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Northern peatlands store large amounts of carbon: 500+ 100 GtC,
according to a consolidated estimate from a diversity of methods'-.
However, Nichols and Peteet’ presented an estimate of 1,055 GtC,
exceeding previous estimates of carbon stock in global peatlands’
and in northern peatlands by a factor of two. Here we argue that this
is an overestimate, caused by systematic bias introduced by their
inclusion of C dates from mineral deposits and other unsuitable
sites, the use of records that lack direct measurements of carbon
density, and the methodology issues. Furthermore, their estimate
is difficult to reconcile within the top-down constraints imposed
by ice-core and marine records, and estimated contributions from
other processes that affected the terrestrial carbon storage during
the Holocene epoch.

Unsuitable datasets and methodology issues

Nichols and Peteet’ used the time-history approach’ to esti-
mate peatland carbon stocks and their evolution over time. Their
area-specific net carbon accumulation rates (j.), as shown in their
Fig. 2c, have a Holocene mean value of 33.4-37.6gC m™ yr™'
(median across three methods), which is 46-102% higher than pre-
vious estimates of 18.6-22.9gC m= yr~! (refs >*). Why this differ-
ence? Nichols and Peteet calculated j. from sedimentation rates (cm
yr™!) and carbon density (gC cm™). We argue that both of these
parameters were overestimated by the authors.

Sedimentation rates are biased by the inclusion of “C dates
derived from mineral-rich non-peat deposits. Nichols and Peteet
claimed to include all the sites in the Neotoma Paleoecology Database
labelled as peatlands or synonyms, such as bogs or fens. However,
many of these records, despite being called ‘bogs, are deposits that
developed from initial lake stages. For example, Chatsworth Bog
in Illinois (Neotoma ID 364) contains >12m sediments but was
a lake for most of its 14,000-year history. Mineral lacustrine sedi-
ment had almost completely filled the basin about 3,000 years ago,
when it changed from a lake to a marl fen that accumulated peat.
The large difference in j.—up to 30gC m™2 yr~! during the early
Holocene—between Nichols and Peteet” and ref. * (using the same
data compilation) was partly due to Nichols and Peteet’s inclusion of
rapidly accumulating mineral deposits. In addition, many sites from

Nichols and Peteet originate from low-latitude locations that are not
representative of the areas where the vast majority of northern peat-
land areas are located (their Fig. 1a and Supplementary Fig. 1); this
also compromises their estimates.

As stated by Nichols and Peteet, “rather than individual mea-
surements of carbon density, a median carbon density (g cm™) was
used to calculate the j. from sedimentation rate (cm yr™)”. Thus,
Nichols and Peteet fail to account for the variability in carbon den-
sity in different regions and among different types of peatland®.
For example, there is a more than twofold difference in carbon
density between western European islands/continental Europe
(0.028gC cm™; n=449) and western Canada (0.076gC cm™;
n=3,441)°. Also, peat undergoes different degrees of decomposi-
tion and compaction with age, resulting in highly variable carbon
density often observed along a single peat profile. Furthermore,
using one median carbon density value for all sites that lack direct
measurements is prone to introducing bias and greatly inflates j
calculations, especially for mineral-rich deposits. The propaga-
tion analysis of carbon density uncertainties by Nichols and Peteet’
does not resolve this problem.

Furthermore, we find an inherent problem in Nichols and
Peteet’s algorithm that inflates the sedimentation rates and total
carbon storage. Their probabilistic method was initially developed
in a case study from an Alaskan peatland’. Using their data’ and
algorithm, we find that a composite stratigraphy of 197 cm in length
(in their Table 2) would change to a 246-cm-long core. We arrived
at this 24.5% increase in core length by summing the product of the
sedimentation rate (as annotated on their Fig. 3d) and time duration
(shown in their Fig. 3e) of their 10 core intervals. By the same argu-
ment, the observed peat carbon storage of 126.3kgC m™ (as calcu-
lated from their Table 2) would change to 155.8kgC m™2, an increase
of 23.4%. This case study demonstrates that the assumptions behind
their probabilistic method artificially create new carbon mass. The
same problem exists in Nichols and Peteet’, but unfortunately they
did not provide their specific and complete data in order to repro-
duce their results and quantify the effects of this carbon mass infla-
tion, as well as the effects of the inclusion of the erroneous data and
the use of median carbon density values for filling data gaps.

'Key Laboratory of Geographical Processes and Ecological Security in Changbai Mountains, School of Geographical Sciences, Northeast Normal University,
Changchun, China. 2Department of Earth and Environmental Sciences, Lehigh University, Bethlehem, PA, USA. 3Climate and Environmental Physics,
Physics Institute and Oeschger Centre for Climate Change Research, University of Bern, Bern, Switzerland. *British Antarctic Survey, Cambridge, UK.
SDepartment of Environmental Systems Science, ETH Zrich, Zurich, Switzerland. ®Swiss Federal Institute for Forest, Snow and Landscape Research WSL,
Birmensdorf, Switzerland. "Department of Geography, Texas A&M University, College Station, TX, USA. 8Max-Planck Institute for Meteorology, Hamburg,
Germany. °Department of Physical Geography, Stockholm University, Stockholm, Sweden. °Department of Earth Sciences, University of Cambridge,

Cambridge, UK. ™e-mail: PeatHunter@gmail.com

NATURE GEOSCIENCE | VOL 14 | JULY 2021 | 465-467 | www.nature.com/naturegeoscience

465


mailto:PeatHunter@gmail.com
http://orcid.org/0000-0003-2358-2712
http://orcid.org/0000-0002-9483-6030
http://orcid.org/0000-0003-1901-0367
http://orcid.org/0000-0002-2787-4221
http://orcid.org/0000-0002-8861-4618
http://orcid.org/0000-0001-6420-3198
http://orcid.org/0000-0002-8096-1594
http://orcid.org/0000-0001-9550-5164
https://www.nature.com/articles/s41561-019-0454-z
http://crossmark.crossref.org/dialog/?doi=10.1038/s41561-021-00769-2&domain=pdf
http://www.nature.com/naturegeoscience

MATTERS ARISING

NATURE GEOSCIENCE

a Age (ka)
20 15 10 5 0
2‘000 _ L | | | |
)
(O]
P 1,500
[
]
2]
S 1,000
2
©
o
°
c
S 500
[
(o]
o
0 .
b
~ 280
Q
RS
F240 =
©
3
Atmospheric CO, - 200
O Refs. 1817
¢ 507
-5.5 1
& ;L 213
brd Atmospheric §'°C-CO,
o]
Q 60 Ml Ref™
N
"o
—6.5 1
d 1.2
Deep ocean §'3C-DIC
M Global'
® Pacific® r08 g
== Deep ocean'? e}
-0 g
- Fo04 O
g
/ B
r T T T 1
20 15 10 5 0
Age (ka)

Fig. 1| Unrealistic consequences of large peat carbon storage. a, Peat
carbon storage change (line) over time with uncertainties (orange shading)’.
b, Observed atmospheric CO, concentration from ice-core (circles) and
box-model-calculated CO, concentration. The dashed line represents

the outcome without ‘carbonate compensation’ mechanism in the

model. ¢, Observed atmospheric §CO, from ice-core (blue shading) and
model-calculated value. d, Observed deep ocean §3C-DIC from the global
ocean (blue shading), deep Pacific (circles) and a stack of 33 deep-ocean
cores (dashed blue line) and model-calculated values. The 8"C values are
plotted as anomalies relative to model results. Data from refs, 21920,

Lack of support from global carbon budget constraints

The exceptionally large peat carbon storage’ is not supported by
top-down constraints from the global carbon budget reconstruc-
tions. Our model simulation results show that an increase in peat
carbon storage of >1,000 GtC during the Holocene would induce
a decrease in atmospheric CO, to below 220 ppm, an increase in
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atmospheric 8°CO, to a value more than 0.8%o higher than the
observed and a steady rise in deep ocean §"*C of dissolved inorganic
carbon (8"C-DIC) throughout the Holocene (Fig. 1).

First, our box-model calculations demonstrate that the simpli-
fied conversion of peat carbon uptake into an atmospheric signal
of >600 ppm, as shown in their Fig. 2f, was erroneous due to the
neglection of the compensating effect by the ocean that acts to
reduce any atmospheric perturbation by up to 80% on the millen-
nial time scale relevant here'”. We assume that Nichols and Peteet
instead converted their estimated terrestrial carbon stock increase
by a division factor of 2.12 GtC per ppm to arrive at the claimed peat
carbon uptake-related decrease in atmospheric CO, of >300ppm
during the Holocene. Translating the same peat carbon uptake into
an atmospheric CO, signal with our model yielded a decrease of
about 60 ppm (Fig. 1b).

Second, our simulations suggest that exceptionally large peat
carbon storage is difficult to reconcile with the atmospheric and
oceanic carbon budgets. Previously, the observed changes in atmo-
spheric CO, concentration and in 8"*C from ice cores have been
used to partition the contributions from the land biosphere and
ocean, providing a global constraint on land carbon budget dur-
ing the Holocene. The measured increase in CO, concentration
from 265 ppm 11kyr ago (ka) to 278 ppm in 1750 cE and the small
change in 8"°C (Fig. 1b,c) were used to reconstruct the preindustrial
terrestrial net carbon uptake over the Holocene epoch to be about
250 GtC (ref. ''). This total Holocene land carbon balance reflects a
strong uptake in the early Holocene through the growth of boreal
forests and early peat buildup—consistent with the observed early
Holocene increase in atmospheric and oceanic §"°C values'>—and
a carbon release of 50 GtC during the late Holocene''. The small
decrease in land carbon storage in the past 5kyr contrasts with the
large estimated increase in peat carbon storage of ~400 GtC during
the same time period as in their Fig. 2e. A compensating carbon
source of 400-500 GtC with a biogenic 8“C signature would have
to be invoked to close the budget. A detailed analysis of this budget
concluded that CO, emissions from land use change by early agri-
culturalists were not sufficient to close the gap"’. The twofold higher
estimates of peat carbon storage by Nichols and Peteet’—compared
with the one used'”—make it even harder to reconcile the budget.
This conflict is not discussed in Nichols and Peteet’.

Rather than balancing the carbon budget with terrestrial car-
bon sources, Nichols and Peteet suggest that the “most important
mechanism for balancing the peatland sink” is a continued carbon
release from the deep ocean by the wind-driven upwelling during
the Holocene. This mechanism requires an even greater loss of
carbon from the deep ocean than implied by the peatland carbon
sink alone, and is not supported by observation and simulation of
marine 8"C and carbonate ion changes. For example, an increase
in Southern Ocean upwelling would further increase §"*C-DIC in
the deep ocean' from the already untenable increase in *C-DIC
from peatland regrowth (Fig. 1d), yet 8°C values remained constant
after 7ka, as observed from a stack of benthic °C data from 33
deep-ocean (>3,000m) cores around the world oceans'? (Fig. 1d).
Furthermore, the CO, release from the deep ocean would lead to an
increase in the carbonate ion concentration and enhanced preser-
vation of carbonates in the deep ocean, but deep-ocean cores show
the opposite—a reduction in the carbonate ion and an increase in
carbonate dissolution during the Holocene™.

In summary, we conclude that the evidence presented by Nichols
and Peteet’ is not sufficient to support their claim of doubled carbon
storage in northern peatlands compared with earlier estimates.

Online content

Any methods, additional references, Nature Research report-
ing summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of

NATURE GEOSCIENCE | VOL 14 | JULY 2021 | 465-467 | www.nature.com/naturegeoscience


http://www.nature.com/naturegeoscience

NATURE GEOSCIENCE

MATTERS ARISING

author contributions and competing interests; and statements of
data and code availability are available at https://doi.org/10.1038/

$41561-021-00769-2.

Received: 26 November 2019; Accepted: 6 May 2021;
Published online: 28 June 2021

References

1. Gorham, E. Northern peatlands: role in the carbon cycle and probable
responses to climatic warming. Ecol. Appl. 1, 182-195 (1991).

2. Yu, Z., Loisel, J., Brosseau, D. P, Beilman, D. W. & Hunt, S. J. Global
peatland dynamics since the Last Glacial Maximum. Geophys. Res. Lett. 37,
L13402 (2010).

3. Loisel, J. et al. A database and synthesis of northern peatland soil
properties and Holocene carbon and nitrogen accumulation. Holocene 24,
1028-1042 (2014).

4. Jackson, R. B. et al. The ecology of soil carbon: pools, vulnerabilities, and
biotic and abiotic controls. Annu. Rev. Ecol. Evol. Syst. 48, 419-445 (2017).

5. Lindgren, A., Hugelius, G. & Kuhry, P. Extensive loss of past permafrost
carbon but a net accumulation into present day soils. Nature 560,
219-222 (2019).

6. Hugelius, G. et al. Large stocks of peatland carbon and nitrogen are
vulnerable to permafrost thaw. Proc. Natl Acad. Sci. USA 117,
20438-20446 (2020).

7. Nichols, J. E. & Peteet, D. M. Rapid expansion of northern peatlands and
doubled estimate of carbon storage. Nat. Geosci. 12, 917-921 (2019).

8. Treat, C. C. et al. Effects of permafrost aggradation on peat properties as

determined from a pan-Arctic synthesis of plant macrofossils. J. Geophys. Res.

Biogeosciences 121, 78-94 (2016).

9. Nichols, J. E. et al. A probabilistic method of assessing carbon accumulation
rate at Imnavait Creek Peatland, Arctic Long Term Ecological Research
Station, Alaska. J. Quat. Sci. 32, 579-586 (2017).

NATURE GEOSCIENCE | VOL 14 | JULY 2021 | 465-467 | www.nature.com/naturegeoscience

10. Joos, D. et al. Carbon dioxide and climate impulse response functions for the
computation of greenhouse gas metrics: a multi-model analysis. Atmos.
Chem. Phys. 13, 2793-2825 (2013).

. Elsig, J. et al. Stable isotope constraints on Holocene carbon cycle changes
from an Antarctic ice core. Nature 461, 507-510 (2009).

12. Menviel, L. & Joos, F. Toward explaining the Holocene carbon dioxide and
carbon isotope records: results from transient ocean carbon cycle-climate
simulations. Paleoceanography 27, PA1207 (2012).

13. Stocker, B. D., Yu, Z., Massa, C. & Joos, F. Holocene peatland and ice-core
data constraints on the timing and magnitude of CO, emissions from past
land use. Proc. Natl Acad. Sci. USA 114, 1492-1497 (2017).

14. Tschumi, T., Joos, E, Gehlen, M. & Heinze, C. Deep ocean ventilation, carbon
isotopes, marine sedimentation and the deglacial CO, rise. Clim. Past 7,
771-800 (2011).

15. Yu, J., Anderson, R. FE. & Rohling, E. J. Deep ocean carbonate chemistry and
glacial-interglacial atmospheric CO, changes. Oceanography 27, 16-25 (2014).

16. Monnin, E. et al. Atmospheric CO, concentrations over the last glacial
termination. Science 291, 112-114 (2001).

17. Monnin, E. et al. Evidence for substantial accumulation rate variability in
Antarctica during the Holocene, through synchronization of CO, in the
Taylor Dome, Dome C and DML ice cores. Earth Planet. Sci. Lett. 224,

45-54 (2004).

18. Schmitt, J. et al. Carbon isotope constraints on the deglacial CO, rise from
ice cores. Science 336, 711-714 (2012).

19. Peterson, C. D. & Lisiecki, L. E. Deglacial carbon cycle changes observed in a
compilation of 127 benthic §"°C time series (20-6 ka). Clim. Past 14,
1229-1252 (2018).

20. Lisiecki, L. E., Raymo, M. E. & Curry, W. B. Atlantic overturning responses to
Late Pleistocene climate forcings. Nature 456, 85-88 (2008).

—
—

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

© The Author(s), under exclusive licence to Springer Nature Limited 2021

467


https://doi.org/10.1038/s41561-021-00769-2
https://doi.org/10.1038/s41561-021-00769-2
http://www.nature.com/naturegeoscience

MATTERS ARISING NATURE GEOSCIENCE

Methods Author contributions
To illustrate the effect of such large peat carbon perturbations on the global Z.Y. and EJ. designed the research, T.K.B. carried out the box-model simulation and
carbon cycle we carried out a sensitivity analysis using a simple carbon-cycle box created the figure, and all authors were involved in writing and revising the manuscript.

model*. The model considers the carbon exchange among the atmosphere, land
biosphere, oceans and marine sediments. We used the ranges (median + 16) from Competi H

3 ing interests
all three scenarios (literature, combined, grid box) in Nichols and Peteet’ as model P g
inputs. All scenarios essentially yielded the same solutions. Therefore, we show the
results from only the ‘combined’ approach here. We also ran a separate sensitivity
experiment by turning off the simple ‘carbonate compensation’ mechanism using Additional information

The authors declare no competing interests.

just the median scenario. Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41561-021-00769-2.
References
21. Bauska, T. K. et al. Carbon isotopes characterize rapid changes in
atmospheric carbon dioxide during the last deglaciation. Proc. Natl Acad. Sci.
USA 113, 3465-3470 (2016). Reprints and permissions information is available at www.nature.com/reprints.

Correspondence and requests for materials should be addressed to Z.Y.

Peer review information Primary Handling Editor: James Super.

NATURE GEOSCIENCE | www.nature.com/naturegeoscience


https://doi.org/10.1038/s41561-021-00769-2
http://www.nature.com/reprints
http://www.nature.com/naturegeoscience

	No support for carbon storage of >1,000 GtC in northern peatlands

	Unsuitable datasets and methodology issues

	Lack of support from global carbon budget constraints

	Online content

	Fig. 1 Unrealistic consequences of large peat carbon storage.




