
1. Introduction
Peatlands comprise ∼3% of the global land area, but store more carbon (C) than any other terrestrial eco-
system (Bridgham et al., 2006; Xu et al., 2018). This organic matter is stabilized by both its chemistry and 
factors that constrain decomposition, including saturation, temperature, low redox potential, and nutri-
ent availability (Minasny et al., 2019). When these environmental conditions are altered via climate and 
land-use changes (e.g., rapid warming in northern latitudes and peatland drainage), organic matter is more 
susceptible to oxidation (Hoyt et al., 2020; Hugelius et al., 2020; Kurnianto et al., 2015; Leifeld et al., 2012; 
Sjögersten et  al.,  2016) and the chemical composition of soil organic matter (SOM) becomes a key and 
potentially rate-limiting constraint on microbial rates of mineralization. As climate and anthropogenic 
impacts intensify and governments develop policies to preserve peatland C (Evers et  al.,  2017; Granath 
et al., 2016; Leifeld & Menichetti, 2018), there is a critical need to understand the controls on SOM stability 
and model the impact of perturbations on C dynamics and gas fluxes to the atmosphere (Loisel et al., 2020).

Peatlands occur across the globe under a wide range of climate, vegetation, nutrient status, soil pH, and 
land-use regimes (Frolking et al., 2011; Page et al., 2011; Turetsky et al., 2014; Xu et al., 2018). However, 
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studies of SOM stability have been site-specific and disproportionately focused on northern peatlands, re-
sulting in a lack of an integrated cross-continental understanding on the biogeochemical controls of SOM 
dynamics, which is needed to improve representation of peatlands in earth system models (Kurnianto 
et al., 2015; Loisel et al., 2020; Norris et al., 2013; Tfaily et al., 2014). For example, it is typically assumed 
that the relative proportion of major chemical groups in SOM and their pool sizes and stability are similar 
in peatlands worldwide, implicit in the use of total C stocks to estimate gas fluxes from peatlands (Lehmann 
& Kleber, 2015; Todd-Brown et al., 2013; Turetsky et al., 2014). However, this oversimplifies the influence of 
biogeochemical drivers of SOM dynamics and potentially skews the accuracy of predictive models (Todd-
Brown et al., 2013; Zhang et al., 2002). Understanding the variation in peat C chemistry, and its influence on 
the response of peatlands to perturbation, will therefore improve representation of peat soil decomposition 
in earth system models.

Information on peat chemistry can be obtained by solid state 13C nuclear magnetic resonance (NMR) spec-
troscopy, which identifies SOM composition by classifying 13C nuclei based on differences in bonding en-
vironment (Derenne & Tu, 2014; Wilson, 2013). These bonding environments are categorized into C func-
tional groups by resonance frequencies presented using a parts per million (ppm) chemical shift scale: 
alkyl (0–45 ppm), methoxyl (45–60 ppm), O-alkyl (60–110 ppm), aromatic (110–160 ppm), and carboxyl 
(160–220 ppm, Knicker, 2011). The stability or decomposition potential of specific C functional groups are 
typically inferred from their behavior in the soil environment (Lehmann & Kleber,  2015). For example, 
the ratio of alkyl to O-alkyl C increases as SOM decomposes and has therefore been used as an index of 
the degree of decomposition (Baldock et al., 1997; Grover & Baldock, 2012; Tfaily et al., 2014). In addition, 
ratios that include aromatic C have been used to infer the persistence and resistance of lipid and lignin 
like plant compounds, or the result of microbial transformations and accumulation of stable byproducts 
(Bonanomi et al., 2013; Chavez-Vergara et al., 2014; Guéguen et al., 2012; Leifeld et al., 2017). In terms of 
the consequences of SOM C chemistry for greenhouse gas (GHG) production, some site-specific studies 
indicate that polysaccharide compounds with oxygenated functional groups correlate with decomposition 
processes (Leifeld et al., 2012; Sjögersten et al., 2016; Wright et al., 2011), while others suggest that aromatic 
C regulates soil respiration (Freeman et al., 2004; Hodgkins et al., 2018; Wang et al., 2015). However, there 
is little broad conceptual understanding of the extent to which variation in SOM chemistry influences GHG 
production from peatlands (Campbell & Paustian, 2015; Minasny et al., 2019).

We studied 125 global peatlands spanning a wide range of environmental conditions to determine the chem-
ical nature of SOM and performed laboratory incubations using peat from a representative set of 11 sites 
to determine SOM response to drainage (Figure 1, Table S1, Lappalainen, 1996). We hypothesized that (a) 
there would be considerable variation in SOM chemical composition across the globe, driven by mean an-
nual temperature (MAT), dominant vegetation inputs (moss, herbaceous, and woody), SOM chemistry (pH 
and C to nitrogen ratio), and land-use, including drainage. We also hypothesized that (b) peat with higher 
O-alkyl C pools would yield greater aerobic CO2 production following perturbation by providing readily 
utilizable C for microbes, whereas greater aromatic and alkyl C would have reduced CO2 production. Con-
firmation of these hypotheses would support the suggestion that modelers should refine their generalized 
assumption of uniform peatland response to climate and land-use changes by incorporating information 
on SOM chemistry in predictions of CO2 production (Lehmann & Kleber, 2015; Todd-Brown et al., 2013).

2. Materials and Methods
2.1. Survey and Experimental Methods

Peatland sites included in the global survey were from field sampling (96) or the published literature (29). 
Figure 1 shows their abundances from different geographical regions. Peat from global survey field sites 
was sampled from the upper 20 cm of the soil profile, with samples sectioned from 0–10 cm, 10–20 cm, or 
0–20 cm depending on the sampling protocol at the particular site. Three or four replicate cores were sam-
pled from each site, then air dried in the laboratory. Composite peat soil samples were analyzed by magic 
angle spinning (MAS) 13C NMR spectroscopy at the National High Magnetic Field Laboratory (NHMFL). 
Web of Science was used to identify 13C NMR data from previously published studies of whole peat soil 
samples from 0 to 20 cm range.
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Laboratory incubations were conducted to determine potential CO2 production on soil samples obtained 
from 11 peatland sites ranging in MAT, vegetation, and land-use (Table 1). Three replicates soil samples 
∼4 m apart were collected from each site, except for the PEATcosm samples which were derived from one 
meter cubed replicate mesocosms at the Houghton Mesocosm Facility (USDA Forest Service, Northern 
Research Station, Houghton, Michigan). Soil cores were sectioned into 10 cm sections from 0 to 30 cm. 
Aerobic incubations were prepared by adding soil that was carefully dried from field condition to 60% 
moisture content by weight into mason jars, which were then sealed and purged with CO2 free air. Due 
to design restrictions requiring the need to store gas samples for later analysis, 20 mL of headspace was 

Figure 1. Peatland sites included in global survey included 96 sites that were sampled and analyzed and 26 sites with 
information obtained from the published literature. Peatland sites are identified with circles (N = 125) with the number 
of sites in a geographical region designated by the circle size. Shaded green regions represent the amount of peatland 
area (bright green 5%–10% and dark green >10% of land area). Figure is modified from Lappalainen (1996) with 
permission from Global Peat Resources (International Peat Society).

Site Location Vegetation Land-use MAT°C Total C g C kg−1 C/N ratio pH

Bonanza Creek Alaska, USA moss non impacted −3.1 394 18 5.2

PEATcosm C Minnesota, USA moss non impacted 3.0 406 52 3.9

PEATcosm L Minnesota, USA moss 5 yr drained 3.0 392 45 4.0

Fowlers Florida, USA moss non impacted 20.5 432 22 3.0

Ordway Florida, USA herbaceous non impacted 20.3 469 16 3.0

EAA Virgin Florida, USA herbaceous 100 yr drained 23.4 417 13 7.4

EAA Brown Farm Florida, USA herbaceous 100 yr farmed 23.4 380 16 7.4

Cerro Muerte Costa Rica moss non impacted 11.0 424 54 4.2

Volcano Poas Costa Rica moss non impacted 12.4 435 98 3.9

San San Pond Sak Panama woody non impacted 25.9 475 19 3.6

Almirante Panama woody non impacted 25.9 472 28 4.4

Note. MAT = mean annual temperature. Soil characteristics correspond to the laboratory analysis of the top 10 cm of the peat profile.

Table 1 
Location and Properties of Peatland Sites Used in the Incubation Study to Determine the Potential CO2 Production Rates Under Aerobic Conditions
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sampled every 2–5 days from incubation jars stored in dark conditions at 
20°C then purged again with air for a new time 0 to ensure the headspace 
did not become anoxic. CO2 concentrations of each sample period were 
added together resulting in a 5-point curve of CO2 production over time 
(μg C-g−1 dw d−1) representing potential CO2 production rates (Harris & 
Paul, 1994; Moyano et al., 2013). Further details on methods are provided 
in the Supporting Information S1.

2.2. Statistical Analysis

Redundancy Analysis (RDA) was used to determine which environmen-
tal factors were most important in describing variation in global peatland 
C chemistry and to better understand how peatlands vary in their C com-
position. The response data matrix consisted of relative signal intensi-
ties for NMR functional groups: carboxyl, aromatic, O-alkyl, methoxyl, 
and alkyl C for each sample. The matrix of predictor variables contained 
measures of MAT, vegetation type, land-use, C/N, and pH for the sites 
from which each peat sample was obtained. To better understand the 
unique contribution of each predictor variable to describing variation 
in peat carbon chemistry, we conducted variance partitioning. We con-
structed linear mixed effects models (R package lme4) to model GHG 
production as a function of C chemistry. We used log-transformed aerobic 
CO2 as our response variable, and the following measures of soil C com-
position as our predictor variables: percent O-alkyl C, percent alkyl C, 
percent aromatic C, alkyl/O-alkyl ratio, aromatic/O-alkyl ratio, calculated 
predicted RDA1 scores of each incubation sample, and sample depth. We 
also tested the quadratic form for each measure of soil C and employed 
site as a random effect. We then compared the final models using Akaike 
Information Criteria (AIC) and Bayesian Information Criteria (BIC) to 
determine the best-fit model. Further explanation of statistical analysis is 
provided in the Supporting Information S1.

3. Results
3.1. Global Survey

Our comprehensive survey of peatland soils revealed that the chemical 
nature of SOM determined by 13C NMR spectroscopy varied markedly de-
pending on site and soil characteristics, including land-use, MAT, vegeta-
tion type, and stoichiometry of C and N (Figure 2). Although the O-alkyl 
functional group was dominant on average (43 ± 13% of total C, range 
17%–70%), the contributions of aromatic C (17% ± 6% of total C, range 
6%–41%) and alkyl C (22 ± 7% of total C, range 9%–41%) varied greatly 
and were sometimes greater than O-alkyl C (Table S2).

RDA highlighted distinct differences in SOM composition, explained 
by MAT, vegetation type, C/N ratio, and land-use (p  =  0.001), but not 
pH (p = 0.1; Figure 3, Table S3). The first RDA axis (RDA1) described 
28.1% of data variation with increased proportions of O-alkyl C as RDA1 
scores decreased (Figure S2). Generally, peatland SOM with higher pro-
portions of O-alkyl C corresponded to soil C/N ratios >40 and devel-
oped from moss inputs under cooler climates with low land-use impacts 
(Figures S3–S6). In contrast, SOM with a high proportion of aromatic C 

formed from woody litter under warmer climates, or experienced long-term land-use impacts. Variance 
partitioning showed the unique contribution of MAT (8.1%), land-use (5.8%), vegetation (5.2%), soil C/N 

Figure 2. 13C Solid State nuclear magnetic resonance spectra of peatlands 
varying in mean annual temperature (−3 to 26°C), vegetation type (moss§, 
herbaceous†, and woody‡), and land-use (nonimpacted and long-term 
impacted*). Spectral regions corresponding to C functional groups are 
labeled as alkyl (0–45 ppm), methoxyl (45–60 ppm), O-alkyl (60–110 ppm), 
aromatic (110–160 ppm), and carboxyl (160–220 ppm).
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ratio (3.2%), and pH (1.2%) to variation in SOM chemistry, in addition to shared variation between variables 
(Table S4).

3.2. Laboratory Incubation Study: Aerobic CO2 Production

Potential CO2 production from laboratory incubations varied greatly among 11 peatland sites with a range 
of MAT, vegetation inputs, and land-use activities (Table 1). The mean CO2 production (μg C g−1 dry weight 
d−1) ranged from 9 to 455 for 0–10 cm depth, 13 to 368 for 10–20 cm depth, and 9 to 282 for 20–30 cm depth 
(Table S5). We built a set of mixed effects models for CO2 production (n = 33) with predictor variables rep-
resenting carbon composition (e.g., percent O-alkyl C, percent alkyl C, percent aromatic C, alkyl/O-alkyl 
ratio, aromatic/O-alkyl ratio, and a predicted RDA1 score determined by multivariate analysis of the 13C 
NMR spectroscopy functional groups from the global survey), MAT, and depth (Tables S6–S11). The best-
fit model, based on AIC and BIC, included the variables O-alkyl C (t = 7.17), (O-alkyl C)2 (t = −5.63) and 
depth (t = −3.13 for 10–20 cm and t = −4.29 for 20–30 cm; R2 = 0.88; Tables S12 and S13). CO2 production 
increased with the proportion of O-alkyl C until an asymptote around 50% O-alkyl C. Further, CO2 produc-
tion decreased at greater depth in the profile (Figure 4).

Figure 3. Redundancy analysis of data from 125 peatland sites revealed variation in the prevalence of 13C nuclear magnetic resonance (NMR)functional groups 
(carboxyl, aromatic, O-alkyl, methoxyl, and alkyl C) driven by land-use, C/N ratio, mean annual temperature, and vegetation type. Carbon functional groups 
determined by NMR are labeled with large red circles, vegetation types are identified by colors of smaller circles (moss - yellow, herbaceous - green, and woody 
- brown) belonging to each site (N = 125), and long term impacted sites are identified with X over circles. The 11 sites that were chosen for the incubation study 
are indicated with an asterisk.
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4. Discussion
An understanding of global variation in organic matter chemical com-
position in peatlands and its consequences for soil respiration following 
perturbation is required to parameterize earth system models that aim 
to predict future climate scenarios. Our results demonstrate for the first 
time that at the global scale, strong differences in the chemical composi-
tion of organic matter can be predicted by MAT, vegetation, and land-use 
history, and that this chemistry, in turn, predicts the potential for CO2 
production from peatlands. Differences in peat chemistry and decompo-
sition among peatlands are related to O-alkyl and aromatics, of which 
O-alkyls primarily account for differences in gas fluxes. The alkyl/O-alkyl 
ratio has traditionally been assumed to reflect SOM decomposition and 
stability (Baldock et al., 1997; Grover & Baldock, 2012). The relative un-
importance of alkyl C in our study (RDA1 loading score of O-alkyl C was 
six times greater than alkyl C), clarifies that O-alkyl C drives the decom-
position process compared to alkyl C; therefore, O-alkyl C indicates SOM 
decomposition and stability.

Our study demonstrates that the global variation in O-alkyl C is explained 
by MAT, long term land-use, and the type of vegetation. Higher temper-
ature is associated with greater microbial activity, turnover of O-alkyl C, 
and CO2 emissions (Hodgkins et al., 2018; Lehmann & Kleber, 2015). In 
addition, moss is prevalent in peatlands with lower MAT that store larger 
proportion of total C in the O-alkyl C pool contributed by carbohydrates 
and uronic acids (Harrysson Drotz et  al.,  2010; Hodgkins et  al.,  2018; 
Klingenfuß et  al.,  2014; Normand et  al.,  2017). While most peatlands 

are in arctic and boreal latitudes, 10% of peatlands occur in temperate climates, and the tropical peatland 
area is potentially much larger than in historic estimates (Frolking et  al.,  2011; Gumbricht et  al.,  2017; 
Page et al., 2011). Forested peatlands, which are prevalent in the tropics, receive more alkyl and aromat-
ic C from above and below ground sources of C-rich lignin and aliphatic compounds like cutin, suberin, 
and leaf and root waxes (Upton et al., 2018). These compounds preferentially persist in the soil and are 
deemed recalcitrant and stable due to their complex chemical structure (Di Lonardo et al., 2017; Hodgkins 
et al., 2018; Hoyos-Santillan et al., 2016; Klingenfuβ et al., 2014; Leifeld et al., 2017; Sjögersten et al., 2016). 
Long-term drainage for conversion to forestry and agriculture also intensifies degradation via persistent 
oxygen exposure and increased fire incidence, thus diminishing labile C compounds such as O-alkyl C and 
potentially increasing the relative proportion of aromatic C from recalcitrant compounds and pyrogenic 
products (Fenner & Freeman, 2011; Hribljan et al., 2017; Klingenfuß et al., 2014; Leifeld et al., 2017; Mastný 
et al., 2016). Furthermore, our study showed that soil C:N stoichiometry influenced differences in O-alkyl, 
alkyl, and methoxyl C, but not aromatic C, and that surface soil pH plays a limited direct role in regulating 
C composition.

Carbon dynamics and GHG production in peatlands are regulated by complex interactions between envi-
ronmental factors that influence soil redox conditions, plant litter production and decay, SOM composition 
and C:N ratios, pH, microbial and extracellular enzymes activities, and availability of electron acceptors 
and nutrients (Reddy & DeLaune, 2008). Our study is the first to find that O-alkyl C concentration predicts 
CO2 efflux at the global scale across peatlands derived from diverse plant communities with fundamentally 
different chemistry. We predict that the greatest fluxes from peatland drainage will be from undisturbed 
moss-dominated peatlands at high latitudes or high elevations rich in O-alkyl C. Our findings suggest that 
electron donors do not limit microbial activity and CO2 production in O-alkyl-C-rich peatlands experiencing 
drained conditions, where oxygen is the primary electron acceptor and abundant.

Previous studies of temperate and boreal peatlands also linked CO2 production to polysaccharide com-
position or O-alkyl C (Hribljan et al., 2017; Leifeld et al., 2012; Treat et al., 2014; White et al., 2002). Leif-
eld et al.  (2012) presented a strong positive relationship between O-alkyl C and aerobic CO2 production 
from a temperate peatland, while other studies reported high CO2 production from arctic peats containing 

Figure 4. Selected 11 peatland sites were used in the laboratory 
incubation study conducted at 20°C. Rate of potential aerobic CO2 
production predicted by % O-alkyl C (N = 33, R2 = 0.88) for sample 
depths of 0–10 cm, 10–20 cm, and 20–30 cm. The resulting formula is 

2
0.293 2.534

2

O alkyl C O alkyl C– 0.003Potential Aerobic CO Production e
2

 with 
β corresponding to the coefficient for each depth (0–10 cm = 0.000, 
10–20 cm = −0.296, and 20–30 cm = −0.424). The equation for each depth 
is plotted over dots representing incubation samples (0–10 cm is red, 
10–20 cm is green, and 20–30 cm is blue).
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abundant polysaccharides (Treat et al., 2014; White et al., 2002). Our results support and extend these find-
ings to the global scale, but also suggest that peats high in O-alkyl C concentrations have more variability in 
CO2 production compared to sites with low O-alkyl C concentrations, possibly due to other controls such as 
the type of organic compounds contributing to the O-alkyl C signal, limiting resources for microbial activity, 
or differences in microbial community composition and associated activity. Decreased CO2 release at deep-
er peat may be due to previous utilization of the highest quality C compounds, resulting in less favorable 
O-alkyl C substrates (Hodgkins et al., 2018; Sjögersten et al., 2016).

Linking the global peatland survey and complementary laboratory study, we propose that SOM C chemistry, 
specifically O-alkyl C, can be used to predict risk of increased CO2 emissions from peatlands in response to 
drainage or decreased water table depth. Global litter decomposition models derived from studies of upland 
ecosystems currently focus on lignin/N ratios, but our study identifies O-alkyl C as the primary indicator 
of litter mineralization in peatlands as also shown by Bonanomi et al. (2013). Focusing on this class of C 
compounds provides a simple parameter with the potential to improve models of peat carbon dynamics in 
the context of climate change.

Data Availability Statement
The authors declare that the data supporting the findings of this study are available within the paper, its 
supplementary information files, and at https://figshare.com/projects/Organic_matter_chemistry_drives_ 
carbon_dioxide_production_of_peatlands/118407.
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