roucoux et al., 2013) could also had an impact in terms of nutrient or dissolved 

oxygen input of various microbes on which methanogens and methanotrophs rely for 

substrate production, and thus cause a restructuring in their community as we see biomarkers 

indicative of gram-positive bacteria (i.e. iC14:0, aC15:0; Table 2) to increase at this depth 

Surface  

 n-Alkanes 

Surface biomarkers can be correlated with present day conditions and vegetation. At present, 

vegetation at QT is dominated by M. flexuosa, M. armata and Tabebuia insignis palm trees 

that lead to the formation of woody peat (Roucoux et al., 2013). There are no reports of pools 

that could contain aquatic vegetation (i.e. n-C19 dominant concentration), however we see 

an overall higher input from short chain n-alkanes compared to odd long-chain n-alkanes. 
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This could suggest that input of short-chain n-alkane can be a common occurrence down 

core, however they are preferentially removed by microbial activity and degradation under 

oxic conditions (Singh et al., 2011). As the surface part of the peat is freshly deposited, the 

occurrence of undecomposed leaves fragments, rich in n-alkanes and FA, was incorporated 

into the analysed samples. The aquatic signal depicted in QT-1, -2 and -3, indicates well 

preserved vegetation at the bottom of a lake, compared to further terrestrial samples in which 

decay can take place. The CPI for the surface of QT, is at 10.15, relatively lower than the 

immediate down-core values, however this is due to incorporation of n-alkanes that were 

preferentially removed in downcore samples. 

 GDGTs 

BrGDGT-Ia, the most abundant GDGT in surface samples, is discussed in more details at 

BVA as having a potentially aerobic producer, Acidobacteria (Sinninghe Damsté et al., 

2014). While a relationship is seen at BVA, this is not clear at QT (nor SJO). Here we see 

that the biomarker increases in concentration at surface, compared to the previous depth. 

Although a link can be made with the potentially oscillating nature of the water table at depth 

and relative easier degraded character of brGDGTs in the presence of oxygen, Teh et al. 

(2017) reported a positive (i.e. above surface) water table depth and smaller dissolved 

oxygen levels for the dry season, compared to the wet one (Taable 5). While this can be due 

to root oxygen intake or higher microbial community and oxygen consumption during the 

dry season and can affect the degree of brGDGT-Ia production from an aerobic source, the 

increase experienced in the concentration of this biomarker contrary to the oxygen-poor 

environment argues that an aerobic source for brGDGT-Ia is less possible and subjective to 

further investigation before applied downcore. 

 Hopanes 

The fact that diploptene does not reach trace concentrations at the surface while the ββ 

isomers are either very low in concentrations or unidentified can be due to varying 

competition relationships and various adaptations of hopane producers, implying multiple 

sources for this biomarker.  

As only αβ C31-hop was identified in the surface samples, pH values could not be calculated, 

however, for the dry season when samples were collected, Teh et al. (2017) reported a pH 

value of 5.49, within the error range of the pH value calibrated at 20-28 cm (i.e. 4.17). 
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 FA 

All short chain FA increase in concentration at the surface indicating alteration downcore at 

least for the iso- and anteiso-isomers. The increase is greater for all saturated and branched 

biomarkers, however, the increase in C18:1ω9 is less than the peaks seen at approximatively 

124 cm and 290 cm down-core. This should however take into account the fact that downcore 

samples consist of homogenised 8 cm of peat in depth, which represent approximatively 56 

years between 0-260 cm and 24-25 years of deposition between 260-395 cm (Roucoux et al., 

2013). However, since at the site the water table was reported above ground during the wet 

and dry season (Teh et al., 2017), the presence of bacteria- and methanotroph-proposed 

biomarkers during the dry season when dissolved oxygen (%) is also slightly lower (Teh et 

al., 2017), suggests adaptations of bacteria to low oxygen levels and high water tables (i.e. 

oxic microsites). 

Implications of type II methanotroph biomarkers at QT 

Compared to the following two peatlands, SJO and BVA, the diversity of monosaturated FA 

depicted through the DMDS method is limited. Thus, at surface we only found evidence of 

C18:1ω9t, c and C18:1ω7, while at depth no distinction could be further made, thus it is 

expected that only trans- isomers of the C18:1ω9 and C18:1ω7 were present, characteristic 

of type II methanotrophs (Table 2). Type I methanotrophs were only found in pollen zone 

QT-5b, where it is possible that a higher pH was recorded for a short period of time, or that 

type I could have developed in a pool-like setting. However, the lack of diversity in 

monosaturated FA does not necessary implies a lower methanotroph biomass, but it can be 

an indicator of a less diversified community able to grow on both CH4 and CO2 (Hanson and 

Hanson, 1996). As type II methanotrophs grow in acidic environments with CH4 

concentrations higher than atmospheric ones, it indicates active consumption of the CH4 

produced at QT. 
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3.3.1. QT peatland synthesis  

 

One of the main characteristics of QT peatland is its anoxic character as depicted through 

values mainly below 1 for the Pr/Ph ratio (Figure 57.5), which is characteristic of wet tropical 

lowland peatlands (Zulkifley et al., 2015). This indicates that the site experienced high water 

tables and anoxic conditions that allowed peat to form and accumulate. Even in QT-1 pollen 

zone that is made up of lake-deposited clays, the Pr/Ph value is below 1, indicating that the 

lake at the time has anoxic bottom waters, which allowed organic matter accumulation. The 

anoxic character is maintained until pollen zone QT-4a, recorded between 296-152 cm, 

where we see a peak in Pr/Ph above 1 that indicate subanoxic conditions prevailed. The 

biomarker data suggests that the water table was more dynamic at this time, likely due to a 

seasonal flooding regime. However, above this depth, pollen zones show the same anoxic 

levels recorded in the lower part of the peat core, indicating the return of waterlogged 

conditions. 

Further n-alkane based proxies indicate the presence of a lake-like setting for pollen zones 

QT-2 and QT-3a, confirming thus the pollen record, however, the aquatic signal seen in zone 

QT-5b was recorded during a period when the canopy was closed, and individual n-alkane 

profiles show an odd/even predominance, indicating the presence of higher plants at the site. 

Thus, this bimodal n-alkane distribution can be due to permanent waterlogged conditions or 

pool development at the site that could have allowed aquatic specific vegetation to develop 

in the proximity of terrestrial vegetation. This is also confirmed by the Pwax index that shows 

a relatively high value at this depth (120-128 cm), compared to pollen zones QT-2 and QT-

3a, where a lake-like setting was inferred.  

At depth in QT, the brGDGTs are dominated by brGDGT-Ia that indicates overall anaerobic 

conditions (Zheng et al., 2015), confirming previously discussed proxies.  BrGDGT-Ia has 

a decreasing trend after pollen zone QT-5b, with a relative increase in brGDGT-IIa, which 

could be due to changes in the active microbial community with depth as vegetation changed, 

caused by slight changes in temperature, available substrate or pH. Most isoGDGTs show a 

step-like increase towards the surface, oscillating as a consequence of shifts in the 

hydrological regime.  

Hopanes are indicative of aerobic bacteria and show low overall concentrations at depth, 

until pollen zone QT-5b, where they peak in concentrations. This was attributed to vegetation 

adaptations under waterlogged conditions that prevailed upcore. Thus, the presence of M. 
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flexuosa and other species adapted to waterlogging, could have oxygenated parts of the 

anoxic peatland around root systems, and allowed a larger bacteria community to develop. 

However, this is recorded during a time when methanogenesis was low as depicted through 

the collapse in isoGDGT-0 producers (methanogens) and isoGDGTs 1-4 (anaerobic 

methanotrophs). Thus, the increase in hopanes can be also due to competitive relationships 

between facultative consumers or to secondary microbial producers, as depicted through the 

peak in brGDGT-Ia (possibly Acidobacteria-see subchapter 1.7.2.). 

The quantifiable presence of FA biomarkers indicative of type II methanotrophs confirms 

the site’s description in terms of environmental preferences and competitive relationships 

between type I and type II (see subchapter 1.2.2.3.). Since C18:1ω7 and C18:1ω9 (c, t) 

biomarkers are found both at surface and at depth another way to ascribe them to a producer, 

apart from carbon specific isotope analysis (CSIA) and peat incubation experiments, is to 

assess the environment conditions and its potential of harbouring one type over the other. 

Thus, type II methanotrophs are facultative, having the potential of consuming both CO2 and 

CH4. They also prefer low levels of O2, with high CH4 effluxes and reside at the interface 

between the oxic and anoxic layers. They also occur in acidic and nutrient-restricted 

environments (see subchapters 1.2.2.2. and 1.2.2.3.). All these conditions describe QT at 

present day, however the ability of type II to switch between CO2 and CH4 consumption 

(Hanson and Hanson, 1996) might indicate that CH4 is not efficiently oxidised in this 

environment.  

Through DMDS method (see subchapter 2.4.2.1.) both cis- and trans- stereoisomers of 

C18:1ω9 were identified, and only the cis isomers for C18:1ω7. Thus, Figure 59.11. 

(C18:1ω9) probably indicates their combined concentrations. In some samples (e.g. 120-128 

cm), evidence of type I biomarkers was also found, for example C16:1ω7, however, due to 

low concentrations, compounds could not be identified through the DMDS method or 

accurately quantified through GC-MS and GC-FID. It is possible that at depths where C16:1 

monosaturated FA occur, the environment was less acidic and had water input from 

secondary sources. 

Finally, new data generatedin this study shows pH and temperature changes in this peat core 

and indicate that the peat started to accumulate in a pH neutral setting, and that the pH slowly 

decreased towards present, towards more acidic values. This is recorded through both 

hopane and GDGTs calibrated proxies, with a subacidic pH values of 6.41 and 6.53, 

respectively. Surface pH was calibrated only with the use of GDGTs, and presented an 

average value of 5.37 (±0.8), recorded during the dry season when the surface samples were 
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collected. This correlates well with the instrumental data recorded by Teh et al. (2017), who 

reported a value of 5.49 during the dry season. Calibrated temperatures show a step-like 

increase, from a lowermost value of 23.74°C(±4.7°C) to a maximum of 27.43°C (±4.7°C) 

recorded in pollen zone QT-5b. After this point, calibrated temperatures show a slight 

decrease, reaching 25.82°C (±4.7°C) in the surface samples. Again, this correlates well with 

instrumental data, as during the dry season, surface temperatures were reported at 25.6°C 

(Teh et al., 2017). 
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4. San Jorge (4°03’S, 73°11’W) 

 

4.1. Introduction 

 

Peat at San Jorge accumulates at present under short pole forest vegetation, in the center of 

the peatland, in an acidic soil with poor nutrient availability (Lähteenoja et al., 2009b; Teh 

et al., 2017). This vegetation type characterizes the most carbon-dense area in Amazonia, 

estimated at 1391±710 Mg-C/ha (11% of the peatland area at PMFB), when carbon stored 

below ground is considered (Draper et al., 2014).  The maximum extent of the peat core 

collected by Lähteenoja et al. (2009b) reached down to 590 cm (Lähteenoja et al., 2009b) 

and the core collected by Kelly et al. (2017), down to 238 cm as the domed shaped of the 

peatland allows thicker peat accumulations within the center. The samples discussed in this 

chapter are from the same core used by Kelly et al. (2017) and pollen interpretations are 

available for comparison with biomarker data. 

 

4.1.1. Site description, location and geology 

 

Located in the Loreto region of N Peru and, in the NE of PMFB, near the Amazon River, 

San Jorge peatland is 35 km away from Iquitos (Figure 62) and receives its name from a 

nearby village (Kelly et al., 2017).  

 

 

 

 

 

 

 

 

 

Figure 62 Geographical location of San Jorge 

peatland (SJO). Notice the proximity of Amazon 

River, and its relative distance from Quistococha 

peatlanad (Kelly et al.,2017). 
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4.1.2. Age model and peat accumulation rates 

 

For this peatland, two distinct sets of radiocarbon dates (Lähteenoja et al., 2009a, Kelly et 

al., 2017) and one of 210Pb are available in literature, the later extending down to 50 cm. The 

average peat accumulation rate for the peat column extracted by Lähteenoja et al. (2009a) 

was calculated at 1.92 mm/yr (Figure 63). 

The peat started accumulating at the core-site between 2160 and 2370 cal yr BP (Figure 63; 

Kelly et al., 2017), ages that are slightly higher than those calculated by Lähteenoja et al. 

(2009a, above table). Based on the age model provided by Kelly et al., (2017), the 

accumulation rate (i.e. apparent peat accumulation rate) in the section between 240 cm and 

112 cm was 1.4 mm/yr. A lower accumulation rate was noticed between 112 cm and 90 cm 

Figure 64 Age model of SJO peatland (Kelly et al., 2017). 

Notice inferred hiatus in accumulation at the depth of 100cm. 

Figure 63 Depths, ages and physical characteristic of peat at SJO (Lähteenoja et al., 2009a). 
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(i.e. 0.4 mm/yr) and a hiatus was inferred for this period (Figure 

64). From the depth of 112 cm to present, the accumulation rate 

was 2.0 mm/yr.  

 

4.1.3. Literature review on vegetation, core, pollen 

zones and samples (Kelly et al., 2017) 

 

The vegetation at SJO was described as short-pole forested (Teh 

et al., 2017), with a low diversity, dominated by closely spaced 

slim trees (Kelly et al., 2017). Only ten species of trees were 

identified within the area studied by Kelly et al. (i.e. 0.5 ha), three 

of which made up 83% of the individuals in the surveyed area 

(Kelly et al., 2017).    

0. SJO-0: (640-240 cm) Age greater than 2290 cal yr BP 

The core extracted by Kelly et al. (2017) extends downwards into 

the underlying sediments composed of sandy silts and clays (640-

560 cm), with high magnetic (i.e. not on Figure 65. The above 

section (i.e. 560-240 cm) sees an increase in the organic matter 

content, with wood-fragments and leaves mixed with clays.  

This inorganic sediment succession at the bottom of the core (640-

240 cm) reflect changes in Amazon river’s energy, from medium-

high, that was transporting and depositing sand material, to 

progressive decreasing energy, when silts and clays were 

deposited. This indicates a progressive retreat of the Amazon 

River from the area (i.e. braided system), continuous/permanent 

flooding, silt-clay deposition and a lake-like environment forming 

at the site due to the existence of intact leaves found within the 

sediment (Kelly et al., 2017).  

1. SJO-1 (240-220 cm) 2290-2150 cal yr BP 

The first peat deposits are recorded at 240 cm and the peat has the 

general aspect as in other PMFB peatlands, fibrous with thin roots 
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and unidentifiable plant material (Lähteenoja et al., 2009a). The lowermost sample from SJO 

for this study comes from the depth of 230-238 cm.  

Similar to QT peatland development, first pollen records within the peat material indicate a 

dominance of Cecropia sp., a light demanding specie that colonises newly exposed land 

(Roucoux et al., 2013; Kelly et al., 2017; and references therein). The water table was 

expected to remain high during this period, leading probably to anoxic conditions and 

waterlogging, which allowed peat accumulation.  

2.        SJO-2 (220-188 cm) 2150-1920 cal yr BP 

The next pollen zone is recorded between 188-220 cm, which coincides with the sample 

206-214 cm. Higher Ca/Mg values than recorded in the previous section (>60) indicate water 

sources alongside precipitations.  

Pollen records indicate the presence of herbaceous and early shrub colonizers. Pollen of 

marginal-lake and floating mat vegetation is seen and towards the top of this section, pollen 

of Mauritia-t. is present. The presence of Mauritia sp. indicates, similarly as in QT peatland, 

frequent and deep flooding (i.e. 1.2 m, Nicolson, 1997) events or permanent waterlogged 

conditions (Kelly et al., 2017).  

3.        SJO-3 (188-100 cm) 1920-650 cal yr BP 

The next sample (i.e. 140-148 cm) comes from the section between 100-188 cm. During this 

period of deposition, pollen indicates a vegetation reversal, the site changing from Mauritia 

t. vegetation back to Cyperacea and Poaceae species that make up a marginal/floating mat 

vegetation, that dominated in the sample from 220-240 cm. Pollen from other species that 

characterise an aquatic setting (i.e. freshwater algae, lake-like environment) is recorded in 

high abundance. As their development requires high-nutrient input and as Ca/Mg ratio spikes 

at this point, nutrient-rich water sources were inferred alongside the presence of a lake-like 

environment with well-oxygenated waters, similar to the present day Quistococha Lake 

environment (Kelly et al., 2017).  

The pollen from the top of this section is dominated by Mauritia and Mauritiella species and 

indicates a return to previous terrestrial and waterlogged conditions, however, the transition 

between the two vegetation types is also associated with a hiatus or a slow peat accumulation 

rate (Kelly et al., 2017). 
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4.  SJO-4 (100-52 cm) 650-200 cal yr BP 

The following section (100-52 cm) is characterized by palm swamp vegetation, similar to 

present day QT, with possible seasonal flooding. The sample available from this peat section 

comes from a depth of 70-78 cm.  

5.  SJO-5 (52-8 cm) CE 1750-CE 1990  

Finally, the section between 52-8 cm (no sample available), contains pollen of a pioneer 

specie (i.e. Alchornea) which is interpreted as the development of a secondary forest. Present 

day vegetation establishment is probably marked by the apparition of species (i.e. M. 

flexuosa, Malvaceae) that indicate shallow flooding depths, and by a decrease in the Ca/Mg 

ratio, which suggests ombrotrophic conditions. Based on the age model, the present-day 

vegetation establishment was inferred at 200-150 cal yr BP (Kelly et al., 2017). A summary 

of vegetation shifts is indicated in Figure 66. 

 

 

Figure 66 Vegetation successions at SJO (taken from Kelly et al., 2017). 

Uncertain vegetation and environments are represented by dashed lines while 

high certainty environments in rectangles. Dashed and solid arrows represent 

proposed and certain evolution pathways.  
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Surface samples 

Surface samples and present-day environmental parameters, collected by Teh et al. (2017), 

indicate acidic conditions and confirm the ombrotrophic status of SJO (Lähteenoja et al., 

2009b). Methane efflux is higher during the wet season, when peat temperatures and pH are 

also relatively higher (Table 7). Air temperature is constant during the two seasons. A 

summary of present-day parameters is provided in the table below (Teh et al., 2017). 

Table 8 Physical parameters at SJO (edited from Teh et al., 2017). 

 

4.1.4. Geochemistry and hydraulic conductivity (K) 

 

Overall, SJO is characterized by a low Ca/Mg ratio (Lähteenoja et al., 2009b), which gives 

its acidic and nutrient-poor status (Teh et al., 2017). 

The hydraulic conductivity models ran by Kelly et al. (2014) show that within the SJO 

domed peatland, lack of precipitation for 30 days would cause water table decrease for 30-

50 m into the peatland, with water probably exiting the system around the margins. During 

a longer dry period, the affected area would extend more into the peatland. Groundwater 

flow would not affect substantially the water table depth in the centre of the peatland; 

however overland flow and evapotranspiration were not incorporated into the model and can 

have a significant impact on water levels (Kelly et al., 2014; Table 8).   

Table 9 Hydraulic conductivity at SJO at two different depths (Kelly et al., 2014). 
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Dissolved 

O2  (%) 

WT level 
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pH  CH4 
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Wet 
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25.2 ±0.0 

 

27.6±0.1 

  

21.0 ± 0.0 

  

4.4 ± 0.0 

 

26.9 ±0.5 

 

4.88 

  

60.4±9.1  

Dry 

season 

24.8± 0.1  27.5  48.5 ±4.8 33.1 ±2.6 -4.7±0.4 3.8 18.8±2.6 

Depth within peat column San Jorge (K estimates) 

50  cm 0.00464  cm/s 

90  cm 0.00414  cm/s 
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The sharp decrease of nutrients showed in Figure 67 (B), which takes place between 1.3 and 

1.5 km along the transect, implies that this part of the mire is fed by low nutrient water from 

precipitations. Comparisons between nutrient content between the three locations suggests 

however that margins are rarely washed in nutrient-rich flood waters as although noticeable 

here, nutrient levels in marginal peat is still low (Lähteenoja et al., 2009b). The nutrient 

increase at depth (i.e. sharply seen in K, Mg and Ca; Figures 67 and 68) marks the limit 

between the ombrotrophic and minerotrophic conditions within the mire (Lähteenoja et al.,  

2009b). 

  

Figure 67 Nutrient content in the surface peat (B) and at depth (C) along a 3.3 km transect (edited 

from Lähteenoja et al., 2009b).  

Figure 68 Geochemical parameters at SJO (Kelly et al., 2017). Notice pollen zones only in the 

top part of graph and overall low LOI below 250 cm at this site. From left to right: LOI, Bulk 

density (g/cm3), magnetic susceptibility, N (wt%), C (wt%), C/N, Ca (mg/kg), Ca/Mg.  
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4.2. Results 

 

4.2.1. N-alkanes  

 

At SJO, n-alkanes in 4 surface samples (Figure 69) and the available 4 core samples sum up 

to 3831.73 µg (i.e. 3.821 mg/g). N-alkanes in the surface samples make up 76.8% of this 

total, with n-alkanes in core samples, making up only 23.2% of the total at SJO. 

N-alkanes in the surface samples are dominated by short-chain n-alkanes (i.e. <C21) with no 

preferred distribution (Figure 69). They make up almost half of the total concentration of n-

alkanes at surface (i.e. 49.1%) and represent more than a third of the total n-alkanes at SJO 

(i.e. 37.7% of both surface and core). Their concentrations dominate over medium and long-

chain n-alkanes only at the depth of 230-238 cm where n-C18 and n-C19 peak at 33.67 µg/g 

and 27.6 µg/g, respectively, and at surface.   

Long-chain n-alkanes (>C25) have the next highest concentration in surface samples. They 

represent 38.99% of the surface fraction, and 29.95% of the total n-alkane fraction at SJO. 
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Figure 69 Surface sample n-alkane composition at SJO. Notice differences in long-chain n-alkanes in 

terms of concentrations and overall increase input from short chain n-alkanes, with no prefer 

distribution.  
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At surface, they show a strong odd/even predominance and only in 2 of the 4 surface samples 

(i.e. Surface 3 and Surface 4), the concentration of n-C29 and n-C31 is comparable to that of 

short chain n-alkanes. At depth, long-chain n-alkanes dominate, showing again a strong 

odd/even preference, apart from the depth of 206-214 cm where, n-C32 has comparable 

concentrations (Figure 70).  

The CPI proxy has a value of 9.53 in the bottom peat sample (238-230 cm), depicts a 

minimum value of 4.31 at the depth of 206-214 cm and peaks in the surface samples, with a 

value of 12.19 (Figure 73.1.). Paq has values lower than 0.05 for all samples apart from the 

one at 140-148 cm, where it peaks at 0.17 (Figure 73.2.). The ACL, Pwax and Pr/Ph ratios 

have similar trends, depicting a minimum at the depth of 206-214 cm (Figure 73.3.-73.5.).  
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Figure 70 N-alkane concentration distribution with depth at SJO. X axis represents carbon 

number while y axis represents concentration in μg/g. 
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4.2.2. GDGTs 

 

At SJO, GDGTs concentration is of 5339.9 µg/g, of which 13% is represented by isoGDGTs 

and the remaining 87% is made up of brGDGTs (Figure 71).  

  

 

 

 

 

 

 

 

 

In terms of isoGDGTs, the highest concentrations are recorded isoGDGT-0 that peaks with 

116.25 µg/g at 140-148 cm. IsoGDGTs-1,-2,-3,-4 and Crenarchaeol, also record peaks at 

that depth, with concentration of 37.8 µg/g, 52.1 µg/g, 72.9 µg/g, 58.8 µg/g and 29.1 µg/g, 

respectively. IsoGDGT-5 peaks at the same depth, however only with a maximum 

concentration of 9.5 µg/g. IsoGDGTs then decrease to trace concentrations in surface 

samples (Figures 74.1. – 74.4.).  

BrGDGTs are dominated by brGDGT-Ia, which is seen to decrease from 385 µg/g recorded 

at 280-288 cm to 319 µg/g at 206-214 cm. The following increases in concentrations take 

place at 140-148 cm to a value of 1581 µg/g and then it peaks at 70-78 cm to a value of 1730 

µg/g. In surface sediments, brGDGT-Ia is found in trace amounts. The following highest 

concentration is recorded in brGDGT-IIa, with a maximum of 104.9 µg/g recorded at the 

depth of 140-148 cm, followed by both brGDGTs-Ib and –Ic that peak at different depth, 

however with similar concentrations of 32.9 µg/g and 34.9 µg/g, respectively (Figures 74.8.-

74.10.).  

Figure 71 GDGT distribution at SJO. IsoGDGTs make up only 13% 

of the total, corresponding to 711.8 μg/g while brGDGTs represent 

the remaining 87%, or 4628 μg/g. 

711.9, 13%

4628.0, 87%

SJO BR- VS ISO-GDGTS

isoGDGTs brGDGTs
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The methane index (MI *100) varies between 41, the lowest value recorded at the surface 

and 94, recorded at 206-214 cm depth. At the same depth, Cald/Cren ratio also peaks 20.9 

(Figure 74.7.). Calibrated pHs values are between 3.1 and 4.66 (±0.4) that occur at 206-214 

Figure 72 GDGTs relative distribution at SJO. Notice that x axis 

represents depth in cm. 
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cm and at 230-238 cm, respectively. Surface calibrated pH is at 4.04 (±0.4), while the 

reported instrumental pH at present is of 3.8 (Teh et al., 2017) Calibrated temperatures 

increase from 24.23°C (±4.7°C) recorded at 230-238 cm towards the surface where their 

reach 28.9°C (±4.7°C). Present day instrumental temperatures during the dry season were 

reported at 27.5°C (Teh et al., 2017), within the error range. 

 

4.2.3. Hopanes  

Hopanes’ summed concentrations in surface samples is only 10.16 µg/g as several hopanes 

could have not been identified. However, the sum of their core concentration is of 371.4 

µg/g. The highest concentration is seen in hopane (i.e. C30H52; C30-hop), that peaks at the 

depth of 140-148 cm, reaching 130.9 µg/g, and then decreasing towards surface, to a value 

of 0.62 µg/g (Figure 73.8.). The next highest concentrations are recorded for the αβ isomers 

of C27-hop and C31-hop, that peak at the same depth with hopane (C30-hop), with values of 

19.4 µg/g and 28 µg/g, respectively (Figures 73.6. and 73.9.).  

Diploptene, although a hopene, does not depict the same trends recorded in hopanes, as it 

decreases slightly from 280-288 cm and increases after towards recent, reaching values 

between 2.9 µg/g and 40.7 µg/g at surface, with an average of 16.2 µg/g (Figure 73.10.).  

The hopane-calibrated pH (Inglis et al., 2018) indicates that the pH at 280-288 cm was of 

3.64, increases to 4.2 and then decreases again to 3.57 at 70-78 cm, all within an error of 

±1.4 (Figure 73.12.). 

 

4.2.4. Fatty acids 

 

Unlike QT peatland, SJO has less branched FA within the range of C14 and C18 (Figure 73). 

Saturated FA from C16-18 show decreasing concentrations upward, while C14 and C15 are 

constant. FA C17 has both isomers present, and both show increasing concentrations upward, 

peaking in surface samples, however their concentrations vary between 0.1 µg/g and 0.7 

µg/g. The highest concentrations are recorded by saturated FA, with peaks in C16 and C18 

of 71.1 µg/g and 77.5 µg/g at the depth of 230-238 cm. Monosaturated FA have the same 

concentration shifts, peaking at a depth pf 70-78 cm, where C18:1ω7 has a concentration of 

5 µg/g and C18:1ω9, 7.6 µg/g (Figure 73.8.). 
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Figure 73 Distribution of n-Alkane based proxies and concentrations of hopanes with depth at SJO. 
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Palaeoenvironment                                                                            Interpretation and observations 

Aerobic bacteria vs archaea (concentrations in g/g)   

Methane efflux potential (source/sink)   
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Table 9 SJO summary of results and observations.  

Paq~0.2  lake-like environment 

↑CPI, ↓Pr/Ph and pH acidic  peat deposit; 

initially better preservation of OM then 

CPI↓↓ 

↑T⁰C towards recent; Paq<0.1  terrestrial, 

highest CPI  undecomposed OM 

Highest [hopanoids] and [isoGDGT] in 

lake-like setting  stratificated waters? 

Highest [diplopterol], high αβ C31R and 

C27  mature peat; high methanogen 

community 

Highest [C18:1 FA] and low [isoGDGT] 

potential for CH4 sink 

Low [C18:1 FA] and [hopanoids] and high 

[isoGDGT] potential for CH4 source  

ebullition? 

Low [C18:1 FA] and high [isoGDGT] 

potential for CH4 source 
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4.3. Interpretation 

 

230-238 cm 

 n-Alkanes 

The sample from SJO-1 is rich in organic matter, comes from just above the clayey unit and 

indicates the onset of peat accumulation at the site. This is characterized by a strong input 

from short chain n-alkanes (n-C18 to n-C21) and a lower input from n-C29 and n-C31. This 

indicates i) input of terrestrial organic matter alongside non-vascular plants and ii) low 

decomposition and/or restricted diagenesis at depth since short chain n-alkanes are more 

prone to be removed by microbes (i.e. immature peat) (Singh et al., 2011). The Pr/Ph ratio 

indicate suboxic conditions thus suggesting a periodically flooded or waterlogged terrestrial 

(i.e. Paq<0.03) environment. 

 GDGTs 

At this depth we see the highest relative input from isoGDGTs (i.e. 28%) mainly due to a 

relatively smaller contribution from brGDGTs, possible indicating initiation of waterlogged 

conditions. 

IsoGDGTs   

Relative high concentrations in isoGDGT-0 (87.9 µg/g) indicate contributions form 

methanogenic Archaea (Pancost and Sinninghe Damsté, 2003) and that the environment was 

already acting as a CH4 source, with high MI values of 84. Relatively high values in 

isoGDGT-1, -2, -3 and -4 suggest that part of CH4 was also oxidized anaerobically (Schouten 

et al., 2013), however, the presence of crenarchaeol, which is indicative of thaumarchaeota, 

suggests the existence of oxic or suboxic microsites or fluctuating water table depths. This 

is also supported by a high Pr/Ph ratio that suggests a suboxic environment. As the peat at 

this point was just starting to accumulate, it is possible that it also had a high hydraulic 

conductivity, allowing faster water shedding (e.g. Winton et al., 2017 and references therein). 

BrGDGTs 

Anaerobic bacteria have a reduced input compared to up-core samples however, brGDGDT-

Ia has concentrations of 385 µg/g. Calibrated pH for this depth is 4.65 (±0.8), the highest 

value at this location, indicating secondary (river) water sources and possible interaction of 

groundwater with the clayey unit beneath, a process that was proposed within PMFB 
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(Winton et al., 2017). The calibrated temperature is 24.2°C (±4.7°C), which correlates with 

present day instrumental peat temperatures recorded during the dry season (Teh et al., 2017; 

Table 7). 

 Hopanes 

Unlike QT and BVA, the first sample at SJO (i.e. 230-238 cm) comes from an organic-rich, 

peat horizon, that underlies a clay deposit. At this depth, the dominant hopanes are C30-hop 

(hopane or hop-17, 21-ene; 49.7 μg/g) and αβ C31 R-hop (i.e. 11.5 μg/g), which is well above 

the αβ C31 S -hop isomer and the ββ stereoisomer. This is unusual given that 22R isomer is 

preferentially removed by degradation (e.g. Bost et al., 2001), indicating thus the immature 

nature of peat. In order to have a better understanding of the degree of peat maturation, the 

overall percentage of PAH fraction from total biomarkers (i.e. polyaromatic hydrocarbon) 

could be traced within this peatland, as polyaromatic structures are thermodynamically 

stable and resist degradation (Chambers et al., 2011 and references therein). This could 

correlate to the degree of peat humification and with the position of water table and 

hydrological conditions. Thus, for this depth, waterlogged conditions prevailed, with short 

periods when the water table was below surface, allowing the development of an aerobic 

bacteria community.  

Diplopterol peaks at this horizon and it is seen to decrease upwards, while diploptene shows 

a decrease towards surface (Figures 73.10. and 73.11.). It is possible that diploptene increase 

is caused by the dehydration of diplopterol towards surface also suggested by the presence 

of C30-hop however, this relationship between C30-hop and diplopterol is not seen in upper 

samples, indicating that C30-hop is produced in-situ and that diplopterol producers also 

decreased in concentrations.  

The hopane-calibrate pH is at 3.64 (±1.4) implying a constant and high amount of 

atmospheric precipitations. 

 FA 

Compared to the bottom of QT and BVA core (i.e. clay-rich), the first sample from the SJO 

core represents peat’s composition, with C16:0, C17:0 and C18:0 showing higher 

concentrations than in the above sections. As indicated in the Pr/Ph ratio, the environment 

at the time was suboxic, which probably allowed the development of bacteria community, 

however, the lack of diagenesis depicted through hopanes is also supported by the 

occurrence of higher FA concentrations at this depth. 
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Biomakers specific to type II methanotrophs have relatively low concentrations and since no 

evidence of degradation is seen in other short chain biomarkers, the low concentrations of 

C18:1ω9 and C18:1ω7 are probably due to a less active aerobic methanotroph community 

in the (palaeo)environemnt, however CH4 could have still been oxidised anaerobically. 

 

206-214 cm  

 n-Alkanes 

At this depth there is a reduction in the overall n-alkane content (Figure 70), with a relatively 

high input and further increase of n-C32 from the previous depth that, based on correlations 

seen at QT, could be due to an expansion of a fern specie (Kelly et al., 2017), Davaliaceae 

Nephrolepis. Paq has a low value, below 0.1 indicating a terrestrial environment. The Pr/Ph 

ratio decreases below 1 indicating anoxic conditions, suggesting that the site experienced 

waterlogging or long flood events. The CPI has the lowest value, suggesting a shift in the 

environment and less input from vascular plants, which was also noted by Kelly et al. (2017) 

who indicated a predominance of herbaceous vegetation (Figure 70). It is thus possible, that 

the input from aquatic plants was reduced at this point, thus the signal is not yet being picked 

by Paq.  

 GDGTs 

In terms of GDGTs, there is a decrease in their overall input, with declining concentrations 

in both iso- and brGDGTs, suggesting a possible overturn in the microbial community. At 

this point, herbaceous and shrub taxa were dominating and there was an increase in the 

Ca/Mg ratio (Kelly et al., 2017). Kelly et al., (2017) argued that this indicates secondary 

water sources and furthermore, proposed the formation of a marginal lake-type 

palaeoenvironment at this depth, however this is not recorded through the Paq proxy. 

isoGDGTs 

All isoGDGTs show very low concentrations (i.e. tending to 0 µg/g). Furthermore, 

crenarchaeol, which is associated with oxic conditions, also has very low concentrations (i.e. 

below 1 µg/g) and does not allow an interpretation based solely on water table values. MI 

values peak at this depth, however, since both crenarchaeol and isoGDGT-0 also have low 

concentrations, the MI value cannot be used as an indicator for high CH4 effluxes at this 

depth. Archaeol biomarker only shows a small increase in concentration form the previous 

depth. Furthermore, since pollen records (Kelly et al., 2017) indicate the formation of a 
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marginal lake, and peat continued to accumulate at this depth, it is likely that the main drives 

of GDGTs decrease were vegetation type and available substrate. 

The shift from Cecropia tree sp. (230-238 cm) to herbaceous and shrub vegetation most 

probably caused a restructuring of the rhizosphere with less substrate for methanogenesis, 

(Huguet et al., 2013 and references therein; Hanson and Hanson, 1996). The methanogen 

community could be limited in occurrence only to one or two groups and thus, restricted in 

the type of substrate that they can consume for methanogenesis (Hanson and Hanson, 1996). 

The decrease in the methanogen community could have also caused a collapse in archaeal 

anaerobic methanotrophs, which might be a line of evidence in supporting their obligate 

nature (i.e. depleted carbon isotopic signatures expected for isoGDGTs 1-4 at this site). 

brGDGTs  

The depicted collapse in the anaerobic bacteria is less pronounced than in the case of 

anaerobic archaea. BrGDGT-Ia only slightly decreases in concentration from the previous 

depth (i.e. from 385 µg/g to 319 µg/g), however other brGDGTs show a 2 to 10-fold decrease 

in concentrations. Since brGDGTs are synthesized by heterogenic anaerobic bacteria 

(Sinninghe Damsté et al., 2000; Oppermann et al., 2010), they are not necessarily associated 

with the decrease in methanogenesis that could explain isoGDGT-producers collapse. Thus, 

their slight decrease supports the interpretation that the change in vegetation and available 

substrate are possible the main drivers.  

Furthermore, in the above section (Figure 64), a hiatus or decrease in organic matter 

accumulation rates was inferred (Kelly et al., 2017), before the apparition of M. Flexuosa 

palms. This decrease in fresh organic matter input correlates with the decrease in 

methanogen community, as acetate pathway for CH4 production was demonstrated in boreal 

peatlands to be the main process at the surface part of peatlands during periods of high input 

of fresh organic matter (e.g. Avery et al., 1999; Bellisario et al. 1999, Chasar et al., 2000). 

Even the fact that at the top of this section individuals of M. Flexuosa were found through 

pollen analysis (Kelly et al., 2017), which would allow thicker roots to extend downwards 

possibly to this depth (20-30 cm, van Lent et al., 2018) did not provide sufficient or the 

required substrate for methanogenesis. During this period, the peat at SJO acted as a CH4 

sink, which is also supported by a relative increase in the concentrations of C18:1ω7 and in 

C18:1ω9 fatty acids, thought to be indicators of methanotrophic bacteria (see subchapter 

1.7.4.). 



 

149 

 

Calibrated pH value for this depth is 3.09 (±0.8), the most acidic for this peatland while 

temperature is similar to the calibrated value for the below section, at 24.7°C (±4.7°C). 

 Hopanes 

Concentrations decrease for all hopanes apart from a minor increase in βα C29-hop. This 

indicates a restricted aerobic layer, periodic flooding and waterlogged conditions that did 

not allow the development of an aerobic bacteria community. A decrease in concentration is 

also seen in brGDGTs, indicating the fact that a small fraction of the hopanes may not come 

from the palaeo-acrotelm, but may postdate surface peat accumulation as they can also be 

biosynthesized by anaerobs, for example from anammox bacteria or can be degraded from 

other hopanes. However, diploptene, a major constituent lipid in bacteria, does not follow 

this trend (Sinninghe Damsté et al., 2005; van Winden et al., 2012). The hopane calibrated 

pH peaks at this depth, with a value of 4.2 (±1.4) yet it is within the error range of GDGT 

calibrated pH and present day value (Table 7). 

 FA 

Most short chain FA decrease while concentrations of the two monosaturated are relatively 

higher, arguing again against biodegradation. It is thus possible that CH4 emissions increased 

at this depth due to higher water table levels and anoxic conditions (i.e. low Pr/Ph ratio). The 

potential presence of type II methanotrophs can again support the overall CH4-sink 

behaviour of the peatland at this location. 

 

140-148 cm  

 n-alkanes 

This depth is characterized by a high increase in long-chain n-alkanes, with n-C29 and n-C31 

dominating (Figure 70). There is also a further increase in n-C32. N-C32 can enter the 

composition of marine algae (Bianchi and Canuel, 2011), however here it correlates with the 

pollen record by Kelly et al. (2017) as it occurs at the same time across both SJO and QT 

with the increase in pollen from Davalliaceae Nephrolepis, a fern species. The CPI increases 

from the previous depth, indicating a higher input from higher plants and Paq peaks at this 

depth, which correlates with the pollen record (Kelly et al., 2017) that indicates the presence 

of a marginal or floating mat vegetation in an aquatic setting. Pr/Ph ratio indicates suboxic 

conditions, which can be correlated with the high ratio of Ca/Mg that implies flooding (Kelly 
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et al., 2017) as the influx of floodwater can cause an increase in the dissolved oxygen content 

within the peatland. 

 GDGTs 

This section follows a period of M. flexuosa expansion and the sample comes from a 

palaeoenvironemnt with high Ca/Mg ratio, deep flooding events and input from aquatic 

vegetation (Kelly et al., 2017) which is also supported by Paq increased values. At this depth, 

we see peaks in all GDGTs. 

isoGDGTs 

The increase in isoGDGT-0 suggests the (re)establishment of archaeal methanogenic 

community and restart of methanogenesis at the site, which led to substrate availability seen 

as peaks in anaerobic methanotrophs due to possible Euryarchaea group development (i.e. 

increase in isoGDGTs 1-4; also see Figure 25-ternary diagram). Crenarchaeaol and 

isoGDGT-5 also peak at this point. As crenarchaeol is an indicator for aerobic or oxygen-

rich settings and based on its concentrations seen in ternary diagram in Figure 25, it is mainly 

produced in-situ in the lake environment at the site. A lake-like setting would allow 

concomitant anaerobic CH4 production at depth and oxidation at/near surface. IsoGDGT-5 

was recently discovered in mesophilic peatlands with pHs below 5.1 and possible constant 

increasing temperature (Naafs et al., 2018b) however, its occurrence here can suggest that it 

may also be synthesized by a lake-living producer.  

The MI index also indicates that the site was actively producing CH4 and although archaeol 

concentrations are not available for this depth, it is expected to see a similar increase in its 

concentration. Thus, CH4 was probably transported via bubbles in the water column towards 

the surface and emitted to the atmosphere. 

brGDGTs  

All brGDGTs peak at this depth, a signal that corresponds to a lake-like environment (Figure 

25). Furthermore, in adjacent terrestrial settings, the increase in brGDGT-Ib, -Ic, -IIa and –

IIIa biomarkers specific to heterotrophic anaerobic bacteria is also expected due to further 

substrate input from tree (i.e. palm) roots.  

The calibrated temperatures are also seen to increase, to a value of 25.7°C (±4.7°C) while 

pH values increase slightly to 3.88 (±0.8), a value that matches present day measured pH 

during the dry season. 
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 Hopanes 

Most hopanes (i.e. C27-hop, C30-hop, C31-hop; Figure 73) increase in concentrations in this 

lake-like palaeoenvironment, however, this is not mirrored by the concentrations of 

diploptene and diplopterol. Depending on the depth of the lake, aerobic bacteria could have 

been dispersed through the entire water column given high oxygen content (Kelly et al., 

2017) and able to consume a part of the CH4 emitted from the anoxic bottom. If true, the 

δ13C signature of mentioned hopanes should show depleted values for this depth, comparted 

to adjacent samples, as seen for example in Lake Rotsee (Naeher et al., 2013). 

 FA 

At this depth, most short chain FA have constant concentrations or slight decrease from the 

previous depth. As the palaeoenvironment shifted to an aquatic setting, the surrounding area 

was probably waterlogged with high water tables, maintaining the anoxic conditions at depth. 

Both iso- and brGDGTs increase at this depth are suggesting high CH4 production and 

possible anaerobic CH4 consumption, respectively. The decrease in C18:1ω9 and C18:1ω7 

indicate a potential decrease in type II methanotrophs that can be correlated to the CH4 fast 

emission pathway and bypass of methanotrophy.  

 

70-78 cm  

 n-Alkanes 

This depth is dominated by odd long-chain n-alkanes that peak at n-C29 (Figure 70). The CPI 

has a similar value from the previous depth, bearing a strong terrestrial signal with input 

from higher plants, also seen in the Paq ratio (i.e. below 0.05). The Ph/Pr ratio is close to 1, 

indicating subanoxic to anoxic conditions probably caused by longer flooding episodes or 

waterlogged conditions, with minor shifts in the water table position between above and 

below surface. 

 GDGTs 

This depth is characterized by palm swamp vegetation and by seasonal floods (Kelly et al, 

2017). The main input is from brGDGTs that is also seen in surface samples, with isoGDGTs 

making up less than 5% of the total GDGTs. 
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isoGDGTs  

The decrease in isoGDGTs 0-5 is also mirrored by crenarchaeol. It appears that although the 

site was mainly anoxic (i.e. low crenarchaeol concentrations; Pr/Ph anoxic to subanoxic), 

the restricted methanogen community (i.e. low isoGDGT-0 concentration) did not allow 

further anaerobic methanotrophs to develop (i.e. low isoGDGTs 1-4 concentrations).  

Several possible explanations exists for this signal: i) as the top section (no sample available, 

Figure 65) is characterized by shallow flood depths, it is also possible that water tables 

fluctuated between the dry and wet season, with the palaeosurface of the peat exposed to 

oxygen which could have caused isoGDGTs to degrade faster than brGDGTs (Schouten et 

al., 2013 and references therein), however, this does not explain the low concentrations of 

crenarchaeol; ii) a change in substrate for methanogenesis under anoxic conditions; iii) 

competition between anaerobic bacteria and archaea domains. While archaea are known to 

be highly adapted to extreme conditions (i.e. low pH), heterogenic anaerobic bacteria would 

be capable of similar adaptations (e.g. Acidobacteria) and could have been advantaged by 

substrate availability, anoxic conditions and increasing temperatures. 

brGDGT 

BrGDGT-Ia and -Ic are seen to increase in concentration, supporting competitive 

relationships between archaea and bacteria domains in the anaerobic part of the peat. As 

suggested above, Acidobacteria could have dominated at this depth since it is an important 

brGDGT-Ia producer. However, brGDGT-Ib and –IIa decrease, possible signifying 

competitive relationships even within the same domain. Calibrated pH at this location has a 

value of 3.47 (±0.8) while calibrated temperatures of 27°C (±4.7°C), above measured present 

day temperatures (Table 7).  

 Hopanes 

Hopanes decrease in concentrations from the previous depth and this cannot be correlated to 

the increase in brGDGTs, indicating again that at least in this setting, anaerobic bacteria are 

not an important source of hopanes.  It is likely that water tables were high, not allowing a 

stable aerobic bacteria community to develop. Only βα C29-hop increases in concentration, 

however this is probably due to the medium-high degree of peat maturation.  

 FA 

This depth is marked by a slight increase in the concentration of several short chain FAs, 

however, monosaturated FA peak at this point simultaneously. As isoGDGT-0 responsible 



 

153 

 

for CH4 production decreases to a very low concentration, type II aerobic methanotrophs 

could have switched to CO2 consumption, and their δ13C signature could be highly enriched 

(i.e. less depleted in 13C) at this depth, in contrast to the below sample.  

 

Surface  

 n-Alkanes 

At the surface of SJO there is a bimodal distribution in terms of avergae n-alkanes from 4 

samples (Figure 69). Here, short chain n-alkanes with no odd over even preference dominate 

in the first range, with a high input from n-C19 and n-C20 are seen in the average, however 

n-C19 dominates in 3 of the 4 samples. Since there is not a pronounced even/odd preference 

to suggests present day thermal degradation (i.e. fire; Eckmeier and Wiesenberg, 2009), n-

fatty acids hydrogentaion (e.g. Welte and Ebhardt, 1968, Welte and Waples, 1973) or an 

odd/even preference to indicate algal input (e.g. Gelpi et al., 1970), a cause for this 

distribution could be the lack of biodegradation of fresh organic matter at surface and a n-

alkane input from microbial organisms (i.e. yeast, fungi; Weete, 1972). As this n-alkane 

distribution is seen in all three peatlands at surface, it is possibly due to the lack of 

biodegradation of less resistent shorter n-alkanes (Singh et al., 2011) and concomitent input 

from microbes living in the surface, oxic-rich layers.  

In the range of long n-alkanes, there is a odd/even preference distribution that is also seen in 

the mid-chain lenghts, with the highest input from n-C29 and n-C31 (Figure 69). This indicates 

an input from higher plants, in agreememnt with the short-pole present day vegetation, CPI 

and Paq values that both indicate the presence of terrestrial and vascular, decay resistent 

vegetation. The Pr/Ph ratio is below 1, indicating anoxic conditions for the dry season when 

surface samples were collected. Indeed, in this peatland, even during the dry season, the 

water table is only 4.7 cm below surface (Teh et al., 2017), thus allowing waterlogged 

conditions to persists. ACL decreases towards the surface, suggesting relatively colder 

and/or wetter conditions even during the dry season experienced by vegetation (Figure 73). 

 GDGTs 

No relative input differences between isoGDGTs and brGDGTs is seen in the three analysed 

surface samples. All GDGTs show decreasing concentrations, below 1 µg/g in the case of 

isoGDGTs and with a maxim of 122 µg/g in the case of brGDGTs, indicating present day 

homogenous physical parameters. 
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IsoGDGTs  

Overall, very low concentrations of isoGDGTs are indicative of low CH4 production in 

surface samples (i.e. low isoGDGT-0) together with a limited community of anaerobic 

methanogenic archaea (i.e. isoGDGTs 1-4). Furthermore, no archaeol was found in any of 

the 4 surface samples. This is due to fluctuating water table values between the wet and dry 

season. Teh et al. (2017) reported values of 26.9 cm above surface for the wet season and -

4.7 cm, below surface, during the dry season. Since samples were collected during the dry 

season, it is expected that organic matter was still fresh at the surface and decomposition 

was mainly due to aerobic bacteria and other organisms (i.e. fungi).  Since considerably 

higher CH4 efflux was measured during the wet season (Teh et al., 2017, Table 5), CH4 is 

being produced in the peat from a few cm below surface to further depths. This can be due 

to the fact that, although at the surface there is a higher availability of organic matter, it may 

not be yet decomposed in substrate suitable for methanogenesis (i.e. shallower depths 

suitable for methanogenesis compared to surface even during wet season). 

BrGDGTs 

BrGDGT-Ia is the most abundant of the isoprenoidal GDGTs, with concentrations between 

31 and 122 µg/g. This could be due to biomarkers that persisted from the wet into the dry 

season, indicating the anaerobic bacteria community present during the former one and/or 

that anaerobic decomposition continues in restricted anaerobic water pools or microsites. 

This is supported by the hydraulic conductivity model ran by Kelly et al. (2016), which 

indicated that even during a dry period of 30 days, water level would remain high at the 

surface although water loss would be experienced around the margins of the peatland. 

Given one potential source of brGDGT-Ia, discussed in several cases in this study, that of 

aerobic Acidobacteria, with many mesophilic species living in oxic environments 

(Sinninghe Damsté et al., 2014), the presence of brGDGT-Ia at surface in relative low 

concentrations can be an indicator of present-day anoxia. However, at least at SJO, brGDGT-

Ia may not indicate an aerobic producer. Teh et al. (2017) reported water tables below the 

surface (i.e. 4.7 cm below), thus, if a clear relationship between brGDGT-Ia and the presence 

of an oxic layer was true in these settings, we would expect to see higher concentrations, as 

in the case of surface BVA. Furthermore, between the three peatlands, SJO has the highest 

levels of dissolved oxygen (%; Table 7), thus a clearer relationship should be apparent in 

this peatland. However, the possibility cannot be dismissed as there is a gap between sample 

collection and Teh et al. (2017) report and the surveyed area can differ. 
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Calibrated pH values are between 4.04 and 4.15 (±0.8) with temperatures just below the 

upper limit of saturation for the MAATpeat calibration (Naafs et al., 2017a) at 28.7-28.9°C 

(±4.7°C) within the ranges reported by Teh et al. (2017). 

It is also interesting that measured present day surface pH during the dry season was lower 

than the pH recorded during the wet season (Teh et al., 2017), which indicates that SJO is 

receiving part of water from ground/river sources despite its domed structure.  

 Hopanes 

Most hopanes were not identified in surface samples. The average diploptene concentration 

increases, however, in surface samples and it varies between 2.9 and 40.7 μg/g, indicating 

the heterogenic nature of its distribution. The variations in diploptene concentrations can be 

due to microtopographic features (i.e. hallows, hummocks, pools) that influence the position 

of water table and relationships between oxic and anoxic layers. It is thus possible, that 

palaeomicrotopography played an important role in the past, and that, overall the peaks and 

troughs seen in concentrations are not entirely peatland characteristic, but site-specific 

characteristic. More specifically, given the raised dome topography of SJO peatland, it 

would be of interest to see how biomarkers vary in concentrations between centre and 

margins that are characterized by M. felxuosa vegetation (Kelly et al., 2017).  

Only two samples contained diplopterol, with similar concentrations (i.e. 0.32 μg/g and 0.27 

μg/g) and since diplopterol was present in the sample that contained the highest 

concentration of diploptene (i.e. 40.7 μg/g), is an indicator that diplopterol surface 

concentrations are less variable. The ββ C27-hop, αβ C31-hop S isomers and hopane are 

present in trace concentrations at surface, indicating a present-day restricted bacteria 

community and fast biological R configuration degradation to the S isomer (MacKenzie et 

al., 1980; Inglis et al., 2018 and references therein). Although the hopane-calibrated pH 

(Inglis et al., 2018) could not be calculated for surface sample, the values reported by Teh et 

al. (2017) are 4.88 and 3.8 for the wet and dry season, respectively. As the samples were 

collected during the dry season, a pH value of 3.8 is close to calibrated down core values.  

Thus, at this location, it is possible that recent pHs are lower during the dry season due to 

less input from ground and floodwaters, however, a different or secondary mechanism is 

probably dominant, since the topography of the peatland is domed and probably receives 

most of its water from atmospheric sources (Lähteenoja et al., 2009a).  

 FA 
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With one exception, surface samples have lower or constant concentrations than what is 

recorded down-core indicating that lack of biodegradation at this site, and possible, 

microtopography and water table position influence on the size of the bacteria community. 

The difference in CH4 fluxes between the dry and wet season (Teh et al., 2017; table 5) 

indicates efficient CH4 oxidation during the dry season. Thus, by comparing the 

concentrations of the two monosaturated biomarkers at the surface to the two peaks down-

core, we can interpret the depths of 70-78 cm and 206-214 cm as periods of efficient CH4 

oxidation, and a possible mixed isotopic signal due to evidence of little to no CH4 efflux and 

a potential switch to CO2 consumption during those times. 

 

Implications of type II methanotrophs biomarkers 

 

Very similar to QT peatland, SJO is characterized by nutrient poor and acidic conditions, 

due to its domed shaped, which allows it to be fed mainly by atmospheric precipitations 

(Lähteenoja et al., 2009b, Kelly et al., 2017). The presence of type II methanotrophs in 

quantifiable amounts is thus characteristic to this site. Furthermore, although possibly 

coeluting on the GC-MS chromatogram, the DMDS derivatisation method (see subchapter 

2.4.2.1.) showed evidence of C18:1ω9, C18:1ω7 and most importantly, C18:1ω8 (possibly 

cis- since no other isomer eluted) biomarkers at the surface, while in core samples, mass 

spectra for C18:1ω9 (cis- and trans-) and C18:1ω7 were found. The presence of C18:1ω8, 

although not in quantifiable amounts, is highly specific of type II methanotrophs (Nichols et 

al., 1985; Bowman et al., 1991, 1993; Bodelier et al., 2009) due to the unusual position of 

the double bond between C8 and C9. 
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4.3.1. SJO peatland synthesis  

 

Peat at SJO accumulated under different shifts in the environment and hydrological regimes. 

The lowermost CPI has a high value, comparable to the ones recorded in present day surface 

samples, indicating that the peat started forming under higher plants, has a low maturity, is 

poorly oxidised and that n-alkanes are well preserved in SJO-1 pollen zone. The following 

decrease in CPI, recorded for SJO-2 zone was most likely caused by a shift in vegetation, 

with reduced higher plants in the proximity of the coring site, and herbaceous taxa depicted 

through the pollen record (Kelly et al., 2017). The following increase in CPI indicates the 

recalcitrant nature and an odd/even predominance that corresponds to higher plants (Figure 

73.1.).  

Further biomarker proxies, such as Pr/Ph ratio indicate that pollen zones SJO-1 and SJO-3 

experienced suboxic conditions (Figure 73.5.), probably due to the oscillating nature of the 

water table or less intense flood events. Remaining pollen zones are characterized by anoxic 

conditions, as depicted through ratio values less than or around 1. The Paq proxy depicts a 

lake-like setting, with emergent macrophytes in pollen zone SJO-3. This is also noticed by 

Kelly et al. (2017) in the pollen record that described the palaeovegetation as a “marginal 

and/or floating mat”. Furthermore, due to relatively high values in the Pr/Ph ratio, it is likely 

that the lake or pool had a well-oxygenated surface or that the water was frequently replaced 

during flood events.  

The peak in hopanes is also recorded in the same pollen zone (i.e. SJO-3), indicating again 

the high dissolved oxygen content of the lake/pool during aquatic vegetation development 

and potential for aerobic oxidation in the water column. However, hopanes show decreasing 

or trace values in further pollen zones, bearing very low concentrations in surface samples, 

indicating anoxic and waterlogged conditions at present. In the sample available from this 

pollen zone (i.e. SJO-3), fatty acids (FA) indicative of microbial biomass are seen to decrease 

in concentration, however, given the inferred oxygen-rich lake-like environment, it is likely 

that they were oxidised by other microbes with the return of anoxic conditions in further 

pollen zones. A similar trend is seen in iso- and brGDGTs that peak or increase in 

concentrations at this point. The same trend is expected for archaeol concentrations. As they 

are indicative of anaerobic microbes, it is likely that the bottom of the lake and peat 

accumulating just below were highly anoxic and could allow anaerobic microbes to 

decompose organic matter. Thus, as both methanogens and anaerobic methanotrophs 

biomarkers increase in concentrations, while monosaturated FA show decreasing 
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concentrations at this point, it is expected that a greater part of the produced CH4 was 

consumed in-situ, anaerobically, while the remaining CH4 was mainly delivered to the 

atmosphere via ebullitions, in bubble-form, and thus, less substrate was available for aerobic 

methanotrophs in the oxic parts of the lake. The increase in monostaurated FA in the 

following pollen zone, SJO-4, indicates a lower potential for CH4 consumption in lake-like 

settings at SJO, as CH4 by-passes aerobic oxidation processes.  

At SJO, GDGT-calibrated pH indicates again a higher value in the lowermost sample, 

however, slightly acidic than the one recorded in QT-1, as SJO-1 sample is already 

representative of a peatland (i.e. high organic matter content). The pH further decreases 

towards the surface, where the calibrated average value is of 4.04. This correlates well with 

instrumental data recorded by Teh et al. (2017), who reported a pH value of 3.8 for the dry 

season. The hopane-calibrated pH correlates well for samples in pollen zones SJO-3 and 

SJO-4, however, surface values could not have been calculated as required hopanes were not 

identified (see subchapter 1.7.3.4.). Calibrated temperatures indicate increasing values 

towards present, peaking in surface samples at a value of 28.9°C while reported instrumental 

data show dry season temperatures at 24.8°C. 
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5. Buena Vista (4°14’ S, 73°12’ W) 

 

5.1. Introduction 

 

At Buena Vista (BVA), peat accumulates in a (borderline) neutral pH and nutrient-rich 

environment under present day forested vegetation (Teh et al., 2017; Lähteenoja et al., 2009b; 

Figure 76). The maximum peat depth at BVA was measured at 290 cm (Lähteenoja et al., 

2009a) and the deepest peat sample available for this study comes from a depth range of 

266-275 cm. Less is known about this peatland, however available data coupled with 

biomarker studies indicate that BVA might be the most interesting peatland of the three with 

regards to the microbial community and CH4 cycle. 

1. Site description, location and geology 

BVA peatland is located near the Tamshiyacu-Tahuayo River, which flows into the Amazon 

(Valderrama, 2013) and 55 km from Iquitos (Figure 77). The flat topography of this area 

Figure 77 Buena Vista location (highlighted) with respect to the 

Amazon River and Iquitos locality (Lähteenoja, 2009b). Notice 

location of QT and SJO. 

Figure 76 Buena Vista peatland geographical location,vegetation type and nutrient status 

(Teh et al., 2017). 
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allows the region to be annually flooded (Kelly et al., 2014; Valderrama, 2013), confirmed 

by high Ca/Mg value relative to rainwater (Lähteenoja et al., 2009b).  

2. Age model and peat accumulation rates 

The bottom of a different peat core (300-308 cm) was dated at 

1217.5±42.5 cal yr BP (1950). The sections between 250-258 cm, 

150-158 cm and 50-58 cm were dated at 990±60, 385±75 and 

145±145 cal yr BP, respectively. Based on this, the mean peat 

accumulation rate was calculated at 2.5 ±0.1 mm/yr (Lähteenoja et 

al., 2009a). A summary of the data and varying peat accumulation 

rates can be found below: 

3. Vegetation, core and samples 

At Buena Vista the main vegetation is forested type with a few 

species of M. felxuosa (Valderrama et al., 2013; Lähteenoja et al., 

2009a). No pollen records are available yet for BVA, thus the 

biomarker data will provide the first attempt to characterise 

vegetation and environmental changes at this location.  

The core extends down into an underlying light-grey clay unit (i.e. 

332-340 cm). Samples (circles) available for analysis are depicted 

in the adjacent figure (Figure 79) with their relative depths and age 

of radiocarbon samples (diamonds). 

Peat here has the same general character as the rest in PMFB and, 

until the depth of 100 cm; peat is composed of plant material, fine 

roots with few wood fragments (Lähteenoja et al., 2009a; Kelly et 

Figure 78 Radiocarbon ages at BVA and peat accumulation rate (Lähteenoja 

et al., 2009a). 

Figure 79 BVA core 
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al., 2014). The humification index was between H6 and H7 (Kelly et al., 2014). 

4. Present day vegetation and environmental data 

Five surface samples are available from the area. Teh et al. (2017) reported peat temperatures 

of 26.1°C and 24.7°C between the wet and dry season, respectively, with pH between 5.88 

and 6.31.  

Table 11 Physical parameters at present at BVA peatland (Teh et al., 2017). Notice higher CH4 

effluxes during the dry season when water table depth is below surface. 

 

The floristic diversity is higher than in the other two peatlands, with 42 species reported by 

Kelly et al. (2014) making less than 70% of the total individuals. No M. flexuosa or M. 

armata were identified by Kelly et al., (2014) however, other studies have reported a few 

individuals (Valderrama et al., 2013; Lähteenoja et al., 2009a) in other parts of this peatland. 

Present day CH4 emissions are higher during the dry season (i.e. 47.2 CH4-C/m2/day; Table 

8) when water table levels are below surface (i.e. -13.2 cm). A proposed explanation for this 

can be found in the interpretation subchapter 5.3. A summary of the other parameters can be 

found in the tables below (Tables 8, 9 and 10; Teh et al., 2017). 

5. Geochemistry and K 

Due to its flat topography and proximity to the Amazon River, the site is periodically flooded 

by nutrient-enriched black-waters (Table 10). A summary of the main nutrient can be found 

in the table below. The Ca/Mg values are also above those of rain water, thus the peatland 

has been described as minerotrophic (Lähteenoja et al., 2009b) 

 

Forested 

vegetation 

season 

Peat-

T°C 

 

Air-

T°C 

Conductivity 

(μS/m2) 

Dissolved 

O2  (%) 

WT 

level 

(cm) 

pH  CH4 

C/m2/day 

Wet 

season 

26.1±0.1 

 

28.8 

±0.7 

 

79.0 ±5.9 

  

0.2 ±0.1 

 

110.8 

±9.3 

  

5.88 

±0.15 

 

6.7 ± 1.0 

Dry 

season 

24.7±0.0 

 

26.4 

±0.3 

75.9 ±5.7 18.9 ±4.4 -13.2 

±0.7 

6.31 

±0.04 

47.2± 5.4 
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Table 12 Geochemical parameter averages from two depths (60-64 cm and 50-54 cm) at BVA 

(Kelly et al., 2014). 

 

Hydraulic conductivity at BVA remains relatively constant between depths of 50 and 90 

cm (Kelly et al., 2014; Table 11). 

Table 73 Modelled hydraulic conductivity of peat at two different depths (Kelly et al., 2014). 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Buena Vista 

Forested 

vegetation 

Ca  (g/kg dry 

peat) 

K (g/kg dry 

peat) 

Mg (g/kg dry 

peat) 

P (g/kg dry 

peat) 

2 sampling 

depths: 

60-64cm 

50-54cm 

 

17.4 (17.14-17.66) 

 

2.13 (1.89-2.37) 

 

1.73 (1.65-1.81) 

 

0.39 (0.36-0.41) 

Depth within peat column Buena Vista (K estimates) 

50 cm 0.00664 cm/s 

90 cm 0.00624 cm/s 
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5.2. Results 

 

5.2.1  n-Alkanes 

 

Individual n-alkane concentrations/sample (µg/g) are depicted in Figure 82. N-alkanes were 

identified in the range of n-C16 and n-C33. Surface n-alkanes in the 5 samples have a total 

mass of 4443.9 µg, while their sum in 6 core samples is of 1594 µg. 

At BVA, n-alkane concentrations vary between various depths, with the maximum recorded 

in the concentration of n-C29 and n-C31 in the same sample, for the depth of 60-68 cm, with 

values of 238.3 µg/g and 207.6 µg/g, respectively. At all depths apart from surface, long-

chain n-alkanes dominate with a strong input from n-C29 and n-C31, even at 8 cm below 

surface. In the surface samples, there is a high input from short chain n-alkanes with no 

preferred distribution.  

The CPI peaks in surface samples, with an average value of 15.04 and decreases in steps 

towards the bottom of the core, reaching a value of 3.27 (Figure 85.1.). Paq shows the 

opposite trend, however its values are below 0.1, thus always indicating a terrestrial 

environment (Figure 85.2.). The ACL mainly reflects the same changes depicted in CPI 

however, the lowest value is recorded in the 0-8 cm sample (i.e. 29.09) and not at depth, 

while the peak is recorded at the depth of 266-275 cm (i.e. 30.13). Similar trends to ACL are 

seen in Pwax, however values are between 0.92 and 0.98, with the minimum and maxima 

recorded in the 0-8 cm and at surface, respectively (Figure 85.3. and 85.4.).  

The Pr/Ph ratio at the BVA site has a bottom core value of 1.77 recorded at the depth of 336 

cm and decreases to values between 0.89-1.53 recorded up-core (Figure 85.5.). The depth of 

336 cm also marks the base of the peat-core, and represents an organic-poor layer, made of 

grey clays and silts, thus, not representative of the peats found at BVA site.  

5.2.2. GDGTs 

 

In terms of GDGTs, isoGDGTs represent only 17% of the overall input in combined samples, 

with the remaining 83% being made up by brGDGTs (Figure 80). Surface samples have very 

low isoGDGT concentrations, below 3% of corresponding isoGDGTs concentrations. A 

larger variation is seen in core samples, with the relative input of isoGDGTs fluctuating 

between 2% and 38%, with a peak value of 144 µg/g. 
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In terms of isoGDGT profiles (Figures 81 and 86.1.-86-4.), their concentrations start from 

close to trace values at depth of 332-340 cm, increase and reach their peak at the depth of 

266-275 cm then decrease in steps until concentrations close to 0 µg/g at the depth of 60-68 

cm. Their concentrations recover in the sample just before surface, with values of 136 µg/g 

in the case of isoGDGT-0, the most abundant isoGDGT.  

BrGDGTs (Figures 81 and 86.7.-86.10.) show increasing concentration from the depth of 

332-340 cm, reach a first peak at the depth of 204-212 cm then decrease in concentrations 

at the same depth as isoGDGTs, however their decrease is less pronounced. Similarly, to 

isoGDGTs, brGDGTs increase towards surface, peaking in the horizon below present-day 

peat surface (i.e. 0-8 cm). 

Overall, calibrated pHs are between 3.9 and 5.16 (±0.8) and calibrated temperatures between 

23.79°C and 26.9°C (±4.7°C), with a possible colder period recorded between 204 and 124 

cm (Figures 86.11. and 86.12.). 

 

 

 

Figure 80 Relative total input of brGDGTs and isoGDGTs at BVA. 
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Figure 81 GDGTs relative distribution at BVA with depth (x axis representing depth in cm). 
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Figure 83  Fatty acids concentrations ( g/g) with depth at BVA. X axis represents n-alkanes while y 

axis, concentration. 
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5.2.3. Hopanes 

 

Hopanes at BVA show two peaks in concentrations, one seen at the depth of 266-275 cm 

and one at a depth of 60-68 cm. In both cases, αβC31-hop is the most abundant one, reaching 

concentrations of 8.58 μg/g and 18.33 μg/g, respectively. Diploptene is only seen to increase 

in concentration in the 266-275 cm section and does not mirror the increase seen in other 

hopanes towards surface, however, diploptene peaks again in surface samples. The ββ 

configuration dominates in the case of C27-hop and C29-hop, while for C31-hop, αβ is the 

dominant stereoisomer. Diplopterol values show an increase at the depth of 266-275 cm, 

reaching peak concentrations of 30.4 μg/g, have stable concentrations around 20 μg/g for the 

depth where hopanes increase (i.e. 124-132 cm and 60-68 cm) and decrease towards surface, 

reaching minimum concentrations of 0.4 μg/g. 

5.2.4. Fatty acids 

 

At BVA, saturated FA occur within the range of C11-C36, with a total concentration across 5 

surface samples and 5 core samples of 5403.5 µg/g (Figure 83). Overall, higher 

concentrations of FA occur in the surface samples compared to depth, and, at all depths, 

even FA have higher concentrations than odd adjacent FA. 

In terms of branched short chain FA, at BVA the iso- and anteiso- isomers were identified 

only for C15:0 and C17:0 in the range of interest. Apart from anteisoC17:0, they show 

similar trends to their saturated isomers. AnteisoC17:0 (aC17:0; Figure 87.8.) shows a 

decoupling in concentration trends from its isomers, with a relative increase in concentration 

at the depth of 124-132 cm to a value of 0.64 µg/g. Furthermore, saturated FA in the range 

of C14-C18 increase in concentration from depth towards the surface, with a sharp increase 

seen in surface samples (Figure 87). The highest concentration at surface within this range 

is recorded in C16:0, that of 46.02 µg/g. Unlike shorter unsaturated FAs that do not show 

much variation between depths of 0-8 cm and 124-132 cm, C18:0 shows a relative decrease 

in concentration at the depth of 0-8 cm. In terms of individual concentrations, until the depth 

of 124-132 cm C22:0 has the highest overall concentration; after this depth, it is equalled by 

C24:0 and exceeded by C23:0.   

BVA shows a complex variety in terms of its monosaturated FA (Figures 84 and 87.10.).  

For example, as at the other two locations, both C18:1ω7 and C18:1ω9 are present and show 

similar trends. They start with a concentration of 1.8 µg/g and 1.44 µg/g, respectively, 

decrease until the depth of 124-132 cm and peak in values just before surface, with 

concentrations of 3.62 µg/g and 3.12 µg/g, respectively. Concentration graphs are 



 

169 

 

represented in Figure 87.  Based on DMDS method (see subchapter 2.4.2.1.), surface 

samples contained the following monosaturated FA with 18C: C18:1ω9c, C18:1ω7c, 

C18:1ω7t; C18:1ω5c; C18:1ω5t; C18:1ω8c; C18:1ω8t. In core samples, only C18:1ω7, 

C18:1ω8 and C18:1ω9 were identified (Figure 84), probably in their cis- configuration. 

The implications of these biomarkers are discussed in subchapter 1.7.4. 

 

 

 

 

 

 

 

 

 

 

 

 

Furthermore, and one of the most interesting features at BVA, is the presence of 

monosaturated FA with 16 carbons. They were identified based on the DMDS method in 

surface samples, and based on their retention times at a depth of 124-132 cm (i.e. on GC-

FID).  Thus, their concentrations at surface are between 0.08 and 0.53 µg/g., while at the 

depth of 124-132 cm, of 0.113 µg/g. Due to their low concentration in core samples, the 

DMDS method did not reveal any results in order to aid their identification.  However, at 

surface, the following isomers were identified:  C16:1 7c, C16:1 7t; C16:1 5c; C16:1 5t; 

C16:1 8t; C16:1 8c. 

Figure 84 Example of higher diversity in monosaturated C18:1 fatty acids seen through 

the DMDS method ayt BVA in a surface sample. Notice cis- isomer eluting before trans- 

isomer. 
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5.3. Interpretation 

 

332-340 cm (BVA-1) 

 n-Alkanes 

The n-alkanes at this depth (BVA-1) come from a clay rich sample, located below the first 

peat deposits, which indicates a low energy environment and, as at QT, it can be indicative 

of a lake-like setting. However, due to the absence and relative low concentrations of short 

chain n-alkanes characteristic to lakes and no aquatic signal seen in Paq proxy (i.e. Paq below 

0.1, at a value of 0.03), the palaeoenvironment was probably a flood plain, a terrestrial 

environment, at a greater distance from Amazon’s palaeochannel, only affected during flood 

events. The signal seen in longer chain n-alkanes, although it does not show a strong 

odd/even predominance (Figure 82), indicates possibly allochtochonous input from higher 

plants carried by Amazon floods. The relatively high Pr/Ph ratio (1.77) value indicates 

suboxic to oxic conditions and correlates with an exposed low-energy terrestrial environment.  

 GDGTs 

IsoGDGTs 

Most isoGDGTs show concentrations of less than 0.1 µg/g, with only isoGDGT-4 (i.e. 0.104 

µg/g) and crenarchaeol (0.134 µg/g) slightly above this value. This indicates that the 

environment was lacking required substrate and could not support an extensive archaea 

community. The predominantly oxic setting, with access to high nutrients, low organic 

matter content and neutral pH was thus less fitted for microbial development. 

BrGDGTs 

BrGDGT-Ia has a relatively higher concentration, with a value of 14.8 µg/g however, since 

sediments were transported by floodwaters, the value is less likely to indicate in-situ 

production. Thus, peat-calibrations for temperature (i.e. 26.2°C±4.7°C) and pH (i.e. 4.8±0.8) 

will not yield accurate values. In this case, as in QT’s bottom sample, soil calibrations 

proposed by Weijers et al. (2007a) could be more suited for this environment (see subchapter 

1.7.2.3.), given a calibrated pH value at 5.82, slightly higher and more characteristic of a 

flood plain, with a calibrated temperature at 23.6°C, several degrees lower than the peat-

GDGT calibration (Naafs et al., 2018b). 
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 Hopanes 

As hopanes are attributed mainly to prokaryote cell membranes (Ourisson et al, 1987), they 

are probably again not produced in-situ and represent input from adjacent soils and/or were 

transported via floodwaters.  

At this location, although the palaeoenvironment is similar to the bottom of the core at QT, 

the hopane calibrated pH value of 3.25 (±1.4) is lower than expected suggesting again the 

allochthonous nature of hopanes, and indicating that the GDGT soil calibration (Weijers et 

al., 2007a) may be closer to the real value.  

 Fatty acids 

No FA were identified for this depth. Coupled with the occurrence of hopanes, it is likely 

that FA existed at this depth yet were removed by biodegradation, as seen in part at the 

surface of QT and SJO and core samples. 

 

266-275 cm (BVA-2) 

 n-Alkanes 

An increase in the concentration of long-chain n-alkanes is seen at this depth with a strong 

odd/even predominance (Figure 82), indicating mainly input from higher plants, and a 

possible establishment of forested vegetation after approximatively 300 years from the 

previous sample (i.e. accumulation rate 2.20±0.78 mm/yr, Lähteenoja et al., 2009a). This is 

also seen in the trends of CPI and Pwax (and Paq) that indicate the presence of less labile and 

more decay resistant organic matter source (Baker et al., 2016 and references therein). The 

ACL also increases from the previous depth, peaking at this point, suggesting drier and/or 

warmer conditions than experienced in the up core samples (see following discussion). The 

Pr/Ph ratio indicates anoxic conditions however, the value is slightly below 1, thus subanoxic 

for parts of the year. At this depth, waterlogged conditions that initiated peat accumulation 

persisted or the peatland was seasonally flooded, which could also explain the Pr/Ph ratio 

and the increase in hopanes at this depth.  

 GDGTs 

Both iso- and brGDGTs increase in concentrations with the onset of peat accumulation, 

which also suggests frequent waterlogged conditions and anoxic/subanoxic conditions. 
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IsoGDGTs 

IsoGDGTs have the highest relative contribution to the GDGT pool, with isoGDGT-0 

dominating at this depth (141 µg/g). This indicates an increased input from methanogenic 

archaea under anaerobic conditions, which led to a further increased in the contribution of 

anaerobic methanotrophs represented by isoGDGT 1-4. However, there is a slight decrease 

in archaeol concentrations, which does not mirror the isoGDGT-0 (caldarchaeol) values in 

order to confirm the existence of an active methanogen community.  Since archaeol is 

recalcitrant in nature (see subchapter 1.7.3.), while isoGDGTs are more susceptible to 

aerobic degradation (Schouten et al., 2003 and references therein), other analytical 

techniques need to be applied (i.e. carbon isotopic signatures) in order to say whether the 

peatland was already acting as a CH4 source and whether isoGDGT-0 in this setting is an 

indicator of methanogenesis. However, in previous peatlands there was a good correlation 

between the relative increases in isoGDGT-0 and archaeol (see QT and SJO interpretations), 

indicating that isoGDGT-0 producers are (at least in part) representative of the methanogenic 

community.  

Crenarchaeol concentration increase suggests either that the top parts of the peat were 

frequently exposed to oxygen or that water table oscillated between above surface at least 

during the wet season and below during the dry season for approximatively 35 years (i.e. 8 

cm of sample; accumulation rates of 2.5mm/yr, Lähteenoja et al., 2009a). This is also seen 

as a peak in the MI values, at 94.8 (Figure 86.7.). There is also an increase in isoGDGT-5 

and this can be due to the overall increase and stability of the archaeal community that 

included its producers or to an increase in temperature (i.e. also ACL increase) on the 

background of stable pHs (Naafs et al., 2018b). Indeed, this is true for a basal temperature 

of 23.6⁰C (Weijers et al., 2007a), characteristic of a soil sample. 

BrGDGTs 

BrGDGTs also increase in concentrations, supporting anaerobic overall conditions and 

development of an anaerobic bacteria community. BrGDGT-Ia is the dominant brGDGT, 

characteristic of tropical peatlands (Naafs et al., 2017a). At this depth, vegetation was 

probably adapted to waterlogged conditions.  

Calibrate pH values are in the range of 4.77-3.17, with an average at 4.0, indicating that 

although the peatland was annually flooded, high water tables and precipitation did not allow 

for pH increase and that the main water source was atmospheric precipitations. Calibrated 

temperature is at 25.3°C (±4.7°C), within the range of present day measured temperatures.  
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 Hopanes 

This depth represents a peak in the concentration in all hopanes relative to adjacent samples. 

The peaks are also recorded in diploptene and diplopterol. As no pollen data exists for this 

peatland, it is difficult to appreciate the variations in water table and effect of vegetation on 

microbes. However, given the discussed increase in crenarchaeol (Figure 86.5.), which 

suggests that at least the top of the peatland was frequently exposed to oxygen, aerobic 

bacteria were able to develop in a relatively stable acrotelm between flood events during the 

dry season.  

The peaks in diploptene and diplopterol that have the highest concentrations at this depth 

(i.e. 3.5 and 30.4 µg/g, respectively) indicate their recalcitrant nature, however they cannot 

be correlated with methanotrophy due to their diverse aerobic and anaerobic producers 

(Rohmer et al., 1984; Hartner et al., 2005). For this depth, it would be interesting to analyse 

diplopterol and diploptene carbon isotopic signatures, as they would indicate the role of 

bacteria in CH4 consumption at BVA.  

The hopane-calibrated pH is at 4.45 (±1.4), peaking at this depth also suggesting a thicker 

or more stable acrotelm.  

 FA 

At this depth, short chain FA are dominated by C16:0 and C18:0 indicating bacterial input 

however, the iso- and anteiso- isomers of C15:0 and C17:0, C18:1ω9 and C18:1ω7  have 

very low concentrations implying low CH4 consumption rates and that the peatland had a 

high potential of acting as a CH4 source. As isoGDGT-0 peaks at this depth indicating an 

extensive methanogen community, the lack of suitable substrate cannot be the main reason 

for low concentrations of biomarkers indicating type II methanotrophs, thus, a further driver 

is needed. It is also possible that given the high degree of peat maturation at this depth 

indicated by a peak in βα C30-hop, that FA were also subject to diagenesis in the reducing 

environment or consumed by microbes, a process that preferentially takes place in the case 

of short chain and unsaturated FA (Disnar et al., 2005; Cranwell et al., 1981 and references 

therein). 
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204-212 cm (BVA-3) 

 n-Alkanes 

There is a further increase from the previous depth in the concertation of long-chain n-

alkanes however, the odd/even preference is maintained and, with a low, undifferentiated 

input from short- and medium-chain n-alkanes, indicate a strong terrestrial signal, from 

vascular vegetation. The slight decrease in CPI is due to relative higher concentrations of 

long-chain even n-alkanes, thus a change in vegetation is also possible and can be confirmed 

through pollen analysis. Although the Pr/Ph ratio indicates a suboxic setting, bearing a higher 

value than at the previous depth, it can also be due to plant-adaptations to anoxic conditions, 

with the ability to transport oxygen to lower depths and CH4 to the atmosphere, a process 

which was also seen at QT and SJO. 

The overall increase in n-alkanes, with n-C29 and n-C31 peaking at this depth, higher input 

from short and mid-chain n-alkanes can indicate changes in the hydrological regime, 

possibly explaining the lower CPI and an expected vegetation shift.   

 GDGTs 

IsoGDGTs 

At this depth, the main isoGDGTs (0-4) shows a slight decrease in concentration, which is 

also mirrored by crenarchaeol and isoGDGT-5. Although it is difficult to assess what might 

have caused this decrease or change in the archaea community without vegetation changes, 

n-alkanes indicate a possible change in the hydrological regime (and potentially, in 

vegetation). Furthermore, there is an increase in biomarkers specific of anaerobic bacteria 

(i.e. brGDGTs) and a decrease in biomarkers that indicate aerobic bacteria (i.e. hopanes, 

diplopterol). This can indicate that the flooding regime increased in frequency, and that BVA 

was under permanent waterlogged or periodic flooded conditions. Due to the implied 

decrease in oxic degradation in the top parts of the peat, it is possible that anaerobic 

decomposition and production of substrate for methanogenesis was slower, affecting 

isoGDGT-0 producers and leading to a decrease in anaerobic methanotrophs (isoGDGT 1-

4). Furthermore, the decrease in isoGDGT-5 can also indicate a decrease in temperature or 

shift in pH (Naafs et al., 2018b), confirmed by brGDGTs-based calibrations. 

BrGDGTs 

BrGDGTs increase (i.e. GDGT-Ib, -Ic, -IIa, -IIIa) or remain at stable concentrations 

(brGDGT-Ia), although this stability can only be apparent, it can also indicate that overall 
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environmental conditions were favourable for anaerobic bacteria community development. 

Calibrated pH is at 4.46 (±0.8) while calibrated temperatures at 23.79°C (±4.7°C), the lowest 

temperature for this location which could have had an impact on microbial activity and thus, 

their concentrations. As discussed above, this can correlate to the decrease seen in isoGDGT-

5. 

 Hopanes 

The following decrease in hopane concentrations supports the assumed change in the 

hydrological regime, from seasonal or periodic flooding to permanent waterlogged 

conditions, during which the bacteria community was restricted to oxic microsites or 

developed for short periods in the oxic top layer. The calibrated pH indicates a decrease, 

with a value of 3.57 (±1.4), within the error range of GDGT-calibrated pH, supporting 

increased precipitations and waterlogged conditions. However, a drop in temperature can 

also lead to a decrease in the microbial activity. 

 FA 

Saturated FA maintained their concentrations and a further decrease is seen in monosaturated 

FAs indicating biodegradation or unfavorable conditions (mainly anoxic) for aerobic 

methanotrophs.  

 

124-132 cm (BVA-4) 

 n-Alkanes 

The palaeoenvironment at this depth is similar to the one described above: a terrestrial 

waterlogged setting with input from vascular vegetation. Some vegetation species probably 

disappeared at this point as we see less input from short chains and even carbon n-alkanes 

or, this can indicate less biodegradation and microbial reworking, which could have led to 

the increase seen in CPI, Pwax and ACL ratios. A slight decrease in Pr/Ph ratio potentially 

suggests a higher frequency or duration of floods, waterlogged conditions and less space for 

aerobic microbes development which was previously discussed. 

 GDGTs 

IsoGDGTs 

IsoGDGTs show similar concentrations to the previous depth. The stability of microbial 

community can be again only apparent given the large time gap between the two depths, 
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however, it is also possible that between 204 and 124 cm similar environmental conditions 

occurred. For the two depths, archaeol biomarker increases in concentration supporting an 

increase in the methanogen community however, this increase could postdate the 

palaeoenvironment that this depth represents in terms of vegetation (i.e. n-Alkane input) as 

methanogenesis can continue at depth under favourable conditions. Crenarchaeol increases 

in concentration which can be due to incorporation of peat that deposited during several drier 

periods (i.e. 8 cm thick sample, representing approximatively 32 years of continuous 

deposition at the rate of 2.5mm/yr, Lähteenoja et al., 2009a). 

BrGDGTs 

BrGDGTs decrease in concentrations can be due to competitive relationships or, if 

Acidobacteria is a main brGDGT-Ia producer (Weijers et al., 2009a), to less acidic 

conditions. The GDGT-calibrated pH for this depth is at 4.63 (±0.8), slightly higher than in 

the previous section but still supporting to some extend this interpretation. The temperature 

also increases to a calibrated value of 24.6°C (±4.7°C). 

 Hopanes  

Hopanes start to increase in concentrations, and peak in the following sample, at the 60-68 

cm horizon. Although the increase cannot be correlated and considered continuous due to 

the low resolution of samples and the age difference between the two depths, similar factors 

probably led to these increases. Since crenarchaeol also increases in concentration and the 

vegetation was probably adapted to waterlogged conditions, the area around root systems 

could have been oxygen-rich and able to support aerobic communities (see subchapter 1.5.2.). 

Furthermore, as the present-day flat topography of the peatland supports periodic flood 

events, this could have also been true in the past, thus, it is also possible that a shift in 

precipitation led to reduced flooding and waterlogged conditions during the dry season. 

However, the hopane-calibrated pH value is at 3.5 (±1.4), not indicating again a decrease in 

the precipitation regime. 

 FA 

FA have slightly higher concentrations at this depth, following the increase seen in hopanes, 

with a peak in anteisoC17:0. This supports the interpretation of an active bacteria community 

for that time. However, monosaturated FA have similar or lower concentrations (C18:1ω7) 

from the previous depth, thus indicating a low potential for CH4 consumption. 
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60-68 cm (BVA-5) 

 n-Alkanes 

The overall increase in the input of n-C29 and n-C31 from the previous depth, suggests again 

a terrestrial environment.  Pr/Ph ratio has a value above 1.5 indicating suboxic conditions 

and thus, a fluctuating nature of the water table, less frequent and shorted flood events or 

even a drier period, confirmed by further biomarkers. The CPI value decreases slightly due 

to possible microbial reworking of organic matter or change in vegetation. 

 GDGTs 

At this depth, there is a pronounced decrease in isoGDGTs, mirrored brGDGTs. 

IsoGDGTs 

IsoGDGTs reach trace concentrations indicating a possible collapse in the methanogen and 

anaerobic methanotroph communities (i.e. isoGDGT 0-4). However, archaeol input 

continues to increase.  

The decoupling seen between isoGDGT-0 (caldarchaeol) and archaeol implies that either 

isoGDGT-0 might not be related to a methanogen community or that methanogens in this 

peatland do not biosynthesise a high amount of caldarchaeol for their membrane structure. 

This interpretation is also supported by the fact that within the archaea domain, 

archaeosomes (although not a methanogen), for example, can have membranes composed of 

only monopole archaeol in a bilayered configuration or bipolar caldarchaeol (isoGDGT-0) 

lipid in a monolayered structure (Kaur et al., 2015; Benvegnu et al., 2009). Since only 

archaeol was found in methanogen cultures (e.g. Sprott et al., 1990; Koga et al., 1998) as 

well as in environments where CH4 is produced (Pancost et al., 2000), and caldarchaeol’s 

methanogen origin was assessed primary based on the isotopic signature of byphytanes 

(Schouten et al., 2013 and references therein; Pancost et al., 2003), it can be likely, that in 

this peatland, isoGDGT-0 is not a methanogen indicator and that carbon isotopic 

measurements should be employed alongside isoGDGT-0 source assessments. 

What is also interesting is the collapse in isoGDGTs 1-4 that were assigned to anaerobic 

archaeal methanotrophs. This could indicate that producers of isoGDGTs 1-4 are obligate in 

nature and that they utilize CH4 produced in very close proximity since some CH4 is still 

expected to be generated at depth. Furthermore, methanogenesis in higher just below water 

table (e.g. Pancost et al., 2011; Zheng et al., 2014), thus, if this palaeosetting experienced a 

drier period, a drop in the water table could have restricted methanogenesis to previous 
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substrate depleted depths. However, despite this proposed highly oxic setting, crenarchaeol 

lipid which characterise ammonium-oxidising Thaumarchaeota under oxic conditions 

(Schouten et al., 2103 and references therein), is also seen to decrease in concentrations 

indicating overall reduced oxygen, thus a combination of factors is expected, even a possible 

shift in (local) vegetation to herbaceous taxa given the relative drier period. This shift was 

also seen to affect microbial communities at QT (see QT-4b). 

BrGDGTs, although decrease in concentrations across all profiles, are still relatively 

abundant, with brGDGT-Ia’s concentration, the most common brGDGT in peat-

accumulating environments (Naafs et al., 2018a), at 182 µg/g. BrGDGTs could have been 

thus restricted to anoxic microsites. 

Calibrated pH value is at 4.36 (±0.8), while calibrated temperatures at 25.6°C (±4.7°C). 

 Hopanes 

The increase in hopanes supports the interpretation of a drier period or a thick and constant 

acrotelm. The increase in mainly seen in ββ hopanes, thus indicating an active and extended 

aerobic bacteria community and the lack of diagenesis (i.e. immature peat). There is also a 

decrease in brGDGTs for these two depths and a minimum concentration recorded in 

isoGDGTs for 60-68 cm, again, implying a stable and thick acrotelm, decomposition of 

organic matter and possible a higher CH4 consumption. The present day flat topography of 

the peatland that supports periodic flooding events could have also sustained this conditions 

in the past, thus, it is possible that a shift in the precipitation led to reduced flooding and 

waterlogged conditions 

The hopane-calibrate pH is at 3.4, similarly to the previous depth.  

 

0-8 cm (BVA-6) 

 n-Alkanes 

There is a decrease in the relative input of long-chain n-alkanes just below the surface, 

however, at this depth, n-C29 dominates.  The vegetation was probably the same as at present, 

thus indicating that the present-day forested vegetation is characterized by both n-C29 and n-

C31, with a higher input from the former and that the transition to this vegetation type took 

place after the depth of 60-68 cm (where both n-alkanes dominate). The CPI is relatively 

constant from the previous depth, with a slight increase in ACL. Pr/Ph ratio decreases, below 
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1 indicating anoxic conditions and, as the dissolved oxygen % was recorded for the top 15 

cm of the peat (Teh et al., 2017), bearing a value of 18.9%, similar thus to that recorded in 

the surface sample, it indicates that for higher Pr/Ph values in the past, the dissolve oxygen % 

was higher than this present-day value.  

 GDGTs 

As this sample comes from the fresh peat just below the surface, it is highly useful in 

understanding bioaccumulation, biomarkers’ relative concentrations between frequently the 

air-exposed organic matter at the surface and more degraded organic matter below. All 

GDGTs concentrations increase in this horizon, indicating possible higher microbial activity 

due to less degraded organic matter. 

IsoGDGTs 

IsoGDGTs return to relatively high concentrations. Although a decoupling between 

isoGDGT-0 and archaeol was seen at depth, below surface both biomarkers have relative 

high values. CH4 is likely produced in the anoxic part of the peat, just before surface, in the 

mesotelm (Pancost et al., 2011). Several studies (Pancost et al., 2011; Huguet et al. 2013) 

done in boreal peatlands have related this part of a peatland to the highest methanogen 

activity based on biomarker concentrations due to the existence of readily available substrate 

for methanogenesis.  

All isoGDGT (0-5) peak in this horizon. IsoGDGT-0, a proposed biomarker for methanogen 

community, has a concentration slightly lower than what was recorded at a depth of 266-275 

cm. If the two depths are similar in terms of methanogenic community size and species, then 

the signal seen at 266-275 cm can be considered a palaeosignal, with very little input from 

subsequent active communities and accumulation over time. The increase in isoGDGTs 1-4 

indicate a growing anaerobic methanotroph community, due to abundant substrate provided 

from methanogens. The presence of isoGDGT-5 in relative higher concentrations than at 

previous depths can be an indicator of sustained acidic conditions and increase in 

temperatures (Naafs et al., 2018b). Crenarchaeol also increases in concentration from 

previous depth. This concurrent increase in the top 10 cm of the peatland suggests the 

oscillating nature of the water table or present day accumulation and an active aerobic 

microbial community. 
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BrGDGTs 

BrGDGTs mirror the increase in isoGDGTs, peaking in concentrations at this depth, 

highlighting the overall waterlogged nature of BVA. Since GDGTs core lipids are decay-

resistant (Huguet et al., 2010; Lengger et al., 2014), the relative highest concentrations at 

this depth implies that environmental conditions were most favourable for brGDGTs. Today, 

BVA is characterized by high nutrient input (i.e. minerotrophic setting); it is possible that 

the input of nutrient from secondary sources (i.e. ground- or floodwater) is a process that did 

not affected previous depths. Input of nutrients such as K, Mg and P (Table 8) are expected 

to provide additional substrate for methanotrophy in the aerobic layer or can enhance 

anaerobic bacteria population size, a hypothesis supported by peaks in brGDGTs-Ib, -IIa, -

IIb and –IIIa. 

Calibrated pH for this depth is at 4.69 (±0.8) while calibrated temperatures at 25.91°C 

(±4.7°C). 

 Hopanes 

The following decrease in hopane concentrations are probably related to present-day 

environmental conditions. The flat topography at BVA implies waterlogged conditions and 

periodic flood events from nutrient-rich water (Lähteenoja et al., 2009b), leading to a 

reduced acrotelm, that restricts the development of the aerobic bacteria community. The 

water table oscillated between above and below surface, with the acrotelm reaching a 

maximum thickness of 13 cm (Teh et al., 2017). The calibrated pHs of 3.39 (±1.4) are well 

below present day measured values of 6.31 recorded during the dry season when samples 

were collected (Teh et al., 2017), however, this hopane-based pH calibration is mainly 

restricted to acidic environments and may not be suitable for a peatland like BVA (Inglis et 

al., 2018). 

 FA 

At this depth, an increase in concentrations is seen in medium and long-chain FA, however, 

short branched and saturated short chain FA have a similar or lower concentration from the 

previous sample. Monosaturated FA peak at this depth, just below surface, which 

corresponds to the relative position of the water table during the dry season (i.e. 

approximatively 13 cm below the surface). Monosaturated biomarkers with 18 carbons are 

indicators of type II methanotrophs that are known to prefere the interface between the oxic 

and anoxic layers, where CH4 availability is greatest (Pancost et al., 2011). Thus, a higher 
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methanotroph concentration, probably also indicating the present day living community is 

expected and it is confirmed by this increase just before surface.  

 

Surface samples 

 n-Alkanes 

The availability of samples from just below and from the surface provides information on 

the rate of biodegradation and (enhanced) microbial activity at the surface of the peatland. 

As the samples were collected during the dry season, the acrotelm was approximatively 13 

cm in thickness (Teh et al., 2017). Similarly, to the previous two peatlands, there is a relative 

increase in short chain n-alkanes, suggesting that short chain n-alkanes are further 

biodegraded and that this process takes place in a relatively short time. Again, long-chain n-

alkanes display an odd/even preference, specific to a forested vegetation. Pr/Ph ratio 

indicates anoxic to suboxic conditions that correspond to a value of 18.9% of dissolved 

oxygen. However, the complete data set published by Teh et al. (2017) shows high 

discrepancies between two consecutive dry seasons with values below 0.5% for 2012 and 

for 2013 values between 0.1 and 90% (Website 15). 

 GDGTs 

All isoGDGTs decrease in concentration, reaching almost trace values. This is explained by 

the fact that samples were collected from the surface of BVA, in contact with air. Only one 

of the four analysed surface samples shows isoGDGT-0 with a concentration of 5.17 µg/g, 

which is probably due to the (micro)topography of the sampling location (i.e. possible a 

hallow structure). Since surface samples are expected to be more often exposed to aerobic 

conditions, we see relatively higher concentrations of crenarchaeol, a biomarker for 

ammonia-oxidizing Thaumarchaeota (Zheng et al., 2015). IsoGDGT-5 was found in trace 

concentrations (0.067 μg/g) in only 1 of the 4 samples, indicating its slow accumulation rate 

over time and specific environmental conditions in which it occurs (see Naafs et al., 2018b). 

However, higher concentrations seen in brGDGTs suggest the waterlogged or seasonal 

flooded character of this peatland and, potentially, the more competitive nature of anaerobic 

bacteria compared to archaea at colonizing fresh organic matter under (even short-lasted) 

anaerobic conditions. This observation is probably best supported by the necessity of only 

several types of substrate required for methanogenesis, which might have not been available 

at this time (Hanson and Hanson, 1996). Thus, as observed in other settings (e.g. Megonigal 
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et al., 2014), methanogens are constricted by other microbes and by their ability to provide 

required substrate (acetate, methanol, CO2, see subchapter 1.2.1.). As seen in the previous 

sample, methanogenesis probably starts just below surface, after the onset of organic matter 

decay.  

One further explanation for this increase can be due to an aerobic source for brGDGT-Ia 

(and potentially further brGDGTs in unidentified sources). Sinninghe Damsté et al. (2011) 

discovered two aerobic Acidobacteria that produced brGDGT-Ia and from thereon several 

other studies agreed on the aerobic or facultative nature of some Acidobacteria (Pankratov 

et al., 2012; Kielak et al., 2016), thus, implying that the presence of this biomarker can also 

indicate aerobic settings. Since samples were collected during the dry season, when the water 

tables, at least at this site, were below surface (Teh et al., 2017) and since the phyla is highly 

diverse and common in acidic settings such as peatlands (Sinninghe Damsté et al., 2011 and 

references therein; Jones et al., 2009), the possibility of an aerobic producer should be further 

investigated in PMFB.  

Calibrated pHs are between 5.16 and 3.9 (±0.8), while present day measured pH during the 

dry and wet seasons are at 6.31 and 5.88, respectively (Teh et al., 2017). It can suggest that 

since the time of peat core collection (2010) and time of instrumental measurements 

collection (2012-2014; Teh et al., 2017; Website 15), pH increased in value. Calibrated 

temperatures are between 25.6°C and 26.9°C (±4.7°C), while instrumental temperatures for 

this location are at 24.7°C for the dry season and 26.1°C for the wet one, thus, within the 

error range, implying relatively accurate values for calibrated temperatures down-core based 

on GDGTs concentrations. 

 Hopanes 

As expected, hopanes increase in concentration at the surface, due to readily available 

oxygen and organic matter. The hopane-calibrated pH is at 3.4 (±1.4), not matching 

instrumental measurements (Teh et al., 2017). 

 FA 

Surface samples have overall higher concentrations of FA across all ranges and isomers apart 

from monosaturated FA which are seen to decrease slightly in concentration. Furthemore, 

although the average is reported in Figure 87.10., C18:1ω7 and/or C18:1ω9 are not found in 

all surface samples, indicating, unlike at depth, an uneven distribution, and possible 

subsequent accumulation over periods of fluctuating water tables. 
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Implications of type I and type II biomarkers and present day effluxes 

Both core and surface samples contain biomarkers specific of type II methanotrophs. 

Although only concentrations of C18:1ω7 and C18:1ω9 were quantifiable through GC-FID, 

the DMDS method revealed further compounds specific of type II methanotrohps at surface, 

together with evidence of type I. Thus, in terms of monosaturated C18 FA, the following 

biomarkers were found: C18:1ω5c,t; C18:1ω7c,t; C18:1ω8c,t and C18:1ω9. The higher 

diversity of monosaturated isomers indicates a possible more diverse methanotroph 

community than in the other two peatlands. Furthermore, in terms of monosaturated FA with 

16C, DMDS method revealed the following configurations: C16:1ω5c, t; C16:1ω7c, t and 

C16:1ω8c, t. 

The high diversity of monosaturated FA also can potentially indicate a higher diversity or a 

larger methanotroph community. However, by taking into account CH4 efflux measurements 

reported by Teh et al. (2017), we see that there are higher CH4 effluxes during the dry season 

(i.e. 47.2±5.4 mg CH4-C/m2/d)  when the water is also below surface (-13.2 cm)  compared 

to the wet season. The occurrence of higher overall CH4 emissions during a period of 

(potentialy) high and active methanotroph community can however be explained through a 

main pathway of CH4 release from this peatland. Thus, one explination can be that, due to 

lower water tables, at depth, this will be experienced as a drop in the hydrostatic pressure. 

This pressure decrease during the dry season could allow CH4 bubbles to form and be 

released via ebbulition to the surface, bypassing most of the methanotrophy zone (see 

subchapter 1.5. and references). This proccess was also observed by Teh et al. (2017) at sites 

with forested vegetation, characteristic to present day BVA. Thus, this can explained the 

possible presence of type II methanotrophs that are facultative in nature, meaning that they 

can also survive on CO2 substrate in the complete absence of CH4, however, since there are 

also biomarkers indicative of type I methanotrophs, which are obligate in nature, there is a 

high chance that part of the CH4 is being consumed as well in-situ.  

From this particular case, it appears that high water tables can have in fact a negative impact 

on CH4 emissions, with higher water tables actually restricting ebbulition and thus, 

mitigating high CH4 fluxes from this peatland. This is further indicated by the 6-7 times 

lower effluxes during wet season, when water tables at this site have been measured at 110.9 

±9.3 cm above the surface. Much of the CH4 movement at depth is possibly restricted by the 

imposed water pressure and, it can be consumed in-situ by anaerobic methanotrophs or, if 

the water table decrease happends gradually, part of it can be released by diffusion and 

oxidized. However, due to the large difference in water table height between the dry and wet 
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season, it is less possible for diffusion to take place at the same time with the existance of an 

oxic peat layer and active methanotroph community.  

This case shapes itself as a potential research question that needs to be further investigated. 

Here, it would be of interest to understand how the three main pathways of CH4 transport 

take place and which one dominates, how much CH4 is being produced at depth and if indeed 

the water table depth has an effect on the prefered pathway to surface; what is the required 

drop in water table and hydrostatic pressure to allow CH4 to aggregate into bubbles and be 

release to the surface; when does the main fluxes of CH4 occur with resprect to the shift in 

water table depth (i.e. fast drop-fast release relationship) and, furthermore, the potential of 

CH4 consumption during the dry season in the oxic layer, the time lag between increase in 

oxygen levels and increase in the methanotroph population. Furthermore, the flat topography 

at BVA also implies its flood-prone character and minerotrophic nature. The presence of 

river-brought nutrient to the peatland during the wet season can also be accountable for the 

(potentially) higher methanotroph community and occurrence of type I methanotrophs, 

indicating again the importance of high water tables, however this time river flood-generated.  

 

5.3.2. Buena Vista peatland synthesis  

 

Although pollen records are not yet available for BVA peatland, biomarker data and present 

day instrumental parameters allowed palaeoenvironment descriptions in terms of relative 

vegetation and hydrological changes. As a summary, n-alkane-based proxies such as CPI 

with values mainly below 10 with a strong odd/even signal in individual n-alkane profiles, 

indicate that peat here accumulated mainly under higher plants. Herbaceous taxa were 

inferred in the 60-68 cm sample (BVA-5), and based on other proxies discussed below, the 

increase seen towards the surface given the prominent terrestrial and higher plants signals 

implies that the organic matter is better preserved towards recent. This could be correlated 

to the suboxic/subanoxic signal seen in the Pr/Ph ratio, that mainly shows values above 1, 

which suggests that the peatland’s surface was frequently exposed to air, and that 

waterlogged conditions or flooding was somewhat restricted at this site, compared to QT 

and SJO. In zone BVA-2 (Figure 85), we notice a slight relative increase in CPI from 

adjacent zones at the same depth where Pr/Ph indicate anoxic conditions. The indices suggest 

that waterlogging had an effect on organic matter preservations and that in up-core samples, 

the water table fluctuated in the past, leading to organic matter reworking. The Paq proxy at 

this site does not record an aquatic signal in the analysed samples, thus, at this site, no lake-



 

189 

 

like environment is inferred and we do not expect to find ppollen indicating aquatic species 

in our future analyses.   

Hopanes concentrations show two peaks, one in zone BVA-2 and one in zone BVA-5 (Figure 

85). This can be due to longer periods when the peat surface was exposed to the atmosphere, 

allowing a thicker acrotelm development and thus, space for aerobic bacteria development, 

also indicated by the increase in crenarchaeol in zone BVA-2. However, for zone BVA-5, 

there appears to be an overall collapse in the microbial community, in both anaerobic and 

aerobic species represented by GDGTs. Thus, it is expected that this depth was exposed 

longer to air, which restricted CH4 production in the substrate-rich horizon, leading to a 

further collapse in the anaerobic and aerobic methanotrophic communities. 

Both iso- and brGDGTs appear to be present the same trends in concentration, indicating 

similar responses to changes in the hydrological regime and available substrate. Thus, we 

see an increase in GDGTs from zone BVA-1 characterized by clayey deposits with low 

organic matter, to zone BVA-2 where peat accumulation started, a decoupling in the 

following zone BVA-3, where only brGDGTs continue to increase as a possible consequence 

of competitive relationships, and a decrease in both GDGTs types that reach a trough in zone 

BVA-5. Both iso- and brGDGTs increase afterwards in concentrations, indicating CH4 

production and a high potential for consumptions that minimise again in surface samples. 

Inferred pH values indicate that, similar to QT, the peat started accumulating in a pH neutral 

environment, as zone BVA-1 is represented by a terrestrial, low energy environment, 

represented by a poor organic matter clayey unit. Thus, BVA-1 is characterized by a 5.8 pH 

calculated through Weijers et al. (2007) soil calibration, while the following zone show 

progressively acidic pHs. The pHs in zone BVA-2 to BVA-6 and surface samples have been 

calculated using GDGTs (Naafs et al., 2017a), and show values between 4.0 and 4.7 (±0.8). 

Surface pH average was calculated at 4.6, more acidic than present day instrumental values 

(i.e. 6.31). Calibrated temperatures indicate that peat started accumulating during a relatively 

warmer period (26.2±4.7°C), similar to present day conditions. Lowest temperatures are 

recorded in pollen zone BVA-3 (i.e. 23.8°C±4.7°C), and are seen to increase after this point. 

Present day instrumental temperature during the dry season, 24.7°C are within the error 

range of calibrated temperatures of 25.9±4.7°C.   
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6. Discussion 

 

6.2. Biomarker differences between peatlands and heterogeny at 

the surface  

 

 n-Alkanes 

The biomarker distribution at the surface of the sites allow us to not only validate that they 

are recording modern signals within the peatland, but also assess different vegetation types 

and processes occurring among the three sites. We observe that the summed average of n-

alkanes at surface for QT and SJO are similar, with 754.76 µg and 748.53 µg, respectively, 

while BVA has a lower summed average of 456.89. This can indicate a higher microbial 

reworking at BVA at the surface, facilitated by an increased acrotelm thickness during the 

dry season (Figures 88 and 89).  

Vegetation type can have a further impact on the organic matter input and preservation. 

While all three peatlands have high concentrations of short chain n-alkanes, n-C27 is present 

in higher concentrations only at QT. Furthermore, the long-chain n-alkane concentrations at 

QT (i.e. n-C27, n-C29 and n-C31, sum averaged concentrations=163.7 µg) is lower than at SJO 

and BVA (i.e. n-C29 and n-C31, sum of averaged concentrations=237 µg and 308 µg, 

respectively). The high relative concentration of n-C27 can be a signature of present-day 

vegetation at QT, M. flexuosa palm vegetation. Indeed, at QT, n-C27 becomes the 

predominant biomarker after the depth of 240 cm (QT-4b; Figure 58), when pollen of 

Arecaceae Mauritia t. becomes abundant in the pollen record. However, the distribution of 

Figure 88 Showing main physical parameters at surface in the three peatlands (Teh et al., 2017). Forested 

vegetation=BVA Forested (short pole)=SJO; M.felxuosa palm swamp=QT.   
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long-chain n-alkanes can also be influenced by climatic factors or different producers, and 

thus the signatures of individual vegetation species need to be analysed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Overall, the three peatlands show a similar distribution of short chain n-alkanes, for QT with 

a peak in n-C19, SJO, with two peaks for n-C19 and n-C20, and at BVA peaking again at n-

C19 (Figure 89). However, BVA and SJO have higher concentrations in that range, 

indicating less bacterial reworking or degradation-resistent organic matter. As the three 
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Figure 89 N-alkane average concentrations at the surface of the three peatlands. 
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peatlands have different vascular vegetations types at present, based solely on n-alkane 

signatures and concentration, no clear distinctions can be made between the three. 

 

 GDGTs 

 

Given that each sample represents a combination of 5 distinct points within a 400 m2 area 

(square Figure 90; see subchapter 2.1.), the differences seen at the surface could be mainly 

due to the relative location within the sampling area and probably less by microtropography 

of individual samples that could have skewed the results (i.e. hummocks and lawns structures 

are known to be relatively raised structures, above the water table, while hollows are below 

the water table, which can influence the br/isoGDGT distribution). Indeed, at QT, they 

appear to vary in relative concentration with distance from the Qusitococha Lake. Sample 

2377 is the closest sample to the lake, followed by sample 2381 and finally, by sample 2379, 

Figure 90 Relative distance of analysed samples (black squares) from QT lake and 

sampling strategy described in subchapter 2.1. (not to scale). The core location is marked 

by the star. The distance between core location and lake margin is of approximative 0.8 

km.  Notice that for a sample (id numbers), 5 different parts of a subplot were sampled 

from a 20m x 20m area and combined.  
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which is the furthest (Figure 90). Although this might be an apparent trend, variations in 

water table depth could be expected with distance from a standing water body.  

Thus, in sample 2377 there is a lower brGDGT input compared to isoGDGTs which could 

mean: i) a drier area due to either lower water tables or a raised micro-topography or ii) 

higher fluctuations in water table depths (i.e. higher hydraulic conductivity) which could be 

due to lake proximity. Samples 2381 and 2379 are further away from the lake, and represent 

either relatively wetter areas or experience less variability in water table fluctuations. 

 

6.3. Biomarkers and palaeoenvironmental changes  

 

A suite of biomarkers employed here (i.e. n-alkanes; n-acids GDGTs) were used as proxies 

for determining palaeoenvironment, climate and vegetation variability as they were 

exploited as proxies in numerous studies. The availability of pollen records in two of the 

studied peatlands (i.e. QT and SJO, Roucoux et al., 2013; Kelly et al., 2017) provided a 

framework in assessing the suitability of biomarker research in these recently discovered 

peatlands.  

We found that n-alkane biomarkers successfully depicted changes in the type of vegetation 

input downcore, and more importantly, changes between aquatic and terrestrial inputs. 

Furthermore, they were successful in determining shifts from terrestrial to lake-like, 

marginal fen and/or floating mat vegetation settings at QT and SJO, which have also been 

reconstructed through palynology by Roucoux et al. (2013). This signal was recognized in 

samples with a relatively higher input of n-alkanes specific to aquatic species (i.e. peaks in 

n-C21, n-C23 and n-C25; Ficken et al., 2000) depicted through Paq ratio. For example, at QT, 

at a depth of 380-388 cm, Paq has a value of 0.288, the highest in the section together with a 

peak in the concentrations of n-C21 n-alkane. This indicates the presence of emergent 

macrophytes and thus, of an aquatic setting that was also depicted through pollen records. 

Furthermore, ACL and Pwax proxies that are also based on n-alkane composition suggest an 

increase in humidity and/or precipitation at this point, and the presence of long-chain n-

alkanes with an odd/even predominance present within the same sample, indicate that 

terrestrial higher plants were already present at the site, not far from the core’s location. n-

Alkane relative concentrations and employed proxies further track changes depicted through 

pollen (Roucoux et al., 2013), indicating the waterlogged and flood prevailing conditions, 

the presence of higher plants and a return to an aquatic lake-like setting or high depths and 



 

194 

 

flood durations at the depth of 120-128 cm. At SJO, we also see an increase in Paq ratio at 

the depth of 140-148 cm, a period described as a shift from terrestrial to marginal/floating 

mat vegetation (Kelly et al., 2017). The Pr/Ph proxy, although rarely employed in peatland 

settings (see however Zulkifley et al., 2015), indicated changes between subanoxic and 

anoxic settings, allowing us to make interpretations on the hydrological regime and tested 

the ratio against vegetation taxa depicted through pollen. Having demonstrated the suitability 

of n-alkanes in depicting shifts in environment and flooding/waterlogged conditions, we then 

infer that at BVA, the third peatland for which a pollen record is not yet developed, there 

were no shifts between terrestrial and aquatic settings after the onset of peat deposition as 

long-chain n-alkanes with an odd/even distribution dominate over the short and medium 

length n-alkanes. Furthermore, based on the availability of surface and a shallow core sample 

between 0-8 cm, we could also comment on the degree and speed of decomposition of 

organic matter at the site, which we hypothesis that is the same in the other two peatlands, 

based on higher overall concentrations seen in short n-alkanes at surface. Thus, due to high 

temperatures all year round that lead to high and active microbial communities, fresh organic 

matter (i.e. mainly leaves) is quickly degraded at the surface, even during waterlogged 

conditions.  

The n-alkanes inferrences also correlated with pollen records with respect to primary 

producers. For example, a correlation was made between the increase in n-alkane n-C32 and 

the increase in pollen from a fern species, Davalliaceae nephrolepis at QT and SJO. Since 

there are no biomarker signatures of this fern, we infer that it can be one of the producers of 

this n-alkane and plan to test this in future studies. 

Furthermore, GDGTs were analysed due to their use in determining relative inputs from 

bacteria and archaea communities within peatlands and soils (Weijers et al., 2007b; Schouten 

et al., 2013; Naafs et al., 2018), which were tied to temperature and pH variations. Although 

the pH in these settings can be qualitatively assessed based on the developmental history of 

the peatland (i.e. expected to become more acidic towards present), the recent peat-specific 

pH calibrations (Naafs et al., 2017a) provided an ideal background to test pre-existing 

theories and potential shifts from an atmospheric to a river-flood hydrological regime or 

between wetter and drier periods. Thus, we see that QT and BVA evolved from (an almost) 

pH neutral settings, and transitioned towards more acidic pHs upcore (Figure 92). 

Furthermore, at the surface QT and SJO, calibrated GDGT pH values are within the error 

range of available present-day pH field measurements provided by Teh et al. (2017). We see 

that at the surface of QT, instrumental reported pH is 5.04 during the dry season, whereas 
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the calibrated surface pH is of 5.0 (±0.8). At SJO, the reported dry season pH was of 3.8 

(Teh et al., 2017) and the calibrated value of 4.04 (±0.8), again, within the error range. At 

BVA, calibrated pH is lower than expected and a clear difference is seen between the 

reported value for the dry season, 6.31, and calibrated pH, 4.5. It is thus expected that in this 

peatland, calibrated down-core pH could be more on the positive error side and thus, 

corrections can be applied downcore. However, the peat specific calibrations were proven 

to work better in acidic peatlands and since BVA has currently an almost neutral pH given 

the high input from floodwaters, we argue that before applying further pH specific 

calibrations at this location, calibrated pHs of surface samples from both the dry and the wet 

seasons need to be assessed against instrumental pHs.  

In terms of calibrated temperatures, we see a very good correlation between instrumental 

present-day temperatures and calibrated ones. For example, at QT, Teh et al. (2017) reported 

a surface air temperature of 26.4°C, while our calibrated temperature average was at 25.92°C 

(±4.7°C). Furthermore, instrumental temperatures at SJO and BVA were 27.5°C and 26.4°C, 

respectively (Teh et al., 2017) whereas calibrated temperatures are 28.9°C and 26.5°C 

(±4.7°C), respectively.  

The good correlations seen between present-day measured pH and temperatures and 

calibrated parameters (with pH exception at BVA), indicate that downcore calibrated values 

are also accurate (within the error range), allowing for a broader characterization of the three 

sites. Thus, since core temperatures and pHs were also calculated, it would be interesting to 

see that if, since the initiation of peat deposition at the three sites, basin-scale or continental 

scale climate changes affected the peat deposition, and consequently, if large scale climatic 

variations can be depicted in the peat record. 

 

6.3.2. Synchronous climatic events depicted by biomarkers 

 

Given the ages of peat deposits in PMFB, with the oldest peat deposit in this study having a 

calibrated age of of 2100-1990 cal yr BP (Roucoux et al., 2013), they could have been 

affected mainly by two global events: The Little Ice Age (LIA), which occurred between 

approx. 1400-1900 yr A.D. (Diaz et al., 2011) or 1350-1800 yr A.D. (Bernal et al., 2016) 

and by the Medieval Climate Anomaly (MCA), which took place between 950-1400 A.D. 

(Diaz et al., 2011). For example, during the LIA, as depicted by the proxy records in Bernal 

et al. (2016), the area experienced an overall drier period between 1700 and 1800 AD, 
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followed by a relatively wetter period between 1700 and 1350 AD. The climatic differences 

between the two intervals are mainly caused by external forcing factors, and show different 

amplitudes when interacting with regional factors (Diaz et al., 2011 and references therein). 

Understanding the importance of climate factors that dominate the hydrology cycle during 

late Holocene in Peru arrives from the importance of Amazon’s tributaries and their 

hydrological regimes in peat formation and accumulation in PMFB (Bustamante et al., 2016 

and references therein). 

Thus, during the MCA (950-1400 A.D.), as depicted in Figure 91, most parts of Peru, and 

PMFB, experienced a drier period and low South American Summer Monsoon (SAMS; Diaz 

et al., 2011; Bustamante et al., 2016), however, as depicted from lacustrine sediments, 

central Chile experienced higher moisture and precipitation (Diaz et al., 2011 and references 

therein). Furthermore, during the MCA, tropical Pacific recorded lower temperatures, 

similar to La Nina events and environmental parameters (Cobb et al., 2003). 

 

The speleotherm from Shatuca cave (Bustamante et al., 2016) put in context with previous 

studies indicates a drier period before and around 2 ka (b2k, age before present, taking the 

present as 2000 AD) in between two wetter periods.  

For example, at BVA, the lowest GDGT calibrated temperature (i.e. 23.8°C±4.7°C) occurs 

at the depth of 204-212 cm. This, correlated with deposition rates and radiocarbon dates 

provided by Lähteenoja et al. (2009a), took place around 724 yr bp (cal yr bp-extrapolated 

Figure 91 Map of the world indicating the response of different regions during the Medieval 

Climate Anomaly (950-1400 AD) relatively to 20th century averages. Peru, where PMFB is located, 

experienced a drier period (red), while the north of the South American continent a wetter period 

(Diaz et al.,2011). 
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age), which on Figure 94 (Bernal et al., 2016) and corresponds to a drier climate with 

temperatures recovering from a relative colder period. 

Again, at QT, the lowest GDGT calibrated temperature (i.e. 22.08°C) is recorded in the 348-

356 cm sample, that was deposited around 2057 yr bp (calibrated for 353 cm), during a 

relatively wet period, however, the regional δ18O values display on Figure 93 throughs 

during the time of deposition, indicating less evaporations and possible, lower temperatures. 

On the other hand, the highest calibrated temperature at QT (i.e. 27.43°C±4.7°C) occur in 

the sample that comes from a depth of 120-128 cm, which was extrapolated to an age of 834 

cal yr bp (Figure 94). This corresponds to a period of less negative δ18O values, potentially 

indicating a peak in temperatures in the area. Moreover, not taking into account regional 

temperature records, overall temperatures in the three peatlands appear to have the same 

trend, increasing towards present. 

The pH can also be influenced by the amount of precipitation or by local factors like input 

from secondary sources (i.e. floodwater and groundwater). To test this, the lowest calibrated 

pH at BVA (i.e. 4.0) is recorded at the depth of 266-275 cm, that correlated to an approximate 

age of 1062.6 yr bp. This occurs within the MCA, however, during a relatively wetter period, 
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going from colder to relatively warmer temperatures (i.e. Sr/Ca and δ18O proxy graphs). 

Thus the relatively higher amount of precipitation that occurred during this period can 

explain the drop in pH seen at BVA, a peatland with a low topography, that even at the time 

of deposition, would have been influenced by floodwaters and thus, relatively higher pHs. 

The lowest calibrated pH at QT (i.e. 3.09) corresponds to an age of 1207 yr bp. Based on 

data provided by Diaz et al., 2011, this occurs during a relatively wetter period, with possibly 

higher precipitations that allowed a drop in the pH.  

QT 

348-356 cm 

22.1⁰C 

Figure 93 Various poxies across South America continent indicating dry and wet periods 

Bernal et al., 2016). 
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During and after MCA (1400-1900 AD), we see a correlation between BVA and QT, 

however both indicating more acidic conditions during a relatively dry period (Figures 91 

and 92). Overall, the pH across the three peatlands show similar trends, decreasing towards 

more acidic pHs towards present. Thus, several correlations can be made between calibrated 

pHs and temperatures and regional to continental climatic changes over the last 2200 cal yr 

BP. However, peat initiation within this environment is likely caused by the lateral migration 

of rivers (Lähteenoja et al., 2009a) and consequently, pH changes can be due to the proximity 

from the closest river and thus, flooding regime and peatland evolution (i.e. dome-shaped 

ombrotrophic).  
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Figure 94 Various poxies across South America continent indicating dry and wet periods 

(Bernal et al., 2016) with plotted calibrated pH and temperatures. 
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6.4. Potential of biomarkers to track changes in CH4 cycle 

 

Having demonstrated the potential of n-alkanes to track vegetation and hydrological changes 

within these peatlands, the following aim employed a suite of biomarkers capable of 

describing and quantifying microbial changes within different vegetation assemblages and 

physical conditions. Thus, GDGTs concentrations were used in order to differentiate 

between (mainly) anaerobic bacteria (i.e. brGDGTs) and archaea (i.e. isoGDGTs) 

communities, and certain isoGDGTs employed to differentiate between different groups of 

archaea, for example, based on previously published literature, isoGDGT-0 and archaeol 

were used as a biomarker to indicate the methanogen community, while isoGDGTs 1-4, the 

anaerobic methanotroph community. Crenarchaeol within the brGDGTs, was employed as 

a biomarker that indicated oxic condition as it is being biosynthesized by ammonia-oxidizing 

Thaumarchaeota and isoGDGTs-5 and -6 have been recently proposed to occur in acid 

peatland with constant pH and possibly increase in concentrations with increasing 

temperatures (Naafs et al., 2018b). Hopanes and hopanoid biomarkers (i.e. diploptene and 

diplopterol) were employed in order to understand (mainly) changes in aerobic bacteria 

community. Several fatty acid lipids were used as they can indicate several microbes while 

the monosaturated fatty acids with 16 and 18 carbons can be indicative of aerobic 

methanotrophs and can be used to distinguish between the two types. 

Thus, in all three peatlands, we demonstrated or commented on the relationship between 

both aerobic and anaerobic microbes and heights of the water table. Overall we see a good 

correlation between the concentration of anaerobic archaea and anaerobic bacteria and the 

inferred hydrological regime through n-alkanes or pollen records. For example, at QT, there 

is a good correlation between concentrations of isoGDGT-0 and archaeol, both known to 

indicate methanogenic communities. We also see a consequent increase during inferred 

times of high methanogenic activity in the anaerobic methanotroph community (i.e. 

isoGDGT 1-4), and from here on, we could infer the high availability of substrate (i.e. CH4) 

for the latter group. Furthermore, there is a negative correlation between the concentrations 

of isoGDGTs and brGDGTs, and for example at QT for the depth of 120-128 cm, we see a 

collapse in the isoGDGTs 0-4 and archaeol concentrations, and peaks in brGDGTs, hopanes 

and diplopterol, with the highest concentrations recorded in brGDGT-Ia (i.e. 1909 µg/g). 

This was explained through a different type of source for brGDGT-Ia, aerobic Acidobacteria 

that, if proven correct, would infer that at the site there was a thicker (and constant) oxic 

layer at the surface capable of sustaining a large aerobic microbial community, and support 
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the biosynthesis of hopanoids. Furthermore, the calibrated palaeotemperature was highest at 

this point (i.e. 27.43°C), possibly enhancing bacteria activity. A further possibility would be 

the occurrence of a lake-like setting or a pool at the site as depicted through Paq at this depth, 

that could allow hopanoids and brGDGTs producers to live in the oxygen-rich waters while 

restricting the input from anaerobic archaea and methanogen development. At the same 

depth we also see an increase in C18:1ω9 input, a biomarker characteristic for type II 

methanotrophs, and from here on we can infer that at least during this time, CH4 effluxes 

were reduced at the site.  

On the contrary, at SJO we see a positive correlation between the concentrations of iso- and 

brGDGTs, with both increasing or decreasing at the same depth. This can be explained 

through the increase in methanogen community mass able to provide readily available 

substrate for anaerobic methanotrophy during a time of relative lower or fluctuating water 

tables as there is also an increase in aerobic bacteria.  

At BVA, we see the same overall positive correlation between iso- and br-GDGTs, 

indicating a close relationship between CH4 producers and anaerobic consumers. Hopanes 

appear to peak in concentrations at a depth (i.e. 60-68 cm), during a time of low 

concentrations in GDGTs, thus the negative relationship between the two can be explained 

through a relatively thicker oxic layer at the palaeosurface of the peatland. Furthermore, at 

BVA there appears to be decoupling between archaeol concentrations and isoGDGT-0, 

which was not seen the previous two peatlands. Here we see archaeol gradually increasing 

in concentration towards recent, peaking just below the surface which can indicate that the 

methanogenic community increased slowly in size, and that the peak seen at the surface 

indicates that only recently CH4 production has increased at BVA. However, the presence at 

the surface of BVA of biomarkers that potentially indicate type I and type II methanotrophs. 

 

6.5. Relationship between vegetation type, CH4 effluxes and 

methanotroph community sizes 

 

In several instances, inferred shifts in CH4 effluxes and methanotroph community were 

explained by referring to vegetation-mediated CH4 emissions. For example, at QT, in the 

348-356 cm sample, the increase in oxygen content depicted through an increase in the Pr/Ph 

ratio during waterlogged conditions can be due to the presence of aerenchyma adaptations 
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in plants. Furthermore, the increase in hopanoids at QT in the 120-128 cm sample can be 

explain through the existence of plant waterlogged adaptations-aerenchyma tissues. This 

could have provided enough oxygen for further hopane input at this depth if the roots from 

the above peat sections penetrated to this depth.   

It also possible that pneumatophore adaptations in M. flexuosa provide an important pathway 

for CH4 release to the atmosphere at all depths and locations where M. flexuosa occurs as a 

positive relationship between the density of pneumatophores and CH4 was also recognized 

by van Lent et al. (2018). This would be seen in the biomarker records as an increase in 

methanogenic community and a decrease in anaerobic and aerobic methanotrophs, due to a 

lack of substrate. However, since type II aerobic methanotrophs are facultative, they can also 

consume CO2 during periods of low CH4 emissions, compound specific isotope signatures 

will prove useful to determine if: i) the initial isotope signature is methanotroph specific and 

ii) if changes occur in the type of carbon incorporated (i.e. 13C vs 12C) during periods of 

inferred high anoxia, pneumatophore and aerenchyma adaptations. 

Although indirectly related to CH4 effluxes, we also observed a high rate of organic matter 

decay in the top 8 cm compared to surface samples based on concentrations of fatty acids 

and n-alkanes. Thus, the quality and quantity of litter input has a strong impact on the 

methanogen communities that also rely on the presence of other micorbes to provide with 

required substrate. The rapid breakdown and decomposition at surface and subsequent decay 

at depth, probably limits the availability of suitable methanogenesis substrates at depth, even 

during periods of low water tables, when stored organic matter is exposed to oxic decay.  

 

6.6. Assessing the relationship between diploptene and aerobic 

methanotrophy  

 

Diploptene is a hopanoid biomarker biosynthesized by a wide range of bacteria (see 

subchapter 1.4.3.5.). Since one of the aims of this project was to assess the use of diploptene 

as a novel proxy for CH4 effluxes together with its δ13C signatures, the compound was one 

of the first to be identified and its changes in concentrations evaluated against first pollen, 

then other biomarker data. There is little to no evidence solely based on the relationships 

between concentration changes in diploptene and other biomarkers related to 
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methanogenesis and methanotrophy, that diploptene can be used as an indicator for CH4 

consumption. 

At QT, diploptene is seen to increase gradually towards surface and does not mirror the peaks 

in hopanes and diplopterol seen at this location. Furthermore, hopanes and diplopterol are 

seen to reach trace concentrations in surface samples, whereas diploptene, although 

decreases in concentration, it is still less than half of its concentrations recorded down core.  

At SJO, diploptene increases towards the surface, while diplopterol decreases in the same 

direction. Here, it can be argued that there is a relationship between the two based on the 

overall anoxic conditions at SJO, some of the oxygen from diplopterol could have been 

removed and thus, transformed to hopane (i.e. C30-hop) and later to diploptene, by the 

addition of a double bound. However, there is little evidence to support this theory, and it is 

more probable that, although both are produced by aerobic bacteria, there is no relationship 

between the two.  

Finally, only at BVA there is a peak in diploptene at two different depths, at the surface and 

at 266-275 cm. The increase at surface can be due to the existence of a thicker aerobic layer 

(acrotelm) during the dry season, and thus, more input from bacteria, however, the increase 

seen at depth (Figure 85.10.) also occurs during peaks in C30-hop and C31-hop. Hence, a 

certain (weakly positive) correlation can be made between diploptene and other bacteria 

membrane biomarkers and diploptene’s recalcitrant potential. However, the increase is still 

minor and can be also caused by the fact that this sample contained 9 cm instead of 8 cm of 

the peat core, and thus represent a longer period of deposition during which conditions could 

have been favorable for diploptene biosynthesis, similarly to present day conditions at the 

surface of BVA. Advice on how to confirm (or invalidate) the potential of diploptene as a 

biomarker for methanotrophy is discussed in the following sections.  
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7. Conclusion and further research  

 

Here we presented the first multibiomarker study within newly discovered Amazonian 

peatlands, in the PMFB (Lähteenoja et al., 2009 a, b) with the primary aim to assess the 

potential of vegetation- and microbial-related biomarkers in tracking past changes in the 

environment. Given the nature of available samples, we tested the applicability of a suite of 

biomarkers in three different peatlands, QT, SJO and BVA, characterized at present by 

different vegetation types (i.e. black-water seasonally flooded forest, short pole and M. 

flexuosa palm swamp) and hydrological regimes. We showed that there is a good correlation 

between shifts in biomarkers concentrations and vegetation successions at QT and SJO and 

commented on inter-site variations between the three peatlands. We set the scene for further 

high-resolution investigations into past CH4 efflux changes and of biomarkers in tracking 

shifts in microbial communities, with a focus on methanogen and methanotroph 

communities. Water table depths, input of nutrients, the frequency of floods and present-day 

vegetation with discussed waterlogged adaptation were proven to influence CH4 production, 

emission pathways and consumption and should be taken into account in future studies. 

Furthermore, we argue that addressing this gap in knowledge represented by past CH4 cycles 

will provide further insights into strategies of conservations and human impact mitigations.  

 

7.2. Research aims and conclusions  
 

All 4 set aims (see subchapter 1.8.) were reached and new observations and 

recommendations for future work arised during this research. As our first and most important 

aim was to evaluate the suitability of biomarker research in these newly discovered peatlands, 

we have analysed samples from both the surface and downcore, and have compared data 

with pollen record (where available) and with present-day environmental parameters. We 

measured the concentrations of n-alkanes, known to be biosynthesised by vegetation and 

tracked changes in their concentrations. Furthermore, we tested a suite of biomarkers proxies 

known to depict changes in organic matter degradation level (i.e. CPI), shifts between 

terrestrial and aquatic vegetation (i.e. Paq) as well as between different species and genera 

(i.e. ACL and Pwax), fluctuations between oxic and anoxic settings within the peatland (i.e. 

Pr/Ph). The availability of pollen recores at two of the sited (i.e. QT and SJO) allowed us to 

validate their suitability at sites where other proxies are absent, encouraging the use of 

biomarkers as a stand-alone method. These proxies were further applied to the third site, 
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BVA, allowing us to base interpretations of palaeoenvironment changes solely on them. A 

final validation of this stand-alone approach will be offered by future pollen analysis at BVA, 

from samples coming from the same core. We expect that pollen analysis will confirm that, 

at least for the depths analysed in this study, no lake-like environment occurred at the site 

and that the vegetation was mainly terrestrial. Furthermore, as discussed in subchapter 5.3., 

we expect BVA to have had in the past a similar hydrological regime to that which occurs 

at present. As the overall topography of BVA in flat, at present the water table depths 

oscillates between above and below surface depending on the season (i.e. wet and dry 

seasons, respectively). A similar behaviour is inferred for the past, since the Pr/Ph ratio has 

values greater than 1 in the middle part of the core, indicating that the peatland was exposed 

to oxic conditions periodically.  

The identified gap in knowledge regarding past CH4 emissions and the potential of these 

three peatlands to act as CH4 sink or sources was also possible to investigate as a second aim 

through biomarker analysis. Given the proven potential of some biomarkers to provide 

information on the relative contribution of lipids from methanogens and methanotrophs, we 

have also related them to other palaeoenvironment biomarkers or proxies in order to 

distinguish CH4 production and consumption potential in the absence of compound specific 

isotopic analysis . Thus, our data shows that CH4 production varies greatly between the three 

peatlands in the past, and confirms present-day measurements and trends. For QT, CH4 

production was likely more reduced in the past and increased towards the present in a step-

like fashion. Here, we see that isoGDGT-0 (Figure 58.1.), a biomarker for methanogens, has 

the highest concentrations in the surface samples, with the next highest concentrations 

recorded at the depth of 20-28 cm, where CH4 production is still likely to take place at the 

present given favourable conditions. In the same samples, the anaerobic methanotrophic 

community is comparable to those from the past (i.e. isoGDGT-2, -3, -4), with isoGDGT-1 

decreasing in surface samples. This, coupled with CH4 efflux measurements (Teh et al., 

2017), implies that QT produced in the past less than 28.3±2.6 mg CH4-C/m2/day. Similarly, 

for BVA, although the peatland shows trace concentrations of isoGDGT-0 in surface 

samples (Figure 86.1., expected from Teh et al., 2017 dry season measurements), the sample 

from just below surface where CH4 production most likely takes place (i.e. 0-8 cm), has the 

highest concentration of isoGDGT-0 in the last 725 yr bp (Figure 92 correlated with Figure 

86.1.). This peatland appears to have acted as a CH4 sink around 322 yr bp, when the 

methanogen and anaerobic methanotrophic communites collapsed while biomarkers of 

aerobic bacteria peaked in concentrations (i.e. for depth 60-68 cm). However, this is not true 

across all three peatlands at present, as at the surface of SJO, isoGDGT-0 reaches trace 
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concentrations together with isoGDGTs 1-4, while diploptene is surface average increases 

in concentration. Based on this data, SJO appears to have a higher potential for CH4 

consumption at this site at present. The same can be inferred from measurements published 

by Teh et al. (2017), from where we see a large difference in the CH4 between the wet and 

dry season at SJO, with lower CH4 emissions in the latter. It is likely that, given the dome-

shaped topography of SJO, the peatland has at present a smaller input GHG effluxes 

compared to QT and BVA, at least during the dry season. This needs further investigation 

of subsurface samples where methanogenesis is likely to occur yet, it is likely that parts of 

PMFB will respond differently to changes in climate and hydrology and a better 

understanding of their future behaviour is needed. 

In order to understand further past behaviours of the the three peatlands from a CH4, as a 

third aim, we have correlated and investigated past climate and vegetation from a CH4 

production/consumption potential point of view.  In terms of potential climatic drivers for 

large CH4  emissions, water-table position, and consequently, sustained precipitation and 

flooding events appear to have an important role, however its effect has different responses 

in the three peatlands. For example, at BVA, during the dry season, when the water table 

was 13 cm below surface, higher emissions were noticed (Teh et al., 2017) yet at the surface 

trace concentrations of isoGDGT-0 and archaeol were found, whereas just below surface (i.e. 

0-8 cm), the second highest concentrations of isoGDGT-0 was found (i.e. methanogen 

biomarker). The biomarkers in the subsurface peat are most likely representative of non-

living methanogens from the previous wet season (i.e.  recalcitrant in nature) with only a 

fraction possibly belonging to living methanogens in anoxic microsites, thus indicating the 

high potential of the peatland to produce CH4 during anoxic conditions. However, the fact 

that the dry season has higher emissions compared to the wet season indicates that a 

secondary or different CH4 emission pathway takes place apart from diffusion-ebullition. At 

BVA, the drop in water-table was thus associated with a decrease in hydrostatic pressure at 

depth and a higher efflux of CH4 that by-passed methanotrophy in the relatively thick oxic 

layer. Further studies should assess the impact of water table on ebullition during the dry 

season, relating both atmospheric and hydrostatic pressure. On the contrary, QT and SJO 

have considerably lower CH4 effluxes during the dry season. SJO peatland may also have a 

stable below-surface water table during the dry season (Teh et al., 2017) and hence, we see 

trace concentrations of isoGDGT-0 in the surface samples, indicating that a lower water table 

might lead to less emissions. At QT, the water table was recorded above surface even during 

the dry season, and although isoGDGT-0 peaks in surface samples, CH4 effluxes are smaller 
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than in the wet season (Teh et al., 2017), leading us to propose anaerobic CH4 consumption 

as well as aerobic consumption in oxic micropores. 

Also related to the hydrological regime, the pH was found to have an impact on the types of 

methanotrophs present at each site. The proximity to the Amazon and the frequency of flood 

events can also have an impact on the microbial community size since they can deliver 

nutrient-rich waters compared to atmospheric precipitations. At present, since BVA has an 

overall flat topography and it is annualy flooded by river water (Kelly et al., 2014; 

Valderrama, 2013), has at the present a border-line neutral pH, biomarkers indicative of type 

I methanotrophs were identified along type II. As type I methanotrophs are obligate in nature, 

they have a higher potential to reduce the CH4 emissions from this peatland. Apart from 

BVA, evidence of type I methanotrophs was also found at QT, in trace amounts, at a depth 

of 120-128 cm, however the calibrated-pH was acidic (i.e. 3.48± 0.8), but the depth recorded 

the highest calibrated temperature at the site, which might also have an influence of the size 

of the methanotroph community. Further observations relating temperature and the size of 

microbail communities were less obvious and no correlations could be made thus, we expect 

that, compared to the pH, temperature will play a less important role in the future, under 

predicted climate change scenarios.  

The fourth aim regarded the assessment of diploptene’s concentration as a proxy to depict 

changes in CH4 efflux. Although preliminary data indicated that diploptene increases in 

concentration during periods of high CH4 emissions which led to , the measurements were 

done in a different setting characterized by different environmental parameters. In these 

environments, there was no correlations between diploptene concentration or trends and 

other CH4-related biomarkers. However, in proposed further research, we discuss another 

way to reassess this potential in these settings (see subchapter 7.1.3.).  
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7.3. Further research suggestions 
 

This study investigates for the first time the ability of biomarkers to depict changes in 

environment, vegetation and microbail community in recently discovered Amazonian 

peatlands. Having meet the first 4 set aims, our final objective is to encourage a high 

resolution investigation using these proxies as a stand-alone methode and recommend further 

steps to whole our understanding of these environments. 

 

7.2.1. Compound specific isotopic analysis 

 

The first further step is to perform compound specific isotope analysis of various biomarkers, 

in order to confirm their methanotroph origin and potential of their producers for consuming 

CH4 in these settings. Thus, we hypothesised that in these settings monosaturated fatty acids 

with 16 and 18 carbons (i.e. C16:1 and C18:1) are indicative of type I and II methanotrophs, 

respectively. Since type I is obligate in nature, on the assumption that it is the (main) 

producer of C16:1 fatty acids, its isotopic signature would be highly depleted in 13C, while 

the signature C18:1 fatty acids, can indicate a mixed signal, since type II methanotrophs can 

consume both CO2 and CH4. Furthermore, based on discussed literature, we assigned 

isoGDGTs 1-4 to anaerobic methanotrophs, and this assumption can be confirmed by 

assessing their carbon isotopic signature.  

Diploptene, which was initially considered a biomarker that can indicate aerobic 

methanotroph communities, due to its occurrence in membranes of a wide range of bacteria 

(see subchapter 1.4.3.5.), is expected to have a lighter isotopic signature than biomarkers 

representative of vegetation (i.e. n-alkanes). However, given that bulk isotopic signatures 

for various depth are known for QT (Roucoux et al., 2013), diploptene signatures can be 

compared to those of vegetation within the same sample, and if proven to be slightly depleted, 

its methanotroph origin can be further investigated. 

Furthermore, through stable isotope analysis, fractionations factors can be calculated, 

allowing interpretations on specific pathways of anaerobic degradations and CH4 production. 

It can provide relative quantification and distinguish between CH4 production pathways (i.e. 

aceticlastic or hydrogenotrophic, see subchapter 1.2.1.) and different substrates used for 

methanogenesis (i.e. root exudates or soil OM) if isotopically different. In this case, peat 

incubation experiments are no longer necessary in determining CH4 incorporation pathways 

(Blaser and Conrad, 2016). 
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7.2.2. High resolution biomarker records  

 

We argue that vegetation-specific biomarkers can trace changes in the hydrological regimes 

and input sources, being able to differentiate between terrestrial and aquatic species, input 

from higher plants compared to microbial masses. Moreover, we have demonstrated a close 

correlation between temperature, acidity and anaerobic microbes (i.e. GDGTs) in order to 

estimate (within the error ranges) palaeoenvironmental changes. The use of hopane-

calibrated pH (Inglis et al., 2018) provides a proxy that can be employed to describe 

conditions characteristic of the acrotelm and presence of aerobic microbes, in the absence of 

GDGT data.  

Finally, the relationships between archaea and bacteria, CH4 cycle and influences from 

hydroecology can be traced at a higher resolution with the use of the suite of biomarkers 

presented here, thus assuring a more detailed understanding of the palaeoenvironment. 

However, since peatlands in PMFB differ in terms of several key physical and chemical 

parameters (i.e. pH, dissolved oxygen content, topography, water sources, hydraulic 

conductivity, see Teh et al., 2017; Kelly et al., 2017), it is recommended that biomarker 

analysis is performed in both minerotrophic and ombrotrophic peatlands. With regard to an 

increased resolution in two such peatland, further questions can be answered: What is the 

rate of change of the microbial community during periods of environmental change and/or 

instability? How does the different input from flood water and atmospheric precipitations 

impact the relative community size of archaea and bacteria? What are the main long-terms 

drivers of the CH4 cycle in the different types of peatlands and which factors limit CH4 

production or CH4 effluxes in each setting? A high resolution record can answer these 

questions and, more importantly, can investigate the activity of methanogens in subsurface 

samples or anoxic/oxic microsites. 

 

7.2.3. Recommended sampling strategies  

 

Surface samples analysed in this study provided a level of uncertainty regarding 

concentration of and occurrence of biomarkers under present-day conditions. As surface 

samples were collected in 2010 with the primary aim of pollen analysis, they were less 

suitable for biomarker analysis. As explained in subchapter 2.1., 5 different surface samples 

were collected and combined from an area of 400 m2, making up one surface sample 

analysed in this study. We recognised that both vegetation- and microbial-specific 
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biomarkers can vary at surface based on specific microtopography, position of water table, 

vegetation growing at the site and adaptations to waterlogged conditions specific to some 

species. For example, at surface, both type II and I (C18:1 and C16:1, respectively), 

indicative of different microenvironments based on studies done on their occurrences, were 

found within the same sample suggesting that probably only a few of the 5 collection points 

had type I while the others, type II and thus, even within a 400 m2 surface conditions are not 

homogenous. Furthermore, concentrations of other biomarkers such as n-alkanes, hopanes 

and GDGTs varied across the 4 or 5 analysed surface samples within the same peatland 

however, it is not clear if the 400 m2 area had different proprieties than a neighbouring 400 

m2 area, or if the differences were collection point specific (i.e. one of the 5 collection points 

that made a sample had a higher/lower concentration that skewed the overall result once 

sample was homogenised).  

We recommend that further surface sampling strategies avoid combining samples and take 

into account peatland topography, vegetation gradients and landscape components (i.e. 

proximity to lakes, rivers, terraces). For example, surface sampling in nutrient-poor 

minerotrophic peatlands like QT can be done on a transect from the Amazon river to the 

middle of the peatland and on a transect moving away from Quistococha lake or other main 

features, towards the middle of the peatland. This would allow a wider understanding of the 

influences of water table depth and nutreient content over microbial communities. We expect 

that correlations will arise at surface regarding occurrence of type I methanotrophs 

biomarkers and proximity to river compared to proximity to Quistococha lake and interior 

or opposing margins of the QT peatland. Furthermore, vegetation growing at each site, 

microtopography features (i.e. hummocks, hallows) and position of water table depth should 

be recorded for further correlations regarding relative input from aerobic and anaerobic 

bacteria and archaea. Ombrotrophic and domed peatlands like SJO can be viewed as two 

separated peatlands if vegetation occurring in the centre is different from that around the 

margins. A surface transect can be crossed between the edges and centre of the peatland, 

passing thus through various vegetations zones and hydrological conditions. Finally, 

minerotrophic peatlands like BVA that are frequently flooded by nutrient-rich river waters 

can follow the same sampling strategy as at QT. 

Finally, it is yet uncertain if similar biomarker concentrations are to be expected from 

another core within the same peatland yet we expect that ratios and trends will be similar 

when investigating occurrences of oxic or anoxic conditions, input from terrestrial and 

aquatic species in close vicinity of the initial cores and relative changes microbial 
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community sizes if these are unaffected by the occurrence of, for example, pneumatophores. 

In order to confirm this hypothesis, two cores are recommended to be taken from a restricted 

area (e.g. 200-400 m2) and one core from a distnat area within the same peatland. This way 

we can generalize results from a single core from an individual peatland to a wider area or 

we can comment on intra-peatland heterogenies. Moreover, domed peatland that display 

distinct marginal characteristic from centre might require two cores, one dealing with the 

domed centre, usually above water table depth, and one from the margins that are 

periodically below water table depth.    

 

7.2.4. Recommended biomarkers for a higher resolution record  

 

Although all 5 fractions were analysed (i.e. Total Acid fraction-A2; Total Neutral fraction-

N1, N2, N3 and N4; see subchapter 2.4.), only a small fraction of present biomarkers were 

further investigated as their either belong to specific producers used for palaeoenvironmental 

reconstruction or they enter proxy ratios used for a similar aim. Thus, solely for 

palaeoenvironmental interpretations, we recommend the use of N1 fraction as it contains 

both n-alkanes, branched and cyclic alkanes as well as hopane fraction (see Table 2). While 

alkanes and proxies based on them have the ability to track changes in hydrological regime, 

vegetation, water table depths and fluctuation frequencies, hopanes can indicate the size of 

aerbic bacteria community and, in the absence of N4 fraction analysis possibility, hopanes 

can be employed in a pH-related proxy, allowing to access fast trends in palaeoacidity in the 

environment (i.e. hop-C31; see subchapter 1.7.3.4.). 

Research looking into correlating palaeoenvironmental changes to consequent shifts in the 

microbial communities can further employ analysis of diplopterol and archaerol (N3 

fraction), GDGTs (N4 fraction) and fatty acids (A2 fraction). Furthermore, analysis of 

GDGTs can focuse on brGDGTs such as Ia, Ib, Ic, IIa, IIb, IIc, IIIa, IIa’, IIb’ and IIIa’ 

that are employed in palaeoacidity and palaeotemperature proxies (Naafs et al., 2017a). Fatty 

acid analysis might be restricted to short chain fatty acids and monosaturated fatty acids 

with 16 and 18 carbons as the later can indicate the presence and relative size of type I and 

type II methanotrophs, respectively. All these biomarkers and their associated proxies are 

discussed in subchapter 1.7. and are further summarized in Table 2. 
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7.2.5. Test the applicability of further biomarkers and vegetation-specific 

biomarkers 

 

N-alkanols (i.e. alcohols) are also indicative of shifts in vegetation and can be applied to 

identify the input of some species that occurred at QT and BVA. For example, embryophyte 

(i.e. subaerial terrestrial plants) are known to synthesize n-alkanols in the range of C22-C28 

(Eglinton and Hamilton, 1967; Zheng et al., 2009); n-alkanols from heathers and sedges like 

Ericaceae and Cyperaceae, respectively, peak at C30 (Ficken et al., 1998; Pancost et al., 2002), 

while lichens produce high concentrations of C28 alkanols (Ficken et al., 1998). Aquatic 

macrophytes show high concentrations of n-alkanols with 22 and 24 carbons, while aquatic 

algae in the range of C16-C22, similarly to photosynthetic bacteria (Volkman et al., 1998). 

The distribution of n-alkanol signatures can be tested against pollen palaeorecords or tested 

from vegetation samples of modern vegetation. Furthermore, other biomarkers indicating 

vascular plant input, such as sterols (i.e. campesterol, stigmasterol, sitosterol) and oleanoids 

can be analysed in order to achieve further information about shifts in vegetation and their 

relative input to the peat content (Volkman et al., 1986; 1998).  

Fatty acids with different levels of unsaturation were also used to infer the relative input of 

fungi, protozoans, cyanobacteria to the peat (e.g. Boschker and Middelburgh, 2002). It 

would be thus interesting to understand more about the microbes that perform organic matter 

decomposition, their roles in providing further substrate for methanogenesis and further the 

carbon cycle and how fast they adapted or changes in distribution during shifts in the 

environment or hydrology.  

Furthermore, based on published pollen records for QT and SJO, input of n-C32 in the n-

alkane fraction was correlated with the appearance of Davalliaceae Nephrolepis, a fern 

species, at both sites, an assumption than can be further tested. The biomarker composition 

of different parts of present-day vegetation (i.e. leaves, bark, roots) can provide information 

on past organic sources in the absence of pollen records and vegetation macrofossils.  

 

7.2.6. Surface peat incubation experiments 

 

Present-day peat incubation experiments coupled with biomarker techniques could provide 

a way to answer questions about the microbial community response to shifts in pH, water 

table location and rate of decay of organic matter, compared to present day (i.e. control) 

conditions. An increase/decrease in pH experiment considered in the acrotelm, can track the 
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increase in isoGDGT-Ia in order to confirm (aerobic) Acidobacteria source. Furthermore, 

since at the surface of BVA, pH conditions are close to neutral (i.e. 5.88 and 6.31 for wet 

and dry seasons), it would be interesting to see what effect a further increase/decrease in pH 

would have on this site, providing thus data for peatland and river banks conservation 

attempts.  

 

7.4. Contribution to the knowledge gap  
 

This study represents the first multibiomarker approach for characterizing the recently 

discovered Amazonian peatlands, and the first attempt to understand shifts in CH4 emissions 

in the past, setting thus the scene for higher resolution studies in peatlands developed in 

Pastaza-Marañón Foreland Basin, N Peru. 

We have provided and validated with present-day instrumental measurements the first 

peatland-specific palaeoacidity and palaeotemperature records for this region (Naafs et al., 

2017a), adding thus to both our understanding of conditions that prevailed in the past and to 

further land management and conservation strategies. Discussing past records of CH4 

emissions potential from the three peatlands provided further indicators that should be 

considered when deciding on preservation practices. For example, data suggests that pH 

might have an impact on the type of methanotrophs present in surface samples, with 

relatively higher pH values allowing the development of type I methanotrophs, known to be 

obligate in nature, thus providing a higher potential for CH4 consumption. Furthermore, 

fluctuations in water table depth and, more likely, the speed at which the drop occurs can 

have an impact on the CH4 primary emission pathway, with a fast drop capable of lowering 

the hydrostatic pressure at depth of peat column and release CH4 in bubble form directly to 

the atmosphere, a process known as ebullition. While Teh et al. (2017) also recognised this 

process, it was not related to river banks conservation and flooding mitigation strategies. We 

encourage further data collection on ebullution occurrence and water table drop episodes 

and suggest that a sustained (even high) water table that is known to be the primary cause of 

CH4 anoxic production, can still allow CH4 consumption in the top oxic parts or oxic 

microsites than frequent fluctuations in catotelm thickness.  

This biomarker approach coupled with pollen analysis (Roucoux et al., 2013; Kelly et al., 

2017) also allowed to tie vegetation successions to collapses in key-components of microbial 

communities responsible for CH4 cycling. For example, at QT, we see a decrease in 

biomarkers of both aerobic and anaerobic microbial communities during periods when 
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herbaceous taxa dominated. While a drop is expected in anaerobic microbes given a drop in 

water table depth and prevailing oxic conditions, we argued that the decrease in aerobic 

biomarkers can be due to poor substrate availability (i.e. less root exudates) provided by 

herbaceous taxa compared to woodland taxa. This occurs twice in the record at QT in the 

available samples and, since herbaceous taxa was replaced by forested and palm swamp 

vegetation with roots systems that most likely extended to this depth, this signal was 

conserved in the palaeorecord, offering an argument against continuous and synchronous 

accumulation, allowing biomarkers to be used as an accurate tool in palaeoenvironment 

reconstructions. Furthermore, the occurrence of waterlogged-adapted species in the 

palaeorecord (i.e. such as M.flexuosa) was also linked to lower concentrations seen in some 

biomarkers adapted to anoxic conditions. As such plants can transport oxygen from the 

atmosphere to the area around root-systems, lower peat accumulation rates after the 

establishment of such species can also be a consequence of higher decay rates in the presence 

of oxygen from 260 cm upwards and subsequent increase in aerobic bacteria biomarkers (i.e. 

hopanes, diplopterol, fatty acids). Although these observations were done on limited samples 

that span 20-35 years (i.e. 8 cm thickness), a higher resolution investigation can test this 

hypothesis in order to incorporate it into strategies that look at reducing CH4 emission at a 

peatland-scale.   
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