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Tropical peatland carbon storage linked to global
latitudinal trends in peat recalcitrance

Suzanne B. Hodgkins® 2, Curtis J. Richardson3, René Dommain®>, Hongjun Wang® 3, Paul H. Glaser®,
Brittany Verbeke’, B. Rose Winkler/, Alexander R. Cobb8, Virginia I. Rich?, Malak Missilmani®, Neal FIanagan3,
Mengchi Ho3, Alison M. Hoyt10, Charles F. Harvey”, S. Rose Viningu, Moira A. HoughB, Tim R. Moore'4,
Pierre J. H. Richard'®, Florentino B. De La Cruz® '®, Joumana Toufaily®, Rasha Hamdan®, William T. Cooper’ &
Jeffrey P. Chanton’

Peatlands represent large terrestrial carbon banks. Given that most peat accumulates in
boreal regions, where low temperatures and water saturation preserve organic matter, the
existence of peat in (sub)tropical regions remains enigmatic. Here we examined peat and
plant chemistry across a latitudinal transect from the Arctic to the tropics. Near-surface low-
latitude peat has lower carbohydrate and greater aromatic content than near-surface high-
latitude peat, creating a reduced oxidation state and resulting recalcitrance. This recalcitrance
allows peat to persist in the (sub)tropics despite warm temperatures. Because we observed
similar declines in carbohydrate content with depth in high-latitude peat, our data explain
recent field-scale deep peat warming experiments in which catotelm (deeper) peat remained
stable despite temperature increases up to 9 °C. We suggest that high-latitude deep peat
reservoirs may be stabilized in the face of climate change by their ultimately lower carbo-
hydrate and higher aromatic composition, similar to tropical peats.
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eatlands are a major global carbon reservoir (528-600 Pg),

with a significant portion of this carbon mass (10-30%) in
tropical peatlands!~#. Peat accumulation occurs when net
primary productivity exceeds the rate of carbon loss via fires and
decomposition, which is inhibited at high latitudes by anaerobic
conditions® and cold temperatures®. The existence of large peat
deposits at low latitudes, where year-round warm temperatures
would be expected to drive higher microbial decomposition
rates”8, is thus surprising. Several hypotheses have been proposed
to explain the accumulation of peat in these environments, such
as higher primary productivity close to the equator’ that may
allow faster litter deposition, as well as physical and chemical peat
characteristics that may slow decomposition rates. For example,
peat in tropical peat swamp forests is largely composed of coarse
woody material from fallen trees, branches, and dead roots!®.
This material may be protected from decomposition by its low
surface-area-to-volume ratio and high lignin content!!>'2, which
has been hypothesized to severely limit its anaerobic decom-
position!>14, Low-latitude peat decomposition may also be slo-
wed by other chemical processes, including release of
decomposition-inhibiting phenolics from shrubs in unsaturated
shrub peatlands!® and high organic matter recalcitrance following
initial rapid decay of plant litter'®!7. These effects can be suffi-
cient to preserve peat even in partially unsaturated conditions!®.
However, their potential to preserve high-latitude peat as the
climate warms and as woody species expand remains uncertain.
Here we examined the role of peat and parent plant chemistry,
in particular the relative abundances of carbohydrates (i.e.,
O-alkyl C or polysaccharides) and aromatics, in driving peat
formation and preservation along a latitudinal transect of major
peatland regions from the Arctic to the tropics (Table 1; Fig. 1).
Relative abundances of carbohydrates and aromatics are indica-
tors of organic matter reactivity, with lower carbohydrate and
higher aromatic content indicating greater humification and/or
recalcitrance!8-21. In this study, we used a newly developed
approach for Fourier transform infrared spectroscopy (FTIR)
analysis (see Methods), which is based on area-normalized peak
heights calibrated to wet chemistry analyses in a set of standard
materials?2, to estimate carbohydrate and aromatic content in
peat from high-latitude, mid-latitude, and low-latitude field sites.
Because peat chemical composition is strongly affected by parent
vegetation in addition to humification!8, we also analyzed selec-
ted plant samples to distinguish the effects of humification from
those of source plant material. The sites along the latitudinal
transect (Table 1; Fig. 1) included a permafrost plateau in Stor-
dalen Mire, subarctic Sweden (68°N; Stordalen: CPP); boreal bogs
and fens in northern Minnesota (MN) (47-48°N; MN Bogs: Zim
Bog, RL-II Bog, and S1 Bog; MN Fens: Bog Lake Fen and RL-II
Fen); a boreal bog near Ottawa, Canada (45°N; Mer Bleue: MB-
775 and MB-930); temperate pocosin bogs in North Carolina
(NC) with frequent low-intensity fires (35°N; NC Pocosin: DNL
and DNL deep); subtropical peat marshes in the Loxahatchee
National Wildlife Refuge, northern Everglades (26°N; Lox-
ahatchee: Lox3 and Lox8); and tropical peat swamp forest sites in
the Ulu Mendaram Conservation Area in Brunei Darussalam,
northwest Borneo (4°N; Mendaram: MDM-III and MDM11-2A).
Our results show that near-surface (sub)tropical peat has lower
carbohydrate and greater aromatic content than near-surface
Arctic and boreal peat, making (sub)tropical peat more chemi-
cally recalcitrant. We propose two main drivers of these trends:
first, plants in warmer climates contribute litter that is higher in
recalcitrant aromatics and lower in carbohydrates compared to
plants in colder climates. Second, more extensive humification in
warm climates selectively removes labile carbohydrates and
concentrates aromatics, causing a negative feedback to further
decomposition. We propose that although anaerobic conditions

are key to peat formation across all climates, other drivers differ
between climatic zones and peat depths, with cold temperatures a
key factor at high latitudes and more recalcitrant organic matter a
key factor at low latitudes and deeper depths.

Results and Discussion

Differences in peat preservation mechanisms with latitude. In
this study, we have focused on two solid-phase organic matter
components that have been shown to drive peat decomposition:
carbohydrates that are the most labile solid-phase component?’,
and aromatics that inhibit anaerobic decomposition!423, These
components produce distinct peaks in the FTIR spectra (Sup-
plementary Fig. 1; Supplementary Table 1). Based on the tech-
niques used to calibrate these FTIR peaks (see Methods; ref. 22;
Supplementary Fig. 2), carbohydrates consist of acid-hydrolysable
polysaccharides, whereas aromatics consist of lignin and other
unsaturated acid-insoluble material such as tannins and humic
substances. While other components such as aliphatics have been
shown to correlate with peat humification?’, these components
have not been identified as active in the humification process**
(unlike carbohydrates that are preferentially lost?® and aromatics
that can actively inhibit decomposition!®?3), but most likely
become concentrated as labile components degrade.

Our results clearly show lower carbohydrate and greater
aromatic content in temperate to tropical sites compared with
Arctic and boreal sites (Fig. 2). Aliphatic content was slightly
higher in temperate to tropical sites, but this difference was much
less pronounced (Supplementary Fig. 3). On average, surface peat
(<50 cm) north of 45°N had higher carbohydrate than aromatic
content, whereas surface peat south of 45°N had lower
carbohydrate than aromatic content (Fig. 3a, b; Supplementary
Fig. 4). Linear regression analysis (Fig. 3) of surface peat
carbohydrate and aromatic contents vs. latitude and mean annual
temperature (Supplementary Table 2) showed that these trends
were significant. The overall highest aromatic concentration was
found in the equatorial Mendaram peatland (Fig. 3). This result is
consistent with previous FTIR and lignin phenol analyses at this
site! 12, which showed very high lignin content and smaller
carbohydrate peaks than our northern sites.

The latitudinal trends in carbohydrate and aromatic content
were also visible via principal components analysis (PCA) of the
entire FTIR spectra (Fig. 4), both with and without peat-forming
vegetation included. In both PCAs, the loadings of PC1 were most
negative in the peak at ~1030cm~! (used to estimate %
carbohydrates) and most positive in the peaks at ~1500 and
~1600 cm™! (used to estimate % aromatics) (Fig. 4a, ). Latitude
and temperature varied mainly along PC1, with sites south of 45°
N having higher PC1 scores (Fig. 4b, d). These results indicate
that global latitudinal trends in peat FTIR spectra are dominated
by a decrease in carbohydrates and increase in aromatics toward
the tropics.

Although anaerobic conditions are a key factor allowing peat
formation across a range of latitudes, the significant trends
observed in peat chemistry with latitude and temperature (Fig. 3)
indicate climatically driven influences on peat formation. At high
latitudes, low temperatures and seasonally frozen soils favor peat
accumulation by slowing decomposition. In the case of Sphagnum
bogs, additional peat preservation mechanisms may include the
low N content?>2%, high acidity?®, and high abundance of the
decomposition-inhibiting carbohydrate sphagnan”-28, With this
exception, carbohydrates are more reactive than aromatics!7-21:29
because their greater carbon oxidation state increases thermo-
dynamic energy yields for decomposition®). Our results thus
demonstrate that at low latitudes, the peat’s low carbohydrate and
high aromatic content (Figs. 2 and 3) leads to high recalcitrance,
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Table 1 Characteristics and locations of sites along the latitudinal transect

Region Site/core Peatland type and water table Dominant Climate Latitude Additional location information = References
(WT) depth vegetation and
longitude
Stordalen CPP Permafrost plateau (dry; active lichens, shrubs, subarctic 68.3531°N, northern Sweden 49-51,53,56,63,64,2
layer ~60 cm thick) Eriophorum 19.0473°E
vaginatum
Minnesota:  Zim Bog bog (WT —19 to —33 cm) Sphagnum spp. boreal 47.1791°N, n/a 66
MN Bogs 92.7146°W
Minnesota: ~ RL-II Bog bog (WT —5 to —20cm) Sphagnum spp. boreal 48.2547°N,  Glacial Lake Agassiz peatlands 31,61,62,67,88
MN Bogs 94.6976°W  (GLAP)
Minnesota:  S1 Bog bog (WT O to —10 cm) Sphagnum spp. boreal 47.5063°N,  Marcell Experimental Forest; plot 21
MN Bogs 93.4527°W  T3F in the SPRUCE experiment
Minnesota:  Bog Lake poor fen (WT ~—7 cm) Sphagnum spp. and  boreal 47.5051°N,  Marcell Experimental Forest 66
MN Fens Fen sedges 93.4890°W
Minnesota:  RL-Il Fen rich fen (inundated) sedges boreal 48.2897°N, GLAP 31,61,62,67,88
MN Fens 94.7083°W
Mer Bleue MB-775 bog (WT —30 to —40cm) Sphagnum spp. boreal 45.4088°N, between bog center and margin 692
75.5182°W
Mer Bleue MB-930 bog (WT —30 to —40cm) Sphagnum spp. boreal 45.4110°N,  near center of bog 69
75.5171°W
NC Pocosin  DNL pocosin (WT ~—30 cm; burned  shrubs temperate,  35.6905°N,  Pocosin Lakes National Wildlife 152
30 years prior to sampling) subtropical  76.5282°W  Refuge
NC Pocosin  DNL deep pocosin (WT ~—30 cm; burned  shrubs temperate,  35.6904°N, Pocosin Lakes National Wildlife 152
30 years prior to sampling) subtropical  76.5283°W  Refuge
Loxahatchee Lox3 peat marsh (inundated; WT Cladium jamaicense  subtropical ~ 26.597°N, Loxahatchee National Wildlife 47,482
+50 to +100 cm) 80.357°W Refuge
Loxahatchee Lox8 peat marsh (inundated; WT Cladium jamaicense  subtropical ~ 26.520°N, Loxahatchee National Wildlife 47,482
+50 to +100 cm) 80.335°W  Refuge
Mendaram ~ MDMT11-2A  forested peat dome (WT large trees (Shorea  tropical 4.3727°N, Ulu Mendaram Conservation 10
+20 to —20cm) albida) 114.3550°E  Area, Brunei
Mendaram MDM-III forested peat dome (WT large trees (Shorea tropical 4.3702°N, Ulu Mendaram Conservation 1,45
+20 to —20cm) albida) 114.3542°E  Area, Brunei
3Reference describes peatlands in the general area, but does not mention this specific coring site
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Fig. 1 Locations of study sites along the global temperature gradient. Sites are shown as numbered white dots: (1) Stordalen (Sweden); (2) RL-Il Bog and
RL-Il Fen (Minnesota, USA); (3) Zim Bog, S1 Bog, and Bog Lake Fen (Minnesota, USA); (4) Mer Bleue (Ontario, Canada); (5) NC Pocosin (North Carolina,
USA); (6) Loxahatchee (Florida, USA); (7) Mendaram (Borneo, Brunei). The map shows global mean annual surface temperature in degrees Celsius (°C)

(ref. 87)

allowing peat to avoid mineralization and persist in (sub)tropical

climates despite warmer temperatures!1°,

Drivers of peat chemistry in warm climates. The trends in peat
chemistry with latitude—specifically, the lower carbohydrate and

higher aromatic content in tropical and subtropical peatlands—
are most pronounced at the surface, whereas northern peat at
deeper depths acquires a chemistry more similar to low-latitude
peat (Figs. 2 and 4; Supplementary Fig. 5). Moreover, the PCA of
FTIR spectra for peat and peat-forming vegetation shows similar
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Fig. 2 Variations in peat chemistry depth profiles across the latitudinal transect. a, b Estimated weight percentages of a carbohydrates and b aromatics in
individual samples, determined based on Fourier transform infrared spectroscopy (FTIR) peak heights (~1030 cm~" for carbohydrates, and the sum of ~1510
and ~1630 cm~" for aromatics) calibrated to wet chemistry measurements (see Methods). Errors listed in the x-axis for each measurement are the

standard errors of the y estimates for the calibrations shown in Supplementary Fig. 2. These depth profiles are also shown separated by peatland category
in Supplementary Fig. 4. ¢, d General trends for high-latitude and low-latitude peatlands illustrated with locally weighted polynomial regression (LOESS)
smooth curves and shaded 95% confidence intervals (LOESS parameters: degree = 2, @ = 0.75) for ¢ carbohydrates and d aromatics, shown for individual

cores in a and b, respectively

latitudinal variations in both categories, although the variations in
vegetation are less pronounced, with vegetation from a range of
latitudes clustering with high-latitude peat along PC1 (Fig. 4d).
These patterns suggest two mechanisms to explain the global
trend in peatland organic matter chemistry: (1) the initial che-
mical quality of the peat-forming plant material (carbohydrate
and aromatic content) is changing along the latitudinal transect,
such that plant litter and the resulting peat are more recalcitrant
at low latitudes, or (2) there is a direct temperature control on the
initial rate of labile carbon loss in peatlands, such that surface
(sub)tropical peat is already well decomposed, whereas surface
northern peat is poorly decomposed and instead degrades more
slowly down the profile. In addition, a combination of both
mechanisms may have a role in creating this latitudinal trend in
peat chemistry.

First, the chemical composition of plant inputs appears to
contribute fundamentally to peat recalcitrance. The source
vegetation responsible for peat formation varies with latitude,
with non-woody Sphagnum and sedges dominant within a broad
range of colder climates®!32, and woody trees and shrubs (or less
commonly Cladium and other sedges if non-forested) dominant
within a broad range of warmer climates>*10-33-35_ These plant
communities exhibit differences in chemical composition that
mirror those seen in the peat, as indicated by comparison of
carbohydrate and aromatic content within the peat and the
dominant peat-forming plants from different latitudinal zones
(Fig. 5; Supplementary Fig. 6; Supplementary Table 3). Based on
unpaired two-tailed ¢ tests, plants from low-latitude sites (NC
Pocosin, Loxahatchee, and Mendaram) had significantly lower
carbohydrate content (#(37)=3.412, p=0.002) and greater
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vs. latitude; ¢ carbohydrates vs. temperature; d aromatics vs. temperature. Each point represents the average £ one standard deviation (SD) of core

sections within the top 50 cm of each core (Supplementary Table 2)

aromatic content (#(37) = 2.652, p = 0.01) than plants from high-
latitude sites (Stordalen and Minnesota). In the Mendaram site,
lignin from Shorea albida wood!»'2 may contribute to the high
aromatic content of the peat (Figs. 2b, d and 3b, d). This high
lignin content may help to explain the very low anaerobic
decomposition and CH, production rates previously reported in
Southeast Asian peatlands!®!4. In the Loxahatchee, despite the
relative sparseness of woody plants, lignin is still abundant in the
roots and shoots of Cladium jamaicense, which are strengthened
by girders (i.e., bundles of sclerenchyma cells)3®. The abundant
aromatics in NC Pocosin peat may include shrub-derived lignin,
as well as phenolics that further inhibit decomposition!®. This
latitudinal pattern of increasing aromatics in peatland plants
towards the equator may reflect the increase in plant defenses
against rising herbivory from high to low latitudes3’. Especially in
tropical forests, strong selective pressures caused by the large
diversity of herbivores, particularly insects, has produced an
immense variety of chemical plant defense mechanisms383°. The
evolution of these defense traits may have given rise to the side
effect of inhibiting decomposition and causing peat accumula-
tion38:40:41 The low carbohydrate content of (sub)tropical peat,
like the high aromatic content, is also influenced by source
vegetation. This is particularly true in the NC Pocosin and
Mendaram sites, where the dominant plant material had low
carbohydrate contents (Fig. 5a). In addition to the high levels of
plant-derived aromatics, this low concentration of labile

carbohydrates presumably also contributes to peat recalcitrance
at these sites.

Second, higher mean annual temperatures may favor greater
humification of tropical and subtropical peat, with the selective
removal of reactive carbohydrates and accumulation of aromatics
leading to a highly recalcitrant residual peat!”>18212%, Once most
of the labile carbohydrates have been removed or transformed,
these humification-induced chemical changes act as a negative
feedback for further decomposition, preventing complete miner-
alization to CO, and CH,'®!7. Despite carbon loss during
humification, the higher primary productivity at low latitudes®
can still allow the accumulation of thick humified peat deposits>.
Humification can occur not only via slow transformation within
the peat column?* (detectable as a relative loss of carbohydrates
and gain in aromatics with depth: Figs. 2 and 4; Supplementary
Fig. 4; Supplementary Fig. 7), but also more rapidly via
humification of plant litter at the peat surface. Indications of
more extensive humification of litter in warmer climates can be
found through comparisons (Fig. 5; Supplementary Fig. 6) of the
chemistry of near-surface peat (upper 50 cm; Supplementary
Table 2) with that of the plants from which it is derived
(Supplementary Table 3). Carbohydrate content was significantly
greater in the plants compared to that of the peat in several sites
(Fig. 5). However, these differences were greatest and most
significant in low-latitude sites (Figs. 4d and 5a), suggesting more
rapid loss of carbohydrates following plant inputs in warm
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significant at p < 0.001. Due to the much larger number of peat samples (n =300) compared to plant samples (n = 39), the clusters of points in d roughly
correspond to those in b. The depth, latitude, and temperature vectors in d are based only on the peat samples. Carbohydrates_est; estimated %

carbohydrates (as shown in Fig. 2a), aromatics_est; estimated % aromatics (as shown in Fig. 2b), aliphatic_rel_abund; aliphatic relative abundance (as
shown in Supplementary Fig. 3a), temperature; mean annual temperature (°C), latitude; latitude (°N), and depth; depth below peat surface (cm)

climates. Compared to carbohydrate content, differences in
aromatic content between potential source plants and peat
(Fig. 5b) were less frequently significant and showed no
consistent trends. Within the peat column across a broader
range of depths, PCAs of the entire FTIR spectra (Fig. 4) revealed
similar trends to those seen between plants and peat: the loadings
of both PCAs showed that while PC1 (correlated mainly with
latitude and temperature) was driven by changes in both
carbohydrates and aromatics (peaks at ~1030 and ~1500+
~1600 cm ™1, respectively), PC2 (correlated mainly with depth)
was primarily driven by changes in the carbohydrate peak
(~1030 cm™1), with higher PC2 scores indicating higher carbo-
hydrate content at shallower depths. This pattern suggests that
transformation of plant material into peat and subsequent
humification are driven primarily by carbohydrate loss2C.
Decomposition-induced changes in peat chemistry are driven
by interactions between temperature, litter chemistry, and water
saturation. Despite the more rapid decomposition that normally
occurs under non-saturated, aerobic conditions®, the non-
saturated (and thus likely aerobic) CPP site at Stordalen had
comparable carbohydrate and aromatic contents to the boreal
Minnesota and Mer Bleue sites (Fig. 2). This lack of extensive
humification at CPP may be due to the extremely cold
temperatures and short growing seasons at this Arctic latitude
(68°N). In contrast, the mid-latitude Mer Blue Bog (45°N), with a

water table of 30-40 cm below the surface, showed a greater
decline in carbohydrates in the top ~50 cm compared to the
higher water table sites in Minnesota with similar climates
(Fig. 2a; Supplementary Fig. 4; Table 1). At even lower latitudes,
the NC Pocosin site, also with a low water table (—30 cm at the
time of sampling (Table 1), and sometimes as deep as —90 cm),
had the lowest carbohydrate content in the entire data set (Fig. 2a;
Fig. 3a, ¢) and significantly lower carbohydrate and greater
aromatic content than the source plants (Fig. 5). This high degree
of transformation is consistent with the unusually old age of the
peat (Fig. 6), and likely reflects a combination of extensive
decomposition (driven by low water tables and compounded by
warm temperatures) and frequent low-intensity fires (which
preferentially combust carbohydrates and produce pyrogenic
aromatic compounds)*2~44, Combined with moisture limitation
of phenol oxidase activity during seasonal drought (which
concentrates shrub-derived phenolics)!®, these processes create
an especially recalcitrant peat that resists further mineralization,
thus enabling peat accumulation despite seasonal semi-aerobic
conditions down to 30-90 cm!?.

Peat radiocarbon ages (Fig. 6) suggest a wide variability in peat
accretion rates at the different sites, possibly reflecting other
factors (such as long-term precipitation patterns, fire, and
variable hydrogeologic settings) that affect peatland development.
The DNL deep core in the NC Pocosin had the oldest peat in the
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Fig. 5 Comparisons of plant and surface peat chemistry across the latitudinal transect. Each plot shows estimated a carbohydrate or b aromatic contents in
dominant plant types at each site category (green), peat from <50 cm at each site category (brown), and the difference (peat - plants) (yellow). For peat
samples, Boreal Bogs includes MN Bogs and Mer Bleue, and Boreal Fens includes MN Fens. Error bars represent standard deviations (1SD) of the
measured samples (shown individually as points), and do not account for uncertainty in species composition of peat-forming plants. Significance of
differences between plants and peat (unpaired t test) are indicated with asterisks: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0007; NS = not significant;
N/A = significance could not be determined due to n = 1. Numbers of plant samples (Supp