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Abstract  21 

Methane is emitted naturally from peatlands, but controls on those emissions and their response to 22 

global warming remain debated. Previous research attempted to assess this by exploring how 23 

methane cycling responded to past warming events, with lipid biomarker signatures for 24 

methanotrophy (the 13C-depletion of bacterially-derived hopanoids, 13Chop) revealing changes to the 25 

methane cycle during the Paleocene–Eocene Thermal Maximum (PETM). However, the lack of 26 

modern analogues has hindered interpretation of those changes. We present new 13Chop data from a 27 

suite of tropical peatlands, including the discovery of exceptionally 13C-depleted hopanoids, with 28 

values approaching those of the PETM. Across all sites, 13Chop decreases with increasing pH, likely 29 

co-occurring with a shift from predominantly hydrogenotrophic to acetoclastic methanogenesis 30 

pathways. Modern sites with the lowest 13Chop have elevated methane emissions, higher Type I to 31 

Type II methanotroph ratios, and higher methanogen proportions, linking hopanoid isotopic depletion 32 

to enhanced methane production and flux. These insights allow re-evaluation of geological records, 33 

with low PETM 13Chop also indicating intensified peatland methane emissions. Such processes 34 



evidently acted as positive feedbacks in the past and could do so in the future – not only as a direct 35 

response to warming but indirectly via changes to peatland hydrology and geochemistry. 36 

Main 37 

We must improve our understanding of how climate change impacts biogeochemical processes, 38 

especially greenhouse gas emissions.1-3 Peatlands are of particular interest since they are massive 39 

carbon sequestration sites,4,5 but also large natural sources of atmospheric methane – both today6,7 40 

and over the past ~400 Myrs.8 This methane exerts a strong influence on Earth’s radiative budget and 41 

hence global temperature,6,9 yet our ability to anticipate future changes in peatland methane 42 

emissions is limited by the complexity of the methane cycle. Emissions are governed by the interplay 43 

between methane oxidation and production, both of which are sensitive to environmental changes, 44 

including temperature, hydrology, vegetation, and pH.10,11 Higher temperatures can enhance peatland 45 

methane emissions due to elevated microbial metabolism, but climate-based differences in peatland 46 

hydrology and vegetation can simultaneously either reduce or amplify those emissions.12-15  47 

Key insights into future biogeochemical responses to global warming can be revealed by their past 48 

responses.16 The Palaeocene-Eocene Thermal Maximum (PETM) has been a focus for such 49 

investigations, including several that indicate a profound change in peatland17-20 and lacustrine 50 

methane cycling.21 Such findings complement Earth System modelling studies that suggest methane 51 

played a key role in driving global temperatures during greenhouse periods.22,23 Pancost et al. (2007) 52 

first observed a significant decrease in the 13C of bacterial derived hopanoids across the (onset of 53 

the) PETM in the Cobham Lignite, which indicated a dramatic increase in the proportion of 54 

methanotrophic vs heterotrophic hopanoid-producing bacteria (HPB).24 This finding has been recently 55 

replicated, with similar depleted hopanoid 13C found in lignites from the PETM of New Zealand (Inglis 56 

et al. 2020), the PETM and adjacent intervals in the high Arctic,18-20 and the PETM and other Eocene 57 

hyperthermals in NE China.20 58 

Unfortunately, the lack of modern analogues for these 13C-depleted hopanoids25 has precluded a 59 

mechanistic understanding of past perturbations or even their interpretation as positive or negative 60 

feedbacks. A stronger methanotroph signature could be a response to increased methane production, 61 

associated with greater methane emissions, or hydrological changes that favour methanotrophic 62 

consumption of a stable methane flux, causing a decrease in methane.26 As such, we lack a functional 63 

insight of what depleted hopanoid 13C values in the geological past mean in terms of methane 64 

emissions and climate feedbacks. To address this gap, we extended the existing modern database of 65 

peatland hopanoid 13C values,25 discovered low hopanoid 13C values, and interpret them in the 66 

context of environmental conditions, microbiological profiling, and methane emissions. We then revisit 67 

previous PETM sections, reinterpreting them in the context of our modern observations. 68 

 69 

A global perspective on wetland hopane/ene stable carbon isotopic 70 

compositions 71 



We expanded the Inglis et al. (2019) dataset with additional data from Amariei (2024) and eight new 72 

sites, focusing on adding a global distribution of low-lying tropical sites (Table 1, Supplementary Fig. 1 73 

and Supplementary Excel A). We discuss these data as a single global dataset, but downcore bulk 74 

peat characteristics are shown for the eight new sites only (Supplementary Fig. 2). Hopanoids are 75 

biosynthesized by a wide range of bacteria, both hetero- and methanotrophs.27 The balance between 76 

these two metabolisms can be qualified using stable hopanoid 13C values25 with values < -50‰ often 77 

representing incorporation of 13C-depleted methane,28,29 and values > -50‰ likely having a more 78 

heterotrophic origin. As hopanoids exist as different forms in wetlands,30,31 we focus on the most 79 

abundant components: short-chain (< C30) hopanes/enes, C31 αβ hopanoids, and C31 ββ hopanoids, 80 

with a strong emphasis on the 13C of hop-22(29)-ene (diploptene). 81 

Table 1. New Study Sites, including acronyms, major vegetation, site coordinates, mean annual 82 

temperature (MAT), and pH (further data in SI). 83 

Site Acronym Major Vegetation 
Site 

Coordinates 
MAT / ℃ pH 

Colombia Amacayacu 

Cananguchal 

CAC Mauritia flexuosa 
L.f. (Arecaceae) 

palm 

3°48'25.4"S 
70°13'40.3"W 

26 5.4 

Colombia Amacayacu 

Pantano 

CAP Montrichardia 

arborescens (L.) 

Schott (Araceae) 

3°48'50.5"S 

70°16'03.5"W 

26 6.6 

Colombia Inírida 
CIH Hardwood trees 3°45'02.6"N 

67°49'45.7"W 

26 5.3 

Panama Hardwood 

SSPS2 Raphia taedigera 

& Campnosperma 

panamensis, 

9°22'51.4"N 

82°22'00.4"W 

26 4.0 

Panama Sawgrass 
SSPS4 Cladium mariscus 9°23'01.5"N 

82°21'57.7"W 

26 4.0 

United States, Everglades 

Lilypad 

US_WCA1 Nymphaea 

odorata water lily  

26°30'18.0"N 

80°15'52.0"W 

23 6.6 

Uganda Papyrus 

(Mpologoma Peatland) 

UMp_PA2 Cyperus 

papyrus (papyrus) 

0°57'53.3"N 

33°44'31.3"E 

20 6.6 

UK Ombrotrophic Bog (Tor 

Royal) 

UKTR_1 Sphagnum with 

some sedge 

50°32'08.4"N 

3°58'15.5"W 

8.1 4.8 

 84 

A range of hopanes/enes were identified (Supplementary Fig. 3). In our global database, hop-22(29)-85 

ene (diploptene) had an average 13Cdip of -36.0‰, but a large range of -23.0 to -57.0‰. Crucially, the 86 

lowest diploptene 13C values were >10‰ depleted relative to all previous reported hopanoids from 87 

any modern peatland and occurred at the Colombian Amacayacu Pantano Swamp (CAP; up to -88 

56.7‰). Low values (up to -42.4‰) also occurred in the Mpologoma Papyrus Swamp (UMp_PA2), 89 



despite the dominance of C4 vegetation (Supplementary Fig. 4). The average C31 αβ hopane (22R 90 

stereoisomer) 13C was -26.8‰, with a range of -17.0 to -35.0‰. As previously observed, C31 91 

hopanes were frequently 13C-enriched relative to n-alkanes, likely due to preferential heterotrophic 92 

consumption of 13C-enriched substrates.24,26 Consequently, across all sites, C31 αβ (and ββ) hopane 93 

13C values were almost always enriched in 13C compared with diploptene (Supplementary Fig. 4), 94 

and diploptene exhibited the greatest variability.  95 

This observation is consistent with previous studies (Inglis et al., 2019) indicating that diploptene is 96 

the most sensitive to changes in the balance between heterotrophic and methanotrophic bacteria. The 97 

ratio of diploptene to C31 hopane abundance (all isomers) increases with pH (R2 = 0.48, p << 0.01; 98 

Supplementary Fig. 5) and hopanoid 13C-depletion (R2 = 0.42, p << 0.01; Supplementary Fig. 5), 99 

confirming enhanced production of diploptene where stronger methanotrophy signals are observed, 100 

rather than diminished heterotrophic production. This is consistent with diploptene being derived from 101 

a wide range of bacteria, including methanotrophs.32 In contrast, C31 hopanes have lower 102 

methanotroph contributions as they derive from the degradation of tetrafunctionalised BHPs, but 103 

diagnostic methanotroph BHPs are penta- and hexa-functionalised.33  104 

Heterotrophs comprise a significant part of the peat HPB community,34 and changes in substrate can 105 

drive hopanoid 13C values without a change in the methanotroph/heterotroph balance.24,25,29 This is 106 

especially true for the Ugandan Papyrus Swamp, which features C4 vegetation. Corrections are done 107 

using either plant-derived biomarkers (leaf wax n-alkanes) or bulk organic matter: 13C = 13Chopanoid – 108 

13Calk/TOC.25 To explore which n-alkane provides the greatest fidelity for representing bulk organic 109 

matter, we compared 13Calk and 13CTOC for the new sites (see supplementary information, section 4, 110 

and Supplementary Figs. 6, 7). Based on that analysis, we report hopanoid 13C values as offsets 111 

relative to n-C27 to maximise consistency with previously published data; the exception is the peatland 112 

dominated by C4 plants, for which we use n-C23. The average diploptene values corrected for biomass 113 

(13Cdip-alk) were -3.8‰, ranging from -20 to +9‰, whereas the average C31 αβ hopane (22R) 13Chop-114 

alk value was higher (+6.1‰) with a narrower range of -2 to +16‰. Trends among sites are consistent 115 

with unadjusted 13C values, apart from the Ugandan Papyrus Swamp, where the correction for 13C-116 

enriched C4 vegetation yields a strong 14.6‰ depletion in 13Cdiploptene relative to peat biomass. 117 



 118 

Figure 1. The variation of modern 13Chopanoid-n-alkane between peatlands with pH across the top 100 cm. 119 

The spread of 13Chopanoid-n-alkane for a) C31  22R; b) C31  c) ≤C30 hopenes; and d) ≤C30 hopanes across 120 

peatlands are grouped by observed (surface) pH; pH ≤ 4, dark blue, n = 40; 4 < pH ≤ 5, dark green, n = 91; 5 < 121 

pH ≤ 6, light green, n = 35; pH ≥ 6, yellow, n = 30. Data originate from different depths within the top 100 cm, and 122 

each depth from a single site is treated as a unique datapoint. The panel shows δ13Chopanoid corrected by the most 123 

appropriate δ13Cn-alkane (13Chopanoid-n-alkane) as discussed in the supplementary information. Dots on the graph are 124 

data points and box plots show the spread of the (same) data for each category. For pH ≤ 4: C31  22R, n = 22; 125 

C31  n = 19; ≤C30 hopenes, n = 39; ≤C30 hopanes, n = 30. For 4 < pH ≤ 5: C31  22R, n = 74; C31  n = 56; 126 

≤C30 hopenes, n = 104; ≤C30 hopanes, n = 6. For 5 < pH ≤ 6: C31  22R, n = 14; C31  n = 12; ≤C30 hopenes, n 127 

= 15; ≤C30 hopanes, n = 12. For pH > 6 4: C31  22R, n = 8; C31  n = 14; ≤C30 hopenes, n = 24; ≤C30 128 

hopanes, n = 17.  129 

For all hopanoids, sites with pH ≥ 5.5 had more negative and a larger spread of 13Chop-alk values (-20 130 

to +3‰) than peatlands with a pH < 5 (-5 to +5‰) (Figs. 1, 2). The 13Cdip-alk also became more 131 

negative with increasing pH (Fig. 2), with the lowest (average) 13Cdip-alk occurring in three high pH, 132 

minerotrophic sites: the Peruvian Buena Vista forested peatland (Amariei, 2024; 13Cdip-alk = -10.0‰, 133 

pH = 5.8) and the Uganda Papyrus and Colombia Amacayacu Pantano Swamps (-13.6 and -14.6‰ 134 

respectively, both with measured pH = 6.6). However, other sites with similar modern pH do not have 135 



such depleted values. For example, in the Everglades Lilypad Swamp (pH 6.6), 13Cdip-alk ranged 136 

between -8 and -5‰, indicating that pH is not the sole control on methanotroph abundances.  137 

Figure 2. The variation of modern peatland 13Cdip-alk with modern peatland pH. Crossplot of current peatland 138 

pH against 13Cdip-alk for combined dataset (upper 100 cm, n = 86). Symbols/colours distinguish previously recorded 139 

(A. Amariei et al., 2024, n = 4, filled grey triangles), and previously published (Inglis et al., 2019, n = 37, filled red 140 

circles) from new data (This study, n = 45, filled blue circles). Most datapoints have been corrected with n-C27 141 

except Ballyduff Bog, Ireland (Inglis et al. 2019; corrected with n-C29 since n-C27 was not determined) and the 142 

Uganda Papyrus Swamp (This study; corrected with n-C23 to reflect dominant vegetation). In places where n-C27 143 

was absent for a particular sampling depth, the average of n-C27 across all depths at that site was used. A simple 144 

linear regression was calculated to determine R2 and significance values. 145 

Since our work suggests dramatic variations in peatland methanotroph communities, we used 16S 146 

rRNA sequence data at our new sites to explore the methane oxidising bacterial (MOB) community 147 

(Fig. 3, Supplementary Fig. 9). MOB represented a small portion of the bacterial community, having a 148 

relative abundance < 18%; however, MOB proportions exhibited the anticipated depth profiles, with 149 

their greatest proportion occurring at/near the peat surface and anticipated redox boundaries 150 

(Supplementary Fig. 9). Sites with the lowest 13Cdip-alk values (Colombia Amacayacu Pantano and 151 

Uganda Papyrus Swamps) did not have highest MOB proportions, and we observe no significant 152 

relationship between 13Cdip-alk and %MOB derived from 16S rRNA data (R2 = 0.27, p >> 0.05). It is 153 

likely that peatland hopanoid 13Cdip-alk values do not directly reflect relative 16S-derived MOB 154 



abundance, since lipid biomarkers record an integrated signal over decadal timescales,35 while 16S 155 

rRNA reflects much shorter timescales.  156 

We also explored the specific methanotroph carbon assimilation pathway in these tropical peatlands, 157 

specifically the relative contribution of Type I and Type II methanotrophs.12,36 Type II methanotrophs 158 

were always more abundant than Type I methanotrophs (Supplementary Fig. 9), consistent with 159 

previous studies that mainly focused on acidic and boreal peatlands (e.g.37,38). However, in the 160 

Colombia Amacayacu Pantano and Uganda Papyrus Swamps, sites with the lowest 13Cdip-alk, the 161 

proportions of Type I MOB within the total (Type I + II) MOB pool were higher, with maxima up to 36% 162 

compared to < 5% elsewhere; and Type I/ (Type I + II) ratios were negatively correlated to 13Cdip-alk 163 

(R2 = 0.9, p << 0.01; Supplementary Fig. 10). The differing carbon assimilation pathways of Type I 164 

and II MOB can lead to greater 13C-depletion in Type I bacterial lipids compared to Type II MOB.25,28,37 165 

Thus, this shift in MOB community could contribute to (but is not large enough to fully explain) the 166 

larger 13Cdip-alk offsets observed in the Colombia Amacayacu Pantano and Uganda Papyrus 167 

Swamps. Crucially, some studies suggest that Type I MOB are more abundant relative to Type II MOB 168 

in environments where methane- and nutrient-limitation is alleviated,39,40 indicating that the sites with 169 

greater proportions of the former are characterised by nutrient-rich conditions and/or high methane 170 

fluxes.40 171 

 172 

Figure 3. The variation in 13Cdip-alk with % Type I of (Type I + II MOB) across peatlands from this study 173 

(CERES) only. The distribution of observed 13Cdip-alk values corrected for vegetation with the most appropriate 174 

n-alkane (see Supplementary Figs. 6, 7). The data are colour-coded based on a 10% threshold for high (red) or 175 

low (blue) contributions of Type I MOB relative to total Type I + II MOB, based on 16S rRNA sequence analysis. 176 

16S rRNA data was only available for the new data and not previously analysed sites. The plot shows data from 177 

across the top 100 cm of peat cores from this study only and treats each depth as a unique datapoint since 178 

methanotroph and Type I MOB abundances vary dramatically with depth reflecting requirements for both 179 

methane and oxygen. No microbiology data was available for Colombia Inirida Hardwood, so this is not included 180 

in figure 3. The percentages used to define each grouping are arbitrary and based on the average % of Type I 181 

MOB across the top 100 cm of this dataset. The box plots show the spread of the data for above and below the 182 

mean of total Type I MOB %, and the mean of each grouping is also indicated by the respective box plot.  183 

Causes of hopanoid 13C-depletion in some peatlands 184 

The tropical (and high pH) Peruvian Buena Vista Hardwood, Ugandan Papryus and Colombia 185 

Amacayacu Pantano swamps are the first modern peatland analogues for past global change events 186 

that feature strikingly 13C-depleted hopanoids. This depletion likely reflects a larger MOB community, 187 



despite the lack of a clear signal in the 16S rRNA community analysis, enhanced by higher 188 

abundances of Type I methanotrophs.28 High temperatures directly stimulate methanotrophy,41-43 but 189 

we do not observe 13C-depleted hopanoids at all tropical peatland sites, and MAT is poorly related to 190 

13Cdip-alk (R2 = 0.1, p << 0.01; Supplementary Fig. 8). Instead, hopanoid evidence for methanotrophy 191 

appears to be a response to higher methane flux, consistent with previous experimental studies.44 192 

Tropical peatlands have higher CH4 emissions compared with temperate peatlands,13 reflecting high 193 

rates of CH4 production45-47 that would fuel methanotrophic growth. Confirming this, CH4 fluxes from 194 

the Peruvian Buena Vista, Colombia Amacayacu Pantano and Uganda Papyrus swamps are notably 195 

higher than sites with heavier 13Cdip-alk, and they are high emission end-members among global 196 

peatlands (Supplement Section 7).48 Higher proportions of Type I to Type II MOB relative abundances 197 

are also consistent with these peatlands being high methane flux environments.40 Maintaining 198 

elevated methane emissions despite inferred greater methanotrophic activity requires high methane 199 

production rates, suggesting larger methanogen populations; and proportions of methanogens from 200 

our new sites, derived from 16S rRNA are consistent with this (Supplementary Figs. 9,11).  201 

Methane production, therefore, is almost certainly the primary control on hopanoid 13C-depletion, and 202 

this provides a mechanism for the strong correlation between depletion and pH (Fig. 2). Typically, 203 

acidic and nutrient-poor peatlands are dominated by hydrogenotrophic methanogenesis, whereas 204 

acetoclastic methanogens dominate in minerotrophic and high pH settings,49,50 with the latter 205 

associated with higher rates of methanogenesis and greater methane emissions.51,52 Hopanoid 13C 206 

values have not been corrected for CH4 13C, but doing so would yield the opposite trend to that 207 

observed; the dominance of acetoclastic over hydrogenotrophic methanogenesis at high pH would 208 

cause higher rather than lower hopanoid 13C values.53 Instead, greater abundances of 209 

methanotrophic HPB inferred from 13Cdip-alk in high pH settings reflect the higher rates of methane 210 

production. This also explains why some high pH sites, like the Everglades Lilypad Swamp, have low 211 

13Cdip-alk values; it is nitrate-rich due to agricultural contamination,54 which likely suppressed 212 

methanogenesis.55  213 

Although high pH appears to be a pre-condition for strong biomarker signatures for methanotrophy, 214 

many high pH sites do not exhibit them (Fig. 2), indicating the importance of other factors, such as 215 

vegetation and hydrology.48 Higher water table levels (WTL) in tropical peatlands promote anoxic 216 

conditions, enhancing methanogenic activity and methane production.46,56 Many of our tropical sites 217 

are characterized by high WTLs, but the Buena Vista peatland,57 Uganda Papyrus and Colombia 218 

Amacayacu Pantano swamps are distinguished by being hydraulically associated with river systems 219 

which result in persistently high but seasonally variable WTL (Supplementary Information Section 1). 220 

Microbial community analysis confirms that the elevated WTLs support methanogen populations 221 

throughout the peat profile at the latter two sites and especially at the surface (Supplementary Fig.11). 222 

Moreover, association with rivers provides elevated nutrients for both plants and methanogens, and 223 

Buena Vista57 and our sites, are all minerotrophic. Increased nutrient supply promotes microbial 224 

growth and reduces the lag time before the onset of methanogenesis, favouring both methanogenic 225 

and methanotrophic processes.58 Vegetation further influences peatland CH4 production by stimulating 226 



the microbial community through primary productivity and root exudates.59 The Ugandan Papyrus and 227 

Colombian Amacayacu Pantano peatlands are dominated by two highly productive macrophytes that 228 

can reach up to 5 m and have well-developed root systems. For example, Cyperus papyrus can 229 

transport fresh organic carbon to deeper peat layers,50,60 including methanogenic substrates such as 230 

acetate.61 Consistent with this, higher methanogenic potentials and methane flux have been observed 231 

from rich and intermediate fens compared with poor fens,62 with the former characterised by higher 232 

water table positions, nutrient availability, and pH.63 Therefore, highly negative 13Cdip-alk values in 233 

peatlands evidently reflect a methanotroph population fuelled by high methane production in 234 

hydrologically dynamic, nutrient-rich, high pH settings.  235 

 236 

Implications for understanding past (and future) peatland methane feedbacks 237 

To compare our modern dataset with ancient peatlands, we compiled all palaeoenvironmental records 238 

for which 13Chop-alk and reconstructed pH (see Supplementary Information A, and B section 8) are 239 

available (Fig. 4). The available data are limited to the PETM (Cobham and Otaio Gorge sections)18,25 240 

and the early/mid Holocene (Hongyuan and Hani peat).64-67 We complement those with our modern 241 

sites, for depths deeper than 100 cm, reflecting the mid/late Holocene. The modern and ancient data 242 

are remarkably consistent, exhibiting a significant negative relationship between pH and 13Chop-alk 243 

(Fig. 4). These findings have major implications for previous and ongoing investigations of past 244 

changes in peatland methane cycling. Most importantly, our finding that 13C-depleted hopanoids are 245 

associated with high methane production rates and methane emissions indicates that their occurrence 246 

in ancient peatlands17,18,20 is also evidence of high methane production. This confirms that the 247 

peatland methane cycle acted as a positive feedback during past transient warming, at least at the 248 

studied PETM sites.  249 

Our new modern observations also provide a mechanistic framework for understanding those past 250 

changes. With respect to the PETM, it is tempting to attribute changes in methane cycling to higher 251 

temperatures, given the widespread evidence of significant warming.68,69 However, neither ancient 252 

(e.g. Inglis et al., 2020; Pancost, 2024) nor modern settings (this work) exhibit a strong relationship 253 

between temperature and 13Chop-alk (Supplementary Fig. 8). Instead, changes in methane cycling 254 

recorded by 13Chop-alk are driven across multiple timescales by the interaction of pH, vegetation, and 255 

hydrology. The decrease in 13Chop-alk values at the PETM co-occurs with a dramatic increase in pH at 256 

both Cobham25 and Otaio Gorge (Fig. 4).18 Remarkably, both are also associated with an apparent 257 

increase in the proportion of Type I methanotrophs,70,71 confirming their analogous character to the 258 

Uganda and Colombian Pantano peatlands. Both PETM sequences are associated with changing 259 

hydroclimate, with sedimentological evidence at Cobham indicating increased flooding,72,73 and 260 

climate simulations indicating that both regions were characterised by more extreme precipitation 261 

during the PETM.74 Such factors have not been included in previous Earth system modelling efforts to 262 

reconstruct past terrestrial methane emissions (e.g.23) and their inclusion will likely exacerbate the 263 

methane emission feedbacks identified in those studies, given the geographically widespread 264 



intensification of PETM extreme rainfall events.74 In fact, intensification of extreme rainfall events and 265 

associated biogeochemical consequences74 unites multiple observations of methane cycling 266 

perturbations in diverse settings across Mesozoic to Cenozoic timescales. For example, Sun et al. 267 

2025,21 observed a muted but clear depletion in hopanoids in a saline lake, attributed to alleviation of 268 

salinity by increased rainfall at the PETM onset.  269 

 270 

Figure 4. 13Cdip-alk vs reconstructed pH in modern and ancient peat deposits. The ancient pH has been 271 

reconstructed using the CBTpeat index and the calibration pHCBTpeat = 9.19+(2.69*CBTpeat),75 for paleo peatlands. 272 

For the modern peatlands (lightly shaded blue diamonds), the measured pH has been used. The ancient data 273 

includes 13C values for diploptene from sites from this study deeper than 100 cm (CERES sites, filled yellow 274 

circles, n = 14), the Hani peatland (Holocene, open green diamond, n = 41), the Hongyuan peatland (Holocene, 275 

open blue circle, n = 38) and the Cobham (open black circle with cross, n = 19) and Otaio Gorge Lignites (open 276 

orange triangle, n = 18) of PETM age.  277 

 278 

These hydroclimate changes were globally widespread at the PETM74 as well as other past 279 

hyperthermals – and could represent our future hot climate and associated rainfall extremes.7 It is 280 

understood that future hydroclimate change will impact terrestrial methane emissions through 281 

peatland expansion or contraction, depending on overall water balance.76 This work, by analogy with 282 

ancient warming events, confirms that future warming will also affect methane emissions through pH 283 

and hydrology-mediated changes in microbiology. Regions that experience increased hydroclimate-284 



induced changes in peatland connectivity to river systems appear particularly susceptible to 285 

experiencing enhanced methane emissions and acting as a positive feedback on global warming.  286 

 287 
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 500 

Methods 501 

Site descriptions are available in supplementary section 1, file B, and further information in 502 

supplementary section A. 503 

Lipid Biomarker Extraction and Characterisation 504 

Bligh and Dyer Extraction 505 

Freeze-dried peat samples were ground to a homogenized powder using a ball mill grinder. Roots and 506 

other plant fragments were not removed, in order to ensure a representative sample. Approximately 0.4 507 

g of ground peat was then extracted using a stepwise modified Bligh-Dyer approach.77,78 The first 508 



extraction was conducted three times using solvent mix A (methanol: dichloromethane: phosphate 509 

buffer; 2:1:0.8 v/v; 6.4 mL); the phosphate buffer had a concentration of 9.18 g L-1 and a pH 7.4.  The 510 

sample was vortexed for ~30 seconds and then sonicated in an ultrasonic bath for 15 minutes. 511 

Afterwards, the peat and extract were centrifuged at 3000 rpm for 12 minutes, and the supernatant was 512 

collected into a new vial. The residual peat was then extracted three times with solvent mix C (methanol: 513 

dichloromethane; 2:1 v/v; 6.4 mL), with supernatants again collected after centrifugation. The 514 

supernatants were combined and the solvent ratio adjusted to a methanol: dichloromethane: phosphate 515 

buffer (or double distilled water) ratio of 1:1:0.9 v/v. The samples were vortexed, and centrifuged (2500 516 

rpm, 10 minutes). The organic layer was collected with a glass pipette and evaporated to dryness under 517 

N2 to obtain a total lipid extract. 518 

Column Separation 519 

The total lipid extract was separated into four fractions through two column chromatography steps: acid 520 

and neutral compounds were first separated, and then the latter were separated into aliphatic, aromatic, 521 

and polar fractions. First, Isolute NH2 Bulk 100 Sorbent was added to a glass column (2 cm height) and 522 

pre-conditioned with dichloromethane: isopropanol (2:1 v/v; 6 mL). The sample was loaded onto the 523 

column and dissolved in a small volume of dichloromethane isopropanol (2:1 v/v). The neutral fraction 524 

was eluted using dichloromethane: isopropanol (2:1 v/v; 6 mL), and the acid fraction was then eluted 525 

using 6 mL of 3% acetic acid in methanol (v/v). Both fractions were dried under N2 (40°C). The neutral 526 

fraction was separated into aliphatic, aromatic and polar compounds using flash column 527 

chromatography. Silica powder (4 cm) was added to a glass column and preconditioned with hexane (2 528 

mL) before a small volume of hexane: dichloromethane (9:1 v/v) was used for sample loading. The 529 

aliphatic, aromatic and polar fractions were eluted using hexane (4 mL), hexane: dichloromethane (9:1 530 

v/v; 3 mL), and methanol: dichloromethane (2:1 v/v; 3 mL) respectively. Fractions were then dried under 531 

N2 (40°C).  532 

Urea adduction  533 

Urea adduction was carried out on the neutral aliphatic fraction from samples containing a much higher 534 

n-alkane concentration than the hopanes and hopenes. Two urea adduction cycles were carried out. 535 

For the first cycle, urea in methanol (10 %; 200 μL), acetone (200 μL), and hexane (200 μL) were added 536 

to the dried sample, and left in the freezer. After 60 minutes the solvents were removed under nitrogen. 537 

The dried crystals were washed three times with n-hexane (~ 1mL) and transferred into a vial 538 

(containing the non-adductable branched and cyclic alkanes/enes). The urea crystals were dissolved 539 

in methanol (500 μL) and double distilled water (500 μL), before adding hexane (~ 1 mL). The sample 540 

was vortexed for thorough mixing, and the adductable aliphatic alkanes were extracted three times with 541 

n-hexane (1 mL). This process was repeated once more on the adductable fraction to ensure that all 542 

the non-adducts were removed. These non-adductable fractions were combined and concentrated in a 543 

vial.  544 

GC-FID and GC-MS 545 

Aliphatic fractions (or adduct and non-adduct sub-fractions) were diluted with 40 μL ethyl acetate 546 

including 2 μL of a prepared androstane standard (0.3 μg/ μL). Aliphatic fractions were first screened 547 



using GC-FID (flame ionization detector) to assess sample quality and concentration; they were injected 548 

onto a Trace 1300 Gas Chromatograph in spitless mode at 70 °C, the temperature increased to 130 °C 549 

at 20 °C/min for 3 mins, then increased to 320 °C at 5 °C/ min for 47 mins, and then held isothermal for 550 

another 24.5 mins. A dimethylpolysiloxane non-polar capillary column (Agilent HP-1, 50 m x 0.320 mm, 551 

df 0.17 μm) was used, with helium as the carrier gas at a constant flow of 2 mL/ min. 552 

Aliphatic fractions (or adduct and non-adduct sub-fractions) were analysed via GCMS using a 553 

ThermoScientific Trace 1310 gas chromatograph coupled to an ISQ 7000 Quadrupole mass 554 

spectrometer. The column and injector were the same as for GC analyses. The oven temperature was 555 

set to 70 °C followed by a subsequent ramp of 4 °C /min to 300 °C, where the temperature was held for 556 

24 minutes. Helium was used as carrier gas, with a constant flow rate of 1 ml/min. The mass 557 

spectrometer continuously scanned m/z 50-650. Instrument performance was monitored using a fatty 558 

acid methyl ester (FAME) standard. Hopanes and hopenes (diploptene) were identified based on both 559 

mass spectra and retention times. Both the biologically derived R isomer and the diagenetic/geological 560 

S isomer of C31 17α(H),21β-homohopane were detected in the new dataset.  561 

GC-IRMS 562 

Short-chain n-alkanes (≤ n-C19) had low abundances precluding their carbon isotopic determination. 563 

Some samples exhibited co-elution between n-alkanes and hopanes or other hydrocarbons and were 564 

subject to urea adduction and subsequent silica column cleanup, as described above. Samples for GC-565 

IRMS, therefore, included aliphatic fractions, non-adductable and adductable fractions from urea 566 

adduction. For most samples, concentrations were very low; in these cases, the dried fraction was 567 

dissolved in 5 µL hexane, and 2 µL were manually injected onto the GC-IRMS. Where autosampler 568 

injection was possible, the sample was dissolved in 20 µL of hexane and 1 µL was injected.  569 

Gas chromatography-combustion-isotope ratio mass spectrometry (GC-C-IRMS) was performed using 570 

a Thermo Finnigan Delta Plus XP with an Agilent HP-1 column (50 m x 0.320 mm, df 0.17 μm). Samples 571 

were measured in duplicate (and the average value reported) and 13C values were converted to Vienna 572 

Pee Dee Belemnite (VPDB) notation by calibrating against an in-house reference CO2 gas of known 573 

13C value. Monitoring of the instrument stability was carried out through analysis of a six-component 574 

FAME (fatty acid methyl ester) isotope reference mixture after every two samples (4 injections), with an 575 

analytical precision of ±0.5‰. Averages and standard deviations were calculated based on the duplicate 576 

runs, and based on variations from the FAME standard. 577 

For the C31 αβ hopane, both the R and S isomers were integrated separately, although the latter was 578 

typically less than 10% of the total. Previous papers have reported solely 13C values of the C31 αβ 579 

hopane-22R isomer, although the S isomer was likely present in those as well. 580 

Bulk Organic Carbon Isotope Determination 581 

Dried, homogenised peat was weighed (~0.5  to 1 mg) into tin capsules. Analysis included the elemental 582 

C and N contents and 15N and 13C stable isotopes via a continuous flow isotope ratio mass 583 

spectrometer (Elementar Isoprime Precision; Elementar Analysensysteme GmbH, Hanau, Germany) 584 



coupled with an elemental analyser (EA) inlet (vario PYRO cube; Elementar Analysensysteme GmbH, 585 

Hanau, Germany), as described by Sgouridis et al., 2023 (section 2.2). Briefly, the EA was calibrated 586 

with sulfanilamide (N: 16.26 %, C:41.81 %, S: 18.62 %) and the precision as a RSD was <5% for both 587 

C and N. The IRMS was calibrated against international reference standards (caffeine: USGS61 (−2.87 588 

‰ 15N, −35.05‰ 13C VPDB), USGS62 (20.17‰ 15N, −14.79‰ 13C VPDB), USGS63 (37.83 589 

‰ 15N, −1.17‰ 13C VPDB) and the precision as a standard deviation (SD) was < 0.06‰ for both 15N  590 

and 13C stable isotopes.79 591 

Microbiology  592 

Microbiological data from Panama have been previously reported,80 although they were only briefly 593 

discussed, with no consideration of methanotroph community structure and have been reprocessed 594 

through the same pipeline for this study.  For sites new to this dataset, i.e the three Colombian sites, 595 

the Uganda Papyrus Swamp, and British Ombrotophic Bog, microbial community was analysed using 596 

microbial genomic DNA extraction and sequencing of 16S rRNA genes. Note: that the Tor Royal 597 

analyses were conducted on a different suite of cores than those used for biomarker analyses. After 598 

being stored in buffer, 400 mg of subsampled wet peat was community extracted using DNeasy® 599 

PowerSoil® Pro kit (Qiagen, Germany) following the provided protocol. The extract was eluted using 600 

Tris-HCl (10mM) before the concentration was measured using 1X dsDNA HS assay kit on a Qubit™4 601 

fluorometer (Invitrogen). The extract (30 μL) was sent to Novogene (Novogene UK Ltd., Cambridge), 602 

for 16S sequencing (V4 region) using polymerase chain reaction (PCR) techniques. Primers used were 603 

515F (TGCCAGCMGCCGCGGTAA) and 806R (GGACTACHVGGGTWTCTAAT).  All the old and new 604 

raw data were processed using the DADA2 pipeline Version 1.34.081 in R Version 4.4.3 to obtain 605 

amplicon sequence variants (ASVs), before being given taxonomic assignments based on Silvia 138.1 606 

database.82 Further analysis was carried out using data created into a phyloseq object using the 607 

package ‘phyloseq’ Version 1.50.0.  608 

Data Availability 609 

Sequencing data of the Cananguchal (CAC), Pantano (CAP) and Tor Royal (UKTR_1) samples 610 

generated in this study have been deposited in the NCBI Sequence Read Archive under BioProject 611 

accession number PRJNA1511607. 612 

Sequencing data of the Uganda Mpologoma Swamp Point A (UMS_PA) samples generated in this study 613 

have been deposited in the NCBI Sequence Read Archive under BioProject accession number 614 

PRJNA1511655.  615 

Sequencing data of the Panama and Everglades samples generated in this study have been deposited 616 

in the NCBI Sequence Read Archive under BioProject accession number PRJNA1356914. Link 617 

https://dataview.ncbi.nlm.nih.gov/object/PRJNA1356914?reviewer=4lsdbj3ckjb3g1gl4e0np2rl7u 618 
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