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Abstract 25 

Warming and elevated atmospheric CO2 profoundly impact peatland ecosystems, particularly 26 

through changes in plant species composition. Plants regulate the initial input of organic 27 

compounds to peatland belowground systems, controlling the availability of electron donors and 28 

electron acceptors that fuel microbially mediated organic matter decomposition to CO2 and CH4. 29 

However, explicit links between porewater CO2 and CH4 dynamics and plant-derived chemical 30 

compounds remain relatively undefined. In a whole ecosystem warming (WEW) experiment, we 31 

investigated how warming affects plant leaf chemical composition and species assemblages, and 32 

how the alteration of leaf-derived organic compounds supplied to the subsurface impacts 33 

belowground CO2 and CH4 production. While earlier studies at our site found no temperature-34 

dependent changes in CH4 production pathways, our extended timeseries has revealed increased 35 

acetoclastic methanogenesis at higher temperatures in certain peat depths, correlated with 36 

elevated porewater phenolics. These changes appear driven by the observed increased plant 37 

productivity and altered vegetation inputs, which accelerate decomposition and fuel CH4 38 

production through enhanced substrate availability. We observed warming-induced changes in 39 

molecular composition both between and within plant species, suggesting that plant-mediated 40 

controls on belowground carbon processing are more complex than previously recognized.  41 

 42 

Plain Language Summary 43 

Climate warming and higher air carbon dioxide levels are expected to affect plant communities 44 

particularly in climate-sensitive ecosystems such as peatlands. Plants control the input of organic 45 

carbon to the belowground environment. Microbial growth in peat soils is dependent on plant-46 

derived organic carbon inputs which result in the production of carbon dioxide and methane. In 47 

an experimentally warmed peatland ecosystem, we demonstrate the links between changing plant 48 

communities, as well as the response of individual species to warming, the belowground carbon 49 

inputs and ultimately the production of these gases. What is most interesting, is that even should 50 

the plant community remain seemingly unchanged, the chemical composition of individual plant 51 

species may be altered under warmer conditions such that greenhouse gas production is 52 

stimulated. 53 

1 Introduction 54 

Climate change-induced warming and elevated atmospheric carbon dioxide (CO2) levels 55 

are expected to produce ecosystem-level effects including alteration of overall plant species 56 

composition and primary productivity of plant functional types (PFTs) as well as shifting 57 

microbial community responses that culminate in changing greenhouse gas production from 58 

vulnerable ecosystem (Wardle and Smith, 2004). Peatlands are climate-vulnerable ecosystems 59 

that contain an estimated 530-1055 Pg of organic carbon (Nichols and Peteet 2019; Hugelius et 60 

al., 2020). The majority of peatlands are located at high latitudes and are warming two to three 61 

times faster than the global average (Rintoul et al., 2018), making peatlands particularly 62 

vulnerable to climate change. As peatlands warm, their vast reservoirs of organic carbon are 63 
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likely to become increasingly susceptible to microbial decomposition converting previously 64 

stored carbon into greenhouse gases (i.e., CO2 and CH4; Hanson et al., 2020). CH4 emissions 65 

from some peatlands are increasing exponentially with temperature at a faster rate than CO2 66 

production (Hopple et al., 2020), although stimulation of CH4 production may be offset by 67 

warming-associated drying (Huang et al., 2021). 68 

 Currently many peatlands are active C sinks (Turetsky et al., 2007; Jones et al., 2013) 69 

because net C uptake by primary productivity exceeds C loss via heterotrophic respiration. 70 

However, climate forcings such as warming and elevated atmospheric CO2 levels are expected to 71 

have a profound effect on the peatland C cycle, threatening their critical role as a global C sink. 72 

Primary productivity and the associated net C uptake by vegetation are stimulated by warming 73 

(Malhotra et al., 2020), a longer growing season (Natali et al., 2012) and the direct effects of 74 

elevated CO2 on photosynthesis (Ellsworth et al., 2012). Carbon loss via heterotrophic 75 

respiration (Hicks-Pries et al., 2013) and changes in the quantity and quality of organic matter 76 

inputs (Treat et al., 2014) can be altered by temperature, which, in turn, are ultimately controlled 77 

by the chemical composition of the dominant plant species (Sutton-Grier and Megonigal 2011). 78 

Microbial decomposition and resulting greenhouse gas production is thought to be suppressed in 79 

Sphagnum-dominated peatlands, in part, due to the poor-quality Sphagnum-derived organic 80 

matter (van Breeman 1995; Turetsky 2003; Hough et al., 2021; Wilson et al., 2022; Cory et al., 81 

2025). In addition, evidence from whole ecosystem warming (WEW) experiments suggests that 82 

whole ecosystem warming inhibits peat mosses (Sphagnum spp.) and stimulates the growth of 83 

shrubs (Norby et al., 2019; McPartland et al., 2020) resulting in the so-called shrubification of 84 

peatlands, which is likely to result in the input of more reactive and bioavailable soil organic 85 

matter belowground (Chanton et al., 2008; Ofiti et al., 2023; Tfaily et al., 2013; Wilson et al., 86 

2021a, 2022). However, the impacts of climate drivers (warming and air CO2) on plant-microbe 87 

interactions are complex and remain understudied. Although Sphagnum is generally thought to 88 

inhibit peat decomposition in part due to its phenolic content (Verhoeven and Liefveld 1997), 89 

other researchers have suggested that relative to Sphagnum, shrubs may contain higher 90 

concentrations of phenolic compounds which could suppress decomposition as Sphagnum cover 91 

declines (Wang et al., 2021). Lower carbon oxidation state (NOSC = nominal oxidation state of 92 

carbon) organic matter (low quality organic matter) has been correlated with increasingly 93 

methanogenic conditions (e.g., Wilson et al., 2021a), thus higher availability of organic oxygen-94 
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rich compounds (i.e., with greater NOSC) will likely stimulate CO2 over CH4 production 95 

resulting in increasing CO2:CH4 ratios. Additionally, enhanced availability of labile organic 96 

matter is thought to favor methane production via the acetoclastic pathway over the 97 

hydrogenotrophic pathway (Chanton et al., 2008; D’Andrilli et al., 2010; Tfaily et al., 2014) 98 

suggesting a mechanism for changes in methane production pathways. 99 

We hypothesized that: 1) both plant species composition and the chemical content of 100 

plants themselves will respond to warming, thereby increasing belowground organic matter 101 

lability (quality) and stimulating organic matter decomposition as reflected by increasing 102 

greenhouse gas production and 2) changes in soil organic matter compounds, both dissolved and 103 

derived from plant litter, could be leveraged to predict CO2 and CH4 production dynamics at the 104 

Spruce and Peatland Responses Under Changing Environments (SPRUCE) experimental 105 

peatland in northern Minnesota (USA; https://mnspruce.ornl.gov/; Hanson et al., 2017). The 106 

SPRUCE study provides warming and elevated CO2 manipulated conditions to test our 107 

hypotheses. We measured changes in porewater dissolved organic matter (DOM) molecular 108 

composition and CO2 and CH4 production over a six-year period (2015 through 2022). 109 

Additionally, we characterized bulk chemical composition of major plant functional types to 110 

assess how plant community dynamics influence the dissolved organic matter quality and then 111 

used regression analyses to quantify the effects on CO2 and CH4 production as well as 112 

methanogenic pathways. Finally, we employed an amplicon sequencing approach to investigate 113 

the linkages between microbial community dynamics, plant organic matter inputs, and 114 

greenhouse gas production with warming. 115 

2 Materials and Methods 116 

2.1 Site Description 117 

 The SPRUCE experiment is located within the S1 bog of the USDA Forest Service Marcell 118 

Experimental Forest in northern MN, USA (N47°30.476’; W93°27.162’). S1 is a perched, ombrotrophic 119 

bog with an annual precipitation of 787 ± 104 mm per year and no input from the surrounding 120 

groundwater aquifer (Sebestyen et al., 2021). SPRUCE is a whole-ecosystem warming experiment 121 

combined with elevated air partial pressure of CO2 (eCO2) applied in a regression design—with 122 

temperature as the predictor— to test the ecosystem response to climate drivers in a non-permafrost, 123 

undrained peatland. In contrast to an ANOVA design, the regression experimental design across a broad 124 

range of temperature treatments allows the quantification of temperature response curves useful in 125 

https://mnspruce.ornl.gov/
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ecological studies (Hanson et al., 2017). Eight randomly selected enclosures across the bog are warmed 126 

up to +9°C relative to the control enclosure (+2.25, +4.5, +6.75, +9°C and the +0°C control). Warming 127 

includes both deep peat heating (initiated in June of 2014 Hanson et al., 2011; Wilson et al., 2016) and 128 

heating of the overlying air (initiated in August 2015; Hanson et al., 2017). In five of the 10 enclosures 129 

(including one control and one of each warming level), elevated air CO2 of approximately 871-971 130 

p.p.m.v. is also applied during the growing season beginning in June 2016. The source of the CO2 for the 131 

eCO2 treatment is pure CO2 from a commercial facility with a radiocarbon-dead (-999‰) 14CO2 and a 132 

depleted 13CO2 (-40‰) signature. When mixed with ambient air to achieve about 900 p.p.m.v. during the 133 

growing season, the resulting mean measured isotopic values of the air in the plots were 14C = -523‰ ± 134 

32 (s.d.) and δ13C = -25.7‰ ± 1.0‰ (s.d.). In the ambient CO2 plots, 14C = -33.2 ± 26.3‰ and δ13CO2 135 

= -8.3‰ ± 0.9‰ (s.d.). The enclosures are 12.8 m in diameter and surrounded by 7 m tall open-topped 136 

walls that allow for precipitation and atmospheric deposition, as well as peatland-atmosphere energy and 137 

vapor exchange (Hanson et al., 2017). The subsurface peat hydrology for each enclosure is isolated from 138 

the rest of the S1 bog by corrals that extend 3-4 m deep into the underlying lake sediment (Sebestyen and 139 

Griffiths 2016).  140 

 141 

2.2 Plants 142 

 The bog where SPRUCE is located initially had an understory dominated by Sphagnum mosses, 143 

underlying ericaceous shrubs, graminoids and forbs (Maianthemum trifolium; McPartland et al., 2020; 144 

Norby et al., 2019) and two dominant tree species (Picea mariana, Larix laricina). Over time the exact 145 

relative compositions have been found to shift in the heated plots due to warming-induced processes 146 

(McPartland et al., 2020; Norby et al., 2019). Common species of ericaceous shrubs include 147 

Rhododendron groenlandicum, Chamaedaphne calyculata, and Vaccinium angustifolium (McPartland et 148 

al., 2020).  149 

Aboveground plant tissue (consisting of P. mariana, M. trifolium, R. groenlandicum, C. calyculata, 150 

and V. angustifolium) and Sphagnum (including S. divinum, S. angustifolium, and S. fallax) were collected 151 

from each of the warming treatment enclosures during the peak growing season in years 2016, 2017, 152 

2021, and 2022 (see Phillips et al., 2021 for details on plant collection). At the time we did not 153 

differentiate between the different species of Sphagnum for measurement purposes. When possible, 154 

without disturbing other experiments, replicate plant samples were collected from treatment enclosures. 155 

Aboveground biomass of tree species (P. mariana and L. laricina) was calculated based on species and 156 

site-specific allometries relating tree height and diameter at breast height to aboveground dry mass 157 

(Griffiths et al 2017; Hanson et al 2020).  Aboveground biomass of understory vascular plants was 158 

measured in clip plots (up to 4 per plot, ranging from 0.25-1.15 m2 depending on year of sampling) where 159 
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aboveground tissues were sorted by species, dried, and weighed. Please see Hanson et al., (2025) for 160 

additional details and discussion of the plant measurements (data available: Iversen et al., 2017; Hanson 161 

et al., 2018; and Norby et al., 2018). Sphagnum biomass was determined based on percent cover surveys 162 

(as in Salmon et al., 2021) and an assumed, arbitrary 10 cm depth of live Sphagnum biomass. 163 

 164 

2.3 Fourier Transform Infrared (FT-IR) spectroscopy 165 

 Fourier Transform Infrared (FT-IR) spectroscopy was used to measure the chemical composition of 166 

plant species within each plot. For understory biomass clip-plot samples, all above ground plant material 167 

was removed, placed in bags, and frozen. Samples were then individually thawed and sorted by species 168 

and the leaf material was separated from other tissues. Leaf material was dried at 60–70 °C and ground to 169 

a homogenous powder. Only current growth year material was analyzed. For Sphagnum the aboveground 170 

visibly green (apparently alive) portions of the mosses were used, typically the top 3cm. FT-IR spectra 171 

were collected using a PerkinElmer Spectrum 100 FTIR spectrometer fitted with a CsI beam splitter and a 172 

deuterated triglycine sulfate detector. Transmission-like spectra were obtained using a Universal ATR 173 

accessory with a zinc selenide/diamond composite single-reflectance system. Each sample was placed 174 

directly on the ATR crystal, and force was applied so that the sample came into good contact with the 175 

crystal. Spectra were acquired in % transmittance mode between 4000 and 650 cm−1 (wavenumber) at a 176 

resolution of 4 cm−1, and ten scans were averaged for each spectrum. Spectra were ATR-corrected, 177 

baseline-corrected, and then converted to absorbance mode using the instrument software. Area-178 

normalized and baseline-corrected peak heights for common classes of compounds observed in soil 179 

organic matter were calculated using the methods and script described by Hodgkins et al., (2018). Peak 180 

assignments were derived from the literature as described in Supplemental Figure S2 and heights were 181 

calculated and baseline and area corrected using R (R Core Team 2021) as described by Hodgkins et al., 182 

(2018). Polysaccharide-like structures were identified by o-alkyl stretching at 1030 cm-1. Lignin, phenolic 183 

lignin-like structures and aromatics were identified by peaks at 1265, 1515, and 1650 cm-1, respectively. 184 

Waxy, aliphatic fats were identified from the region 2850 to 2920 cm-1.  185 

 186 

2.4 Porewater Sample Collection 187 

 Six to 12 piezometers are installed within each of the enclosures that allow porewater to be 188 

collected at depths of 25, 50, 75, 100, 150 and 200 cm with some replication. Each piezometer consists of 189 

a 2.5 cm diameter PVC (poly vinyl chloride) pipe with a screen mesh bottom installed to the previously 190 

specified depths below the peat hollow surface. Piezometers were covered, but not sealed, when not being 191 

actively sampled. Twelve hours prior to porewater sampling the piezometers were pumped until no water 192 
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flowed and then allowed to recharge. Given the small surface area of the pipes, diffusion of gases into and 193 

out of the porewater is negligible over the 12-hour recharge period as supported by finding near or 194 

slightly above saturation concentrations of gases in the deep porewater. Perforated stainless steel tubes 195 

were used to collect porewater from 10 cm when the depth of the water table allowed. Porewater samples 196 

were collected in August 2015, July 2016, and August 2017 and measured for total organic carbon 197 

(TOC), total dissolved CO2, and CH4 concentrations and stable isotopes (δ13C) as well as detailed 198 

molecular composition by Fourier transform ion cyclotron resonance mass spectrometry (FTICR-MS) in 199 

select samples. Additional porewater samples collected throughout March-December of 2018-2022 were 200 

analyzed for CO2 and CH4 concentrations and stable isotopes (δ13C) and a select number by FTICR-MS. 201 

Samples for amplicon sequencing were collected in June 2016 and August 2017.  202 

 203 

2.5 Organic matter quality by Fourier transform ion cyclotron resonance mass spectrometry (FTICR-MS)  204 

 Porewater samples for FTICR-MS were immediately filtered to 0.7 m in the field into 205 

polycarbonate sample containers and then frozen at -20°C. At the lab, samples were thawed and then 206 

diluted 2:1 with HPLC grade methanol for direct injection using a 12 T FTICR-MS (at EMSL, a DOE-207 

BER national user facility located in Richland, WA) coupled with electrospray ionization in negative ion 208 

mode. Ion accumulation times were adjusted between 0.1 to 0.3 s to account for variation in C 209 

concentration. For each sample, 144 scans were collected, averaged, and then internally calibrated using 210 

homologous CH2 (i.e., 14 Da separation) series. Molecular formulae were identified using Formularity 211 

software (Tólic et al., 2017) according to the Compound Identification Algorithm of Kujawinski and 212 

Behn 2006 as modified by Minor et al., 2012 using a signal:noise ratio greater than 7 and mass 213 

measurement error <1 parts per million (ppm). From the resulting FTICR-MS, we calculated biochemical 214 

compound classes based on the relative abundance of C, H, and O in each compound identified as 215 

described in Bailey et al., (2017). We divided the signal intensity for each individual compound by the 216 

sum of signal intensities for all compounds in each sample to create a normalized signal intensity for each 217 

compound. These values were summed for the major compound classes (sugars, lipids, and 218 

tannins/lignins/condensed hydrocarbons) to determine the percent each class contributed to the total 219 

sample. We also calculated the nominal oxidation state for C (i.e. NOSC; LaRowe and van Cappellen 220 

2011; Keiluweit et al., 2016) for each of the identified compounds in each sample. NOSC provides a 221 

thermodynamically determined metric of the quality of organic matter available for decomposition 222 

(Keiluweit et al., 2016; Wilson and Tfaily 2018) under anoxic conditions. However, some high NOSC 223 

compounds may nevertheless be less bioavailable due to other limitations, such as high physical 224 

complexity of molecular structure that would tent to slow or inhibit decomposition. We observed a strong 225 
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correlation between NOSC and compounds typically considered to be less bioavailable, likely due to such 226 

physical constraints (e.g., tannins, lignins, and condensed hydrocarbons; Supplemental Figure 1). Thus, 227 

we calculated NOSCnp for each sample as the sum of NOSC for compounds that were not phenolic (np) or 228 

condensed compounds by subtracting out the NOSC of compounds identified as tannin-like lignin-like or 229 

condensed hydrocarbons. NOSCnp is used in correlations and figures throughout the main text.  230 

 231 

2.6 Phenolics 232 

We used the Folin-Ciolcateu (FC) method to quantify total soluble phenolic abundance, as 233 

described by Bancuta et al., (2016). Briefly, we added 0.1 mL of porewater to 0.5 mL of 0.27M FC 234 

reagent (diluted from starting concentration of 2M, obtained from VWR International, cat# IC19518690). 235 

We mixed this solution and allowed it to sit for 5 minutes before adding 0.5 mL of 93.6 g/L Na2CO3 236 

solution (VWR, cat# 97061-296). The samples were once again mixed and allowed to sit for 2-3 hours. 237 

Their absorbance was then measured at 765 nm using an ultraviolet-visible (UV/Vis) absorption 238 

spectrophotometer (BioTek Synergy HTX Multi-Mode Reader). We used a standard calibration curve of 239 

gallic acid using seven concentrations ranging from 0.27 to 6.6 g/mL. Absorbance values were all blank-240 

corrected and concentrations were adjusted based on the dilution imposed by reagent addition. The 241 

detection limit for this methodology was 2.5 µmol L-1. 242 

 243 

2.7 CO2 and CH4 analyses 244 

 Porewater samples for CO2 and CH4 analyses were injected into pre-evacuated serum-sealed glass 245 

vials. Phosphoric acid (1 mL, 10%) was added to each vial to preserve the samples and ensure that all 246 

DIC was in the form of dissolved CO2. Porewater CO2 and CH4 concentrations and isotopes were 247 

analyzed simultaneously via headspace analysis using a Finnigan Mat Delta V Isotope Ratio Mass 248 

Spectrometer coupled to a gas chromatograph (Merritt et al., 1995). The analytical uncertainty based on 249 

repeated measurements of a standard was <0.15‰ for δ13CO2 and δ13CH4 and <5% for CO2 and CH4 250 

concentrations. Alpha is a measure of the isotopic separation between the CO2 and the CH4 which can 251 

indicate the relative pathway of methane production (Whiticar 1999) and was calculated as [(‌δ13CO2 + 252 

1000)/ (δ13CH4 + 1000)]. Higher values of alpha indicate methane produced by the hydrogenotrophic 253 

pathway and lower values of alpha indicate methane produced via the acetoclastic pathway (Chanton et 254 

al., 2005; Whiticar 1999). Porewater CO2:CH4 ratios were corrected for the differential solubility of CO2 255 

vs. CH4 in water using the isotope correction method of Corbett et al., (2012) to correct for the higher 256 

diffusive loss of CH4 relative to CO2 in an open system.  257 

 258 

2.8 Microbial community composition 259 
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Porewater samples for amplicon sequencing of the 16S rRNA gene were collected in June 2016 and 260 

August 2017. Individual samples consisted of 50-200 mL of porewater, with higher volumes collected for 261 

deeper samples due to lower microbial biomass at depth. Porewater was filtered through 0.2 µm 262 

polycarbonate filters (47 mm diameter, Whatman Nucleopore) on a Nalgene filtering apparatus 263 

immediately after sampling. The filters were stored in microcentrifuge tubes on dry ice and shipped to 264 

Georgia Institute of Technology, where they were stored at −80 °C until further processing. DNA was 265 

extracted from whole filters using the DNeasy PowerSoil Extraction Kit (QIAGEN). Amplification and 266 

sequencing of the 16S rRNA gene were performed using the universal primer pair CS1_515F (5’-267 

ACACTGACGACATGGTTCTACA_GTGCCAGCMGCCGCGGTAA) and CS2_806R (5’-268 

TACGGTAGCAGAGACTTGGTCT_GGACTACHVGGGTWTCTAAT) (Caporaso et al., 2011) as described 269 

in Wilson et al. (2016). For each sample, the generated amplicons were barcoded with unique 10-base barcodes 270 

(Fluidigm Corporation) and sequenced on an Illumina MiSeq2000 platform. The raw 16S rRNA gene sequences 271 

have been deposited in the National Center for Biotechnology Information (NCBI) Short Read Archive 272 

(SRA) under BioProject PRJNA640652. Sequence processing and analysis was performed using the 273 

DADA2 workflow (v.1.24; Callahan et al., 2016) in R v.4.2.0. Taxonomy was assigned to the resulting 274 

amplicon sequence variants (ASVs) using the SILVA SSU rRNA reference database (Release 138; Quast 275 

et al., 2013).  276 

 Differential abundance analysis was performed using DESeq2 (Love et al., 2014) to identify 277 

microbial groups that differed significantly between warming treatments. For this analysis, ASVs were 278 

grouped at the genus level and samples were separated according to their depth of origin. DESeq2 was 279 

run using the experimental temperature treatment as a factor, identifying microbial genera whose relative 280 

abundances were significantly higher in the +9ºC enclosures relative to the +0ºC enclosures (p < 0.05).  281 

   282 

2.9 Statistical analyses 283 

 FT-IR peak heights were identified, calculated, and normalized using R (R Core Team 2021) as 284 

described by Hodgkins et al., (2018). To test the hypothesis that the temperature effects on plant chemical 285 

concentrations vary across plant species and chemical classes we used linear mixed-effects modeling 286 

(‘fitlme’ in MATLAB R2022b, MathWorks, Natick, MA, USA). Both linear and non-linear temperature 287 

responses were modeled, with the quadratic term (T2) included as a fixed effect and its interactions with 288 

species and chemical class. Random effects of Species × Chemical × Plot × Year were included to 289 

account for repeated measures within plots across several years.   290 

To test the hypothesis that plant chemical inputs influence porewater chemical composition, which 291 

in turn affects C gas production dynamics (CO2, CH4 concentration and stable isotope values), we used 292 

linear mixed-effects models within a causal chain framework. The conceptual framework (illustrated in 293 
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Figure 1) parallels structural equation modeling (SEM), but in a simplified sequential form to reduce 294 

overfitting given our data limitations.  295 

 296 

 297 

Figure 1: Schematic diagram of hypotheses tested. 298 

 299 

The first step tested whether plant inputs predict porewater chemical abundances by modeling each 300 

porewater chemical (phenolics, aminosugars, lignin, phospholipids, oxidized aromatics, and 301 

phytochemicals) (at 50 cm) as a response and biomass-weighted plant inputs as the predictors. This 302 

approach allowed us to account for both changes in plant chemical composition (e.g. with temperature) 303 

and changes in the plant community species composition. Plot and year were treated as random effects to 304 

account for repeated sampling as before.  We focused on the porewater composition at 50 cm because it 305 

was the most consistently sampled depth throughout the study and allowed for the most data to be 306 

included. The second step modeled C gas dynamics (CO2 concentration, CH4 concentration, δ13CO2 or 307 

δ13CH4) as responses, with porewater chemical composition as predictors. Fixed effects included 308 

temperature, eCO₂ treatment, and depth, including all two- and three-way interactions among them. 309 

Again, plot and sampling date were included as random effects to account for repeated measures and all 310 

modeling was done in MATLAB using fitlme. When combined, this two-stage modeling framework 311 

allowed us to evaluate indirect pathways from plant chemistry to carbon gas dynamics via porewater 312 

chemistry. For all models, data was z-score standardized to accommodate unit differences. Generative 313 

artificial intelligence (AI) (OpenAI, 2023) was used to assist with coding syntax in a completely 314 

supervised approach where each line of code was verified and edited as needed (by RMW) for accuracy. 315 

To illustrate significant interactions between plant composition, porewater and C gas dynamics we built a 316 
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network with chemicals as nodes and significant interactions as edges in Cytoscape 3.10.1 (Shannon et 317 

al., 2003; Breitling et al., 2006). 318 

To estimate the plant inputs to the subsurface DOM pool, we multiplied the individual compound 319 

classes for each species/plot/date combination by the measured biomass.  In cases where biomass 320 

estimates were missing, we used the mean value of the nearest dates for that species/plot combination. 321 

The resulting biomass-weighted inputs for each compound were then summed for all plant species per 322 

plot/date combination to get the biomass-weighted standing stocks. Since we measured the chemical 323 

compound composition of the leaves, we assumed these standing stocks were directly proportional to the 324 

chemical inputs at each plot with a lag of 1 year. Such that the standing stock biomass in 2016, for 325 

example was correlated with the porewater chemical composition measured in 2017. Although other plant 326 

tissues (e.g. roots) also contribute to the belowground chemical inputs and evergreen plants (e.g. Picea) 327 

might have longer lag periods, this approach provides a first approximation of how variation in plant 328 

chemical composition is related to belowground biogeochemical cycling. We modeled the resulting 329 

compounds values with a 3-way interaction of temperature × eCO2 treatment × chemical compound 330 

classes with plot as a random effect (using fitlme). 331 

3 Results 332 

3.1 Plants and FT-IR Results of Plant Chemical Composition 333 

 Tree species of the genus Picea comprised the largest amount of overall aboveground vascular plant 334 

biomass, followed by the shrubs Rhododendron and Chamaedaphne (Figure 2a). Significant temperature-335 

driven trends in aboveground biomass were observed for several plant species (Figure 2). In particular, 336 

shrubs Rhododendron and Vaccinium showed a positive increase in biomass with temperature. 337 

Maianthemum, Picea, and Sphagnum biomass all declined with temperature. 338 
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 339 
Figure 2: Panel (a) contribution of each plant species to the overall aboveground biomass (one point per 340 

chamber per year). Panels (b-g) show how major plant species change in aboveground biomass with 341 

increasing air temperature in both the ambient and elevated CO2 treatments. Full statistical results are 342 

provided in the supplement table S1 and S2. Regression lines for aboveground biomass versus air 343 

temperature are fit across data from all years and both ambient and eCO2. All panels with regression lines 344 

showed significant trends (p < 0.05). 345 

 346 

Significant differences were observed in whole-leaf, bulk chemical composition between 347 

different plant species (Figure 3). Sphagnum and graminoids have relatively low aromatic content while 348 

the trees (Picea) and shrubs (e.g. Vaccinium, Chamadaphne and Rhododendron) had relatively high 349 

aromatic content (Figure 3b).  In contrast, polysaccharide content was higher in Sphagnum and 350 

graminoids but lower in the trees and shrubs (Figure 3d). There were significant difference in phenolic 351 
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content (Figure 3c), glycosides (Figure 3e), lignin-like compounds (Figure 3f) and fatty acid (Figure 3g) 352 

content among the plant species. 353 

 354 
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Figure 3: FT-IR based bulk compound classes in plant leaves. Results are shown as the mean ± 355 

interquartile range of FT-IR peak heights normalized to the spectral area with dots indicating outliers. 356 

Representative spectra indicating the wavenumber used for each compound class is given in the 357 

Supplement Figure 2. Significant differences from Sphagnum values for each compound (p < 0.05 as 358 

determined in the fitlme modeling) are indicated by asterisks. 359 

 360 

We observed significant linear and non-linear temperature responses in the chemical content within 361 

plant species across the study (Figure 4). Maianthemum exhibited non-linear temperature declines in fatty 362 

acids (Figure 4a) and phenolics (Figure 4h) and linear declines with temperature in polysaccharide 363 

(Figure 4i) and proteins (Figure 4e). Aromatic content in Maianthemum increased linearly with 364 

temperature (Figure 4k). Picea showed linear declines with temperature in fatty acids (Figure 4b) and 365 

linear increases in polysaccharides (Figure 4j) and proteins (Figure 4f). There was a non-linear 366 

temperature response of aromatic content in Picea (Figure 4l). Rhododendron exhibited linear declines in 367 

fatty acids (Figure 4c), a linear increase in aromatic content (Figure 4m) and a non-linear increase in 368 

protein with temperature (Figure 4i). Chamaedaphne fatty acid content declined significantly with 369 

temperature (Figure 4d). The full coefficient table for this model is provided in the Supplement 370 

(Supplemental Table S3). 371 
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372 
Figure 4: Significant predicted plant chemical linear and non-linear temperature responses (from fitlme 373 

model), species with non-significant trends are not shown. P-values for the temperature response are 374 

given in each panel which plots the response and 95% confidence interval as the shaded area. Plots are 375 

arranged into columns by Species and into rows by chemical classes.   376 

 377 

 The response of changing plant chemical inputs to the surface under different temperatures (under 378 

ambient and eCO2) is shown in the Supplement (Figure S3). Under ambient conditions polysaccharides 379 

increase with temperature but not significantly (t-stat = 1.9, df = 672, p = 0.05), but under eCO2 the 380 

temperature response is negative and significant (t-stat = -4.4, df = 672, p = 1e-5). Glycosides do not 381 

response to temperature under either ambient or elevated CO2. Phenolics (t-stat = 2.1, df = 672, p = 0.03) 382 

decline under ambient CO2, but switch to positive under elevated CO2
 (t-stat = -3.8, df = 672, p = 1e-4). 383 

Lignin (t-stat = 3.6, df = 672, p = 3e-4) and protein-like (t-stat = 3.5, df = 672, p = 5e-4) compounds 384 

increase under ambient CO2 and decline with temperature under elevated CO2 treatment (t-stat = -5.2, df 385 

= 672, p = 1.9e-7 and t-stat = -5.4, df = 672, p = 9e-8 respectively). 386 
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 387 

3.2 Porewater Phenolics and FTICR-MS-based Metabolomics 388 

The porewater chemical composition changed significantly with temperature (main effect t-stat = 389 

2.83; df = 3932; p < 0.001) under both ambient and elevated CO2 treatment (Figure 5). Although no main 390 

effect of CO2 treatment was observed (p > 0.1), interaction with temperature were observed such that CO2 391 

treatment alters the temperature response (eCO2 × T, t-stat = -3.6; df = 3932; p = 0.0003). In some cases, 392 

the eCO2 treatment amplified the temperature response (e.g. proteins, condensed aromatics) and in some 393 

cases mitigated (e.g. phytochemicals) or even reversed the temperature response (e.g. phenolics, 394 

phospholipids, lignins). Depth did not have a significant main or interaction effect (p > 0.1 for both).  395 

 396 
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 397 
Figure 5: Predicted temperature response of the FTICR-MS determined compound classes in porewater vs 398 

soil temperature from the mixed effects modeling under ambient (green-dashed line) and eCO2 (purple 399 

solid line) treatment. 95% confidence intervals are indicated by the shaded area surrounding each line. 400 

Asterisks in each panel indicate whether the response is significant (p < 0.05) under ambient (green) or if 401 

the temperature response under eCO2 differs from the ambient response (purple asterisk). There was no 402 

main or interacting effect of depth in the model. The top image (credit R.M. Wilson) shows a 403 

representative piezometer nest in one of the enclosures.  404 

  405 

3.3 Porewater CO2 and CH4  406 

 Depth and CO2 treatment had significant main effects on porewater CO2 content (Table 1). 407 

Although temperature alone did not have a significant main effect on porewater CO2, its influence 408 

depended on the combined effects of depth and elevated atmospheric CO₂, indicating a significant three-409 

way interaction (t = 3.3, df = 158, p = 0.03). At elevated CO₂ treatment, warming has a stronger positive 410 

effect on porewater CO₂ at depth compared to ambient CO₂ conditions. The chemicals in the porewater 411 

that were significant predictors of porewater CO2 were aminosugars (positive, t-stat = 3.3, df = 158, p = 412 

0.001), lignin (positive, t-stat = 1.99, df = 158, p = 0.048) and phospholipids (negative, t-stat = -2.78, df = 413 

158, p = 0.01). 414 
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 There was not a main effect of temperature on porewater CH4 concentrations, but there was an 415 

interaction with depth such that the temperature response declines with depth (t-state = -2.49, df = 153, p 416 

= 0.01).  Phenolics (t-stat = -2.1, df = 153, p = 0.03) and phospholipids (t-stat = -2.67, df = 153, p 0.01) 417 

were negative predictors of CH4 in the porewater. In contrast, aminosugars (t-stat = 2.19, df = 153, p = 418 

0.03) and lignin (t-stat = 2.5, df = 153, p = 0.01) were positive predictors of CH4 in the porewater (Table 419 

1).  420 

 Alpha is a metric derived from the isotope difference between the CO2 and CH4 ([δ
13CO2 + 421 

1000]/[δ13CH4 +1000]) that can be used as indicator of the relative strength of the two dominant 422 

methanogenesis pathways in the peat. High alpha (~1.045 to 1.09) indicates hydrogenotrophic 423 

methanogenesis, while low alpha (<1.045) indicates greater acetoclastic methanogenesis (Whiticar 1999). 424 

There is an overall significant negative response of alpha to temperature (t-stat = -2.8, df = 154, p = 0.01) 425 

indicating more acetoclastic CH4 production. The temperature response of alpha increases with depth (t-426 

stat = 4.57, df = 154, p < 0.001). There is no significant main or interaction effect of eCO2 treatment on 427 

alpha (Table 1). 428 

 429 

Table 1: Mixed Effects Modeling for C gas dynamics. Main and interaction effects of temperature (T), 430 

depth, and eCO2 treatment were tested as well as porewater chemical composition as predictors. 431 

Response Predictor    estimate  SE  t-stat  DF  p-value 432 

 433 

CO2
  depth    0.63   0.11  5.5  158  1.3e-7 434 

  eCO2    0.56   0.19  3.0  158  2.8e-3 435 

eCO2 × depth  -0.3   0.14  -2.1  158  0.04 436 

  eCO2 × T × depth 0.27   0.12  2.3  158  0.03 437 

  amino sugars  0.47   0.14  3.3  158  1.2e-3 438 

  lignin   0.28   0.14  2.0  158  0.048 439 

  phospholipids  -0.44   0.16  -2.8  158  0.01 440 

 441 

CH4  T × depth   -0.21   0.08  -2.5  153  0.01  442 

  phenolics   -0.25   0.12  -2.1  153  0.03 443 

  amino sugars  0.34   0.16  2.2  153  0.03 444 

  lignin   0.38   0.15  2.5  153  0.01 445 

  phospholipids  -0.46   0.17  -2.7  153  0.01 446 

 447 

alpha  T    -0.28   0.10  -2.78  154  6e-3 448 

  depth    0.31   0.08  4.1  154  5.8e-5  449 

  T × depth   0.22   0.05  4.57  154  9e-6 450 

  lignin   0.27   0.10  2.57  154  0.01 451 

 452 

Using a network approach, we combined the results of the mixed effects model in a nested 453 

hierarchy to evaluate the indirect and direct effects of biomass-weighted plant chemical inputs first on 454 
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porewater chemical composition and then overall C gas production dynamics as measured by CO2 and 455 

CH4 concentrations and alpha (Figure 6). In these networks we show only positive effects of plant inputs 456 

on porewater chemistry (in keeping with our hypothesis), while both positive and negative effects of 457 

porewater chemistry on C gas measures are considered. We found that plant polysaccharide input has a 458 

strong effect on porewater aminosugar content which in turn drives both CO2 and CH4 concentrations in a 459 

positive fashion (Figure 6). Plant lignin inputs are positively (though not significantly) correlated with 460 

pore water lignin, and significantly correlated with porewater phenolic content which in turn suppresses 461 

CH4 while having no apparent effect on porewater CO2 concentrations. Phospholipids in the porewater 462 

have an inhibitory effect on both CO2 and CH4 concentrations, but do not appear to be influenced by plant 463 

inputs. Alpha is significantly predicted only by plant lignin inputs. 464 

 465 
Figure 6: Network illustrating direct and indirect effects of plant chemical inputs on porewater chemical 466 

composition and in turn the porewater chemical composition on C gas production dynamics. Blue lines 467 

indicate positive correlations between nodes; red lines indicate negative correlations between nodes as 468 

determined from the nested mixed effects modeling. The magnitude of the correlation is indicated by the 469 

thickness of the line, thicker lines indicate a larger . Solid lines indicate significant effects (p < 0.05), 470 

dashed lines indicate strong correlations (  > 1) with marginal significance (p < 0.1). Green triangles 471 

indicate temperature responses under ambient CO2 treatment, upward pointing triangle indicate positive 472 
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temperature correlation downward point triangle indicate negative correlation. Purple triangles similarly 473 

indicate the direction of the temperature responses under elevated CO2 treatment. 474 

 475 

3.4 Microbial community composition results 476 

 Differential abundance analysis of the porewater microbial communities identified 20 unique genera 477 

that increased significantly between the +0ºC and +9ºC treatments (p < 0.05; Figure 7a). The majority of 478 

these taxa showed a significant increase in relative abundance with warming at the mid-range depths, 479 

including 13 and 7 genera at 50 cm and 75 cm depth, respectively. Several genera were found to respond 480 

to warming across multiple depths, including Candidatus Methylopumilus, Pedobacter, Rhodoferax, and 481 

Crenothrix.  482 

Of the 20 microbial groups that increased with warming, 4 of these groups were also found to 483 

significantly differ between the ambient and elevated CO2 treatments (Wilcoxon test, p < 0.05; Figure 484 

7b). These included the Crenothrix, Methylomonas, Candidatus Zambryskibacteria, and 485 

Methylomonadaceae. Interestingly, these taxa only differed between CO2 treatments in the +9ºC 486 

enclosures at 25cm depth, with no significant changes detected in the +0ºC enclosures.  487 

To identify shifts in microbial community composition with geochemical measurements, we 488 

performed linear regressions of the 20 taxa that responded to warming against CO2:CH4 ratios measured 489 

from the corresponding depths and enclosures. This analysis revealed 9 taxa whose relative abundances 490 

were significantly higher at low CO2:CH4 ratios (i.e., under more methanogenic conditions; p < 0.05; 491 

Figure 7c).  492 
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495 
Figure 7: Panel (a) Porewater microbial taxa that increase with warming treatments. Responses to 496 

warming were determined using differential abundance analysis (DESeq2) to identify genus-level taxa 497 

that increased significantly between the +0ºC and +9ºC treatments (p < 0.05). Genera are separated 498 

according to their depth of origin in the porewater. Depths that are not shown did not contain any taxa 499 

with significant responses to warming treatments. The x-axis shows the magnitude of increase in relative 500 

abundance with warming, presented as the log2-fold change. Panel (b) Porewater microbial taxa impacted 501 

by warming and elevated CO2 treatments at 25 cm depth. Prior to analysis, all amplicon sequence variants 502 

(ASVs) were merged at the genus-level. Boxplots represent genus-level taxa from replicate samples (n=3) 503 

as well as the two sampling time points (June 2016 and August 2017). Asterisks indicate the significance 504 

level for differences between the two CO2 treatments at each temperature using a Wilcoxon test (* 505 

p<0.05; ** p<0.01), ns indicates a non-significant difference (p>0.05). Panel (c) Regressions of porewater 506 

microbial taxa abundances against CO2:CH4 ratios. Regressions were performed for all 20 microbial 507 

genera that responded positively to warming treatments using differential abundance analysis. Here, only 508 

those taxa with significant correlations to CO2:CH4 ratios are shown (p < 0.05). Porewater depths are 509 

represented by color as in Figure 5, while CO2 treatments are indicated by open vs. closed points. Relative 510 

abundance values were log-transformed to meet expectations of normality. Unclassified taxa are indicated 511 

as “u.c.”. 512 
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4 Discussion 513 

4.1 Plant community changes with warming 514 

In this ombrotrophic bog, whole ecosystem warming altered the dominant plant community 515 

including a dramatic decline in Sphagnum species accompanied by a substantial increase in shrubs 516 

(Rhododendron and in 2021 Chamaedaphne see supplemental Table S2) (Figure 2; Norby et al., 2019; 517 

McPartland et al., 2020). As in other peatlands (Wilson et al., 2022), plant species exhibited distinct 518 

chemical compositions (Figure 3). In addition to differences in chemical composition among plant 519 

species, chemical composition within species changed in response to warming (Figure 4).  We 520 

hypothesized that changes in plant community and plant chemical composition in response to the 521 

warming treatments were likely to change the quality or organic inputs to the subsurface which would 522 

then influence C gas production dynamics. As plants are the primary source of organic matter to the 523 

subsurface in ombrotrophic peatlands, they play a strong role in controlling the availability of organic 524 

substrates fueling heterotrophic microbial processes (Sutton-Grier and Megonigal 2011) that result in 525 

organic matter decomposition to the greenhouse gases CO2 and CH4. We hypothesized that changes in the 526 

abundance of plant-associated compounds could be used to predict changes in CO2 and CH4 production 527 

dynamics (Figure 1).  528 

At this same boreal bog site, McPartland et al., (2020) found that the relative cover of Sphagnum 529 

moss and the forb Maianthemum significantly declined with warming, while the shrub Vaccinium 530 

angustifolium increased. They found contradictory results for aboveground biomass of Rhododendron 531 

groenlandicum during the early stages of the experiment, but after extending the dataset to 2022, both R. 532 

groenlandicum (overall years, Figure 2) and Chamaedaphne calyculata (in 2021 Table S2) increased with 533 

warming. Initially, there was no effect of warming on trees, however after almost eight years of treatment, 534 

the aboveground biomass of trees has increased with temperature as have shrubs.  These increases come 535 

at the expense of Sphagnum (Hanson et al., 2025, Norby et al., 2019; 2023). While warming continues to 536 

cause substantial shifts to the increasingly shrub-dominated vegetation (Norby et al., 2019; McPartland et 537 

al., 2020), the effects of elevated CO2 on the plant community in the early years of the experiment appear 538 

to be minimal (McPartland et al., 2020). However, more recently, Hanson et al., (2025) have observed the 539 

emergence of an eCO2 response, wherein shrub biomass is higher in the elevated air CO2 plots. This lag 540 

was attributed to the nutrient poor conditions within this ombrotrophic bog (Hanson et al., 2025). In the 541 

early years of the experiment, production was nutrient limited, but as the Sphagnum died off and released 542 

organic material to the subsurface via decomposition the nutrient limitation was hypothesized to be 543 

alleviated (Iversen et al., 2023) allowing the trees and shrubs to respond to the elevated CO2 (Hanson et 544 

al., 2025).  545 

 546 
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4.2 Differences in plant chemical composition and changes with warming  547 

The observed vegetation changes have resulted in changing plant chemical inputs to the 548 

subsurface. As the plant community composition shifts from Sphagnum-dominated, with high 549 

polysaccharide content, towards shrubs, with higher phenolic and aromatics content, the resulting 550 

potential inputs of bioavailable organic inputs changes. Sphagnum, of course, does not contain true lignin, 551 

so the shift towards trees and shrubs does, by default, increase lignin inputs. This is reflected in the higher 552 

lignin-like compounds in Picea and Vaccinium (Figure 3f). The lignin-like FTIR band at 1515 is also 553 

associated with pectin (Synytsya et al., 2003) which is present in Sphagnum cell walls (Ballance et al., 554 

2012), hence our description of this band as lignin-like. The relatively lower phenolic content of 555 

Sphagnum compared to the trees and shrubs we observe here (Figure 3d) is consistent with other studies 556 

demonstrating increasing phenolic content in trees and shrubs during peatland vegetation shifts (Bragazza 557 

et al., 2012; Wang et al., 2015). This increasing phenolic content is thought to (1) be somewhat resistant 558 

to microbial decomposition itself, although some utilization occurs (McGivern et al., 2024) and (2) 559 

protect the Sphagnum peat that is there from being readily degraded (Wang et al., 2015). 560 

In addition to changes in plant inputs due to changing species composition, there are also shifts in 561 

the molecular composition within individual plant species, some of which mitigate the shifts in plant 562 

species. Picea exhibits increasing polysaccharide content with temperature consistent with observations 563 

that some plants, including pines, increase polysaccharide content in response to drought stress in order to 564 

improve osmoregulation (Chandrasekaran et al., 2022). Aromatic contents increased in Maianthemum, 565 

Picea, and Rhododendron in response to temperature, consistent with observations of increasing aromatic 566 

content (such as aromatic amino acids) in the model species Arabidopsis (Kaplan et al., 2004). Increasing 567 

protein content in Picea and Rhododendron is consistent with the production of heat shock proteins in 568 

these longer-lived species (Spinelli et al., 2011).  569 

Because the model did not converge with the full four-way interaction, we could not assess eCO2 570 

effects within individual plant species. Instead, we evaluated the combined effects of temperature and 571 

eCO2 on biomass-weighted inputs of plant organic matter to the soil. Collectively, increased shrub and 572 

tree abundance, along with changes in plant chemical composition, led to a net decline in the inputs of 573 

highly bioavailable compounds (e.g., polysaccharides) and an increase in less bioavailable compounds 574 

(e.g., lignin) with warming under ambient CO₂ conditions (Supplemental Figure 3). This decline in 575 

bioavailable organic matter with warming is consistent with global shifts in peat composition reported by 576 

Verbeke et al (2022) and Hodgkins et al. (2018).  577 

 578 

4.3 Correlations of plant chemical composition with porewater organic matter availability 579 
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Shifts in plant inputs appear to strongly influence porewater chemistry, in particular, compounds 580 

linked to C gas production. Highly bioavailable inputs, such as plant polysaccharides were closely 581 

associated with higher porewater aminosugar content, with smaller contributions from plant proteins and 582 

non-lignin aromatics. This pattern is consistent with the fermentation of cell wall polysaccharides into 583 

constituent monomers, including aminosugars (Hu et al., 2018). The breakdown of polysaccharides is 584 

often considered the rate-limiting step for fermentation, particularly in environments like peatlands which 585 

are highly N-limited (Hu et al., 2018). In Sphagnum-dominated peatlands, where fermentation products 586 

tend to accumulate (Zalman et al., 2018, Tveit et al., 2015), greater aminosugar release under warming 587 

may therefore stimulate microbial metabolism by increasing N availability, ultimately promoting CO2 and 588 

CH4 production. Aminosugar content could be driven by leaching from dead Sphagnum biomass into the 589 

belowground pool an explanation consistent with earlier data showing the transfer of nitrogen compounds 590 

from Sphagnum decomposition into belowground pools (Petro et al., 2023). Further, porewater 591 

aminosugars and carbohydrates (under eCO2) may result from overall increases in aboveground net 592 

primary production (McPartland et al., 2020) rather than changes in individual plant species or 593 

community composition and their chemistry. The decline in porewater protein concentration with 594 

increasing temperature under both ambient and eCO2 (Figure 5g) is consistent with earlier observed 595 

trends and supports the hypothesis that microbial protein uptake increases with warming due to higher 596 

turnover rates (Wilson et al., 2021a). The absence of a clear relationship between plant protein inputs 597 

(Figure S3) and porewater protein levels could therefore reflect rapid microbial recycling of these 598 

compounds. In addition, enhanced protein degradation with warming could release N-rich aminosugars in 599 

the porewater explaining the positive correlation between plant protein inputs and porewater aminosugar 600 

content (Figure 6). 601 

In contrast with earlier years of the experiment (Wilson et al., 2021a), the extended time series no 602 

longer shows a significant increase in carbohydrate-like compounds in the porewater with warming 603 

(under ambient CO₂ conditions; Figure 5d). In the short-term, warming stimulates sugar production within 604 

plants in response to abiotic stress (Chandrasekaran et al., 2022)— a pattern consistent with our 605 

observations of increasing polysaccharide content in trees (Figure 4j). However, the longer term shifts in 606 

plant community composition, specifically the overall loss of polysaccharide-rich Sphagnum (Figure 3d), 607 

offset these short-term increases at the individual plants level and result in a net decline of polysaccharide 608 

inputs to the subsurface over time.  609 

The strong correlation between plant lignins and porewater phenolics— even more so than with 610 

porewater lignin content— suggests that these are primarily hydrolysable lignin that are rapidly degraded 611 

to their phenolic subunits. Interestingly, porewater phenolic content suppressed CH4 production, but did 612 

not influence CO2 production (Figure 6). It is thought that phenolic compounds may uniquely inhibit 613 
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methanogens within the microbial community, a phenomenon that has been shown to occur in laboratory 614 

incubations (McGivern et al., 2024, 2025), and that we now demonstrate here in the field. Phospholipids 615 

were not significantly predicted by any plant inputs and appear to be microbially driven.  616 

The changing plant organic matter inputs to the subsurface are reflected in the changing microbial 617 

community, particularly lineages (e.g. Pedobacter, Granulicella, and Ignavibacteriales) that have been 618 

linked to the breakdown and utilization of complex plant-derived polysaccharides (Pankratov and 619 

Dedysh, 2010; Podosokorskaya et al., 2013; Rawat et al., 2014; Wilkins et al., 2014). Pedobacter and 620 

Ignavibacteriales may also function as primary fermenters of simple sugars such as glucose, allowing 621 

them to utilize the products of their own hydrolytic activities (Podosokorskaya et al., 2013; Wilkins et al., 622 

2014; Bei et al., 2021). Other primary fermenters responding to warming include members of 623 

Endomicrobium (Figures 7a, c) (Stingl et al., 2005) which grow by fermenting glucose to lactate, acetate, 624 

hydrogen, and CO2 (Hongoh et al., 2008; Zheng et al., 2016) all precursors to CO2 and CH4 production. 625 

In agreement with our previous work (Hopple et al., 2020; Wilson et al., 2021a), the abundance of 626 

methanogens did not change with warming. This suggests that enhanced decomposition and substrate 627 

availability stimulates methanogen activity, but not their growth. This might be because methanogens 628 

grow very slowly under the harsh conditions (cold, acidic, low N) found in the peat subsurface and the 629 

amount of warming in this experiment is insufficient to overcome those constraints. 630 

 631 

4.3 Dynamics in porewater CO2 and CH4 with temperature 632 

Since whole ecosystem warming was initiated at the site, porewater CO2 concentrations have 633 

risen with temperature (Wilson et al., 2021a). In our model only the 3-way interaction between 634 

temperature × depth × eCO2 was significant indicating that the temperature response of CO2 production 635 

varies with depth and depends highly on the eCO2 treatment (Table 1). In the elevated CO2 treatments, 636 

higher porewater CO2 reflects overall higher biomass from primary production boosts (McPartland et al., 637 

2020). Earlier in the experiment (prior to 2020), porewater CH4 concentrations were significantly 638 

correlated with temperature only at the surface (10 – 25 cm) (Wilson et al., 2021a). Our extended analysis 639 

shows that the temperature response of CH4 is attenuated by depth, but is not influenced by the eCO2 640 

treatment (Table 1). The overall increase in CH4 production under warming is likely influenced by a 641 

combination of ecosystem-level processes. For example, warming can increase methane production by 642 

stimulating overall microbial activity. However, warming also shifts plant inputs toward less bioavailable 643 

substrates. At the same time, higher evapotranspiration under warmer conditions can lower the water-644 

table (Girardin et al., 2016) which increases O₂ infiltration into the subsurface, further constraining 645 

methanogenesis, which is a strictly anaerobic process.  646 
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Alpha, a measure of the isotopic difference between the two microbial respiration products CO2 647 

and CH4, serves as a proxy for the dominant pathways of methanogenesis. In contrast with our previous 648 

work (e.g., Wilson et al., 2021a), our extended data now reveals a consistent shift towards acetoclastic 649 

methanogenesis as the peat warms. Given that hydrogenotrophic methanogenesis is thought to be more 650 

sensitive to warming than acetoclasty (Dellagnezze et al., 2023), it seems likely that the shift in pathways 651 

observed here is due to changing substrate inputs rather than a direct result of warming. For example, the 652 

decrease in lignin-like compounds and the positive correlation between porewater lignin-like content and 653 

increasing alpha (Table 1)— i.e. more hydrogenotrophic methanogenesis— is consistent with the 654 

prediction that more bioavailable organic matter favors acetoclastic over hydrogenotrophic CH4 655 

production (Chanton et al., 2008; Tveit et al., 2015 Conrad 1999; D’Andrilli et al., 2010). Together with 656 

the increase in overall CH4 production, these results cumulatively point to a priming effect whereby an 657 

enhancement in plant-derived organic matter inputs with warming at the surface are stimulating overall 658 

decomposition at deeper peat depths, a result that is consistent with radiocarbon analyses from the site 659 

(Wilson et al., 2021b).  660 

 661 

4.4 Linkages between microbial community dynamics and pathways of organic matter decomposition 662 

Shifts in the porewater microbial community are consistent with our hypothesis that warming 663 

stimulates terminal decomposition through methanogenesis. Numerous heterotrophic taxa, including 664 

known syntrophs (e.g. Syntrophales) which produce both acetate and H2 (Conrad 1999),  increased in 665 

relative abundance with warming.  They were most concentrated at intermediate depths (50-75cm) 666 

coinciding with the decline in alpha and the increase in CH4 concentrations with increasing temperature 667 

(Table 1) highlighting this depth as particularly sensitive to warming (e.g. Tfaily et al., 2018). Many of 668 

the taxa that are more abundant in the warmer treatments are also associated with more methanogenic 669 

conditions in the porewater. Among them,  Smithella (de Bok et al., 2001; Schmidt et al., 2016; Wang et 670 

al., 2019) and the uncultivated family-level lineage Hydrogenedentes (Nobu et al., 2015), are syntrophs 671 

that partner with methanogens to further decompose primary fermentation products.  672 

The co-occurrence of hydrolytic, fermentative, and syntrophic microorganisms with lower 673 

CO2:CH4 (i.e., more methanogenic conditions) and elevated concentrations of the byproducts of plant-674 

derived lignin degradation (i.e. phenolics Figures 5a and 6) suggests that warming is stimulating methane 675 

production via increased organic matter decomposition and the upstream supply of methanogenic 676 

substrates. Accumulation of methanogenic substrates can be linked to the increase in productivity for 677 

vascular plants in the warmed enclosures, resulting in inputs of fresh organic matter as plant litter and root 678 

exudates (Malhotra et al., 2020; McPartland et al., 2020; Wilson et al., 2021a). Elevated supply of plant-679 

derived organic matter accelerates decomposition (Keuper et al., 2020; Ofiti et al., 2023) and here, we see 680 
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that changes in the microbial community composition toward a functional network of organic matter 681 

decomposing microorganisms increases organic matter cycling and higher rates of methanogenesis.  682 

 Consistent with Petro et al., (2023), warming also stimulated methanotrophs, including members of 683 

the genus Methylomonas, which increased with warming at the surface (25 cm; Figure 7) and was 684 

associated with lower CO2:CH4 ratios across the depth profile (Figure 7c). Members of Methylomonas are 685 

abundant and highly active in boreal peatlands (Kip et al., 2011; Esson et al., 2016), capable of oxidizing 686 

both CH4 and methanol in culture (Ogiso et al., 2012; Danilova et al., 2013) and may play an important 687 

role in methylotrophic methanogenesis, which was previously highlighted as an overlooked but 688 

potentially important pathway in this peatland (i.e. Wilson et al., 2021a; Zalman et al., 2018). Below 25 689 

cm, methanotrophs and methylotrophs, including Candidatus Methylopumilus (50 & 75 cm depth), a 690 

methanol user (Salcher et al., 2015) and Crenothrix (75 & 150 cm depths) increased with warming. 691 

Members of the Crenothrix group are unique in that they can oxidize methane both aerobically and 692 

anaerobically (Stoecker et al., 2006; Oswald et al., 2017), which may explain their presence in 693 

consistently anoxic peat. Interestingly, many of these taxa increased in abundance under the warming plus 694 

elevated CO2 enclosures relative to the warming only treatments (25 cm; Figure 7b), suggesting that 695 

warming and CO2 enrichment may have interactive impacts on CH4 oxidation.  696 

 697 

5 Conclusions 698 

The plant community response to warming in our peatland WEW experiment reveals complex 699 

mechanisms linking vegetation change to C gas production. Our findings demonstrate that warming alters 700 

organic matter inputs through two distinct pathways: shifts in plant community composition and changes 701 

in molecular composition within individual plant species. The combined effect of these changes manifest 702 

in the subsurface dissolved organic matter pool, where we observed increased availability of N-containing 703 

aminosugars that correlate with enhanced CH4 production. Critically, this enhanced methanogenesis 704 

appears driven by both direct temperature effects and indirect effects through changing plant inputs. The 705 

observed shift toward acetoclastic methanogenesis at higher temperatures, coupled with increasing 706 

porewater phenolics, suggests a fundamental change in carbon processing pathways. Our integration of 707 

plant chemistry, porewater metabolomics, and microbial community analysis reveals that ecosystem 708 

responses to warming may be cryptic and extend beyond visible vegetation changes. The complex 709 

interactions between plant inputs, microbial metabolism, and greenhouse gas production highlight the 710 

need for comprehensive monitoring approaches that capture both above and belowground responses to 711 

climate change. These findings have important implications for predicting and modeling peatland carbon 712 

cycling under future climate scenarios. 713 

 714 
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