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Abstract

Peatlands account for 15 to 30% of the world’s soil carbon (C) stock and are important con-

trols over global nitrogen (N) cycles. However, C and N concentrations are known to vary

among peatlands contributing to the uncertainty of global C inventories, but there are few

global studies that relate peatland classification to peat chemistry. We analyzed 436 peat

cores sampled in 24 countries across six continents and measured C, N, and organic matter

(OM) content at three depths down to 70 cm. Sites were distinguished between northern

(387) and tropical (49) peatlands and assigned to one of six distinct broadly recognized

peatland categories that vary primarily along a pH gradient. Peat C and N concentrations,

OM content, and C:N ratios differed significantly among peatland categories, but few differ-

ences in chemistry with depth were found within each category. Across all peatlands C and

N concentrations in the 10–20 cm layer, were 440 ± 85.1 g kg-1 and 13.9 ± 7.4 g kg-1, with an

average C:N ratio of 30.1 ± 20.8. Among peatland categories, median C concentrations

were highest in bogs, poor fens and tropical swamps (446–532 g kg-1) and lowest in interme-

diate and extremely rich fens (375–414 g kg-1). The C:OM ratio in peat was similar across

most peatland categories, except in deeper samples from ombrotrophic tropical peat

swamps that were higher than other peatlands categories. Peat N concentrations and C:N

ratios varied approximately two-fold among peatland categories and N concentrations

tended to be higher (and C:N lower) in intermediate fens compared with other peatland

types. This study reports on a unique data set and demonstrates that differences in peat C

and OM concentrations among broadly classified peatland categories are predictable,

which can aid future studies that use land cover assessments to refine global peatland C

and N stocks.

1. Introduction

Peatlands store a disproportionate amount of the global terrestrial carbon (C), covering

approximately 3% of the earth’s surface yet accounting for between 15 and 30% of the world’s
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soil C stock [1, 2]. Around 80% of the peatlands are in temperate-cold climates in the northern

hemisphere. The remaining peatlands are mostly found in tropical-subtropical climates,

including south-east Asia [3–5], central Africa [6], and South America [7, 8]. Nonetheless peat-

lands are still often dramatically underrepresented in efforts towards comprehensive global

soil databases [9–11]. This is likely due to both a lack of measurements taken to describe

organic soil properties compared with mineral soils, as well as under-sampling of peatlands in

remote regions.

Peatland C stocks have been most widely estimated for northern peatlands, with Gorham’s

[1] estimate of 455 Gt C being the most widely accepted value. Efforts to characterize peatland

C stocks have produced values that range from a low of 270 Gt C [12] to a high of 679 Gt C by

Bridgham et al. [13] who considered all wetlands, not just peatlands. Yu et al. [14] reported

that northern peatlands contained between 473 and 621 Gt C, tropical peatlands contained

between 44 and 55 Gt C and southern peatlands contained between 13 and 18 Gt C. More

recently, Nichols et al. [15] estimated that global peatland C stocks may exceed 1000 Gt.

Regionally, Yu [16] summarized published work on northern peatlands to produce an estimate

of 500 ± 100 Gt C but acknowledged that the greatest sources of uncertainty in these estimates

included peat depth, bulk density and assumed peat C concentration.

Carbon stock estimates in peatlands are a function of the assumed C concentration in peat

with the most widely cited mean global estimates of peat C concentration falling within a nar-

row range of 500–517 g kg-1 [1, 16], despite the fact that peat C concentrations vary widely

depending upon peatland type and location and a wide range of C values have been reported

both among and within individual studies [6, 17–19]. Given the large variation reported within

individual studies, differences in C concentration are most likely due to differences among

peatlands rather than differences in analytical methods among studies. For example, Loisel

et al. [20] analyzed peat from 56 northern peatland sites distributed through Eurasia and

North America and reported peat C concentrations of 470 ± 60 g kg-1, with notable regional

variation in measured C concentrations. Relatively small differences in assumed “average” C

concentrations can have a major impact on estimates of C stocks at the global scale. As an

example, two recent meta-analysis studies have examined the potential impact of using mean

global C values on two other major terrestrial C stocks (trees and dead wood) and suggested

that assuming a mean C proportion of 50% may overestimate C stocks in both forests and

dead wood [21, 22]. For context, Martin et al. [22] estimated that using a mean C concentra-

tion of 48.5% instead of 50%, reduced C stocks in CWD in tropical forest by 3 Pg C, which is

similar to the entire deadwood stock in the temperate biome

An additional factor to consider is that many studies measure organic matter (OM) rather

than C concentration in peat and use an assumed C:OM ratio to convert organic matter stocks

into C [1]. The C:OM ratio can vary depending upon organic matter type [23], but the most

widely used values typically range from 0.50–0.57 [24]. Accounting for variation in the C:OM

ratio or establishing a more consistent C:OM ratio that may be linked to broadly characterized

peatland categories would enable more precise estimates of C stocks when only OM data are

available [23].

Peatlands also store large quantities of nitrogen (N) and can have a large impact on the

global N cycle [2, 25]. Studies typically combine C:N ratios in peat with estimates of C stocks

to quantify current peatland N pools [20, 26]. In a review of the literature, Yu [16] estimated

that northern peatlands currently hold 10–13 Gt N based on an assumed C stock of 270 Gt C

and a C:N ratio of 20–30 obtained from fen peat [27, 28]. Leifeld and Menichetti [2] estimated

that N stocks in tropical peatlands amounted to 4 Gt N based on a C stock of 119.2 Gt C and a

mean C:N ratio of 29.7. Other studies have shown that C:N ratios are much more variable.

Based on 40 northern peatland cores sampled across North America and Eurasia including
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more than 3000 samples that included predominantly Sphagnum and non-Sphagnum peat,

Loisel et al. [20] reported that C:N mass ratios varied considerably among northern peatland

types and C:N ratios at individual sites were between 12 and 217 with an overall average of

55 ± 33. Lampela et al. [29] also found that C:N ratios in peat from a tropical peat swamp were

between 27–79, which were also greater than the mean value used by Yu [16].

More recent efforts to characterize soil C and N stocks in northern regions combine empiri-

cal measurements with land-cover classification that differ in physical (bulk density and chem-

ical) properties [30–32]. While these approaches greatly improve estimates of C and N stocks

in peatlands, these studies are still based on very limited peatland chemistry data sets and are

focused mostly on northern regions. In this study we work to address this gap by comparing

C, N, and organic matter concentrations in peat (up to 70 cm depth) obtained from 436 cores

sites ranging from acidic bogs and tropical peat swamps to more alkaline rich fens distributed

across six continents and 24 countries. Peatlands were characterized into six broadly recogniz-

able peatland classifications (ombrotrophic tropical peat swamps, minerotrophic tropical peat

swamps, bogs, poor fens, intermediate fens, and extremely rich fens) that generally fall along

an acidity gradient, and peat chemistry was compared across these peatland categories at

depths of 10–20 cm, 30–40 cm and 60–70 cm.

2. Materials and methods

2.1. Project sampling

We quantified global variation in peatland C and N concentrations and organic matter content

in 1226 individual peat samples at different depths, from 436 cores, collected across 24 coun-

tries and six continents (Fig 1). The samples are part of a larger project characterizing the geo-

chemistry and microbial communities in global peatlands ([33], Global Peatland Microbiome

Project). An important aim of the overall project was to generate a common data set across

peatlands that was robust enough to allow global-scale comparisons but was also flexible

Fig 1. Global distribution of core sampling locations by peatland types. Points are offset to help reveal sampling intensity.

https://doi.org/10.1371/journal.pone.0275149.g001
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enough to be useful for local-scale research projects at each site. Therefore, peatlands selected

for sampling, specific coring locations within each wetland, and boundaries around peatlands

and sampling sites within peatlands, were chosen to meet the individual needs of each collabo-

rator using their local knowledge of hydrology, vegetation, and peat chemistry. In this study

any degraded or experimental peatland sites identified by the local researcher were excluded

from the analysis. The final samples included in this projected were divided into 146 collection

locations, within 107 distinct peatlands. In most cases, at least three cores were sampled from a

site, with cores ranging from approximately 1 m to 500 m apart within a site (<100 m in most

cases), and distinct sampling sites within wetlands ranged from 10 m to 5000 m apart. The var-

iation in distances among cores and sites primarily reflects variation in the spatial scale of habi-

tat types among the diversity of peatlands included in the project. Peat was collected from a

topographic position that would be most representative of most of the habitat at a site. Coring

and collection methods included Russian peat borer, box corer, or sampled by hand using a

serrated knife to achieve depth increments of 10–20, 30–40, and 60–70 cm, when possible,

while cleaning sampling tools and avoiding compaction. In each case, a representative subsam-

ple of each 10 cm depth increment from a core was obtained by homogenizing the sample in a

plastic bag, or by randomly pulling material from several locations across the sample, with the

goal of obtaining ~50 g field moist peat per sample. Collaborators used rapid shipping meth-

ods, and when possible, shipped on dry ice or ice packs to ensure samples were minimally

impacted during transportation. Samples were catalogued and stored at -20˚C to prevent sam-

ple degradation prior to analysis.

2.2 Chemical analysis

In the lab, sub-samples were immediately oven dried at 60˚C and ground to a fine powder in a

ball mill. Organic matter was determined by combusting 0.1–0.5 g of dry ground peat in a 10

ml crucible at 550˚C in a muffle furnace for 6 hours. Samples were then re-weighed to deter-

mine the proportion of mass loss (OM %). Peat pH was measured in a slurry at a 2:1 ratio (vol-

ume to volume) of distilled water to peat. A small number (< 20) of samples were freeze-dried

by collaborators, prior to shipping to our lab; freeze dried samples were rewetted to 90% water

content using distilled water and left to sit for several hours prior to measuring pH. For C and

N analysis dried ground peat was weighed to within 0.0001 g on a digital balance. Approxi-

mately 75 mg of peat was placed into a formed tin foil capsule along with 150 mg of tungsten

(VI) oxide powder. The tin foil was folded over sealing the sample and was compressed in a

pill-shaping device. Packed samples were analyzed using an Elementar VarioMacro CNS Ana-

lyzer and precision of results was confirmed using blanks and sulfadiazine for CNS recalibra-

tion and QA standard (NIST-1515-SRM apple leaves). Laboratory processing and analyses for

all samples was done consistently by the same people in Erik Lilleskov’s group at the Northern

Research Station (US Department of Agriculture- Forestry Service, Houghton, MI USA) for

milling and pH determination; in Nathan Basiliko’s group at Laurentian University (Sudbury,

Ontario, Canada) for OM measurements and preparation for CNS analysis, and in Shaun Wat-

mough’s group at Trent University (Peterborough, Ontario, Canada) for CNS analysis.

2.3 Peatland classification

To classify habitats, sites were binned into categories based on pH ranges put forth by Rydin

and Jeglum [28]; bog pH<4.2, poor fen 4–5.5, intermediate and moderately rich fen

pH = 5–7, extremely rich fen pH = 6.8–9. These peatland category types represent widely uti-

lized general categories along the bog-fen gradient and range from totally precipitation fed

bogs (ombrotrophic) to highly ground-water dependent (minerotrophic) fens. All distinct
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sampling sites were initially categorized into these four categories using the average peat pH

from the 10–20 cm samples. In general, these sites could also be distinguished by considering

pH and peat Ca concentration together. Final decisions on the small number of sites with pH

values in overlapping regions were based on the expert opinions of the contributors who

worked at those sites. Due to their ecological distinctiveness, we further separated lowland

tropical peat swamps from the other sites but retained the tropical peat swamp sites within the

categories provided by the pH cut-offs. This resulted in two additional habitat categories for

comparison: ombrotrophic peat swamp forest (pH<4.2) and minerotrophic peat swamp for-

est (pH = 4.2–5.5). Peatlands are extremely diverse in character and there are a great variety of

detailed classification systems (see [28]). However, it is unlikely that any one of these systems

is entirely sufficient for categorizing sites that span the geographic range of our study. We

believe that the simplified broad habitat categories we used provide sufficient resolution for

examining the broad patterns of peat C and N chemistry that are this study’s primary interest.

Although our study includes an extensive number of peatlands, from both inside and outside

the biosphere’s primary peat forming regions, our data set is not necessarily directly reflective

of the proportional distribution of each of these peatland types within each region. As exam-

ples of this potential bias, we note for example that we only included 10 and 11 sites from the

Hudson Bay Lowlands in the Far North of Ontario, Canada and the West Siberian Lowlands

respectively (Fig 1), yet these are two of the largest global peatland complexes.

2.4 Statistical analysis

Linear mixed models were used to examine patterns of C, N, C:N, OM, and C:OM among

peatland habitats, utilizing R 3.5.2 [34]. Models for each response variable included depth in

the peat profile, peatland type, and a peatland type x depth interaction as fixed effects. Each

model also included individual peat core, 1 km diameter and 100 km diameter spatial clusters
as random intercept effects, to account for samples from the same core, wetland or region

being less independent from each other than samples from much more distant locations. Spa-

tial clusters were generated with the leaderCluster package [35], using latitude and longitude

coordinates for the coring locations. Our aim was to conduct large-scale comparisons among

broad peatland classes, using a specific depth increment within an individual core as the fun-

damental sampling unit; therefore, defining individual cores, and the spatial clusters as ran-

dom effects helped statistically control for local-scale variation in unmeasured factors, and

controlled for differences in coring methods and sampling location selection approaches

among collaborators, that are not of interest to our inference. Models were fit with the lmerT-
est package [36], and fixed effects were tested with F-tests utilizing the Kenward-Roger approx-

imation. Partial R2 values for each fixed effect were obtained with the package r2glmm [37].

Post-hoc comparisons were performed in emmeans [38]. For each variable, each model was

run with two different subsets of the data, including: 1) all cores in the data set containing data

from the 10–20 and 30–40 cm depths (N = 958 samples, 479 cores), and 2) all cores in the data

set with data from all three depths (10–20, 30–40, and 60–70 cm; N = 1062 samples, 354

cores).

3. Results

3.1 Peat chemistry variation with depth

Few significant differences among depth were found within each peatland category (Table 1).

Only OM content varied significantly with depth, with values tending to decrease with depth

but decreases were mostly <5% (Figs 2 and 4). The decrease in OM also resulted in small

increases in the C:OM ratio with depth in some peatland categories (Figs 3 and 5). The median
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C concentration across all peatlands was very consistent falling between 442–464 g kg-1,

depending on peat depth (Figs 2 and 4).

3.2 Peat chemistry variation among peatland categories

Much larger differences in peat chemistry were evident among the six broad peatland catego-

ries than were found with depth within each category (Figs 2–5). Within each peatland cate-

gory, C, N and OM values measured in the 10–20 cm and 30–40 cm depths were almost

identical using the entire data set or the abbreviated data set that contained all three depths but

had fewer sites (Figs 2–5). The six peatland categories reflect an increasing pH gradient:

ombrotrophic tropical peat swamps <bogs<poor fens<minerotrophic tropical peat

swamps<intermediate fens<extremely rich fens (Figs 2 and 4). There was considerable varia-

tion in median C concentrations among peatland categories (Figs 2 and 4). Highest median

peat C concentrations were found in ombrotrophic and minerotrophic tropical peat swamps,

followed by bogs and poor fens, with considerably lower median C concentrations recorded in

intermediate and extremely rich fens (Figs 2 and 4).

Patterns in OM content across the six peatland categories were very similar to differences

observed in peat C concentration (Figs 2 and 4). Median OM values across all peatlands were

Table 1. Linear mixed model null-hypothesis test results for peat chemical characteristics in three versions of the dataseta-d.

10-20/30-40 cm unfiltered 10-20/30-40/60-70 cm unfiltered

F df P F df P
Carbon

Peatland type 5.85 (5, 114.4) <0.0001 6.12 (5, 93.1) <0.0001

Depth 0.08 (1, 430) 0.7775 0.99 (2, 696) 0.3708

Peatland type X Depth 1.33 (5, 430) 0.2478 0.88 (10, 696) 0.5558

Nitrogen

Peatland type 3.59 (5, 112.8) 0.0047 3.12 (5, 89.7) 0.012

Depth 0.16 (1, 430) 0.6929 0.93 (2, 696) 0.3969

Peatland type X Depth 0.88 (5, 430) 0.4940 0.92 (10, 696) 0.5096

Carbon:Nitrogen

Peatland type 4.53 (5, 108.8) 0.0009 10.2 (5, 84.2) <0.0001

Depth 0.04 (1, 430) 0.8469 1.95 (2, 696) 0.1434

Peatland type X Depth 3.27 (5, 430) 0.0066 1.47 (10, 696) 0.1470

Organic matter

Peatland type 6.76 (5, 113.6) <0.0001 5.94 (5, 92.9) <0.0001

Depth 2.28 (1, 430) 0.1317 4.34 (2, 696) 0.0133

Peatland type X Depth 2.77 (5, 430) 0.0178 1.14 (10, 696) 0.3324

Carbon: Organic matter

Peatland type 1.06 (5, 60.7) 0.3917 2.91 (5, 68.8) 0.0194

Depth 0.01 (1, 430) 0.9030 4.05 (2, 696) 0.0178

Peatland type X Depth 0.76 (5, 430) 0.5808 1.10 (10, 696) 0.3558

a Analyses were run on two versions of the dataset: 10-20/30-40 cm unfiltered = 10–20 and 30-40cm samples from all cores, 10-20/30-40/60-70 cm unfiltered = 10–20,

30–40, 60-70cm samples from cores containing all three depths.
bAll models also contained the random effects Core, 1km diameter spatial cluster and 100km diameter spatial clusters, but no hypothesis test was applied these variables.

Peatland type = ombrotrophic peat swamp, minerotrophic peat swamp, bog, poor fen, intermediate to moderate rich fen, extremely rich fen.
cCarbon:Nitrogen and Carbon:Organic matter were log10 transformed prior to analyses.
dDenominator degrees of freedom were estimated with the Kenward-Rogers approximation, using Type III sums of squares.

https://doi.org/10.1371/journal.pone.0275149.t001
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between 91.3–93.7% depending on peat depth (Figs 2 and 4). As with C concentration, there

was considerable variation among peatland categories and OM values followed a similar pat-

tern to C among the peatlands. Peat OM values were highest in tropical peat swamps, bogs,

and poor fens, but were much lower and more variable with depth in intermediate and rich

fens (Figs 2 and 4). The similar pattern in peat C concentration and OM values across peat-

lands resulted in generally consistent C:OM ratios across the six peatland categories, although

the C:OM ratio in ombrotrophic tropical peat swamps was higher than the other peatland cate-

gories at all depths (Figs 3 and 5). Peat C:OM ratios also tended to be slightly higher in the

Fig 2. Comparison of pH, organic matter (OM) content, and carbon (C) concentrations of all sampling locations

by peatland class for 10–20 cm and 30–40 cm depth increments. Box center are medians, box limits are 25th and 75th

percentiles, whiskers are 1.5 times the interquartile range, and dots beyond whiskers are outlying points. Significant

differences between peatland classes (a-e) or depth (f-h) are denoted by differing letters (p<0.05).

https://doi.org/10.1371/journal.pone.0275149.g002

Fig 3. Comparison of nitrogen (N) concentration, carbon (C):organic matter (OM) ratios, and C:N ratios of all

sampling locations by peatland class for 10–20 cm and 30–40 cm depth increments. Box center are medians,

box limits are 25th and 75th percentiles, whiskers are 1.5 times the interquartile range, and dots beyond whiskers are

outlying points. Significant differences between peatland classes (a-e) or depth (f-h) are denoted by differing letters

(p<0.05).

https://doi.org/10.1371/journal.pone.0275149.g003
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deepest peat samples that we assessed (Figs 3 and 5). Averaged across all sites the median C:

OM ratio in peat was between 0.48–0.51, depending on peat depth.

Peat N concentrations and C:N ratios also differed significantly among the six peatland cat-

egories, but patterns were less consistent than were found for C and OM (Figs 3 and 5). Aver-

aged across all sites, median N concentrations were 13.9–15.6 g kg-1 and median C:N ratios

were 27.2 and 31.6 depending on depth, with slightly higher N concentrations and lower C:N

ratios measured in deeper peat (Figs 3 and 5). Minerotrophic tropical peat swamps and inter-

mediate fens generally had higher N concentrations than the other peatland categories

Fig 5. Comparison of nitrogen (N) concentration, carbon (C):organic matter (OM) ratios, and C:N ratios of all

sampling locations by peatland class for matching cores at 10–20 cm, 30–40 cm, and 60–70 cm depth increments.

Box center are medians, box limits are 25th and 75th percentiles, whiskers are 1.5 times the interquartile range, and dots

beyond whiskers are outlying points. Significant differences between peatland classes (a-e) or depth (f-h) are denoted

by differing letters (p<0.05).

https://doi.org/10.1371/journal.pone.0275149.g005

Fig 4. Comparison of pH, organic matter (OM) content, and carbon (C) concentrations of all sampling locations

by peatland class for matching cores at 10–20 cm, 30–40 cm, and 60–70 cm depth increments. Box center are

medians, box limits are 25th and 75th percentiles, whiskers are 1.5 times the interquartile range, and dots beyond

whiskers are outlying points. Significant differences between peatland classes (a-e) or depth (f-h) are denoted by

differing letters (p<0.05).

https://doi.org/10.1371/journal.pone.0275149.g004
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(approximately 20 g kg-1 versus 15 g kg-1). Peat C:N ratios were generally lowest in minero-

trophic peat swamps and both intermediate and extremely rich fens except at the 30–40 cm

depth (Figs 3 and 5).

4. Discussion

In our global data set, peat C concentration exhibited little variation with depth (to 70 cm) but

varied considerably among the six peatland categories that we used in this study, with tropical

peat swamps, bogs and poor fens having higher C concentrations than intermediate and

extremely rich fens. Linking differences in peat chemistry to peat or land cover classification is

essential in upscaling studies designed to characterize regional or global C stocks [32]. Loisel

et al. [20] identified five peatland categories (Sphagnum, herbaceous, woody, humified and

brown moss) in their synthesis of northern peatlands and found that mean C concentrations

for each category varied between 460–509 g kg-1 but did not clearly sample or distinguish

minerotrophic fens that have the lowest C concentration in our data set. The difference in the

types of peatlands used in our study compared with Loisel et al. [20] is likely the major reason

for the differences in peat C concentration, highlighting the need for additional sampling

efforts to better constrain global peatland C stocks.

In our study, all peatlands were placed into one of six broad categories (bogs, poor fens,

moderate to intermediate fens, extremely rich fens, ombrotrophic tropical peat swamps and

minerotrophic peat swamps) that encompassed a wide variety of peatland types. Differences in

peatland classification are also widely evident in the literature (e.g., [20]) and can be heavily

debated, but in our broad classification, peatlands categories are generally distinguished by dif-

ferences in pH easily allowing other peatland classifications to be placed into context with this

study. Chimner et al. [17] similarly reported that C concentrations vary among peatland types,

reporting that C concentrations in upper peat were between 457 g kg-1 in Sphagnum domi-

nated peat with a pH of 3.9 to 387 g kg-1 in peatlands dominated by ash (Fraxinus) with a pH

of 5.8. We acknowledge that some peatland types may not fall along the broad acidity gradient

that we identify here, and we could have attempted to divide our four categories along the bog-

fen gradient into treed and non-treed sites. Nevertheless, the pattern we observed in our classi-

fication suggests that categorizing peatlands simply on their degree of ombrotrophy (bog–rich

fen gradient) is very useful for quantifying C and N in peatlands, especially when combined

with improved land cover classification [31, 32].

The predominant reason for the difference in C concentration among peatland types is due

to varying amounts of ash (inorganic material) in peat as patterns in OM values are very simi-

lar to patterns observed for C concentration. Intermediate and extremely rich fens contain a

much greater mineral fraction than bogs or peat swamps, which is reflected in the much lower

OM values, especially in the deeper samples. As a result, the median C:OM ratio was quite sim-

ilar among peatland categories at the upper depths, with a median value in the global data set

of 0.48 to 0.51 (depending on depth), which is within the range reported in other studies [1,

24], but differs somewhat from values reported by Kasozi [23] who established C:OM relation-

ships for carbonatic and organic soils from Florida and Puerto Rico and Spodosols from Flor-

ida, which contained generally higher ratios. We also noted that ombrotrophic tropical peat

swamps tended to have higher C:OM ratios that other peatland categories, especially at the 60–

70 cm depth where the median C:OM ratio was >0.7. This was not the case for minerotrophic

tropical peat swamps in our data set. Previous studies have shown that Sphagnum-derived peat

that is more typical in acidic northern peatlands has a lower C:OM ratio than peat derived pri-

marily from herbaceous vegetation and woody plants [20, 39]. Indeed, Verbeke [33] used

FTIR to show that concentrations of carbohydrates decreased relative to aromatics in samples
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taken from the same sites as those used in our study. This would result in a loss of organic O

and C and a relative increase in C-C bonding resulting in more C relative to OM in deeper

peat. In contrast, the high C:OM ratio found at deeper depths in intermediate fens is likely due

to the high mineral content and such large deviations from the typical C:OM ratio has previ-

ously been noted in samples with a high ash content [23]. In this case the additional C mea-

sured by combustion is most likely from carbonate rich minerals that are present in the more

alkaline fens [40].

Patterns in median N concentrations and C:N ratios in peat also varied significantly among

peatland type. While our median C:N ratios in peat across all sites were between 27.2–31.6

(depending on depth), median peatland categorical values ranged from lows of around 20–25

in base rich peatlands to 30–40 in more acidic bogs, fens, and tropical peat swamps. Wang

et al. [41] similarly reported a wide variation in near surface (upper 50 cm) peat C:N ratios,

with bogs having a C:N ratio of 42.0 ± 1.3, compared with 28.8 ± 0.6 in rich fens. It has been

shown that if the C:N ratio of organic matter is<20 then mineralization will generally take

place and at values >30 then immobilization will occur although this can vary based on site

characteristics and litter type or initial litter quality [42]. A high C:N ratio in bogs, poor fens

and ombrotrophic tropical peat swamps therefore reflects a high rate of C sequestration stress-

ing the importance of preserving natural peatlands to sequester C as opposed to attempting to

build up C stocks in mineral soils that have lower C:N ratios and would require N fertilization

[2]. If the lower C:N ratio in the base rich peatlands is associated with higher rates of decompo-

sition and loss of organic matter it may additionally contribute to the generally lower C and

OM values in these peatland categories.

Variations in peat C and N concentration (and C:N ratios) among these peatland types are

due to several factors including differences in vegetation composition (litter inputs), litter

decomposition rates [43], acidity [44] and peat mineral content. Mean N concentrations in

vegetation are generally similar in bogs and fens, with the notable exception of Sphagnum that

has much lower N concentrations and higher C:N ratios than most other peatland vegetation

[43, 45]. Because Sphagnum is the dominant vegetation in bogs and poor fens compared with

richer fens and peat swamps it plays a major role in the low N concentration and high C:N

ratio in peat in these systems [20]. In addition, in all peatlands, N is resorbed from foliage dur-

ing senescence; hence C:N ratios in fresh litter are considerably higher than in live foliage [43,

46]. During decomposition, C is lost through microbial action and the C:N ratio of peat

decreases [41, 47]. In the more acidic bogs and poor fens in northern peatlands, decomposi-

tion rates are much slower and peat C:N ratios in upper peat are consequently higher than val-

ues found in less acidic intermediate and rich fens where decomposition is more pronounced

[44, 46, 48].

Most previous estimates of global C and N stocks are estimated using data from northern

peatlands as they account for 80% of global peatlands and have been historically more widely

studied [1]. The presence of large peatland C stocks in low-latitude regions has been reported

to be due to differences in peat C chemistry compared with northern peatlands. As with north-

ern peatlands, there can be a wide variation in tropical peat characteristics [49], but in general,

near-surface low-latitude peat has lower carbohydrate and greater aromatic content than near-

surface high-latitude peat, with a greater resistance to decomposition [50, 51]. Such differences

may additionally explain the higher C:OM ratio found in our ombrotrophic tropical peat

swamp habitat category.

Even within northern peatlands, considerable regional variation in mean C and N concen-

trations in peat exists. Loisel et al. [20] for example, reported that mean peat C concentration

varied from a low of 360 g kg-1 in eastern Russia and Asia to a high of 540 g kg-1 in the eastern

European Islands. Similarly, mean N concentrations in peat are between 7.0 g kg-1 in
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continental Europe and 16.0 g kg-1 in several regions including Hudson Bay and James Bay,

western European islands and Western Russia [20].While we do not rule out some regional

variations in peat chemistry within our peatland categories and our data set is not designed to

test regional patterns, it appears that they are likely less than differences found among our six

broad peatland categories and would mean than peat C and N concentrations reported in near

surface peat here are applicable to peatlands worldwide if they can be appropriately catego-

rized. These efforts would be aided by the acquisition of additional data, especially in under-

sampled regions and the continued development of land cover classification using remote

sensing techniques and modelling efforts [52, 53] to better characterize both peatland area and

type.

5. Conclusions

We established six broad peatland categories, consisting of ombrotrophic tropical peat

swamps, minerotrophic tropical peat swamps, bogs, poor fens, intermediate fens, and

extremely rich fens, that fell along an increasing pH gradient and were sampled in 24 countries

across six continents. Peat C, N and OM values were relatively consistent within each category

but varied considerably among the six peatland categories. Peat C concentrations were highest

in bogs, poor fens and tropical peat swamps, while N concentrations were highest in minero-

trophic peat swamps and intermediate fens. The C:OM ratio exhibited less variation among

peatland category suggesting that differences in mineral content were largely responsible for

differences in C concentration among peatlands. Peat C and C:N ratios in our data set followed

a predictable pattern among broadly classified peatland categories, and data sets such as these

may be used to better constrain global assessments of peat C and N in surface peat, especially

when coupled with improved land cover classification.
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8. Lähteenoja O., Reátegui Y.R., Räsänen M., Torres D.D.C., Oinonen M., Page S, (2012). The large

Amazonian peatland carbon sink in the subsiding Pastaza-Marañón foreland basin, Peru. Global

Change Biology, 18, 164–178.

9. Batjes N.H. (2016). Harmonized soil property values for broad-scale modelling (WISE30sec) with esti-

mates of global soil carbon stocks. Geoderma, 269, 61–68.

10. Hengl T., de Jesus J.M., MacMillan R.A., Batjes N.H., Heuvelink G.B., Ribeiro E., et al. (2014). Soil-

Grids1km—global soil information based on automated mapping. PloS one, 9(8). https://doi.org/10.

1371/journal.pone.0105992 PMID: 25171179

11. Hengl T., de Jesus J.M., Heuvelink G.B., Gonzalez M.R., Kilibarda M., Blagotić A., et al. (2017). Soil-

Grids250m: Global gridded soil information based on machine learning. PLoS one, 12(2). https://doi.

org/10.1371/journal.pone.0169748 PMID: 28207752

12. Turunen J., Tomppo E., Tolonen K., and Reinikainen A. (2002). Estimating carbon accumulation rates

of undrained mires in Finland–application to boreal and subarctic regions. Holocene, 12, 69–80.

13. Bridgham S.D., Megonigal J.P., Keller J.K., Bliss N.B., Trettin C. (2006). The carbon balance of North

American wetlands. Wetlands, 26, 889–916.

14. Yu Z., Loisel J., Brosseau D.P., Beilman D.W., Hunt S.J. (2010). Global peatland dynamics since the

Last Glacial Maximum. Journal of Geophysical Letters, 37, L13402, https://doi.org/10.1029/

2010GL043584

PLOS ONE Global C and N in peatlands

PLOS ONE | https://doi.org/10.1371/journal.pone.0275149 November 23, 2022 13 / 15

https://doi.org/10.1038/s41467-018-03406-6
http://www.ncbi.nlm.nih.gov/pubmed/29540695
http://www.imcg.net/gpd/gpd.htm
https://doi.org/10.1038/nature21048
https://doi.org/10.1038/nature21048
http://www.ncbi.nlm.nih.gov/pubmed/28077869
https://doi.org/10.1111/gcb.13689
http://www.ncbi.nlm.nih.gov/pubmed/28295834
https://doi.org/10.1371/journal.pone.0105992
https://doi.org/10.1371/journal.pone.0105992
http://www.ncbi.nlm.nih.gov/pubmed/25171179
https://doi.org/10.1371/journal.pone.0169748
https://doi.org/10.1371/journal.pone.0169748
http://www.ncbi.nlm.nih.gov/pubmed/28207752
https://doi.org/10.1029/2010GL043584
https://doi.org/10.1029/2010GL043584
https://doi.org/10.1371/journal.pone.0275149


15. Nichols J.E., Peteet D.M. (2019). Rapid expansion of northern peatlands and doubled estimate of car-

bon storage. Nature Geoscience, 12, 917–921.

16. Yu Z.C. (2012). Northern peatland carbon stocks and dynamics: a review. Biogeosciences, 9, 4071–

4085.

17. Chimner R.A., Ott C.A., Perry C.H., Kolka R.K. (2014). Developing and evaluating rapid field methods

to estimate peat carbon. Wetlands, 34, 1241–1246.

18. Ott C.A., Chimner R.A. (2016). Long term peat accumulation in temperate forested peatlands (Thuja

occidentalis Swamps) in the Great Lakes Region. Mires and Peat 18: Art. 01.; https://doi.org/10.19189/

MaP.2015.OMB.182

19. Warren M.W., Kauffman J. B., Murdiyarso D, Anshari G., Hergoualc’h K., Kurnianto S., et al. (2012). A

cost-efficient method to assess carbon stocks in tropical peat soil. Biogeosciences Discussions, 9,

7049–7071.

20. Loisel J., Yu Z., Beilman D., Philip C., Jukka A., Amesbury M.J., et al. (2014). A database and synthesis

of existing data for northern peatland soil properties and Holocene carbon accumulation. The Holocene,

24, 1028–1042.

21. Martin A.R., Doraisami M.1, Thomas S.C (2018). Global patterns in wood carbon concentration across

the world’s trees and forests. Nature Geoscience, 11, 915–920, https://doi.org/10.1038/s41561-018-

0246-x

22. Martin A.R., Domke G.M., Doraisami M.1, Thomas S.C. (2021). Carbon fractions in the world’s dead

wood. Nature Geoscience, 12, 889 https://doi.org/10.1038/s41467-021-21149-9 PMID: 33563999

23. Kasozi G.N., Nkedi-Kizza P., Harris W.G. (2009). Varied carbon content of organic matter in Histosols,

Spodosols, and Carbonatic Soils. Soil Science Society of America Journal, 73, 1313–1318.

24. Bhatti J.S., Bauer I.E. (2002). Comparing loss-on-ignition with dry combustion as a method for deter-

mining carbon content in upland and lowland forest ecosystems. Communications in Soil Science and

Plant Analyses, 33, 3419–3430.

25. Limpens J., Heijmans M.P.D., Berendse F. (2006). The nitrogen cycle in boreal peatlands. In: Wieder

R.K., and Vitt D.H. (eds) Boreal Peatland Ecosystems (Ecological Studies, vol. 188). Berlin/Heidel-

berg: Springer-Verlag, pp. 195–230.

26. Clymo R.S., Turunen J. and Tolonen K. (1998). Carbon accumulation in peatlands. Oikos 81, 368–388.

27. Bergner K., Albano Å., Bohlin E. (1990). The Content of Peat: A Compilation of Botanical, Physical and

Chemical Data of Peat. Uppsala: Department of Agricultural Research, Swedish University of Agricul-

tural Sciences.

28. Rydin H., Jeglum J. (2013). The Biology of Peatlands. 2nd Edition. Oxford: Oxford University Press,

382 pp.

29. Lampela M., Jauhiainen J., Vasander H. (2014). Surface peat structure and chemistry in a tropical peat

swamp forest. Plant and Soil, 382, 329–347.

30. Olefeldt D., Hovemyr M., Kuhn M.A., Bastviken D., Bohn T.J., Watts J.D. (2021). The Boreal-Arctic wet-

land and lake dataset. Earth System Science Data Discussion, 13, 5127–5149.

31. Palmtag J., Obu J., Kuhry P., Richter A., Siewert M.B., Weiss N., et al. (2022). A high-spatial resolution

soil carbon and nitrogen dataset for the northern permafrost region, based on circumpolar land cover

upscaling. Earth System Science Data Discussion 2022, 1–28.

32. Treat C. C., Jones M. C. Camill P. Gallego-Sala A., Garneau M., Harden J.W., et al. (2016). Effects of

permafrost aggradation on peat properties as determined from a pan-Arctic synthesis of plant macrofos-

sils." Journal of Geophysical Research: Biogeosciences 121, 78–94.

33. Verbeke B. A., Lamit L. J., Lilleskov E. A., Hodgkins S. B., Basiliko N., Kane E. S., et al. (2022). Latitude,

elevation, and mean annual temperature predict peat organic matter chemistry at a global scale. Global

Biogeochemical Cycles, 36(2), e2021GB007057.

34. R Core Team (2018). R: A language and environment for statistical computing. R Foundation for Statis-

tical Computing, Vienna, Austria. https://www.R-project.org/.

35. Arnold T.B. (2014). Leader Clustering Algorithm. https://cran.r-project.org/package=leaderCluster.

36. Kuznetsova A., Brockhoff P.B., Christensen R.H.B. (2017). “lmerTest Package: Tests in Linear Mixed

Effects Models.” _Journal of Statistical Software_, * 82*(13), 1–26. https://doi.org/10.18637/jss.v082.

i13.

37. Jaeger B. (2017). r2glmm: Computes R Squared for Mixed (Multilevel) Models. R package version

0.1.2. https://CRAN.R-project.org/package=r2glmm.

38. Length R. (2020). emmeans: Estimated Marginal Means, aka Least-Squares Means. R package ver-

sion 1.4.5. https://CRAN.R-project.org/package=emmeans

PLOS ONE Global C and N in peatlands

PLOS ONE | https://doi.org/10.1371/journal.pone.0275149 November 23, 2022 14 / 15

https://doi.org/10.19189/MaP.2015.OMB.182
https://doi.org/10.19189/MaP.2015.OMB.182
https://doi.org/10.1038/s41561-018-0246-x
https://doi.org/10.1038/s41561-018-0246-x
https://doi.org/10.1038/s41467-021-21149-9
http://www.ncbi.nlm.nih.gov/pubmed/33563999
https://www.R-project.org/
https://cran.r-project.org/package=leaderCluster
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.18637/jss.v082.i13
https://CRAN.R-project.org/package=r2glmm
https://CRAN.R-project.org/package=emmeans
https://doi.org/10.1371/journal.pone.0275149


39. Klingenfuß C., Roßkopf N., Walter J., Heller C., Zeitz J. (2014). Soil organic matter to soil organic car-

bon ratios of peatland soil substrates. Geoderma, 235, 410–417.

40. McLaughlin J.W., Webster K.L. (2010). Alkalinity and acidity cycling and fluxes in an intermediate fen

peatland in northern Ontario. Biogeochemistry, 99, 143–155.

41. Wang M., Moore T.R., Talbot J., Riley J.L. (2015). The stoichiometry of carbon and nutrients in peat for-

mation. Global Biogeochemical Cycles, 29, 113–121.

42. Manzoni S., Trofymow J.A., Jackson R.B., Porporato A. (2010). Stoichiometric controls on carbon,

nitrogen, and phosphorus dynamics in decomposing litter. Ecological Monographs, 80, 89–106.

43. Aerts R., Verhoeven T.A., Whigham D.F. (1999). Plant-mediated controls on nutrient cycling in temper-

ate fens and bogs. Ecology, 80, 2170–2181.

44. Grover S.P., Butterly C.R., Wang X., Tang C. (2017). The short-term effects of liming on organic carbon

mineralisation in two acidic soils as affected by different rates and application depths of lime. Biology

and Fertility of Soils, 53, 431–443.

45. Kuhry P., Vitt D. H. (1996). Fossil carbon/nitrogen ratios as a measure of peat decomposition. Ecology,

77, 271–275.

46. Wang M., Moore T. (2014). Carbon, nitrogen, phosphorus, and potassium stoichiometry in an ombro-

trophic peatland reflects plant functional type. Ecosystems, 17, 673–684.

47. Biester H., Knorr K.H., Schellekens J., Basler A. and Hermanns Y.M. (2014). Comparison of different

methods to determine the degree of peat decomposition in peat bogs. Biogeosciences, 11, 2691–2707.

48. Moore T.R., Basiliko N. (2006). Decomposition in boreal peatlands. In: Boreal peatland ecosystems

(eds. Wieder, RK & Vitt, DH). Springer Heidelberg, Germany, pp. 125–143.

49. Upton A., Vane C.H., Girkin N., Turner B.L., Sjőgersten S (2018). Does litter input determine carbon

storage and peat organic chemistry in tropical peatlands? Geoderma, 326, 76–87.

50. Hodgkins S.B., Richardson C.J., Dommain R., Wang H., Glaser P.H., Verbeke B., et al. (2018). Tropical

peatland carbon storage linked to global latitudinal trends in peat recalcitrance. Nature Communica-

tions, 9:3640. | https://doi.org/10.1038/s41467-018-06050-2 PMID: 30194308

51. Normand A.E., Turner B.L., Lamit L.J., Smith A.N., Baiser B., Clark M.W., et al. (2021). Organic matter

chemistry drives carbon dioxide production of peatlands. Geophysical Research Letters, 8,

e2021GL093392.

52. Draper F.C., Roucoux C.H., Lawson I.T., Mitchard E.T.A., Honorio Coronado E.N., Lähteenoja O., et al.
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