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Abstract. Tropical peatlands store a significant amount of carbon but are also one of the most vulnerable carbon stocks due 

to anthropogenic pressures and climate change. The stability and accumulation of the organic carbon stored in tropical peat 

systems, and its sensitivity to changing temperature and/or hydrology, is intrinsically linked to the organic matter (OM) 20 

character. However, we currently lack a detailed understanding of the OM characteristics in tropical peatlands, hindering the 

accurate prediction of tropical peatland stability in the 21st century. 

 

In this study, we characterise the macromolecular composition of peatland vegetation, leaf litter, and across peat depth 

profiles using a range of tropical (n = 7) and some temperate (n = 2) peatland ecosystems that serve as comparison. This 25 

characterisation is achieved primarily via Pyrolysis Gas Chromatography Mass Spectrometry (Py-GC-MS), complemented 

by Fourier-Transform Infrared Spectroscopy (FTIR). We find that silicate mineral interference in hydrologically active sites 

makes FTIR challenging to apply in these tropical systems. Our results also demonstrate that all sites exhibit distinct pools of 

putatively labile and recalcitrant (plant) OM, with both shared and distinct downcore degradation features. Most sites exhibit 

a downcore relative enrichment in aromatic pyrolysates, such as from lignin, vs polysaccharide pyrolysates. This relative 30 

enrichment follows a logarithmic decline, especially in the anoxic horizons. Regardless of the decomposition of the peat, 

however, a pyrolytic fingerprint of the original vegetation persists. This unique fingerprint is likely a driver behind the 

microbial community’s speciality to degrade the OM in its specific peatland, an effect known as the home advantage theory. 

The predicable preferential loss of polysaccharides at depth and consistent aromaticity of the leaf litter in the tropical sites 
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can aid peatland accumulation modelling and enable more accurate predictions of peatland dynamics under future climate 35 

change. 

1 Introduction 

Peatlands cover only 3% of Earth’s surface but play a key role in global carbon cycle. Pristine peatlands act as a global sink 

of around 0.14 Gt of carbon a year (Gallego-Sala et al., 2018) and at the same time are a main natural source of the potent 

greenhouse gas methane (Sjögersten et al., 2018). The global carbon stock of peatlands is estimated to be in the range of 40 

500–700 Pg C (Yu et al., 2010; Nichols and Peteet, 2019), which is roughly equal to the amount of carbon in the 

preindustrial atmosphere (Gallego-Sala et al., 2018). Most of this carbon is stored in temperate/boreal peatlands, but 

historically, lowland tropical peatland carbon stocks have been underestimated. Currently, tropical peatlands are estimated to 

store approximately 105 Gt of carbon (Page et al., 2022), but on a smaller land area than temperate and boreal peatlands, 

making them more carbon dense and more sensitive to change (Cole et al., 2022). 45 

 

However, the peatland carbon sink is expected to shift to a source under anthropogenic climate change (Loisel et al., 2020) 

and in some scenarios is a source already (Leifeld et al., 2019). Tropical wetlands, which include peatlands, have already 

been invoked as a main driver of the observed increase in atmospheric methane emissions over the past decade (Michel et 

al., 2024; Peng et al., 2022), albeit contested (Xiong et al., 2025), attesting to the need for a more fundamental understanding 50 

of tropical peatland carbon dynamics in response to climate change. 

 

There is a wide range of processes that threaten the stability of peatlands, including temperature change, atmospheric 

pollution, sea level change, fire frequency, permafrost melting, changes in precipitation and moisture balance, and land use 

change (Page and Baird, 2016; Loisel et al., 2020). Alternatively, restoration of peatlands holds the potential to enhance the 55 

sink capabilities and is a major part of climate mitigation strategies (Leifeld and Menichetti, 2018). Because of the wide 

range of processes involved, the sensitivity of peatlands to future environmental changes is hard to predict. For example, in 

the absence of other factors, global warming is predicted to transform peatlands from a carbon sink into a source on a global 

scale after 2100 (Gallego-Sala et al., 2018; Rosset et al., 2022). Land use change in this century by drainage of tropical 

peatlands and subsequent OM (organic matter) degradation will accelerate this process and emit large quantities of carbon to 60 

the atmosphere (Girkin et al., 2022). However, many uncertainties remain. Constraining the biogeochemistry of these 

systems and the chemical composition of tropical peat is therefore key to understanding how ongoing and future 

disturbances will impact peatland carbon stocks. 

 

An important factor in the carbon balance of peatlands is the chemical composition of the OM, which imparts a significant 65 

control on OM reactivity (Wright et al., 2011). Recent work highlighted the important role of carbohydrate vs aromatic peat 
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composition, with carbohydrate-rich peat generally being more reactive and associated with lower accumulation rates 

compared to aromatic peat (Normand et al., 2021; Könönen et al., 2016). Because of the association of carbohydrates with 

plant cellulose and hemicellulose and aromatic components with lignin, differences in peat chemical composition 

predominantly arise from the difference in dominant peat-forming vegetation, and this difference is manifested on a global 70 

scale (Verbeke et al., 2022). For example, lowland tropical peats are often characterised by much more lignin-rich OM 

compared to temperate/boreal peatlands because of woodier vegetation in the tropics (Page et al., 2022; Chimner and Ewel, 

2005). In addition, OM in lowland tropical peatlands consists of lignin-rich roots and stems which grow in the peat soil, 

nestled into the anaerobic horizon (Hoyos-Santillan et al., 2015; Chimner and Ewel, 2005). Additionally, lowland tropical 

peatlands are associated with higher mean annual air temperature (20–30°C) and subsequently have higher rates of OM 75 

degradation compared to temperate and especially boreal peats (Page et al., 2022), which further enriches the relative 

abundance of OM with recalcitrant (i.e. aromatic) components. Therefore, on a global scale, aromatic compounds are 

enriched in high temperature, tropical compared to temperate/boreal peatlands (Verbeke et al., 2022; Normand et al., 2021). 

 

However, there remain profound gaps in our overall understanding of peatland OM composition and variability, especially 80 

for the tropics. These include: i) a lack of investigations across a range of peat-forming vegetation and a systematic survey of 

different peatland types (Dehaen et al., 2025; Hoyos-Santillan et al., 2015); ii) relatively few deep downcore investigations 

that allow characterisation of deep (>50 cm) peat or understanding of how OM composition varies with depth and level of 

degradation (Schellekens et al., 2012); and iii) most studies rely on Fourier-Transform Infrared Spectroscopy (FTIR) that can 

reconstruct carbohydrate vs aromatic contributions, but lacks the nuance of other analytical methods (Hodgkins et al., 2018). 85 

Consequently, predictions for future impacts on peatland carbon stocks are incomplete and biased towards 

(temperate/boreal) surface/shallow peat, and our OM model for peatlands is lacking the detailed and granular understanding 

required  to accurately predict its response to anthropogenic climate change during the 21st century (Verbeke et al., 2022; 

Dehaen et al., 2025). 

 90 

Therefore, we have characterised the (non-extractable) bulk OM of peatland vegetation, leaf litter, and peat depth profiles 

from a range of lowland tropical (n = 7) and some temperate (n = 2) peatland ecosystems. The lowland tropical sites include 

palm, hardwood forest, sawgrass and papyrus swamps, and the two temperate sites include an ombrotrophic bog and a 

minerotrophic fen that serve as a comparison. We characterise all plant and peat OM primarily via Pyrolysis Gas 

Chromatography Mass Spectrometry (py-GC-MS) (Boon et al., 1986), complemented by FTIR (Given et al., 1984). We first 95 

identify major differences in the OM composition of peat-forming vegetation and use these data to identify plant biopolymer 

transformations throughout the peat profile. From these, we explore the factors that likely drive the recalcitrance of the OM 

in our sites. Lastly, we extract major trends in our globally representative lowland tropical peat survey and discuss the 

implications for our understanding of peatland accumulation and stability. 

https://doi.org/10.5194/egusphere-2026-3069
Preprint. Discussion started: 17 June 2026
c© Author(s) 2026. CC BY 4.0 License.



4 

 

2 Methods 100 

2.1 Site descriptions 

2.1.1 Everglades, USA 

The Everglades (USWCA1; 26°30'18.0"N 80°15'52.0"W) is a 6000 km2, sub-tropical wetland in Florida, USA, which 

features patches of peat accumulation as old as ~ 4000 years (Wright and Comas, 2016). The mean annual temperature is ~ 

23 °C (Abtew et al., 2011), and mean annual precipitation is ~ 1500 mm, with 75% of this falling during the wet summer 105 

season (Abiy et al., 2019). Sampling was conducted in early May 2019, at the start of the wet season. A 2 m core was 

collected from the Loxahatchee National Wildlife Refuge’s Water Conservation Area 1 (WCA1). In this part of the 

Everglades, the peat visibly consists of Nymphaea odorata water lily remains, although Cladium mariscus stands exist 

nearby. At present, WCA1 is affected by elevated nutrient levels due to agricultural runoff, but this is a relatively recent 

phenomena and hence does not reflect nutrient levels  during most of the peat deposition (Wang et al., 2009; Wright et al., 110 

2008). At the coring location, the water table is likely continuously above the peat surface (Blewett et al., 2020). 

2.1.2 Amacayacu, Colombia 

Parque Nacional Natural Amacayacu (PNN Amacayacu; 267,241 ha) is a national natural park in the Colombian Amazon 

(Amazonas Department, southern Colombia), extending from the Cotuhe River in the north to the Colombian bank of the 

Amazon River in the south, between the mouths of the Amacayacu River and the Matamata creek from which two peatlands 115 

are used in this study. The park has a tropical rainforest climate under a unimodal rainfall regime with a mean annual 

precipitation of ~ 3300 mm. The lowest monthly rainfall occurs in July/August and wet season peaking in March-April. The 

average temperature is ~ 26 °C with little seasonal variation and the humidity exceeds 90% (IDEAM Aeropuerto Vasquez 

Cobo, Leticia). 

 120 

The Cananguchal site (CAC; 3°48'25.4"S 70°13'40.3"W) is a palm swamp peatland (locally known as cananguchal; 

equivalent to aguajal in Peru and buritizal in Brazil) located approximately 3 km from the Amazon River near Mocagua, in 

the southern sector of PNN Amacayacu. Despite its proximity to the Amazon River, it is predominantly rain-fed but with 

potential lateral runoff inputs from surrounding terra firme. The swamp is dominated by the Mauritia flexuosa L.f. 

(Arecaceae) palm with minor vegetation members including stunted Ceiba pentandra (L.) Gaertn and members of the 125 

Melastomataceae family. The peat depth at the centre averages around 1.5m with peat initiation ~ 600 cal yr BP (Table S5). 

Sampling was conducted in August 2023 using a Russian corer until basement at 1.53 m. 

 

Pantano (CAP; 3°48'50.5"S 70°16'03.5"W) is an herbaceous peat swamp on the banks of the Amazon River, which connects 

to the swamp during wet season and features many underground streams that feed and drain the swamp continuously. The 130 

primary vegetation is Montrichardia arborescens (L.) Schott (Araceae) at the centre of the peatland, while stunted trees such 
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as Triplaris americana (Tangarana), Ficus sp. (Matapalo) and Pachira sp. (Punga) become more dominant together with 

Cyperus articulates (Piri Piri) at the edges (Table S2). Due to atypically wet conditions during our sampling campaign that 

took place in the peak dry season (August 2023), cores were collected at the edge of the peatland. A monolith and a deeper 

Russian core were recovered, both exhibiting a gradual transition from primarily peat material at 0.45 m to a clay/organic 135 

mixture at 0.76 m. 

2.1.3 Inírida Hardwood Swamp, Colombia 

The hardwood swamp close to Inírida (CIH; 3°45'02.6"N 67°49'45.7"W) features an uncharacterized community of tropical 

rainforest species with a dominance of hardwood trees. Mean annual precipitation is ~ 3100 mm, with a dry season in 

January/February and wet season in June/July, and a mean temperature of ~ 26 °C (IDEAM Puerto Inírida). The swamp 140 

features a characteristic basement of white sand, which makes it a representative of the white-sand forest class of Amazonian 

peatlands (Winton et al., 2025; Draper et al., 2018). A 0.75 m long core was taken using a Russian corer in August 2023. 

2.1.4 San San Pond Sak, Panama 

San San Pond Sak (SSPS) is a wetland area covering 164 km2 of the Bocas del Toro Province, on the coast of the Republic 

of Panama. It consists of a mosaic of wetland habitats, including the 80 km2 Changuinola peatland, a domed peat swamp 145 

complex south-east of the Rio Changuinola (Phillips et al., 1997; Sjögersten et al., 2011; Troxler, 2007). Peat formation 

began around 4000–5000 years ago, with the shallowest deposits (~ 2 m) at the margins and the deepest (> 8 m) in the centre 

(Phillips et al., 1997). The area experiences a humid-tropical climate, with an average temperature of ~ 26 °C and annual 

precipitation of ~ 3000 mm (Phillips et al., 1997), with no pronounced wet or dry seasons (Phillips et al., 1997; Wright et al., 

2013). The domed and largely ombrotrophic Changuinola peat swamp in Panama contains seven structured and roughly 150 

concentric vegetation communities (Phillips et al., 1997). In May 2019, we sampled four representative sites along a roughly 

SW-NE axis, broadly following the sampling stations established previously (Baird et al., 2017). The vegetation changes 

along this transect are driven by a strong nutrient gradient from the more mesotrophic outer regions towards the oligotrophic 

centre of the domes (Sjögersten et al., 2011; Troxler, 2007). Here we focus on two key vegetation endmembers: the mixed 

forest swamp phasic community (SSPS2: Raphia taedigera and Campnosperma panamensis, Zone 4, 9°22'51.4"N 155 

82°22'00.4"W), which features a relatively high availability of nutrients (Sjögersten et al., 2011); and the sawgrass 

community in the centre (SSPS4: Myrica-Cyrilla, Zone 1, 9°23'01.5"N 82°21'57.7"W), which is the most nutrient depleted 

of all the phasic communities (Sjögersten et al., 2011) and features dominantly Cladium mariscus and some stunted trees 

(Baird et al., 2017). SSPS2 was cored to 2 m deep, while SSPS4 was cored to the basement at ~ 5.4 m. 

2.1.5 Mpologoma Swamp, Uganda 160 

Mpologoma Swamp (UMp_PA2; 0°57'53.3"N 33°44'31.3"E) is a papyrus swamp situated in Uganda, near the town of 

Tirinyi. The swamp is located on both banks of the Mpologoma river and encompasses a large area of ~ 12,195 km2 as part 
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of the Kyoga Water management zone (Bunyangha et al., 2021). Due to its connectivity with the Mpologoma River, the site 

experiences high seasonal fluctuations in the water table. The vegetation is exclusively Cyperus papyrus (papyrus), with a 

mean average air temperature of ~ 20 °C. Mean annual precipitation is ~ 1220 mm with two distinct wet seasons in March–165 

May and December–February (Chombo et al., 2018). Sampling was conducted along a 500 m transect away from the 

Mpologoma River. The core (2.35 m) included in this study is the central core of the transect, taken ~ 100 m from the River 

(Transect 2, point A). Sampling was carried out in July 2024, but despite occurring in the dry season, the water table level 

was about 80 to 100 cm above the peat surface. 

2.1.6 Crymlyn Bog, Wales 170 

Crymlyn Bog (UKCB; 51°37'54.3"N 3°53'48.3"W) is a lowland topogenous fen located at the eastern side of Swansea in 

Wales (UK) and is a Site of Special Scientific Interest. The vegetation at the coring location features mainly Phragmites 

australis, but Cladium mariscus and Juncus spp. are reported as well (Hughes and Dumayne‐Peaty, 2002). In other parts of 

the fen, there is also Betula and Salix carr and several poor and rich stands, which range from Sphagnum spp. to 

Typha/Cladium/Carex dominated peat. Pore-water pH values measured at the time of sampling were ~ 6.2, which is broadly 175 

consistent with the previous literature (Hornibrook and Bowes, 2007). The near neutral pH is attributed to source water from 

Swansea valley percolating through calcareous rock. Annual precipitation (MetOffice Mumbles Head) between 1961–1990 

was ~ 1000 mm. Coring was conducted in April 2025 using a Russian corer till the basement at 8.35 m, which extrapolates 

to an age of ~ 7,000-year BP following previously published age-models for this peatland (Hughes and Dumayne‐Peaty, 

2002). 180 

2.1.7 Tor Royal, England 

Tor Royal (UKTR_1 & UKTR_2; 50°32'08.4"N 3°58'15.5"W) is an ombrotrophic raised bog situated within Dartmoor 

National Park, South-West England (UK) (West, 1997). It is a designated Site of Special Scientific Interest because it 

features a relatively pristine plant community including Sphagnum, ericaceous shrubs, sedges and grasses reflecting raised 

bog conditions (Amesbury et al., 2008). Tor Royal has accumulated peat over the last ~ 6,000 years, with basement lying at 185 

6.2 m at the centre of the dome (Charman et al., 1999). The water table depth is relatively stable at an average of ~ 30 cm 

below the surface. The mean annual temperature is 8 °C in the nearby town of Princetown (Burt and Holden, 2010). 

Annual precipitation is ~ 2,000 mm and relatively consistent across the year (Met Office, 2007). Our study includes a 1 

m long core collected in April 2018 with a Russian corer from the centre of the dome (UKTR_1) and a second, deeper 

core at 5.8 m collected in November 2024 (UKTR_2). 190 
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Figure 1: Map showing the location of the field sites along a global latitudinal transect. The map was made in R using Natural 

Earth publicly available data and the pictures were taken during the field campaigns. 

2.2 Processing and bulk measurements 

2.2.1 Sub-sampling & processing 195 

All cores were kept at -20 °C until subsampling. Sampling involved slicing each core into 1 cm sections, taking subsamples 

for bulk density/elemental analysis and pooling residual material into 5 cm integrated intervals. While slicing, great care was 

taken to maintain the heterogeneity of the tropical cores by cutting through large roots/wood detritus and pooling all material 

to obtain a representative sample of the peat at that depth. The samples were taken at higher resolution at the top of the 

profile since more microbial degradation was expected at the active peat surface. Litter samples were taken as grab bags of 200 

the surface and randomly subsampled for ~ 5 g. Plant material contains leaves and roots from 3–10 individuals to reach ~ 5 

g, while trunk samples are from a single individual. The integrated peat, litter, and plant tissue samples were freeze-dried and 

subsequently homogenized into a fine powder using a Retsch MM400 Mixer Mill to obtain a homogenous representation of 

that sample. 

 205 

Peat samples were solvent-extracted following a modified Bligh and Dyer procedure which involved six sequential 

sonication-assisted extractions using methanol, dichloromethane and phosphate buffer (2:1:0.8, v:v:v) for the first three and 

methanol and dichloromethane (2:1, v:v) for the second three. Litter and plant samples were extracted using a Microwave 
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Assisted Extraction system or ultrasonication using methanol and dichloromethane (2:1, v:v). The insoluble residues of peat 

and plant material, representing non-extractable macromolecules, were dried before further analyses. 210 

2.2.2 Fourier transform infrared spectroscopy 

FTIR assesses the solid-phase OM composition using the vibration of chemical bonds in it (Artz et al., 2006). Analyses were 

conducted using a PerkinElmer Spectrum Two FT-IR Spectrometer using ATR with 4 scans across a range of 4000-650 cm-1 

in duplicate. The spectra were processed sensu Artz et al. (2006), outputting a ratio of 1030 cm-1 /(1030 cm-1 + 1506 cm-1), 

which was averaged from the duplicates and presented with 1 standard deviation as error bars (Fig. 2b). 1030 cm-1 represents 215 

a signal from the C-O stretch in cellulose, while the 1506 cm-1 represents a signal from aromatic ring stretching (Artz et al., 

2006). 

2.2.3 Total carbon and nitrogen 

To acquire total organic carbon (TOC) contents for our peat samples, we weighed ~ 2 mg of the freeze-dried, ball-milled and 

extracted residues in a tin capsule. The sample was analysed for elemental C & N with an elemental analyzer (EA) (vario 220 

PYRO cube; Elementar Analysensysteme GmbH, Hanau, Germany) calibrated with sulfanilamide (N: 16.26%, C: 41.81%). 

The precision as a relative standard deviation was < 5% for both C and N. Peat typically does not contain carbonates that 

contribute to this signal; hence total carbon (TC) is interpreted as TOC (Chambers et al., 2011). Since the residues have 

undergone extraction, the values are named TOCres to avoid confusion with common reporting of TOC on unextracted peat 

samples, but we expect TOCres to be very similar to TOC as the mass of the extracted OM is an order of magnitude smaller 225 

than the bulk sample (Lehtonen and Ketola, 1993). 

 

2.3 Pyrolysis – gas chromatography – mass spectrometry 

2.3.1 Analytical standards 

External standards were included in our analysis to contextualise our pyrolysate relative abundances; these include alkali-230 

lignin (Sigma-Aldrich, CAS 8068-05-1) as a lignin standard, locust bean gum (Sigma, CAS 9000-40-2) as a hemicellulose 

standard, cellulose (Sigma-Aldrich, CAS 9004-34-6) as a cellulose standard, and solvent-extracted Agave americana 

(acquired from the University of Bristol Botanic Garden) residue (cutan) as an aliphatic standard (Deshmukh et al., 2005). 

To further constrain matrix/mixing effects, the commercial standards were mixed 1:1(:1) (m/m(/m)) and included in our 

analyses. 235 
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2.3.2 Instrumental analysis 

For almost all samples, approximately 0.5 mg of insoluble peat/plant residues and standard mixes were weighed into a 

pyrolysis tube. The exception was the Mpologoma (UMp_PA2) peat samples, which required 5 mg to obtain a robust signal. 

Following this, the tubes were pyrolyzed for 20 s at 610 °C under a helium flow in a CDS Pyroprobe Model 6200. 

Pyrolysates were directly transferred at 310 °C onto a Thermo TRACE 1310 gas chromatograph with a split/splitless inlet 240 

(310 °C, 40 mL/min split flow, 1:40 split ratio) and either a Restek Rtx-1 column (60 m x 0.32 mm i.d.; 0.25 μm df; 

dimethyl polysiloxane) or an Agilent DB-1ms column (60 m x 0.32 mm i.d.; 0.25 μm df; fused silica). The GC oven was 

held at 40 °C for 4 min and ramped to 320 °C at 4 °C/min until a final hold at 320 °C for 10 min. Identification of 

pyrolysates was achieved with a Thermo ISQ 7000 mass spectrometer operating in full scan mode (m/z 50-650, 5 scans/s, EI 

70 eV) by mass spectral comparison with NIST and in-house pyrolysis product libraries in the Xcalibur software, as well as 245 

retention time/major ion comparison from published peat pyrolysis studies (Schellekens et al., 2009; Carr et al., 2010; 

Mcclymont et al., 2011; Klein et al., 2022). Most pyrolysis products were integrated using the Quan browser function in 

Xcalibur in the products’ respective major extracted ion chromatogram (e.g. 4-Vinylphenol in EIC m/z 120; see Table S1), 

with the exception of acetic acid, levoglucosan, levomannosan, and levogalactosan which required manual integration in the 

m/z 60 mass trace. All automated integrations and identifications were checked manually to account for retention time 250 

shifts/misidentification. Every 12 samples, we ran the same sample again (SSPS2 4–7 cm) to ensure consistency and 

quantify the analytical error (Table S3). 

2.3.3 Py-GC-MS statistical analysis 

Prior to statistical analysis, all pyrolysate peak areas were converted to fractional abundance by dividing their respective 

peak area (derived from their specific unique m/z trace) by the total peak area of all. To untangle the dominant signals that 255 

govern the pyrolysis product abundances in peat and vegetation, we undertook principal component analysis (PCA) and 

Hierarchical Cluster Analysis (HCA) using R Statistical Software (R Core Team, 2025). Before conducting the analysis, we 

applied a min-max normalization per compound in all analysed samples excluding the standard mixes for PCA and HCA. 

Normalization equalizes the statistical variance for every compound, since properties of this workflow (instrument type, 

pyrolysis efficiency, ionization efficiency, ionization fragmentation pattern, and peak shape) prohibits absolute abundance 260 

elucidation (Klein et al., 2020). HCA was performed using the ward.D2 linkage on a Euclidean dissimilarity matrix and 

visualized using a dendrogram (Fig. 5). Branching in the dendrogram was investigated ad hoc by conducting paired t-tests 

between clusters and summarizing the pyrolysates with the lowest p-values manually. Ternary diagrams were constructed by 

taking a second order fractional abundance over the complete min-max normalized data including only groups of interest, 

such as lignin (G+S), Polysaccharides (Ps), Cellulose (Ce), and/or Aliphatics (Al). The pyrolysis-GC-MS-based 265 

polysaccharide / (polysaccharide + aromatic) ratio (PPA) was calculated by grouping peak areas functionally (Ps and Ce for 

polysaccharides and P, G, S, Ca and Ar for aromatics). 

https://doi.org/10.5194/egusphere-2026-3069
Preprint. Discussion started: 17 June 2026
c© Author(s) 2026. CC BY 4.0 License.



10 

 

3 Results & Discussion 

3.1 FTIR shows silicate bias in lowland tropical peatland systems and py-GC-MS is more applicable 

FTIR analyses reveal clear differences in carbohydrate to aromatic carbon ratios among the study sites as well as with depth 270 

(Fig. 2b). In SSPS (Panama), our FTIR data is consistent with the published work of Upton et al. (2018), with SSPS2 having 

a high aromatic character arising from its lignin-rich forest cover and SSPS4 being more carbohydrate-rich reflecting the 

sawgrass vegetation. Both sites become more aromatic with depth. Our other sites partially fit these observations. The 

Everglades peat has low carbohydrate contents, perhaps reflecting a highly degraded character arising during transport and 

burial in this perpetually flooded site. In contrast, Cananguchal (Mauritia palm dominated) and Tor Royal (Sphagnum) have 275 

elevated carbohydrate contents, similar to that of SSPS4. However, FTIR analyses suggest that Mpologoma (papyrus 

swamp), Pantano (herbaceous swamp) and Inírida (hardwood swamp) all have high and very variable apparent carbohydrate 

contents. 

 

Figure 2: (a) Downcore plot of the py-GC-MS-based PPA (polysaccharide pyrolysates / (polysaccharide pyrolysates + aromatic 280 
pyrolysates)). (b) Downcore plot of the FTIR-based 1030/(1030+1506) ratio where 1030 cm-1 represents the C-O stretch in 

cellulose, while 1506 cm-1 represents the aromatic ring stretching. 
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We compared these FTIR data to a py-GC-MS-derived polysaccharide pyrolysates / polysaccharide pyrolysates + aromatic 

pyrolysates ratio (PPA; Fig. 3a). Generally, SSPS2, SSPS4, the Everglades, Crymlyn Bog, and both Tor Royal cores also 285 

follow similar downcore trends to the functional Py-GC-MS based ratio (Fig. 3b, R2 = 0.80, p < 0.05). However, 

Cananguchal, Mpologoma, Pantano, and Inírida show either no correlation between the two ratios (p > 0.05) or a negative 

correlation in the case of Pantano and Inírida, and FTIR analyses suggest much higher carbohydrate percentages (Fig. 3a).  

 

 290 

Figure 3: (a) Cross plot between the FTIR-based and py-GC-MS-based ratios with a linear regression (Pearson) per site. The 

goodness of fit by R2 is reported per site showing sites where FTIR and py-GC-MS ratios agree. (b) Linear regression (Pearson) on 

sites that show little silicate mineral interference (USWCA1, SSPS2, SSPS4, UKCB, UKTR_2, and UKTR_1) between the FTIR-

derived ratio and py-GC-MS derived ratio. (c) Linear regression (Pearson) on the residual (FTIR dimension) from the regression 

in panel b against total organic carbon (TOCres). Likely silicate mineral bias is also introduced in TOCres > 40% peat material, 295 
making tropical sites seem more carbohydrate-rich in FTIR than derived from py-GC-MS. 
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FTIR has known limitations regarding silicate mineral interference, which creates a peak at ~ 1030 cm-1 that overprints the 

carbohydrate band (Reig et al., 2002). Therefore, the anti-correlation between the two functionally defined ratios at Pantano 

and Inírida (Fig. 3a) likely indicates increased (silicate) mineral content at depth. This is consistent with the lower TOCres at 

these sites at depth (< 30 wt.%) and visual observations while coring/subsampling. Further confirming this interpretation, the 300 

offset between the FTIR-based ratio in the Colombian sites and Mpologoma from the linear relationship derived from the 

FTIR-based and pyrolysis-based ratios elsewhere, is significantly correlated with TOCres (Fig. 3c; R2  = 0.76, p < 0.05), 

which represents the ratio between OM and other material in the core, likely (Si-rich) sediment from nearby rivers. 

Therefore, it appears that the application of FTIR could be inappropriate for dynamic tropical lowland settings that 

experience river flooding episodes that result in high and variable silicate mineral interference of the carbohydrate band. The 305 

strong linear relationship between the FTIR offset with TOCres suggests that even at high TOC contents (>50 wt.%), there is 

potential bias for silicate minerals to impact interpretations. 

 

This highlights the utility of pyrolysis-GC-MS based ratios to determine OM alteration as this is not affected by silicate 

mineral interference. Previous work shows that peat pyrolysis-GC-MS characterization is consistent with data obtained using 310 

solid state 13C nuclear magnetic resonance (NMR) spectroscopy (Kaal et al., 2007; Schellekens et al., 2015), and both this 

and other work show that it agrees broadly with FTIR (e.g. Kim et al., 2026). Solid state 13C NMR does not suffer from 

direct silicate mineral interference because C is absent in silicates, but it does exhibit matrix effects (Freitas et al., 2002) and 

does not have the same biopolymer origin specificity that pyrolysis-GC-MS enables. Generally, all bonds characterized in 

solid state 13C NMR and FTIR are linked only indirectly to biomolecules enriched in that bond type. For example, a 315 

significant shift from hemicellulose to cellulose would not affect the proportion of O-alkyl bonds in 13C NMR, which reveals 

the ring oxygen of all polysaccharides (Normand et al., 2021; Moody et al., 2018). This can be detected in py-GC-MS by 

different proportions of levoglucosan, which is enriched in the pyrolysis of cellulose, against levomannosan, levogalactosan 

and several furan-containing pyrolysates (Schellekens et al., 2015). Although cellulose and hemicellulose are both 

polysaccharides and thus have the same “labile” assignment in modelling efforts (Chadburn et al., 2022; Young et al., 2021), 320 

their ratio as determined through py-GC-MS is an important explanatory variable in the microbial community structure 

between stages of recovery post-degradation in a Welsh peatland (Ring-Hrubesh et al., 2025).  

 

However, caution is still required in interpreting pyrolysis-GC-MS in terms of peatland OM character, as it is inherently non-

quantitative; often a high percentage of carbon will not be mobilised and left behind as char under ideal flash pyrolysis 325 

conditions (48.4 ± 5.5% of C) (Klein et al., 2020), and pyrolysates can exhibit differences in response factors (Kaal et al., 

2007). Matrix effects can also occur during pyrolysis (Alcaniz et al., 1989), such as shifting pyrolysis products of free 

alkanoic acids/alcohols in the presence of clay (Nierop and Van Bergen, 2002). This specific effect is not relevant to our 

study, since these compounds were extracted prior to pyrolysis, but similar clay interference might be expected for aliphatic 
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macromolecules. However, pyrolysis-GC-MS does allow the investigation on the chain-length distribution of these aliphatic 330 

pyrolysates, which can aid source-allocation more accurately than FTIR or NMR. 

 

3.2 Vegetation leaves a signature in the peat OM, even when decomposition transforms the OM significantly 

3.2.1 Py-GC-MS characterization of peat reveals decomposition and vegetation signature while peat-forming 

vegetation is characterized by tissue and plant group 335 

Pyrolysates of peat (n = 83) and plant (n = 61; Table S2) samples contain all the groups and compounds (Table S1) that have 

been identified in comparable literature (Schellekens et al., 2012; Schellekens et al., 2015; Klein, 2022; Mcclymont et al., 

2011; Carr et al., 2010). Specifically, 143 pyrolysates are detected, integrated, and assigned into structurally distinctive 

groups with similar origin. This includes the lignin monomer groups (Schellekens et al., 2009; Hedges and Mann, 1979): 

phenols (P, n = 12), which can be derived from p-coumaryl lignin monomers or other polyphenol sources; guaiacols (G, n = 340 

16), which are from coniferyl lignin monomers; syringols (S, n = 17), which originate from sinapyl lignin monomers; and 

catechols (Ca, n = 4), which occur naturally in lignin and tannins (Galletti and Reeves, 1992). Furthermore, we detect 

aromatics (Ar, n = 17) from miscellaneous aromatic macromolecules and polysaccharides (Ps, n = 22), mostly from (hemi)-

cellulose plant components; levoglucosan (Ce, n = 1), which preferentially occurs in cellulose (Shafizadeh and Fu, 1973); 

nitrogen-containing compounds (N, n = 7) which occur in plants but the variance in peat is mostly attributed to 345 

microbial/fungal biomass i.e. proteins (Klein, 2022); and lastly, aliphatic compounds (Al; n-alkanes, n = 23 and n-alkenes, n 

= 24), which originate from either aliphatic macromolecules in higher plants (Buurman et al., 2006; Schellekens et al., 2009; 

Schellekens and Buurman, 2011; Schellekens et al., 2012) or condensation of soluble aliphatic biomolecules (Gupta et al., 

2006). Major peaks in our chromatograms (Fig. A1) that represent lignin include the phenols (4-Vinyl (P3)/4-Methyl (P2) 

phenol (P1)), guaiacols (4-Vinyl (G3)/4-Methyl (G2) guaiacol (G1)), and syringols (4-Vinyl (S3)/4-Methyl (S2) syringol 350 

(S1)). The dominant polysaccharides are furfural, levogalactosan, levomannosan & levoglucosan, and the aliphatics are 

represented by n-alk-1-ene/n-alkane doublets ranging from C9 to C31 in length. 

 

To assess whether pyrolysates attributed to each macromolecular assignment exhibit similar trends, we explored their 

variance using PCA on both the peat and plant dataset as well as the combined dataset. The full dataset PCA resulted in 355 

PC1–4 together accounting for 64.1% of the variance (Fig. A2). Pyrolysates grouped into their respective macromolecular 

assignments (aliphatic, lignin and polysaccharide) at similar loading angles, independently confirming their macromolecular 

origin. The plant samples group closely together in the biplot, because their variance is smaller compared to that of the peat 

(paired t-test; p < 0.002). Variance within the plant subset (n = 61; Table S2) reflects a combination of taxonomic origin and 

tissue type and shows distinct behaviour in its separate PCA. Below, we first describe the variation and major groups in the 360 

vegetation (including leaf litter) and then expand that analysis to compare vegetation to peat composition. 
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Figure 4: (a) PCA biplot showing main controls of the plant dataset with pyrolysate vectors coloured by macromolecular 

assignment and shape by site of origin. The text features the colloquial name of the plant (detail in Table S2) and tissue type 

analysed. A bar chart in the bottom left features the PC scores. (b) PCA biplot showing main controls of the peat dataset with 365 
pyrolysate vectors coloured by macromolecular assignment and shape by site. The text features the depth the peat originates from. 

A bar chart in the bottom right features the PC scores. 
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The plant and litter pyrolysate abundance variance is predominantly explained by principal components 1–3 (21.8%, 15.6% 

and 13.1%, respectively), and subsequent PC scores drop under 6% (Fig. 4a). The pyrolysates group similarly as in the full 

dataset, but plant samples exhibit distinct groupings based primarily on tissue type and secondarily on broad taxonomy (i.e.  370 

grass, herb, tree). The aliphatic components primarily load onto PC1. These are absent in many of the trunk tissue samples, 

such that a cluster of trunk tissue samples is apparent on PC1 (positive loading). Leaves and roots generally contain more 

aliphatic components, with a strong negative PC1 loading. Leaf aliphatic components could derive from either cutan (Boom 

et al., 2005) or residual plant waxes, the latter being consistent with higher abundances of the C29 and C31 n-alkanes 

encapsulated in the leaf cuticle, preventing their extraction (Gupta et al., 2006). The aliphatic macromolecules found in root 375 

material are from suberan (Nierop, 1998). PC2 shows a clear distinction of lignin-derived pyrolysates (positive loading) from 

polysaccharides (negative loading) (Fig. 4a). The Sphagnum species from Tor Royal plot negatively on PC2 due to the 

absence of G/S-lignin and a variety of diagnostic polyphenol pyrolysates universal among Sphagnum (Van Der Heijden et 

al., 1997). The trunk group plots positively, represented by a higher proportion of guaiacol and syringol lignin. Other plants 

and tissues exhibit varying PC2 scores, apparently reflecting the balance of lignin and polysaccharides and is discussed in 380 

greater detail in Section 3.3.1. PC3 primarily reflects the behaviour of specific polysaccharides, phenols and aromatic 

compounds as a positive loading, and specific phenols and aliphatics as negative loadings (Fig. A3). Crucially, this axis 

separates the hardwood tree samples from the herbaceous and palm samples by enrichment of syringols in hardwoods and 

phenols in softwoods. Together the PCA on the plant samples indicates that tissue and plant type are the main controls on 

plant and hence peat input OM content. Next, we assess this in the peat material itself. 385 

 

The majority of total variance in the peat dataset is explained by PC factors 1–4 (70.7%), where PC1 (33.1%) is described by 

positive loadings of polysaccharide pyrolysates and negative loadings of aliphatics (n-alkanes & n-alkenes), aromatics and 

N-compounds (Fig. 4b). N-compounds occur naturally in plants but are quickly degraded and can be pyrolysis products of 

amino-acids in proteins (e.g. diketodipyrrole; Stankiewicz et al., 1996). Therefore, N-compounds can act as a proxy for 390 

microbial/fungal necromass in peat (Kaal et al., 2017). PC2 (19.2%) mostly features positive loadings of guaiacols, syringols 

and catechols derived from G and S lignin (Hedges and Mann, 1979) and negative loadings of different polysaccharide 

pyrolysates. Polysaccharide-related compounds include several oxygen-containing heterocycles such as furans, likely 

originating from pentoses (e.g. xylose) found in hemicelluloses (Moers et al., 1990). Other common heterocycles are 

levomannosan, levogalactosan and levoglucosan, which are pyrolysis products of the monosaccharides mannose, galactose 395 

and glucose, respectively (Klein, 2022). Levoglucosan has been applied in peatland studies as a marker for a higher 

proportion of cellulose as cellulose is built up exclusively from glucose monomers (Schellekens et al., 2009). PC3 (12.4%) 

features positive values from aromatics, primarily those not directly associated with lignin. Some of these, such as 

naphthalene and fluorene, can form through pyrogenic events (Schellekens et al., 2009), but other monocyclic compounds 

that group similarly can have diverse sources, such as simpler polyphenols (Schellekens, 2013). We suggest that these 400 

compounds reflect the breakdown of more complex aromatic-hosting compounds. Negative values on PC3 are attributed 
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mostly to polysaccharides. PC4 (6%) has loadings that split the alkanes from the alkenes, which hints at an entrenched leaf 

wax signal (Schellekens and Buurman, 2011). 

 

Generally, most compound group associations show loadings that are grouped according to inferred biomolecular origin, 405 

such as the aliphatic compounds, guaiacols, syringols, polysaccharides, and N-compounds. However, phenols (P) are 

scattered in positive and negative PC2 loadings, which indicates that they are, in this dataset, not representative of one 

uniform pool. Phenols can originate from p-coumaric lignin but have been found as a Sphagnum biomarker (p-

isopropenylphenol; Boon et al., 1986) and as a graminoid indicator (4-vinylphenol; Saiz-Jimenez and De Leeuw, 1986). 

Therefore, when further discussing lignin in this paper, we include only guaiacol and syringol pyrolysates, while considering 410 

the diverse origin of phenols. 

 

Tor Royal and the Everglades are the only sites that group relatively tightly in the PCA1–2 plot. Tor Royal is characterised 

by negative loadings on PC1 and PC2, similar to the polysaccharides. However, the deeper Tor Royal samples exhibit an 

increase in PC1 likely driven by aliphatics. The Everglades has negative loadings on PC1 and positive loadings on PC2, 415 

similar to the aliphatic and lignin-derived components. In contrast, each of the other tropical sites exhibits a wide spread in 

the PCA1–2 plot, arising from great variance within the peat with depth. This primarily reflects a general decrease of PC1 

and increase of PC2 at depth, with peat becoming enriched in aliphatics and lignin. This likely represents peat decomposition 

at depth, which is common in peat pyrolysis studies (Ryan et al., 1987; Schellekens et al., 2015). Our work now shows that 

this transformation is remarkably uniform across this diverse set of tropical sites. PCA3–4 group samples based on sites, 420 

therefore representing the vegetation fingerprint left in the peat OM, even at depth (Fig. A3b).  

 

In summary, our analyses of the peat material itself indicates that preferential degradation and type of dominant vegetation 

are the main drivers of peat macromolecular compositions, with a stronger preferential degradation signal in the tropical 

sites. Next, we further explore the source vegetation fingerprint on the peat OM and assess whether this fingerprint is 425 

consistent and persistent at depth and between vegetation and peat through cluster analysis. 

 

3.2.2 Cluster analysis on the macromolecular composition of peat and peat-forming vegetation reveals that plant 

macromolecular composition is retained in all peat horizons 

Overall, the vegetation PCA shows a dominant axis of variance based on the lignin and aliphatic macromolecules, whereas 430 

the variance in polysaccharides drives the peat ordination. However, PCA assumes linearity, while HCA is based on distance 

matrix that is more suited for specific pyrolysate signatures of plant species (James et al., 2013). Therefore, we applied HCA 

to the integrated peat and peat-forming vegetation database to explore further the chemotaxonomic fingerprints left by the 

vegetation on the peat composition and OM characteristics. The HCA dendrogram (Fig. 5) shows a major cluster of peat 
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samples that is characterized by high proportions of aliphatic components, and a less aliphatic (and furan-rich) cluster of peat 435 

that is further split through differences in lignin monomers and polysaccharide abundances, creating sub-clusters dominated 

by i) G-lignin, ii) N-compounds and iii) polysaccharides. The plant samples are mostly characterized by an absence of 

aliphatic pyrolysates and cluster separately into sub-clusters dominated by i) hemicellulose, ii) vinyl-phenol (P3), iii) S-

lignin, iv) P-lignin, v) G-lignin, and vi) phenols, which for the most part map onto plant groups with a clear chemotaxonomic 

consistency. Below we describe the defining characteristics of each of the clusters described above for the plants first and 440 

link the chemotaxonomic fingerprint on the peat to the vegetation clusters. 

 

Most plant samples are characterized by a low proportion of aliphatics, leading to a clear divide between plant and peat 

samples in the HCA dendrogram (Fig. 5). Further branching results in the vegetation being divided into six diagnostic 

clusters. One of these is a polysaccharide-rich cluster which contains Sphagnum papillosum, Sphagnum imbricatum, sundew, 445 

and several lily pad tissues.  These plants are known for their low/absent lignin content (Weng and Chapple, 2010), and they 

are the dominant species in Tor Royal and Everglades sites (see section 2.1). 

 

Another cluster is defined by a higher proportion of 4-vinylphenol (P3) and contains all sedge species, regardless of plant 

tissue type, i.e. roots, stems and leaves. 4-Vinylphenol is a known biomarker for sedges in peat (Schellekens et al., 2015), as 450 

well as grasses in general (Saiz-Jimenez and De Leeuw, 1986), but we here show that this extents to tropical species, such as 

Papyrus roots and stems, and Piri Piri. This cluster also includes some shallow samples of SSPS4 and UKTR_2 peat, 

suggesting that this part of these peatlands consists primarily of unaltered sedge material. Intriguingly, none of the 

Mpologoma peats, where papyrus is the sole plant species, groups with this cluster. The primary reason for this is the 

enrichment of aliphatics in this papyrus peat, even at shallow depths (Fig. 6a). 455 

 

G and S lignin is the critical factor in defining the other four plant clusters. A diagnostic S-lignin dominated cluster is present 

which contains most trunks of eudicot trees included in our study, consistent with S-lignin being characteristic for woody 

tissue (Hedges and Mann, 1979). Intriguingly, two depths from Panama are also found in this cluster. SSPS is known for 

containing larger wooden detritus in cored sections, even at SSPS4, which experienced a past vegetation change from a 460 

community more akin to that at SSPS2 to the current Cladium-dominated cover (Phillips et al., 1997). These depths appear 

to have retained a wood signal in their bulk OM composition, highlighting the long-lasting impact of a high contribution of 

wood to peatlands. 
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 465 

Figure 5: Hierarchical cluster analysis (HCA) dendrogram of all analyzed samples based on pyrolysate fractional abundances. 

Branching was investigated for major clusters ad hoc using paired t-tests between clusters and important groups of pyrolysates 

were identified. Major clusters among peat were assigned using these branching determinants, while vegetation clusters are based 

on chemotaxonomy. The y-axis represents the distance between clusters functioning as a measure to similarity between clusters. 
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 470 

Palm material splits off into a cluster with a hemicellulosic and phenol-rich character, which is consistent with the softer 

nature of its wood and the dominance of P-lignin in palm species (Hoyos-Santillan et al., 2016). This cluster features most 

Mauritia tissues, Raphia, and litters from SSPS2 and Cananguchal, which are all palm tissue or litters from palm-dominated 

sites. The top 40 cm of the Cananguchal peat also features in this cluster, confirming the dominance of fresh palm material at 

40 cm depth likely arising from the extensive pneumatophore system of Mauritia flexuosa. 475 

 

The third G and S balanced lignin sub-cluster has a higher proportion of hemicellulose and guaiacol pyrolysates and is 

represented by miscellaneous plant leaves and roots from globally dispersed sites. Only the surface (2 cm) sample from 

SSPS2 clusters with these plants, probably reflecting a larger contribution of Campnosperma leaves or understory rather than 

Raphia palm material. 480 

 

The hemicellulose-enriched cluster also contains abundant N-compounds and defines the top 30 cm of the Mpologoma 

Papyrus swamp, whereas the deeper Mpologoma samples group in the aliphatics cluster discussed below. The main 

difference between these depth intervals arises from an enrichment of hemicelluloses in the surface and an enrichment of 

phenols and high molecular weight (HMW) n-alkanes at depth. This suggests that a shift in the dominant Papyrus plant 485 

tissue is reflected in the overall peat composition: the surface is dominated by the more labile, N-compound rich Papyrus 

roots and the deeper peat is dominated by Papyrus leaves which have a phenolic character, which is counterintuitive given 

current models of tropical peat accumulation (Chimner and Ewel, 2005). 

 

The lignin-enriched cluster of peat includes most of the samples from Crymlyn Bog, Cananguchal, Pantano, and Inírida. 490 

These peat samples are enriched in lignin but otherwise have a characteristic pyrolytic fingerprint. Further branching in this 

cluster is associated with phenolic enrichment for the Crymlyn bog and Cananguchal peat, which likely reflects the phenolic 

character of sedges and palms, respectively. In contrast, the Pantano/Inírida subgroup features a more aliphatic and cellulose-

rich character, perhaps caused by the preferential degradation of hemicelluloses (Van Der Heijden and Boon, 1994; Hedges 

et al., 1985). The larger aliphatic cluster features peat samples from the Everglades, Panama, Inírida, and deeper Mpologoma 495 

peat, and indicates increased decomposition in these peats. All of these are from (deep) tropical swamp peatlands and are 

also highly aromatic and aliphatic in character. The strong aliphatic character of the Everglades samples is likely caused by 

extensive degradation of plant material due to permanently high water table and the high abundance of aliphatics in lily pad 

root material. Another indication that degradation is an important factor in this cluster is the higher proportion of cellulose 

caused by the preferential degradation of hemicelluloses (Hedges et al., 1985).  500 

 

To summarize, the clustering of peat and plant samples in our HCA further demonstrates that the macromolecular 

composition contains a fingerprint that inherently links peat to the source vegetation. While the PCA features a convergence 
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of pyrolysate variance at depth, the subtle differences highlighted in the HCA indicate that the original plant material leaves 

a persistent fingerprint in the peat OM. This fingerprint persists regardless of its degree of degradation and likely influences 505 

the peat recalcitrance to microbial degradation and carbon cycle dynamics, even 1,000s of years after peat formation. Next, 

we elucidate the source and enrichment of aliphatics in the peat material, which forms the biggest discriminant between 

vegetation and peat material. 

 

3.2.3 Aliphatic compounds are enriched in peat and signal early degradation 510 

Aliphatic pyrolysates form the primary discriminant in our statistical analysis, represented through PC1 (Fig. 4) and the first 

two branches of our HCA dendrogram (Fig. 5). An enrichment of these aliphatics defines all peat samples in our database, 

which includes a range of tropical peatlands as well as a temperate fen and bog. These aliphatics could be produced by the 

condensation of biological alkyl compounds, such as n-alkanes, fatty acids, or alcohols into a larger macromolecule during 

humification (Lichtfouse et al., 1995), or the selective preservation of larger aliphatic-rich macromolecules such as cutin, 515 

cutan, or suberan (Deshmukh et al., 2005; Nierop, 1998; Gupta et al., 2006; Gupta et al., 2007b). The n-alkane/n-alk-1-ene 

ratio is close to 1 in most of our plant and peat material, especially from C16 to C18 (Fig. 6b). This suggests that the n-

alkane/alk-1-ene doublets originate from pyrolytic cracking (Schellekens and Buurman, 2011). However, the n-alkane/n-alk-

1-ene ratio in the HMW doublets increases and exhibits a subtle odd-over-even distribution (n-alkane/alk-1-ene ratio ~ 2) in 

the chain length (Fig. 6b). This suggests a contribution of non-extractable, entrained or bound leaf waxes released through 520 

volatilization of odd n-alkanes or even decarboxylation / dehydration of fatty acids/alcohols (Nierop and Van Bergen, 2002; 

Eglinton and Hamilton, 1968). The in-situ condensation mechanism is unlikely to be at play given the abundance of aliphatic 

macromolecules at the peat surface and the high temperatures (>300 °C) required to significantly produce condensated 

aliphatic macromolecules (Gupta et al., 2007a; Stankiewicz et al., 2000). Furthermore, although the distribution in plant 

samples is variable, both peat and plants have a similar pattern among the HMW components and both feature a higher 525 

proportion C14/C15 n-alkane/n-alk-1-ene doublets, probably derived from cutin, which is common in plants (Schellekens and 

Buurman, 2011). 

 

Even the shallowest peat is enriched in aliphatic components, which implies that plant material undergoes degradation before 

entering the peat horizon or in early diagenesis, enriching the proportion of the aliphatic macromolecules relative to 530 

polysaccharides and lignin. Aliphatic macromolecules are energetically difficult to break down, either aerobically or 

anaerobically (Gunina and Kuzyakov, 2022; Lorenz et al., 2007), which explains their preferential resilience. We also detect 

more aliphatics with increasing depth in some peat (Fig. 6a), which suggests that such preferential degradation persists under 

anaerobic conditions, although the mechanisms could differ among sites. In the Everglades, aliphatic pyrolysates are 

particularly abundant, both at the surface and significantly enriched at depth (R2 = 0.67, p < 0.05). The lily pad roots feature 535 

a high proportion of aliphatics, making them a likely source for the aliphatics detected in these peat samples. The Everglades 
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site is also permanently inundated, such that significant aerobic degradation could have happened during transport and 

sinking, prior to reaching anoxic conditions in the peat profile. The Mpologoma papyrus swamp also contains a high 

proportion of aliphatics (up to 60% akin to A. americana), but especially at depth (<50 cm), which is likely sourced from the 

aliphatic-rich Papyrus leaf and subsequent aerobic and anaerobic degradation enrichment (Fig. 6a). The deeper Tor Royal 540 

core (UKTR_2) also shows a significant enrichment of aliphatics at depth (R2 = 0.82, p < 0.05), but it is more enriched than 

any measured plant litter, suggesting a continuous anaerobic preferential preservation of these aliphatic macromolecules 

(Schellekens and Buurman, 2011). The proportion of aliphatics at other sites, however, does not increase with depth (Fig. 

6a), suggesting that their aliphatic enrichment relative to the peat-forming plants was caused by aerobic degradation prior to 

deposition or during the earliest stages of degradation. 545 

 

Regardless of the mechanisms, the aliphatics are the result of early diagenesis and therefore represent a large proportion of 

the peat macromolecular signal, which could be an underappreciated recalcitrant carbon pool. In the next section we dissect 

the effect of downcore degradation on plant biopolymers. 
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 550 

Figure 6: (a) Ternary diagram showing the pyrolytic fingerprint similarity (%) between important plant tissues, peat, and external 

analytical standards. (b) Boxplot showing the fractional abundances within the aliphatics observed in both the plants and peat 

dataset among different chain lengths (C10-C31) of n-alkanes (ane) and n-alk-1-enes (ene). The lines show the min-max values, 

while the box is between the first, second and third quartile. 
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3.3 Macromolecular composition of peat alters to recalcitrant composition at depth with implications 555 

3.3.1 Plant biopolymers show consistent downcore anaerobic preferential degradation of polysaccharides 

Most carbon in peatlands originates from (dead) vegetation which on a molecular level is built primarily from three 

widespread biopolymers that give structure to the cell walls; cellulose, hemicellulose, and lignin (Scheller and Ulvskov, 

2010). To compare the proportion of these biopolymers among the peat-forming vegetation and associated peat and trace 

how they change downcore, we pooled pyrolysates associated with these biopolymers and normalized their proportion with 560 

analytical standards. The percentages arising from these assignments are not quantitative and should be considered as a 

percentage relative to a purified standard. For example, a 30% proportion of hemicellulose does not suggest 30% weight 

percentage of the biopolymer pool is made up from hemicellulose, rather that the pyrolysis profile is 30% similar to 

hemicellulose. For the remainder of this section, macromolecule percentages refer to the percentage in 

lignin/cellulose/hemicellulose space. 565 

 

In our dataset, most of the major peat-forming vegetation have a pyrolytic profile characterized by ~40±5% lignin, ~40±4% 

hemicellulose and ~20±5% cellulose (± Standard deviation from Table S3; Fig. 7a).  However, the range is large, with the 

most lignin-enriched plant being the papyrus leaves that contained 64% lignin. On the other hand, Sphagnum 

papillosum/imbricatum contained 0% lignin. Surface peat samples of the tropical sites have distributions comparable to those 570 

of the vegetation, but at depth the lignin associated pyrolysates become strongly enriched, with samples such as SSPS4 at 

450 cm and USWCA1 at 143 cm having a pyrolytic profile 85% like lignin. This shift cannot be attributed exclusively to 

differences in past vegetation, because the lignin percentage exceeds values observed in any modern peat forming 

vegetation. Instead, these downcore changes reflect profound alteration of the biopolymer composition through preferential 

breakdown of polysaccharides relative to lignin at depth. Although the trend towards increasing lignin proportions is 575 

universal in our dataset, each site exhibits specific patterns, reflecting the interaction of preferential biomolecule degradation, 

differential plant tissue preservation and past vegetation change as discussed below. The following sections discuss the 

macromolecular composition of each site ordered on their dominant vegetations as each site and vegetation exhibits nuances.  

 

The Everglades peat core consists primarily of lily pad detritus, but this is not directly reflected by the OM composition. The 580 

surface peat is ~50% lignin, whereas the lily pad tissues are polysaccharide-rich with only ~20% lignin. This, in combination 

with the high proportion of aliphatics, likely derived via selective enrichment of aliphatics in lily pad fine roots; see section 

3.2.3, suggests that the OM has undergone significant aerobic degradation prior to becoming peat. Nonetheless, the peat 

profile in the Everglades features a continued enrichment of lignin at depth, transforming from the ~50% lignin at the surface 

to 85% at 143cm. This represents a strong anaerobic preferential degradation of polysaccharides at depth by the microbial 585 

community, since no vegetation change has been observed in this core (Blewett, 2021) nor in nearby cores (Wright and 

Comas, 2016). 
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  590 

Figure 7: (a) Ternary diagram showing the pyrolytic fingerprint similarity (%) between plant tissues, litters, surface-most peat 

and analytical standards coloured by their associated HCA cluster. Analytical standards include lignin (LIG), cellulose (CEL) and 
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hemicellulose (LBG), and 1:1 mixes (e.g. LIG:LBG). (b) Ternary diagram showing the pyrolytic fingerprint similarity (%) 

between peat depth classes 

Pantano is a Montrichardia-dominated swamp, which is a common Amazonian ecosystem (Ortiz et al., 2020), but CAP 595 

uniquely features a layer of peat. The Montrichardia tissues (both leaves and roots) have a lignin-rich macromolecule 

signature of about 50/50/0%, but this is not reflected in the surface peat, which exhibits the more common 40/40/20% 

distribution. However, the surface peat already has a distinctive higher proportion of aliphatics, and this feature is apparent 

in Montrichardia leaves. Thus, the surface peat likely has a high contribution of Montrichardia leaves and roots as well as 

more diverse plant contributions. The % lignin quickly increases in the 70 cm of peat to about 60% at the bottom, exceeding 600 

the lignin percentage of any plant material sourced from Pantano, indicating rapid and selective degradation of 

polysaccharides. 

 

While the plant community in Inírida is yet to be described, the litter samples collected have pyrolysates consistent with a 

hardwood origin. S-lignin-rich woody material (Hedges and Mann, 1979), lignin-rich roots and aliphatic-rich leaves (Fig. 7a) 605 

are reflected by a high proportion of S-lignin pyrolysates in the peat (Fig. 5). The surface peat has a pyrolysate composition 

and inferred distribution of plant macromolecules like most of the plants and surface peat (40/40/20% 

lignin/hemicellulose/cellulose). At shallow depths (> 30 cm), the lignin composition rapidly increases to ~ 60%, which could 

be a consequence of degradation as inferred for other sites or deposition/persistence of woody tissues. However, a consistent 

P/(S+G) ratio (Fig. 8), the lowest in the entire dataset, suggests that the tissues did not significantly change.  610 

 

Cananguchal is a palm swamp dominated by Mauritia flexuosa, a common palm tree in Amazonian peatlands (Winton et al., 

2025; Draper et al., 2018). As expected, the upper 40 cm of Cananguchal peat has a pyrolytic fingerprint (40/40/20% 

lignin/hemicellulose/cellulose) similar to that of the modern palm plants, most likely sustained by the active and dead 

pneumatophores present in the peat at this interval. At depths lower than 40 cm the peat shows a distinct aliphatic- and G-615 

lignin-rich profile (Fig. 5), although a high proportion of P-lignin derived from the palm vegetation is maintained throughout 

the peat profile as shown by the P/(S+G) ratio (Fig. 8). The lignin content increases at depth from 40% to 71% lignin, largely 

at the expense of hemicellulose components, without changing the proportion of cellulose (~10%) nor the P/(S+G) ratio (Fig. 

8). This implies a similar biopolymer preferential degradation. 

 620 

SSPS2 is classified as a mixed palm/hardwood site with Raphia taedigera and Campnosperma panamensis being the 

dominant vegetation, respectively. All these plant tissues clustered canonically in the HCA analysis, with the surface sample 

of SSPS2 exhibiting a pyrolytic profile comparable to the leaves from Campnosperma, and the SSPS2 litter exhibiting a 

Raphia leaf profile (Fig. 5). All plant material, litters and surface peat have a balanced lignin/hemicellulose/cellulose profile 

at around 40/40/20%, respectively. At intermediate depths, the proportion of aliphatics and lignin increases, likely reflecting 625 

the preservation of Raphia root material (Hoyos-Santillan et al., 2015), although all of the vegetation in Panama has a similar 
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pyrolytic biopolymer profile, clustering together in the HCA. At greater depths, the proportion of lignin increases from 42% 

to 65%. However, the proportion of cellulose is persistent, unlike nearly all other sites, suggesting better preservation of 

woody material at depth in SSPS2. In particular, the 178 cm deep sample has a pyrolytic profile similar to the wooden trunks 

analysed (Fig. 5). 630 

 

SSPS4 primarily consists of the sawgrass Cladium mariscus (Baird et al., 2017; Phillips et al., 1997). This is reflected in the 

litter and surface peat (up to 17 cm) in SSPS4, both of which have similar pyrolytic profiles to the Cladium and other sedges.  

However, at greater depths the peat becomes dramatically enriched in lignin, typically exceeding 60% and reaching a 

maximum of 85% lignin. The peat stratigraphy in San San Pond Sak suggests that SSPS4 used to be characterised by an 635 

ecosystem similar to SSPS2, indicated by a woody consistency of deep peat in previous studies (Phillips et al., 1997; 

Swindles et al., 2024). However, the lignin content in deep SSPS4 sites exceeds even the hardwood trunks included in our 

study (e.g. Ceiba petandre, which has %lignin < 57%). Hardwood inputs or selective preservation of hardwood tissues could 

explain the rapid increase in %lignin between 23 and 58 cm, but further downcore alteration must reflect a continuous 

enrichment of lignin by selective degradation. For example, the sample from 358 cm has a pyrolytic profile resembling that 640 

of wooden trunks (Fig. 5) but still has a 70% lignin signal. Thus, the OM character of deep San San Pond Sak peat is a 

combination of hardwood input and selective degradation since deposition, collectively representing a transformation of the 

OM composition since deposition. 

 

Mpologoma peat pyrolysates are characterized by two clusters in the HCA: a surface cluster that resembles papyrus roots 645 

and a deeper aliphatic, phenolic cluster that resembles papyrus leaves. This is evident in their reconstructed plant 

macromolecular composition, where the surface samples have a 40/40/20% profile similar to most plant material including 

papyrus roots but contrasting with papyrus leaves which have a more lignin-enriched profile at around 60/20/20%. 

Furthermore, the P/(S+G) ratio increases at depth (Fig. 8), also indicating a shift in source material from papyrus roots to 

leaves. Although an increase in leaf relative to root material with depth appears non-intuitive, the top 30 cm might be 650 

dominated by active root systems (Kayendeke et al., 2018) that migrate or get recycled by the papyrus plant while dead leaf 

material in peat horizons is constantly supplied from the surface in greater volumes than dead root material. The deeper 

Mpologoma cluster is similar to the papyrus leaves but characterized by an even greater, 70%, lignin composition, indicating 

that both selective preservation and papyrus tissue input govern the composition of the deep Mpologoma peat. 

 655 

Crymlyn bog is currently a fen dominated by Phragmites, which is represented by rather lignin-rich (60%) surface peat 

(Gadel and Bruchet, 1987). Although Crymlyn Bog has experienced past vegetation change that likely affected its OM 

composition, it still exhibits evidence for selective enrichment of lignin. Samples from 46, 148, and 198 cm have a profile of 

40/50/10%, i.e. a lignin depletion relative to the surface peat. This composition is similar to that of Sphagnum plants, and 

indeed Sphagnum was the dominant vegetation at Crymlyn Bog in the past based on both pollen and macrofossil evidence 660 
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(Hughes and Dumayne‐Peaty, 2002), illustrating how past changes in peat forming vegetation (Schellekens et al., 2012) can 

overprint downcore degradation processes in some settings. Prior to the Sphagnum interval, in deeper peat below 298 cm, 

Phragmites and Cladium were Crymlyn bog’s dominant vegetation (Hughes and Dumayne‐Peaty, 2002). This is reflected by 

a return to a 60% lignin signature; at even greater depths, 400 and 800 cm, lignin reaches 70%, likely reflecting enhancement 

via selective degradation. 665 

 

Intriguingly, the two cores collected from the Tor Royal bog have considerably different compositions, with the percentage 

of cellulose at UKTR_1 being ~ 50% and UKTR_2 being ~ 20%. This likely reflects the heterogeneity of ombrotrophic bog 

vegetation, governed by their microtopography (West, 1997). UKTR_2 was collected on a hummock, currently dominated 

by sedges such as cotton grass and exhibiting a characteristic sedge-like pyrolysate profile (Fig. 5), whereas UKTR_1 was 670 

collected in a currently Sphagnum-dominated hollow. This is confirmed by the extractable n-alkane ratio C23/C31 (Fig. A4), 

which has values > 5 in UKTR_1 compared to <5 in UKTR_2, reflecting a higher Sphagnum contribution in the former (Nott 

et al., 2000). These differences are also reflected in a higher proportion of cellulose-derived pyrolysates in the latter site (Fig. 

7b). The UKTR_1 surface peat has a unique macromolecular composition that is more polysaccharide-rich than any of our 

other sites (20/30/50% lignin/hemicellulose/cellulose), while UKTR_2 is also polysaccharide-rich (20/50/30% 675 

lignin/hemicellulose/cellulose) but has a distribution that is consistent with sedges being the primary OM constituent. At 

depth (20 to 100 cm), UKTR_1 peat exhibits a decrease in %lignin, suggesting that Sphagnum dominance is greater during 

this interval, perhaps at the expense of cotton grass roots that were observed at the site and in the shallow core. In UKTR_2 

the proportion of lignin increases but only to ~ 40%, even at 5 meter deep. This could reflect the very low lignin contents of 

the peat-forming vegetation, which imposes constraints on downcore lignin-enrichment. However, this contrasts remarkably 680 

with the other sites in this study, suggesting minimal degradation. This is consistent with previous reports for Sphagnum and 

its inherent anti-microbial properties that slow degradation, especially in deeper anoxic horizons (Abbott et al., 2013; Van 

Der Heijden et al., 1997). 
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 685 

Figure 8: Downcore plot of the P/(S+G) ratio, where P = phenols, G = guaiacols, and S = syringols, in all our sites. 

While most sites have depositional tissue/vegetation histories that complicate their OM composition and downcore profiles, 

nearly all of them exhibit an enrichment of lignin at depth. The preferential degradation of polysaccharides appears to persist 

across all depths, i.e. continuing to decrease even in the catotelm, indicating that these fresh plant biopolymers are used as 

substrate for microbial growth regardless of the complexity and limitations of depolymerization of biopolymers under anoxia 690 

(Mcgivern et al., 2021; Freeman et al., 2001). Although this general trend has been previously reported (Ryan et al., 1987; 

Schellekens et al., 2012; Upton et al., 2018), our work reveals the more severe and consistent transformation of peat OM in 

the tropics compared to the temperate sites. This occurs despite high starting lignin contents associated with lignin-rich 

plants and tissues, such that deep tropical peat becomes profoundly enriched in lignin (and aliphatics) even at relatively 

shallow depths (< 50 cm in some cases). 695 

 

Furthermore, our data reveal the variety of OM compositions of peat forming plants and especially the impact of the 

presence of some plant tissues with particularly high lignin contents and inferred recalcitrance, such as a high proportion of 

lignin in wooden trunks, Papyrus leaves, and Montrichardia leaves. These tissues are preferentially preserved and govern the 

downcore changes in peat OM, contributing to enrichment of lignin at depth; in the case of woody tissues, this also facilitates 700 
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the preservation of cellulose at depth (Van Der Heijden and Boon, 1994). This complements previous work showing the 

slow degradation of Sphagnum dominated peat (Van Der Heijden et al., 1997).  

 

Due to these multiple factors, lignin proportions can reach ~ 85% in deep tropical peat, which is approximately twice that of 

the starting material. Given the overall recalcitrance of lignin to degradation, especially under anaerobic conditions (Freeman 705 

et al., 2001; Freeman et al., 2004), this suggests that deep peat is a poor substrate for microbial growth.  However, peat never 

fully depletes of polysaccharides, and even in the most degraded peat, hemicelluloses persist at depth. These hemicelluloses 

are likely covalently bonded or entrenched in the lignocellulosic complex and protected by the aromatic and ether bonds 

prolific in lignin, which is a mechanism for labile OM preservation inferred from aerobic litter degradation experiments 

(Melillo et al., 1989) and slower anaerobic experiments (Hoyos-Santillan et al., 2015). 710 

 

These results have implications for the reactivity of deep tropical peat OM, which apparently remains a viable substrate for 

microbial growth despite high aromatic contents (Pavia et al., 2024; Girkin et al., 2020), as well as the fate of that OM under 

anthropogenic climate change and/or re-exposure to oxidising conditions (Könönen et al., 2016). 

 715 

3.3.2 The OM lability decreases logarithmically with depth consistently across lowland tropical peatlands 

Multiple factors govern the reactivity of OM, but lignin is generally considered to be less reactive and more recalcitrant than 

polysaccharides (Gunina and Kuzyakov, 2022). This is especially true under anoxic conditions (Freeman et al., 2001; 

Freeman et al., 2004), although the simplistic interpretation of polysaccharide macromolecules as labile can be complicated 

by their associations with lignin in plant tissues (Dumitrache et al., 2017). Similarly, condensed and polymerised (i.e. 720 

humified) OM, as partly represented by the aliphatic/aromatic enrichment of peat, is generally considered to be less reactive 

than biomacromolecules (Gunina and Kuzyakov, 2022). Regardless of chemical composition, OM must become more 

recalcitrant with burial depth due to the selective degradation of more labile components. Consequently, it appears that 

tropical peats from greater than 50 cm depth are particularly recalcitrant to microbial degradation. 

 725 

Given that recalcitrance is an emergent property of both selective preservation and humification, i.e. resistant biomolecules 

and geomolecules, we employ a more chemically agnostic ratio for assessing site-specific downcore differences in OM 

composition: the PPA ratio (polysaccharide pyrolysates / (polysaccharide pyrolysates + aromatic pyrolysates)). It is similar 

in scope to the FTIR-based ratios (Upton et al., 2018; Artz et al., 2006), 13C-NMR-based ratios (Normand et al., 2021) and 

the lignocellulose index (LCI) based on wet chemistry separation (Inglett et al., 2012; Melillo et al., 1989) but it has some 730 

microbiological justification, particularly at anoxic depths. The enzyme “latch” theory argues that the breakdown of aromatic 

bonds is limited under anoxic conditions due to the dominance of oxygen-dependent phenol oxidases as the primary 

enzymes in their degradation (Freeman et al., 2001; Freeman et al., 2004). Therefore, the pyrolysates associated with 
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polysaccharides represent the macromolecular “labile” material, being energetically more available and having diverse and 

largely uninhibited metabolic potential under anoxia (Gunina and Kuzyakov, 2022; Mcgivern et al., 2021). 735 
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Figure 9: Individual cross plots per site and all tropical sites showing the PPA against the logarithm of depth (log(cm)). Trendlines 

represent the linear regression (Pearson) per plot with R2 and p-values included. The regression slopes are shown in the bottom 

right corner and for all sites a significant correlation was observed. Red dashed lines represent 75 cm and 200 cm depth aiding 740 
depth intuition in the logarithmic space. 

In our dataset, the PPA ratio decreases with depth across most peat profiles (Fig. 2a), like the downcore decrease in cellulose 

and hemicellulose relative to lignin we described (Fig. 7a). Despite the major compositional differences among the diverse 

plant communities in each site (PPA = 0.65–0.35), the downcore changes in PPA ratios are remarkably consistent. Most 

notably, the PPA ratio shows a logarithmic decrease with depth with high significance and a strong fit at every site except 745 

UKTR_1 and UKCB (Fig. 9). This logarithmic relationship is particularly strong in the tropical sites and appears to persist at 

depth, with aromatic proportions continuing to increase below 100 cm depth (Fig. 9). The slopes of the natural logarithmic 

fit, %decrease PPA / log(cm), range from 9 to 24%, suggesting a similar magnitude of preferential degradation across all 

sites (Fig. 9). However, the basement ages of our lowland tropical peat span from decades to millennia producing 

accumulation rates that span three orders of magnitudes and which are higher than the accumulation rates in the temperate 750 

peatlands (Table S5). This suggests that preferential degradation exhibits large differences in the time domain with much 

higher preferential degradation rates in the tropics compared to temperate peats, likely due to the higher temperatures in the 

tropics. Furthermore, although SSPS4 and UKTR_2 have similar PPA at the surface (0.65), UKTR_2 exhibits a much slower 

preferential degradation profile. The slower degradation at UKTR_2, combined with the lack of clear correlation between 

depth and PPA at UKCB and UKTR_1 (p > 0.05), further indicates that the preferential degradation of polysaccharides 755 

relative to aromatic macromolecules is slower in temperate peatlands than at tropical sites. At these temperate sites, either 

slow rates of degradation are observed or downcore degradation is obscured by historic vegetation changes (Uhelski et al., 

2022). Consequently, Schellekens et al. (2009) and others have been able to utilise pyrolysate abundance of lignin and 

polysaccharides as vegetation as well as decomposition markers. The wider use of py-GC-MS for vegetation reconstruction 

in the temperate peatland literature (Schellekens et al., 2015; Schellekens et al., 2009; Mcclymont et al., 2011; Carr et al., 760 

2010) suggests that the strong correlation between depth and the PPA ratio is primarily a lowland tropical feature (Fig. 9). 

 

This has consequences for biogeochemical processes in deep peat, including greenhouse gas emissions. Peats with lower 

PPA ratios are characterised by higher anaerobic CO2:CH4 production ratios at higher temperatures (Inglett et al., 2012; Sihi 

et al., 2016), which suggests the importance of reactive substrates for methanogenesis, although lignin cannot be discounted 765 

as a substrate for methanogenesis (Liu et al., 2025). Our data show that the pronounced downcore shift to a more aromatic 

composition seen across our tropical sites could drive the higher CO2 than CH4 emissions observed across tropical peatland 

systems (Wright et al., 2011), further highlighting the control OM quality has on carbon cycle dynamics. 
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3.3.3 Interactions of the peat macromolecular composition and the microbial community; degradation and home-field 

advantage 770 

The downcore changes in peat OM composition also have implications for deep peat biogeochemistry and microbiology. 

Plant biopolymers depolymerize during the first steps of OM degradation, often through fungi using oxygen-dependent, 

macromolecule-modifying enzymes (Yarwood, 2018). These obligate aerobic fungi are suppressed under anaerobic wetland 

conditions and mostly act on standing biomass or recent plant litter (Yarwood, 2018; Wang et al., 2021). Although fungi 

generally degrade lignin and cellulose more quickly than bacteria (Thormann, 2006), bacterial lignin modifying enzymes and 775 

cellulases are common in peatlands (Burns et al., 2013). Extracellular lignin modifying enzymes are widespread among 

prokaryotes (Janusz et al., 2017; Janusz et al., 2020) and a wide array of bacteria has cellulose degradation potential 

including Chloroflexi, Bacteroidetes, Gemmatimonadetes, and Planctomycetes (Baker et al., 2015). These bacteria thrive 

under aerobic conditions and are responsible for depolymerization in the oxic horizon (Yarwood, 2018). After the 

depolymerization of lignocellulose, subsequent degradation of released monomers and dimers can be mediated by a more 780 

diverse microbial community (Juottonen et al., 2017).  

 

Small molecules derived from aerobic biopolymer degradation can be readily utilised under anaerobic conditions, but the 

continued degradation of plant biopolymers under anaerobic conditions becomes enzymatically challenging (Mcgivern et al., 

2021). For example, under anaerobic conditions, the proposed ‘enzymic latch’ (Freeman et al., 2001) could inhibit the 785 

further degradation of lignocellulose. Furthermore, polyphenols are toxic to microorganisms, can inactivate enzymes and 

bind substrates, so their accumulation can also inhibit saccharide degradation (Fenner and Freeman, 2020). However, other 

studies (Urbanova and Hajek, 2021; Mcgivern et al., 2021) found that polyphenol degradation products could be generated 

under anaerobic conditions, showing metabolite and enzyme signatures, as well as uninhibited degradation of 

polysaccharides. Moreover, lignin can be utilized by some members of the Bathyarchaeia anaerobically through O-790 

demethylation of lignin monomers, although enzymes of anaerobic depolymerisation remain elusive (Yu et al., 2022). O-

demethylation reduces the methoxy-groups of lignin monomers to hydroxyl moieties, using them as an energy and carbon 

source (Yu et al., 2018; Hou et al., 2023). 

 

Aside from the role of redox state, lignin is more recalcitrance to degradation than cellulose because of the higher energy 795 

investment due to its chemical complexity (Gunina and Kuzyakov, 2022), as reflected by the diversity of lignin-modifying-

enzymes (Janusz et al., 2017). Differences in degradation rates can be mitigated via enhanced extracellular lignase and 

cellulase activity under higher temperatures, due to higher kinetic efficiency of the associated enzymes (Chen et al., 2020). 

However, this contrasts with our finding of pronounced aromatic enrichment in the tropical sites. Given increasing evidence 

for abundant Bathyarchaeia in deep peat (Pavia et al., 2024) and their lignin-degrading capacity (Dong et al., 2025; Yu et al., 800 

2018), we do not suggest that lignin degradation has ceased. However, aromatic enrichment at depth indicates the continued 

and more rapid degradation of other biopolymers. The deep peat microbial community includes a wide variety of Archaea 
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and Bacteria with polysaccharide-degrading capacities (Pavia, 2024). In fact, even the aforementioned Bathyarchaeia are 

metabolically diverse, likely contributing to multiple downstream OM degradation pathways in deep peat (Pavia et al., 

2024).  805 

 

Collectively, our data and previous work suggest that differential degradation of biopolymers is enhanced at tropical sites 

and occurs under both oxic and anoxic conditions, resulting in a progressive increase in tropical peat aromaticity. Moreover, 

the logarithmic decrease in polysaccharide content suggests that OM becomes increasingly recalcitrant at depth. A decrease 

in peat OM reactivity with depth was also observed by Hoyos-Santillan et al. (2015), who attributed this to low oxygen or 810 

enzyme penetration in the peat profile. Our work suggests that the increasingly refractory character of the OM is also an 

important control on the rates of peat degradation. This contributes to our understanding of why depth is such an important 

variable in microbial diversity in tropical peatlands (Too et al., 2018; Dom et al., 2021) and general wetland microbiome 

functioning (Borton et al., 2025). 

 815 

Future work should explore other factors governing peat reactivity. Given the variability in peat-forming vegetation and its 

susceptibility to environmental change (Page et al., 2022), we suggest that the so-called homefield-advantage (HFA) could 

also be important. HFA theory argues for an intimate interaction between the microbial community and OM composition 

(see Dehaen et al., 2025 and references therein), such that subtle differences in OM character cause specialisation in the 

microbial community and their capacity to degrade that specific peat substrate (Austin et al., 2014). Previous studies have 820 

shown that allochthonous leaf litter introduced to peat decomposes more slowly than autochthonous leaf litter, suggesting 

that the peat microbial community is moulded to the latter (Hoyos‐Santillan et al., 2017). Our HCA analysis detects in even 

highly degraded peat a macromolecular fingerprint of the vegetation from which that peat formed. This confirms a 

macromolecular basis for HFA; in fact, HFA could persist even in deep (> 50 cm) peat, reflecting the molecular composition 

of ancient peat-forming vegetation communities. Taken together, there are likely multiple interactions between the microbial 825 

community function and the macromolecular composition of peat. The microbial community is optimized to degrade the 

litter from its specific peatland vegetation, from the most labile material at the top of the profile to the most recalcitrant 

“leftovers” at the basement. 

4 Conclusion 

In this work, we explored the OM characteristics of a range of tropical and two temperate peatlands. We demonstrated the 830 

applicability and utility of py-GC-MS to gain insight into the peat macromolecular composition of lowland tropical peatlands 

in comparison to FTIR, which featured limits, likely due to silicate mineral interference in some of the tropical sites. We 

characterized major trends in our dataset of downcore peat profiles and vegetation, such as a strong decomposition signal as 

indicated by an enrichment of aromatic and aliphatic macromolecules. We also show that the source vegetation showed 
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unique pyrolytic signatures, which could still be detected in the peat that had undergone intense degradation and at depth (> 835 

50 cm). These pyrolytic signatures imply a unique vegetation signal retained in the peat that could form a chemical basis to 

the home advantage theory. Furthermore, selective degradation of polysaccharides to aromatic biopolymers follows a natural 

logarithmic decline with depth and the slope is consistent across all sites. This indicates that lowland tropical peatlands have 

a uniform decomposition regime, which leaves the peat OM highly aromatic (and aliphatic) in character in deeper horizons. 

The aromaticity of peat at depth can help explain why depth is such an important variable in microbial diversity in tropical 840 

peatlands, which aids our understanding of how peat will respond to human-induced degradation and global warming on the 

global scale of tropical peatlands. Furthermore, this study can serve as a basis for integrating OM pools into tropical peat 

accumulation models, furthering our understanding of tropical peat dynamics. 
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Appendix A 

 845 
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Figure A1: Pyrograms of three surface samples with different vegetation covers and a deep sample. (a) Surface sample at TR 

shows plenty of polysaccharides which are enriched in Sphagnum material. (b) CIH shows high peak of syringols which are 

abundant in hardwood. (c) Surface sample of SSPS4 shows a large peak of P3 (Vinyl-phenol) which is a sedge biomarker. (d) The 

deep sample of SSPS4 is marked by lacking polysaccharide peaks by extended degradation. 

 850 

Figure A2: PCA biplot on the normalized pyrolysate fractional abundances of the peat and plant dataset combined. Vectors are 

individual pyrolysates coloured on their canonical macromolecular assignment.  
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Figure A3: PCA biplot of PC3 and PC4 on the normalized pyrolysate fractional abundances in the A) plant and B) peat dataset 

separately. Vectors are individual pyrolysates coloured on their canonical macromolecular assignment.  855 

 

Figure A4: Extractable n-alkane ratio C23/C31 which represents Sphagnum contribution in UKTR_2 and UKTR_1. UKTR_1 

shows a higher abundance of Sphagnum, collected in a hollow, while UKTR_2 has less Sphagnum, collected in a hummock. 
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