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Abstract 
[bookmark: _Hlk517772528][bookmark: _Hlk3963075][bookmark: _Hlk517773113]Methane emissions from peatlands contribute significantly to atmospheric CH4 levels and play an essential role in the global carbon cycle. The stable carbon isotopic composition (δ13C) of bacterial and plant lipids has been used to study modern and past peatland biogeochemistry, especially methane cycling. However, the small number of recent peatlands that have been characterised and the lack of consistency between target compounds means that this approach lacks a rigorous framework. Here, we undertake a survey of bacterial and plant lipid δ13C values in peatlands from different geographic regions, spanning a wide range of temperature (-8 to 27°C) and pH (~3 to 8), to generate a reference dataset and probe drivers of isotopic variability. Within our dataset, the carbon fixation pathway predominantly determines leaf wax (n-alkane) δ13C values. Bacterial-derived C31 hopane δ13C values track those of leaf waxes but are relatively enriched (0 to 10‰), indicating a heterotrophic ecology and preferential consumption of 13C-enriched substrates (e.g. carbohydrates). In contrast, ≤ C30 hopanoids can be strongly 13C-depleted and indicate the incorporation of isotopically light methane into the bacterial community, especially at near neutral pH (~5-6 pH). Previous analysis of Eocene sediments has suggested isotopic decoupling between C31 and ≤ C30 hopanoid δ13C values. Our work suggests a globally widespread decoupling in recent peatlands; this persists despite the profound diversity of hopanoid producing bacteria and associated controls on their δ13C values and it has significant implications for future work. Re-analysis of published data from: 1) the (mid-to-early) Holocene and late Glacial, and 2) latest Paleocene and earliest Eocene in this revised context highlights that perturbations to the peatland methane cycle occurred during the past, and we envisage that this approach could provide unique (qualitative) insights into methane cycling dynamics throughout the geological record.
1. Introduction
[bookmark: _Hlk11312598]Wetlands play an essential role in the global carbon cycle and are one of the largest carbon stores on land (> 600 PgC) (Yu et al., 2010). They are also the largest natural source of atmospheric methane (CH4) (Dean et al., 2018), with current emissions ranging between 55 and 230 Tg CH4 yr-1 (Turetsky et al., 2014). Increasing (tropical) wetland CH4 emissions could also be responsible for the unexpected increase in atmospheric CH4 concentrations since 2007 (Nisbet et al., 2016). This could have implications for tackling future global warming and highlights the importance of understanding wetland methane cycling during past warm climates.
[bookmark: _Hlk11312608]Temperature, hydrology, pH and vegetation primarily govern wetland CH4 emissions (Bridgham et al., 2013; Turetsky et al., 2014). CH4 emissions are further regulated by the interplay between methanogenesis and methanotrophy, all of which are controlled by a range of physical, biological and chemical processes (Segers, 1998). These disparate processes will exert complex controls on the stable carbon isotopic composition (δ13C) of wetland organic matter, which when untangled could serve as powerful tools for reconstructing the carbon cycle and microbial ecology in modern and ancient wetlands. 
Plant (e.g. leaf wax) δ13C values are governed by the concentration and carbon isotopic composition of ambient CO2 (which can deviate from atmospheric values), relative humidity and vegetation type (Collister et al., 1994; Diefendorf et al., 2011; Farquhar et al., 1989). However, plant δ13C values can also be influenced by aerobic methanotrophy. Previous studies indicate that 13C-depleted CH4 can be converted to carbon dioxide (CO2) within the water-filled hyaline cells of Sphagnum moss and subsequently incorporated into biomass (Kip et al., 2010; Raghoebarsing et al., 2005) and plant lipids such as phytosterols (up to -32‰; Elvert et al., 2016; Liebner et al., 2011) and mid-chain C21-C25 n-alkanes (e.g. C23 n-alkane: up to -43‰; Elvert et al., 2016; van Winden et al., 2010). As such, the occurrence of 13C-depleted plant lipids in wetland environments could be a useful tool to reconstruct Sphagnum-associated methanotrophy. However, more ground truthing is needed to upscale this approach globally.
[bookmark: _Hlk536544915][bookmark: bb0340]The interplay of plant biomass δ13C values, heterotrophy and methanotrophy will also govern the δ13C values of bacterial-derived hopanoid biomarkers. Hopanoids are produced by a wide range of bacteria (Talbot and Farrimond, 2007; Talbot et al., 2016b) and δ13C values of the C31 hopane range from -22 to -26‰ in recent wetlands (Pancost et al., 2003; Xie et al., 2004). This indicates a predominantly heterotrophic source (Pancost and Sinninghe Damsté, 2003; Pancost et al., 2000) and supports previous studies that have shown that the majority of precursor organisms biosynthesising hopanoids in peat-forming environments are heterotrophs (see Talbot et al., 2016a and ref. therein). Methanotrophy appears (perhaps unexpectedly) to be a minor control on hopanoid δ13C values. However, recent work on a limited set of recent wetland samples has shown that C30 hopenes can yield lower values (e.g. -up to -38‰; van Winden et al., 2010; Zheng et al., 2014). Low C30 hopene δ13C values (up to -60‰) have also been identified in lacustrine settings (Davies et al., 2015; Naeher et al., 2014), indicating incorporation of isotopically light CH4 into the bacterial community. As C30 hopenes are produced by a variety of organisms (including methanotrophs; e.g. Rohmer et al., 1984), these compounds may be suitable candidates for tracking changes in wetland CH4 cycling. However, due to the small number of recent wetlands that have been studied, as well as a lack of consistency between target compounds and the narrow range of wetland diversity sampled, our understanding of the impact of methanotrophy upon hopanoid δ13C values in wetland - and hence the CH4 cycle - remains limited. 
[bookmark: _Hlk11312483]Here we undertake a survey of n-alkane and hopanoid δ13C values from the upper meter of sediment in a range of peatlands (n = 199 samples from 37 peatlands in boreal, temperate and tropical regions), spanning a wide range of temperature (-8 to 27°C), pH (~3 to 8) and vegetation. We focus on peatlands as these contribute significantly to atmospheric CH4 levels. We use this to generate a reference dataset and assess the controls on n-alkane (C21 to C33) and hopane/hopene (C27 to C32) δ13C values, including heterotrophy, methanotrophy, temperature, pH and vegetation. Guided by these results, we use our dataset to re-interpret previously published hopanoid and n-alkane δ13C values from the mid-to-early Holocene and late Glacial (4 to 18 thousand years ago) and early Eocene and latest Paleocene (48 to 56 million years ago) and use these new interpretations to constrain the operation of the CH4 cycling during the past. 

2. Methods
2.1. Peat material
To expand the existing data and build a significantly larger database of hopanoid and n-alkane δ13C values, we analysed samples from a subset of the peatland database we developed previously (Naafs et al., 2017). This includes samples (n = 157) from 34 peatlands from boreal (Iceland, Finland, Norway, Sweden, Russia), temperate (Argentina, Canada, USA, Germany, Iceland, Iran, Spain) and tropical (Brazil, Peru, Indonesia, Kenya) geographic locations (Fig. 1; SI Appendix).  Samples (n = 42 from 3 sites) were also compiled from published studies (van Winden et al., 2012b; Xie et al., 2004; Zheng et al., 2014). 
	[image: ]

	Figure 1. Map with the location of all recent peatlands used in this study.



2.1.1. Sampling approach
Samples for the reference dataset (n = 199; section 2.1) were collected from different horizons within the top 50 to 100cm of peat. Our dataset includes: 1) surface samples, 2) samples above and below the acrotelm/catotelm boundary and 3) samples distributed throughout the peat. This approach allows us to assess both spatial and downcore variability. Our dataset also spans important biogeochemical gradients (e.g. acrotelm/catotelm boundary). 
[bookmark: _Hlk3470646][bookmark: _Hlk3470680][bookmark: _Hlk3470971]Variations in peat accumulation rates differ between sites, implying that the age of lipid biomarkers (and their δ13C values) might differ. However, the available age models indicate that the top 100cm of peat in our reference dataset range between 800 to 2000 years in age (Chambers et al., 2014; De Vleeschouwer et al., 2012; Lӓhteenoja et al., 2009; Page et al., 2004; Rydberg et al., 2010; Vӓliranta et al., 2007; Xie et al., 2004; Zheng et al., 2014). For sites without an age model, we use published accumulation rates (Aaby and Tauber, 1975; Gorham, 1991; Page et al., 2004; Sorensen, 1993) to estimate the approximate time interval captured by 100 cm of peat deposition. These estimates strongly suggest that the majority of our sites (all of which are < 100cm, and typically < 60cm) span the last 2000 years. Crucially, this means that our compilation reflects recent rather than modern processes. Hereafter, the data obtained from these upper 100 cm will be referred to as our “recent” reference dataset.  

2.2. Environmental parameters
[bookmark: _Hlk1660080]Environmental parameters (e.g. latitude, longitude, altitude, mean annual air temperature, pH and vegetation) were obtained for each site. This data is included within the supplementary information. Mean annual air temperature (MAAT) and altitude were calculated using the simple bioclimatic model PeatStash, which computes MAAT and altitude globally with a 0.5-degree spatial resolution (see Naafs et al., 2017). Directly measured pH data was used as reported (Naafs et al., 2017; Huang et al., 2018). Vegetation information was obtained from published studies (Broder and Biester, 2015; De Vleeschouwer et al., 2012; Huang et al., 2018; Jauhiainen et al., 2005; Lähteenoja and Page, 2011; Mauquoy et al., 2004; Pancost et al., 2011; Pancost et al., 2000; Souto et al., 2016; Souto et al., 2017; Zheng et al., 2014) or via personal communication (L. Rochefort, F. De Vleeschouwer, A. Rizzuti, A. Gallego-Sala, A. Sharifi, R. Bindler, L. Gandois). Each peatland is characterised by a wide variety of plants, including mosses, woody angiosperms, woody gymnosperms, graminoids and aquatic plants; as such, we have classified sites based upon the dominant plant type in each setting (see Fig. 1; SI Appendix). However, we note that other types of plants can be present and can be dominant in some depth intervals. There are also other parameters that may be important but are not considered here due to the methodological design (e.g. hydrology, substrate availability and microbial ecology).

2.3. Organic Geochemistry
2.3.1. Extraction and separation
[bookmark: _Hlk523817670]New peat material (see section 2.1) was extracted using an Ethos Ex microwave extraction system using 15 ml of dichloromethane (DCM) and methanol (MeOH) (9:1, v/v, respectively) at the Organic Geochemistry Unit in Bristol. These were all previously extracted by Naafs et al. (2017). The microwave program consisted of a 10 min ramp to 70 °C (1000 W), 10 min hold at 70 °C (1000 W), and 20 min cool down. Samples were centrifuged at 1700 rounds per minute for 3-5 min, and the supernatant was removed and collected. A further 10 ml of DCM:MeOH (9:1, v/v) was added to the remaining sample and centrifuged again, after which the supernatant was removed and combined with the previously obtained supernatant. This process was repeated 3-6 times, depending on the volume of sample, to ensure that all extractable lipids were retrieved. The total lipid extract (TLE) was initially separated over silica into apolar and polar fractions using hexane:dichloromethane (9:1, v/v) and dichloromethane:methanol (1:2, v/v), respectively. In some tropical peatlands (e.g. Peru), an unknown pentacyclic triterpene methyl ether (Jacob et al., 2005) co-eluted with the C31 ββ hopane. To enable subsequent δ13C analysis of the C31 ββ hopane, we therefore separated the apolar fraction over silica into a hydrocarbon and aromatic/ether fraction using hexane (100%) and hexane:dichloromethane (3:1, v/v) respectively.
[bookmark: _Hlk523817727]Urea adduction was used to separate cyclic (i.e. non-adduct) and aliphatic (i.e. adduct) hydrocarbons. This was performed on a subset of samples which contained a wide range of hopanoid lipids. To achieve this, 200 μl of hexane, 200 μl of acetone and 200 μl of urea (10% in MeOH) were successively added to the saturated hydrocarbon fraction. The sample was frozen for ca. 60 minutes until urea crystals formed. Solvent was then removed under a gentle stream of N2 and the urea extracted (×5) with ca. 1 ml of n-hexane (cyclic fraction). The urea crystals were then dissolved in 500 μl of MeOH and 500 μl of water and the aliphatic fraction was extracted (×5) with ca. 1 ml of n-hexane. The adduction procedure was repeated on the adduct fraction once more to ensure all non-adduct material was removed (Pancost et al., 2008).

2.3.2 GC-MS analysis
[bookmark: bb0290][bookmark: bb0210][bookmark: bb0285][bookmark: bb0240]Gas chromatography-mass spectrometry (GC-MS) was performed using a Thermo Scientific ISQ Single Quadrupole gas chromatography-mass spectrometer. Using helium as the carrier gas, 1 μl of sample (dissolved in hexane) was injected at 70 °C using an on-column injector. The temperature program included four stages: 70 °C hold for 1 min, 70–130 °C at 20 °C/min rate; 130–300 °C at 4 °C/min; and temperature hold for 20 min at 300 °C. The electron ionisation source was set at 70 eV. Scanning occurred between m/z ranges of 50–650 Daltons. The GC was fitted with a fused silica capillary column (50 m × 0.32 mm i.d.) coated with a ZB1 stationary phase (dimethylpolysiloxane equivalent, 0.12 μm film thickness). Hopanoids and n-alkanes were identified based upon published spectra, characteristic mass fragments and retention times (e.g. Van Dorsselaer et al., 1974, Rohmer et al., 1984, Uemura and Ishiwatari, 1995, Sessions et al., 2013).

2.3.3. GC-C-IRMS analysis
Gas chromatography-combustion-isotope ratio mass spectrometry (GC-C-IRMS) was performed using an Isoprime 100 GC-combustion-isotope ratio mass spectrometer system. Samples were measured in duplicate with a reproducibility of <0.5‰ and δ13C values were converted to VPDB by bracketing with an in-house gas (CO2) of known δ13C value. The Instrument stability was monitored by regular analysis of an in-house standard; long-term precision is ± 0.3‰. Injection volume was 1 μl onto to a Zebron-I nonpolar column (50 m × 0.32 mm i.d., 0.10 μm film thickness). GC conditions were the same as described above for GC-MS analysis (see 2.3.2). 


2.4. Statistical analysis
[bookmark: _Hlk3884642][bookmark: _Hlk3884660][bookmark: _Hlk3803847][bookmark: bb0155]To assess the correlation between different lipid biomarker δ13C values (e.g. C23 vs C25 n-alkanes) we calculated Pearson product correlation coefficients (r), residuals and probability plots. To determine whether two means are significantly different (p < 0.05), we used independent sample t-tests. To estimate the relationship between δ13C lipid values and environmental parameters we calculated Deming regressions and calibration coefficients of determination (R2) using the R software package (http://www.R-project.org/; see Inglis et al., 2018 for full code). Deming regressions differ from simple linear regressions as they consider the error on both the x- and y-axis (Adcock, 1878). Here, we assume that the error associated with proxy measurements and environmental parameters is independent and normally distributed. To calculate a Deming regression, we must define the standard deviation (σ) for both the x- and y-axis. For MAAT, the standard deviation is defined as 1.5 °C (see Naafs et al., 2017). For pH, the standard deviation is defined as 0.5 pH units (see Naafs et al., 2017). For the δ13C lipid values, the standard deviation and ratio of variance must also be defined. Residuals are used to evaluate the performance of the linear model and were calculated for the full dataset using the following equation:



3. Results
3.1.  n-alkane δ13C values
Saturated hydrocarbon fractions (n = 199) contained the range of n-alkanes (C19-C33) typically found in such settings (Pancost et al., 2003; Quirk et al., 1984; Xie et al., 2004) and were dominated by mid-chain (C21 to C25) and long-chain n-alkanes (C27 to C33). Mid-chain n-alkane (C21-C25) δ13C values average -33 ‰ and range from -27 to -39‰ (n = 286, σ = 2.0, skewness = - 0.4; Fig. 3). Long-chain n-alkane (C27-C33) δ13C values average -32 ‰ and range from -28 to -38‰ (n = 621; σ = 1.8, skewness = -0.7; Fig. 2).  Although the two n-alkane groups have similar carbon isotopic averages and ranges, the skewness and hence distribution profiles slightly differ. The δ13C values of compounds derived from similar sources are expected to be linearly correlated and with slopes of 1. Significant linear correlations do exist between mid-chain (C21-C25) n-alkane δ13C values (r = 0.73 to 0.90; p < 0.001; Supplementary Information) and between long-chain (C29-C33) n-alkane δ13C values (r = 0.76 to 0.91; p < 0.001; Supplementary Information). However, the correlation between mid-chain (C21-C25) and long-chain (C29-C33) n-alkane δ13C values is low (r = 0.07 to 0.29).
Within a single peatland, mid-chain n-alkanes exhibit minor variations in δ13C values (σ = 0.6 to 1.6‰; Fig. S1-S2) and the average downcore variability (σ = 1.1‰) is significantly lower than the global range (σ = 3.0‰). Long-chain n-alkanes also exhibit minor variations in δ13C values (σ = 0.7 to 2.0‰; Fig. S1-S2) and the average downcore variability (σ = 1.0‰) is lower than the global range (average σ = 1.8‰). Consistent with previous studies (e.g. Xie et al., 2004), there is also no significant variation in long-chain and mid-chain n-alkanes δ13C values between deep (>15 cm) and shallow (<15 cm) sections of the peat (Fig. S1-S2).
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	[bookmark: bb0010][bookmark: bb0020][bookmark: bb0090][bookmark: bb0120][bookmark: bb0125][bookmark: bb0205][bookmark: bb0360][bookmark: bb0385]Figure 2. Compilation of long-chain (C27-C33) n-alkane δ13C values in (a) modern peatland plants (Aichner et al., 2010, Brader et al., 2010, Ficken et al., 1998, Huang et al., 2010, Huang et al., 2012, Mead et al., 2005, van Winden et al., 2010, Xie et al., 2004) and (b) recent peatlands (this study). Peatland n-alkane δ13C values reported from the upper 100 cm only.



3.2. Hopanoid δ13C values 
Saturated hydrocarbon fractions (n = 199) contained the range of hopanes and hopenes typically found in such settings (Pancost et al., 2003; Quirk et al., 1984; Xie et al., 2004) and are described in detail in Inglis et al. (2018). The C31 αβ hopane - one of the most abundant hopanoids in peat (Inglis et al., 2018) - yields an average δ13C value of -26‰ with a range from -17 to -32‰ (n = 102, σ = 2.8, skewness = -0.49; Fig. 4). The average δ13C value of the C31 ββ hopane is similar with a value of -26‰ (n = 61; σ = 3.8, skewness = -1.1; Fig. 4). δ13C values of the C31 ββ and C31 αβ hopanes are positively correlated (r = 0.87; p < 0.001). There is also a linear correlation between δ13C values of the C31 hopane (both αβ and ββ) and long-chain n-alkanes (Fig. S3). 
	[image: ]

	Figure 3: Compilation of mid-chain (C23-C25) n-alkane δ13C values in (a) modern peatland plants (Aichner et al., 2010; Brader et al., 2010; Ficken et al., 1998; Huang et al., 2010; Huang et al., 2012; Mead et al., 2005; van Winden et al., 2010; Xie et al., 2004a), (b) Sphagnum-dominated peatlands (this study), and c) non-Sphagnum dominated peatlands (this study). Peatland n-alkane δ13C values reported from the upper 100 cm only.



Diploptene δ13C values average -33‰ and range from -29 to -45‰ (n = 66, σ = 3.8‰, skewness = - 1.3; Fig. 4). There is only a weak correlation between the 13C value of diploptene and those of C31 hopanes (r = 0.05), mid-chain n-alkanes (r = 0.18) and long-chain n-alkanes (r = 0.17) δ13C values. Where present, other C27 to C30 hopanoids (≤ C30 hopanoids, hereafter; Fig. 4) also have relatively 13C-depleted values. This includes the C27 hopene (-29.5‰; n = 4; σ = 1.8), C27-α hopane (-31.7‰; n = 11; σ = 0.95), C29-βα hopane (-32.4‰; n =13; σ = 2.4), C29-ββ hopane (-31.7‰; n = 10; σ = 1.7), C30-ββ hopane (-27.7‰; n = 3; σ = 0.7) and two C30 hopenes with unknown structures (see Inglis et al,. 2018).  The earlier eluting C30 hopene δ13C has an average value of -26.8‰ (n = 52; σ = 2.3). The later eluting C30 hopene is relatively 13C-depleted (-29.2‰; n = 59; σ = 1.7).
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	Figure 4: Compilation of hopanoid δ13C values in recent peatlands. a) C31 hopane δ13C values, and b) ≤ C30 hopanoid δ13C values. The latter includes the following hopanoids: hop-22(29)-ene, C30 hopene(s), C27-α hopane, C29-βα hopane, C29-ββ hopane and C30-ββ hopane. Peatland hopanoid δ13C values reported from the upper 100 cm only.



Within a single peatland, C31 hopanoids exhibit minor variations in δ13C values (σ = 0.2 to 1.7‰; Fig. S1-S2) and the downcore variability (average σ = 1.2‰) is lower than the global range (average σ = 2.6‰). There is no significant variation in C31 δ13C values between deep and shallow sections of the peat (Fig. S1-S2). Although ≤ C30 hopanoid δ13C values can exhibit more variation within a single peatland (e.g. Tibet; Fig. S2), the downcore variation (average σ: 2.1‰) remains lower than the global range (average σ = 3.7‰) with no significant variation in ≤ C30 hopanoid δ13C values between deep (>15 cm) and shallow (<15 cm) sections of the peat (Fig. S1-S2). 

4. Discussion
4.1 Photosynthetic pathway determines long-chain n-alkane δ13C values
Within our dataset, long-chain (C29 to C33) n-alkane δ13C values exhibit a unimodal distribution and range between -29 and -37‰ (Fig. 2). This is consistent with previous studies in peatlands (Xie et al., 2004) and suggests that plants with the C3 carbon fixation pathway dominated in the peat samples. However, long-chain n-alkane δ13C values can also be influenced by a range of secondary environmental (e.g. δ13CCO2, temperature, moisture content, altitude) and biosynthetic (e.g. plant functional type; PFT) controls (Diefendorf and Freimuth, 2017).
As peatlands are mostly water saturated, the influence of moisture content is likely to be relatively minor. However, moisture content can exert an indirect control on peatland vegetation and PFT. Here, we show that long-chain n-alkane δ13C values in recent peatlands (-29 to -37‰; Fig. 2b) are comparable to n-alkanes extracted from key wetland plants (-29 to -36‰; Fig. 2a). This implies that changes in PFT are unlikely to significantly influence long-chain n-alkane δ13C values. The only exception are aquatic macrophytes which can be significantly 13C-enriched (Fig. 2a). However, we observe little evidence for macrophyte input in our peatland dataset (Fig. 2b; Supplementary Information).
[bookmark: _Hlk536447033][bookmark: _Hlk536446952]Within our recent peatland dataset, long-chain n-alkane δ13C values are linearly correlated with MAAT (0.12 < R2 < 0.39). However, we argue that our relationship is partly driven by changes in the δ13C composition of ambient CO2 in the plant's immediate growth environment (i.e. the “canopy effect”, characterised by a decrease in the δ13C of plant biomass from the canopy to the forest floor) (Kohn, 2010). Confirming this, it is the samples from 13C-depleted closed-canopy tropical forests (e.g. Peru, Indonesia) that dictate the relationship between long-chain n-alkane δ13C values and MAAT in our dataset, and the correlation is negligible when these are removed (R2 < 0.1). Altitude may also exert a control on n-alkane δ13C values, with more 13C-enriched values expected at higher altitude (Wu et al., 2017). However, due to the relatively large intra-site (up to 4‰) and inter-site variability (up to 10‰), long-chain n-alkane δ13C values are poorly correlated with altitude in our dataset (R2 < 0.02).

4.2 Aerobic methanotrophy influences mid-chain n-alkane δ13C values
[bookmark: _Hlk520022250][bookmark: _Hlk517773094]Within our recent peatland dataset, the weak correlation between mid-chain (C23 and C25) and long-chain (C29 to C33) n-alkane δ13C values (r = 0.07 to 0.29) implies that mid-chain n-alkanes and long-chain n-alkanes are derived from different plant species. Indeed, within Sphagnum-dominated peatlands, mid-chain n-alkane δ13C values range from -30 to -37‰ (Fig. 3b) and are 13C-depleted (up to 5‰) relative to co-occurring long-chain n-alkanes. In contrast, mid-chain n-alkane δ13C values within graminoid- and woody angiosperm-dominated peatlands range between -28 and 34‰ (Fig. 3b) and up to 6‰ enriched relative to co-occurring long-chain n-alkanes. Crucially, mid-chain n-alkane δ13C values from Sphagnum- and non-Sphagnum-dominated peatlands are statistically different (p < 0.01). Taken together, this indicates preferential incorporation of 13C-depleted CO2 into mid-chain n-alkanes within Sphagnum-dominated peatlands and provides evidence that Sphagnum-associated methanotrophy is widespread (Kip et al., 2010; Raghoebarsing et al., 2005).
To explore changes in Sphagnum-associated methanotrophy, we calculated ∆13Calk values (=(δ13C23-25) - (δ13C29-31)) using our peatland dataset (following Yamamoto et al., 2010). We show that ∆13Calk values from within Sphagnum-dominated peatlands are negative and average -2.1 ± 1.6‰ (n = 112), indicating the incorporation of 13C-depleted carbon into mid-chain n-alkanes. This is consistent with Elvert et al (2016) who report negative Δ13Calk values (-1.6 ± 0.7‰; n = 10) in a thermokarst lake environment dominated by brown mosses. In contrast, within woody angiosperm- and graminoid-dominated peatlands, ∆13C values are positive (+2.6 ±1.6‰ and +1.3 ±0.6‰, respectively), indicating the absence of methanotrophy and/or partially sub-aqueous growth (Ficken et al., 2000). To explore whether this offset is mediated by other environmental controls, we examined the impact of temperature, pH and altitude upon ∆13Calk values. Our results indicate that MAAT (R2 < 0.01), pH (R2 < 0.01) and altitude (R2 = 0.02) do not exert an important control on mid-chain n-alkane δ13C values. Instead, it is likely that water table level - via its influence on Sphagnum-associated methanotrophy and carbon dioxide availability (e.g. Kip et al., 2010; Raghoebarsing et al., 2005) - exerts an important control on ∆13Calk values. Waterlogged conditions have been shown to enhance the activity of symbiotic methanotrophs (Kip et al., 2010) and we suggest that a high water table will be associated with the most negative ∆13Calk values. However, we note that excessively waterlogged conditions can partially reduce CO2 availability and will yield positive ∆13Calk values (Brader et al., 2010; van Winden et al., 2010). The geological record provides support for this observation with positive ∆13Calk values reported from an early Eocene, waterlogged, Sphagnum-dominated bog (Inglis et al., 2015). 

4.3. Heterotrophy is the primary control upon the δ13C value of C31 hopanoid-producing bacteria
[bookmark: _Hlk176407][bookmark: _Hlk4057896][bookmark: _Hlk176351][bookmark: _Hlk536439368]C31 hopanoids derive from a vast variety of bacteriohopanepolyols (BHPs), which in turn derive from diverse bacteria of highly variable ecology (Rohmer et al., 1984; Talbot and Farrimond, 2007). Despite this, previous studies in peatlands indicate that C31 hopanoid δ13C values have a narrow range from -22 to -32‰ and are typically 13C-enriched relative to bulk organic matter (e.g. Xie et al., 2004; Pancost et al., 2000; Pancost et al., 2003). In our dataset, δ13C values of C31 hopanoids range between -20 and -35‰ (Fig. 4a), expanding the known range as might be expected for a compound with such diverse sources. δ13C values of C31 hopane stereoisomers (i.e. ββ and αβ) are positively correlated (r = 0.87), indicating they are likely derived from the same bacterial source. Intriguingly, the observation that C31 hopanoid δ13C values are 13C-enriched relative to co-occurring leaf wax biomarkers (long-chain n-alkanes) is universally retained, despite the significant variety of precursor compounds and organisms (see Talbot et al., 2016a and ref. therein). This supports previous suggestions (Pancost et al., 2003), based on limited data, that C31 hopanoids are derived from heterotrophic bacteria consuming 13C-enriched substrates (e.g. carbohydrates) and confirms that organic substrate exerts an important control on C31 hopane δ13C values. We note that the magnitude of this offset is not constant, ranging from 0 to 10‰ (Fig. S3) and likely records varying degrees of substrate preference.
[bookmark: _Hlk176147][bookmark: _Hlk186254] These interpretations are supported by the dominance of bacteriohopanetetrol (BHT) and BHT cyclitol ether in recent peatlands (Kim et al., 2011; van Winden et al., 2012; Talbot et al., 2016a; Fig. S4). Multiple heterotrophic (but also other) sources are expected for both compounds. However, most heterotrophs synthesise BHT whilst BHT cyclitol ether is the most commonly occurring BHP in members of the Alpha-, Beta-, Gamma and Deltaproteobacteria (e.g. Burkholderia, Bradyrhizobium, Rhodoblastus, as well as other phyla including the Cyanobacteria, Acidobacteria and Acetobacteria; Talbot et al., 2016a). A largely heterotrophic bacterial community is also consistent with the low abundance of BHPs assigned to methane oxidising bacteria (35-aminobacteriohopanepentol and 35-aminobacteriohopanetetrol). Taken together, this suggests that the majority of hopanoid-producing bacteria in peatlands are heterotrophs. It is unclear what the δ13C signature of autotroph-derived hopanoids would be; however, given the discrimination between biomass and CO2 substrate during autotrophy (Pancost and Sinninghe Damsté, 2003 and ref. therein), it is expected to be somewhat depleted relative to the associated sedimentary organic matter.
[bookmark: _Hlk536439249][bookmark: _Hlk536439189]Using our recent dataset, we examined the impact of temperature, pH and altitude upon the δ13C value of C31 hopanoid-producing bacteria. There is a weak correlation between C31 hopane δ13C values and pH (R2 = 0.09) and altitude (R2 < 0.01). There is a linear correlation between C31 hopanoid δ13C values and MAAT (R2 = 0.68), with lower values occurring in tropical settings. However, C31 hopanoid δ13C values are also significantly correlated with C29, C31 and C33 n-alkane δ13C values (r = 0.37, 0.71 and 0.62 respectively) and we argue that this relationship is partly driven by the aforementioned controls on plant δ13C (i.e. the “canopy effect”; see 4.1). This agrees with previous studies which document a close relationship between bulk organic matter, long-chain n-alkane and C31 hopane δ13C values in peatland environments (e.g. Pancost et al., 2003).  Collectively, this implies that C31 hopanoids are unsuitable, low-sensitivity candidates for tracing modern and past changes in the CH4 cycle (but see below). 

4.4. Methanotrophy and heterotrophy exert a control on the δ13C value of ≤ C30 hopanoid-producing bacteria 
[bookmark: _Hlk517772952][bookmark: _Hlk536431946][bookmark: _Hlk176101]In our dataset, C27 to C30 hopanoids (i.e. ≤ C30 hopanoids, including αβ, βα and ββ stereoisomers) exhibit a larger range and have lower values compared to the C31 hopanoids (Fig. 4b). In most settings, ≤ C30 hopanoid δ13C values range between -28 and -35‰, suggesting that they are derived from a largely heterotrophic bacterial community. This is consistent with the dominance of saturated tetrafunctionalised BHPs (e.g. BHT, BHT cyclitol ether, aminotriol) in two of the peatlands studied here (Bissendorfer Moor, Germany, and Misten Bog, Belgium; Fig. S4) and the interpretation of C31 hopanoid δ13C values. However, ≤ C30 hopanoids δ13C values are always lower than those of the corresponding C31 hopanoids, suggesting a minor methanotroph contribution. 
[bookmark: _Hlk335201][bookmark: _Hlk517773013][bookmark: _Hlk517773233]Crucially, in some settings, ≤ C30 hopanoids are strongly 13C-depleted (up to -45‰; Fig. 4b) and are up to 15‰ more negative than relative to co-occurring long-chain n-alkanes and C31 hopanes. In the context of peatlands, it is therefore clear that ≤ C30 hopanoids can be derived from a mixed bacterial population consuming plant biomass but also more 13C-depleted carbon (e.g. recycled CO2 and/or CH4).  This indicates a strong source decoupling between ≤ C30 and C31 hopanoids.  Previous analyses of Eocene-aged lacustrine sediments have suggested such decoupling (Freeman et al., 1990; Volkman et al., 2015), as have analyses of modern cyanobacterial mats and cultures (Jahnke et al., 1999; Summons et al., 1994). Our work suggests a more profound and widespread decoupling in peatlands that has significant implications for future hopanoid δ13C interpretation. 
[bookmark: _Hlk177236][bookmark: _Hlk177316]Carbon isotopic decoupling is not expected but is consistent with and can be attributed to the different sources of ≤ C30 and C31 hopanoids. C31 hopanoids are derived exclusively from oxidation and decarboxylation of saturated tetrafunctionalised BHPs (Inglis et al., 2018 and ref. therein). Multiple bacterial sources are expected for these compounds; however, heterotrophs are the most likely source in peatlands (Talbot et al., 2016a). In contrast, C27 to C30 hopanoids can be derived from a more diverse suite of precursor compounds (e.g. penta- and hexafuntionalised BHPs, diplopterol, diploptene; Talbot and Farrimond, 2007; Talbot et al., 2014). These compounds can be derived from a wider range of source bacteria (including methanotrophs) and provides an explanation for why ≤ C30 hopanoids have more negative δ13C values and are the more sensitive recorder of terrestrial CH4 cycling (c.f. C31 hopanes). By extension, the sources of C31 hopanes means they likely have limited utility as a methanotroph biomarker in such settings, both in terms of distributions and isotopic composition, revealing why previous BHP analyses in peat (Talbot et al., 2016a) and lignite deposits (Talbot et al., 2016b) failed to detect a strong methanotroph signal.

4.5. Influence of environmental processes on the δ13C value of ≤ C30 hopanoid producing bacteria  

Using our global dataset, we also examined the impact of temperature, pH and altitude upon the δ13C value of ≤ C30 hopanoid-producing bacteria. Previous studies indicate that CH4 oxidation rates and temperature are closely coupled (Dunfield et al., 1993; Segers, 1998; van Winden et al., 2012a). This implies that ≤ C30 hopanoid δ13C values and temperature will be related, as found by Elvert et al. (2016). A close correspondence between δ13C values and temperature was previously observed within a mesocosm study, with lower δ13C values (indicating greater incorporation of CH4) at higher temperatures (van Winden et al., 2011). However, there is only a weak relationship between ≤ C30 hopanoid δ13C values and temperature (R2 = 0.02) in our dataset (Fig. S5) and recent studies have argued that substrate availability (rather than temperature) is the primary control upon CH4 oxidation rates (Lofton et al., 2014; Megonigal and Schlesinger, 2002; Yvon-Durocher et al., 2014). 
To explore other potential environmental drivers, we compared ≤ C30 hopanoid δ13C values alongside key environmental parameters (including altitude, pH and vegetation). Our results indicate that altitude does not exert a strong control and there is only a weak relationship between ≤ C30 hopanoid δ13C values and altitude (R2 = 0.22).  Instead, low ≤ C30 hopanoid δ13C values are closely related to measured pH and the lowest ≤ C30 hopanoid δ13C values occur in peatlands with pH 5 to 6.5 (Fig. S5). This is the optimum pH for peatland methanogenesis (Kotsyurbenko et al. 2004) and suggests that low ≤ C30 hopanoid δ13C values reflect an increase in CH4 availability to the source bacteria. 
[bookmark: _Hlk517772820][bookmark: _Hlk179809]It is also likely that a range of other factors will exert a control upon the δ13C value of ≤ C30 hopanoid-producing bacteria in peatlands. Local hydrology could exert an indirect control because minerotrophic (i.e. rainwater and groundwater-fed) fens are characterised by higher CH4 emissions compared to ombrotrophic (i.e. rainwater-fed) bogs (Moore and Knowles, 1990; Turetsky et al., 2014). This is consistent with the occurrence of the lowest ≤ C30 hopanoid δ13C values in minerotrophic fens, including Huanyuan, China (up to -44‰), Tamiami Sawgrass, USA (-38‰), Buena Vista del Maquia, Peru (up to -45‰) and Tacshacocha, Peru (-39 ‰). Vegetation can also exert an indirect control on methanotrophy because non-woody vascular plants (e.g. sedges) can transport oxygen from the atmosphere to the rhizosphere, helping to promote CH4 oxidation at depth (King et al., 1998; Zheng et al., 2014). This is consistent with low ≤ C30 hopanoid δ13C values in graminoid-dominated peatlands, including Huanyuan, China (up to -44‰) and Tamiami Sawgrass, USA (-38‰). However, vegetation can also act as a conduit for CH4 release, thereby reducing the probability of CH4 oxidation (Schuldt et al., 2013). 
[bookmark: _Hlk174969] Differences in methanotroph assimilation pathways may also exert an indirect control upon hopanoid δ13C values. For example, methanotrophs using the ribulose monophosphate pathway (i.e. Type I methanotrophs) typically exhibit much more depleted δ13C lipid values than methanotrophs using the serine pathway (i.e. Type II methanotrophs). The absence of very low (< -60‰) δ13C lipid values in our dataset suggests that Type II methanotrophs dominate. This is consistent with microbiological studies (e.g. Dedysh et al., 2001; 2009; Kip et al., 2011) and the low abundance of aminopentol (a biomarker for Type I methanotrophs) in most peatlands (e.g. Talbot et al., 2016a). Finally, the δ13C value of CH4 will also influence ≤ C30 hopanoid δ13C values; for example, CH4 produced in ombrotrophic peatlands has a δ13C composition that is significantly more negative than that of CH4 formed in fens (Hornibrook and Bowes, 2007). However, the lowest δ13C lipid values in our study are associated with fen environments, confirming that low ≤ C30 hopanoid δ13C values, at least in this reference set, primarily reflect an increase in CH4 availability to the source bacteria (rather than changes in its isotopic composition).
Collectively, our dataset indicates that ≤ C30 hopanoid δ13C values are influenced by a range of environmental (e.g. pH, vegetation, trophic status) and biological variables (e.g. diverse biohopanoid precursors and ecologies of source bacteria). Given that, it is remarkable that isotopic relationships are consistent over a wide range of ecologically and climatically diverse sites. The ≤ C30 hopanoids are always depleted relative to co-occurring C31 hopanoids and are depleted relative to plant biomarkers only in settings with elevated, near neutral pH with inferred relatively high rates of methanogenesis. Such complexity of environmental and biological controls probably explains the lack of other clear relationships, i.e. with temperature; this could be explored by future targeted studies that include microbiological characterisation. Nonetheless, the occurrence of 13C-depleted ≤ C30 hopanoids (up to -45‰) in peatlands provides clear evidence for the incorporation of isotopically light CH4 into the bacterial community and confirms that ≤ C30 hopanoids have potential for qualitatively tracking changes in peatland CH4 cycling. 

4.6. Re-evaluating methane cycling in the geological record
Here we revisit previously published hopanoid δ13C records in (fossilised) peat archives from: 1) the early-to-middle Holocene and late Glacial (4 to 18 thousand years ago; Zheng et al., 2014; Elvert et al., 2016; Huang et al., 2018), and 2) the early Eocene and latest Paleocene (48 to 56 million years ago; Pancost et al., 2007; Inglis et al., 2015). Here we adopt an approach based on coupled hopanoid-leaf wax δ13C values because it is evident, especially for the C31 hopanoids, that hopanoid δ13C values are partly governed by those of associated plant matter. To provide a baseline for interpreting past variations in the CH4 cycle, we calculate ∆13Chop-alk values (= δ13Chopanoid - δ13Calkane). This removes the impact of vegetation upon hopanoid δ13C values (e.g. the “canopy effect”). Note that we have normalised hopanoid values to the C29 n-alkane (Fig. 5); however, similar results are obtained when other long-chain n-alkanes are used (i.e. C31 and C33). This approach: 1) draws an even sharper contrast between the isotopic behaviour of ≤ C30 hopanoids and C31 hopanoids (Fig. 5); and 2) reveals that ∆13Chop-alk values below -10‰ are indicative of more intense aerobic methanotrophy than observed in our recent peatland dataset. Crucially, as methanotrophy and methanogenesis can be tightly coupled in modern peatlands (van Winden et al., 2012a), low ∆13Chop-alk values can be interpreted as evidence for an invigorated CH4 cycle. Importantly, this approach can be used to re-interpret published hopanoid δ13C data from (fossilised) peat archives, especially where n-alkane δ13C values had been published or could be obtained for this study (Figure 6). 
	[image: ]

	Figure 5: Compilation of ∆13Chop-alk values (= δ13Chopanoid - δ13Calkane) in recent peatlands.  a) C31 hopanoid δ13C values normalised to C29 n-alkane δ13C value, and b) ≤ C30 hopanoid δ13C values normalised to C29 n-alkane δ13C value. Values which are negative and fall outside the modern range provide evidence for enhanced methane cycling relative to the ‘recent’ peatland dataset.



[bookmark: _Hlk10473208]4.6.1. Mid-to-Early Holocene and latest Glacial (4 to 18 ka) 
[bookmark: _Hlk882028][bookmark: _Hlk882021]Here, we revisit published δ13Clipid values from peat archives spanning the middle-to-early Holocene and last glacial termination (ca. 4 to 18 thousand years ago; ka). These peats are located in eastern China (ca. 4 to 13 ka; Zheng et al., 2014), central China (ca. 4 to 18 ka; Huang et al, 2018) and Alaska (ca. 4 to 12 ka; Elvert et al., 2016). It is evident from these published studies that ≤ C30 hopanoids can be 13C-depleted and ∆13Chop-alk values low within late Glacial and mid-to-early Holocene peat archives (Zheng et al., 2014; Elvert et al., 2016; Huang et al., 2018; Fig. 6b) For example, low ≤ C30 hopanoid δ13C values (up to -40‰) and low ∆13Chop-alk values (up to -8‰) are reported from central China during the mid-Holocene (~5 to 8 ka; Huang et al., 2018). In exceptional circumstances, these values can be far lower than in our recent dataset. In southwest China, ≤ C30 hopanoid δ13C values decrease to -50‰ (Zheng et al., 2014) and ∆13Chop-alk values decrease to -17‰ during the middle Holocene (~5 ka). Low ≤ C30 hopanoid δ13C values (as low as -55‰) and low ∆13Chop-alk values (as low as -26‰) are also reported from an Alaskan peat during the early Holocene (~10 to 12 ka; Elvert et al., 2016). In both cases, these light values were previously interpreted as evidence for an enhanced CH4 cycle. However, because absolute values and ∆13Chop-alk values are well below the modern range, they can now be interpreted as evidence for enhanced CH4 cycling. In contrast, C31 hopanoid δ13C values in mid-to-early Holocene samples typically range between -22 and -30‰ (Fig. 6). This is consistent with our “recent” peatland dataset and emphasises the differing isotopic behaviour of ≤ C30 and C31 hopanoids in natural settings. However, there are exceptions (see 4.6.2 below).
Our “recent” peatland dataset also helps us to understand the mechanistic link between past climate change and CH4 cycle perturbations. In particular, the association of 13C-depleted hopanoids in recent peats with relatively high pH (5 to 6) – and the hydrological and ecological conditions that yield such pH conditions – appears to also explain past records. For example, during the early Holocene, low hopanoid δ13C values in Alaska coincide with more negative long-chain n-alkane δ2H values (Elvert et al., 2016), suggesting enhanced moisture transport and a microbial response to wetter conditions.  Intriguingly, the opposite is observed during the mid-Holocene in central China, where low hopanoid δ13C values coincide with inferred dryer (but variable) conditions and near neutral pH (pH 5 to 6) (Huang et al., 2018). Inferred dry conditions and near neutral pH values (pH 5 to 6) are also associated with low hopanoid δ13C values in eastern China during the mid-Holocene (Zheng et al., 2014). Within eastern China, low values hopanoid δ13C values coincide with a decrease in methanogen biomass (Zheng et al., 2014). This is somewhat counter-intuitive and therefore suggests a change in CH4 flux pathways at a time where overall CH4 production was lower and the region experienced a sustained drying event (Chen et al., 2006; Zhao et al., 2007). Thus, in this setting, decreased methanogenesis is attributed to drier and more oxidising conditions caused by weakening of the Asian summer monsoon, and increased methanotrophy is attributed to the development of longer and thicker sedge roots and more diffusive CH4 flux as the water table deepened. Collectively, this demonstrates the complexity of the terrestrial CH4 cycle and its sensitivity to hydrological perturbations, especially as a transient response to climate change (e.g. drying/rewetting cycles; Knorr et al., 2008; Mitsch et al., 2010; Turetsky et al., 2014).

4.6.2.  Latest Paleocene and early Eocene (48 to 56 Ma)
We also revisit published δ13C values from fossilised peat archives (lignites) spanning the latest Paleocene and early Eocene (56 to 48 Ma). These peats were deposited in the UK (Pancost et al., 2007) and Germany (Inglis et al., 2015). The lowest reported δ13C values (-75‰) and ∆13C values (-46‰) are observed within the UK during the onset of the Paleocene-Eocene Thermal Maximum (PETM; 56 Ma; Pancost et al., 2007). These values are significantly lower than those obtained from the Holocene and indicate a particularly exceptional response of the CH4 cycle. The Paleocene-Eocene Thermal Maximum is also associated with the unusual occurrence of low C31 hopanoid δ13C values (as low as -47‰; Pancost et al., 2007) and low ∆13Chop-alk values (as low as -19‰) (Fig. S6). Crucially, both coincide with an increase in the occurrence of bacteriohopanepolyols assigned directly to methanotrophic bacteria (Talbot et al., 2016a). 
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Figure 6: Compilation of ∆13Chop-alk values in: a) recent peatlands (this study), b) middle-to-early Holocene and late Glacial peat archives (4 to 18 ka) (Elvert et al., 2016; Huang et al., 2018; Zheng et al., 2014; n = 108), and c) early Eocene and latest Paleocene lignites (48 to 56 Ma) (Inglis et al., 2015; Pancost et al., 2007; n = 59).



[bookmark: _Hlk3471360]During the Paleocene-Eocene Thermal Maximum (Pancost et al., 2007), low ≤ C30 and C31 hopanoid δ13C values coincide with the onset of waterlogged conditions and a shift in reconstructed pH towards near neutral values (Fig. S6). The PETM is also associated with an increase in 35-aminobacteriohopanepentol (aminopentol), indicating an increase in Type I methanotrophic bacteria (i.e. Gammaproteobacteria). As Type I methanotrophs typically exhibit much more depleted δ13C lipid values, this likely explains why we observe low δ13C values and ∆13Chop-alk values within both the ≤C30 and C31 hopanoids. Although there have been few subsequent investigations on peatland CH4 cycling during the PETM, early Eocene and late Paleocene peatlands were far more extensive than today (up to ~3 times greater) and modelled CH4 emissions far exceed those for the modern pre-industrial world (Beerling et al., 2011). As CH4 is a potent greenhouse gas, enhanced peatland methane emissions could have helped to amplify warming to a greater degree than estimated using existing model simulations and should be incorporated into future studies.
Taken together, this highlights the importance of pH, hydrology and ecology (rather than temperature; see Pancost et al., 2007) in regulating hopanoid δ13C values in peatland environments, including during episodes of environmental change. Future work tracing past changes in the CH4 cycle, therefore, would benefit from accompanying proxy-based pH and hydrological reconstructions based on, for example, the distribution of hopanes (Inglis et al., 2018) or branched glycerol dialkyl glycerol tetraethers (brGDGTs) (Naafs et al., 2017) and the hydrogen isotope composition of leaf wax biomarkers (Sachse et al., 2012)

5. Conclusions
[bookmark: _Hlk525373788]Using samples from peatlands from different geographic regions we demonstrate the incorporation of 13C-depleted CO2 and/or CH4 into mid-chain n-alkanes and ≤ C30 hopanoids. Our results confirm that both are suitable candidates for tracking changes in peatland CH4 cycling. Re-analysis of published data from the mid-to-early Holocene and late Glacial (4 to 18 ka) and early Eocene and latest Paleocene (48 to 56 Ma) indicates that ≤ C30 hopanoids can be extremely 13C-depleted within both peat archives and lignite deposits (up to -75‰). Such values are well below the recent (<2 ka) range and can now be interpreted as particularly exceptional responses of the methane cycle to past climate perturbations. These results indicate that lipid biomarkers are important tools for evaluating modern and ancient biogeochemical processes and could potentially provide insights into terrestrial CH4 cycling over the Cenozoic and Mesozoic. 
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