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Peat deposits store more carbon 
than trees in forested peatlands 
of the boreal biome
Joannie Beaulne 1,2,3*, Michelle Garneau 1,2,3,4*, Gabriel Magnan 1,3 &  
Étienne Boucher 1,2,4

Peatlands are significant carbon (C) stores, playing a key role in nature-based climate change 
mitigation. While the effectiveness of non-forested peatlands as C reservoirs is increasingly 
recognized, the C sequestration function of forested peatlands remains poorly documented, despite 
their widespread distribution. Here, we evaluate the C sequestration potential of pristine boreal 
forested peatlands over both recent and millennial timescales. C stock estimates reveal that most of 
the carbon stored in these ecosystems is found in organic horizons (22.6–66.0 kg m−2), whereas tree 
C mass (2.8–5.7 kg m−2) decreases with thickening peat. For the first time, we compare the boreal 
C storage capacities of peat layers and tree biomass on the same timescale, showing that organic 
horizons (11.0–12.6 kg m−2) can store more carbon than tree aboveground and belowground biomass 
(2.8–5.7 kg m−2) even over a short time period (last 200 years). We also show that forested peatlands 
have similar recent rates of C accumulation to boreal non-forested peatlands but lower long-term 
rates, suggesting higher decay and more important peat layer combustion during fire events. 
Our findings highlight the significance of forested peatlands for C sequestration and suggest that 
greater consideration should be given to peat C stores in national greenhouse gas inventories and 
conservation policies.

Terrestrial vegetation is a key component in global climate cycles through its capacity for carbon (C) 
 sequestration1. In the boreal biome, forests cover ~ 8% of the land area and sequester approximately 272 ± 23 Gt  
of  carbon2, while northern peatlands store an estimated 415 ± 150 Gt of carbon, covering only ~ 2% of the global 
land  surface3.

In the Northern Hemisphere, peatland development has mostly been attributed to the paludification process, 
which led to the establishment of open or forested peatlands depending on drainage and the initial presence of 
forest  vegetation4,5. Boreal forested peatlands are characterised by a closed to semi-open canopy cover and an 
organic layer thickness larger than 30 cm6–8. Recent methodological mapping improvements revealed that the 
coverage of forested peatlands has most likely been underestimated. In Canada, for example, preliminary esti-
mates suggested that between 10 and 17% of northern peatlands were  forested8, but new estimates indicate that 
these ecosystems probably cover up to 50% of the Canadian peatland area in the boreal and subarctic  biomes9,10. 
While these ecosystems are mostly pristine sites in Canada, over 10 million ha of peatlands have been drained 
and managed for forestry in Fennoscandia and  Russia11. Carbon sequestration in drained forested peatlands has 
been largely studied in Finland (e.g.,12–15), but the global C sequestration potential of pristine boreal forested 
peatlands remains poorly documented, despite their widespread distribution.

Estimation of C storage capacities in the boreal biome has recently been biased towards aboveground forest-
related components, while belowground components remained neglected. For example, climate change mitiga-
tion efforts tend to focalize on evaluating the role and importance of forests as carbon sinks for anthropogenic C 
emissions sequestration (e.g.,16–19). From that point of view, boreal forested peatlands may have been overlooked 
as unproductive ecosystems, due to their semi-open structure and low stem density. Despite the recommenda-
tions of the IPCC Special Report on Climate Change and Land20 for reducing deforestation and increasing C 
storage by preserving peatland ecosystems, there remains a lack of consideration for organic layer C stores in 
national greenhouse gas inventories and conservation  policies21–23. As a result, the C sequestration potential 
of forested peatlands is inaccurately evaluated and their role in climate mitigation is certainly underestimated.
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Recently, Magnan et al.24 contributed to documenting C dynamics in boreal forested peatlands by investigating 
their long-term C storage capacities. Through a comparison of C stocks between tree aboveground biomass and 
peat layers, they showed that organic horizons—accumulated over millennia—store significantly more carbon 
than mature black spruce trees. However, contrasting timescales associated with peat accumulation and forest 
maturation make comparing these two components difficult in terms of their relative effectiveness as C stores. 
This highlights that comparing forests and peatland ecosystems in terms of C sequestration is a non-trivial task. 
There is an important need to document C storage capacities of trees and peatlands on common timescales to 
better inform decisions on ecosystem management and nature-based solutions for climate change mitigation.

Here, we investigate C sequestration in pristine boreal forested peatlands over both recent and millennial 
timescales—which respectively correspond to the timeframe of tree growth (last two centuries) and that of peat 
accumulation—by combining paleoecological and dendrochronological approaches. To highlight the potential 
value of C sink capacities, we compared C stocks in tree biomass and peat layers by using a high temporal resolu-
tion approach in a forested peatland in eastern Canada (Fig. 1). To our knowledge, there has not been yet such 
a comparison on C stock quantification in the boreal biome.

Results
Peat and tree chronologies. To document tree and peat C stocks in boreal forested peatlands, we estab-
lished a transect with an increase in organic layer thickness reflecting different degrees of paludification. The 
selected study sites CAS0, CAS50 and CAS100 along the transect have a mean organic layer thickness of 40, 
75 and 100  cm, respectively (Fig.  2). Radiocarbon (14C) dating revealed that peat initiation started around 
1200 cal year BP at CAS0 and around 7600 cal year BP at both CAS50 and CAS100 (Table S1). Charcoal frag-
ment counting suggests multiple fire events between 7000 and 150 cal year BP (Fig. 3). The 14C dating of the most 
recent charcoal layer of each site indicated that the median calibrated age of the last fire event ranged between 
175 and 179 cal year BP. These ages were validated by 210Pb dating (Table S2). Age-depth models were developed 
for each site by combining 14C and 210Pb chronologies (Fig. S1).

Figure 1.  (a) Location of the studied boreal forested peatland (red dot) in the Clay Belt of eastern Canada (map 
generated using ArcGIS 10.7.1—https ://deskt op.arcgi s.com/). (b) Photograph of the sampling site CAS100.

https://desktop.arcgis.com/
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The combination of peat dating and tree-ring chronologies confirms that the last fire occurred around 
200–250 years ago (~ 1800 CE). Tree-ring analyses performed on twenty black spruce (Picea mariana (Mill.) 
BSP) trees per site revealed the presence of even-aged stands. Tree chronologies cover the period 1839–2018 CE 
at CAS0 and CAS50, and the period 1838–2018 CE at CAS100 (last 180 years). Considering that age might be 
underestimated for trees growing in thick organic  substrate25, these results strongly suggest the establishment 
of black spruce immediately after the fire.

The vegetation succession of the studied sites is described in Beaulne et al.26. Over the last two centuries, the 
canopy opening, which resulted from the last fire, first allowed the establishment and the expansion of Sphag-
num mosses at the three sites. The black spruce post-fire regeneration then followed, leading to the present day 
black-spruce-Sphagnum dominated ecosystem.

Tree biomass. Tree growth rates vary according to the degree of paludification. The diameter at breast 
height (DBH) values decrease along the transect with the organic layer thickening. Trees from sites CAS0, 
CAS50 and CAS100 have a mean DBH of 10.0, 9.1 and 5.6 cm, respectively (Fig. 2). Tree aboveground biomass 
reaches 8.9 kg m−2 at CAS0 and 7.6 kg m−2 at CAS50, but only 4.6 kg m−2 at CAS100. The mean annual cumula-
tive aboveground biomass calculated from ring-width measurements of the twenty black spruce trees per site 
also indicates a reduction in tree growth rates along the paludification gradient (Fig. 4). CAS0 and CAS50 sites 
show similar exponential trends in biomass production, although growth was slower at CAS50. At CAS100, tree 
aboveground biomass progressed at a very similar rate to CAS50 until the 1960s. Thereafter, biomass produc-
tion slowed down, increasing linearly rather than exponentially. At the end of the studied period (2018 CE), the 
mean tree aboveground biomass at CAS0 was two times higher than that of CAS100. Tree belowground biomass 
is estimated at 2.4 (2.0–3.0 kg m−2), 1.9 (1.6–2.3 kg m−2) and 1.1 kg m−2 (1.0–1.2 kg m−2) for CAS0, CAS50, and 
CAS100, respectively (Fig. 2).

Carbon accumulation data. The highest long-term apparent rate of C accumulation (LORCA) is observed 
at CAS0 (18.0 g C  m−2 year−1) where the youngest peat core was collected (Table 1). LORCA values are similar 
at CAS50 and CAS100, where peat initiation occurred around 7600 cal year BP, with a value of 6.0 and 8.8 g C 
 m−2 year−1, respectively. Recent rates of C accumulation (RERCA) were calculated for the periods 1900 CE-present 
and 1950 CE-present, and correspond to the partly decomposed peat layers of the acrotelm. Post-1900 CE RERCA 
values are similar between the three sites, particularly at CAS0 and CAS50 (83.5 and 84.4 g C  m−2 year−1; Table 1). 
RERCA values from 1950 CE to present are comparable at CAS0 and CAS100 (130.8 and 129.3 g C  m−2 year−1 
respectively), and slightly lower at CAS50 (117.1 g C  m−2 year−1). The variability in apparent C accumulation 
rates (CAR) over time are similar between the three sites (Fig. 3). CAR values are higher than 100 g C  m−2 year−1  

Figure 2.  Schematic representation of the transect and characteristics of the three study sites. The relative 
altitude of the organic layer and the mineral surfaces are shown in brown and grey, respectively. Black rectangles 
correspond to the peat cores sampled and the dotted blue line illustrates the water table level measured on the 
field. Trees are not to scale but are representative of the variation in canopy openness with peat thickening. Tree 
counting was performed within a 10 × 10 m plot at each site. Standard errors are shown by ± values. Drawing was 
generated using Inkscape 0.92.
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in the first 20 cm of the peat cores dominated by Sphagnum spp., and decrease (< 5 g C  m−2 year−1) between 30 
and 50 cm at CAS50 and CAS100 where ligneous peat is dominant and highly decomposed.

Tree C mass decreased with organic layer thickening. As a result, the most paludified site (CAS100) exhibited 
the highest peat C stock and the lowest tree C stock (Fig. 5a). Carbon stocks were significantly higher in peat 
(22.6–66.0 kg m−2) compared to tree aboveground and belowground biomass (2.8–5.7 kg m−2) for all sites—with 
peat layers currently containing between 4 to nearly 25 times more carbon than the tree components. Consider-
ing that organic layers have accumulated carbon during a much longer period than trees (Fig. 2), post-fire C 

Figure 3.  Peat organic matter (OM) density, carbon accumulation rates (CAR) and charcoal  records26 from the 
three studied peat cores along the transect. Dashed lines indicate the last fire event above which recent apparent 
rates of C accumulation (RERCA) were calculated. The detailed plant macrofossil data for these cores are 
presented  in26.
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stocks were calculated separately to obtain comparable values on the same temporal scale (i.e., ~ last 200 years). 
Therefore, tree C stocks were compared with peat C stocks above the last charcoal layer at each site. Again, C 
mass was much higher in these upper peat layers (first 25–27 cm), with a mean value of 11.6 kg m−2 compared 
to 4.4 kg m−2 in trees, resulting in C stocks up to almost five times higher in peat than in tree aboveground and 
belowground biomass (Fig. 5b).

Discussion
This study confirms that most of the carbon stored in boreal forested peatlands is found in peat layers. The 
amount of carbon stored in peat deposits (22.6–66.0 kg m−2)—accumulated over millennial timescales—is com-
paratively much larger than the amount stored in aboveground and belowground tree biomass (2.8–5.7 kg m−2) 
(Fig. 5a). These results support the recent findings of Magnan et al.24 who also observed considerably higher C 
stocks in organic layers (62–172 kg m−2) than in tree aboveground biomass (1.5–5.3 kg m−2) in forested peatlands 
in eastern Canada. Our C stock comparison performed on an equivalent period of time (last ~ 200 years) revealed 
that organic layers (11.0–12.6 kg m−2) store more carbon than trees (2.8–5.7 kg m−2) even on a short timescale 
(Fig. 5b). While recent horizons will be subjected to further  decomposition27—as will the tree biomass—this 
nevertheless suggests that belowground carbon storage is strikingly superior to its aboveground counterpart at 
all timescales. Moreover, in undisturbed forested peatlands, carbon from roots and deadwood biomass is likely to 
be eventually transferred in peat C  pool28, although further knowledge is needed on long-term biomass transfer 
dynamics in these ecosystems.

Total C stocks (trees and peat) estimated in the study sites range from 28.3 to 68.8 kg m−2. Although the 
biomass of shrubs and deadwood was not included in our estimates, these data are higher than the C storage 
value of 23.9 kg m−2 calculated for boreal forests worldwide that includes all the ecosystem  components2. These 
results support the statement that peatlands contain much more organic C than other terrestrial  ecosystems29. 
Furthermore, the dominance and high water retention capacity of Sphagnum mosses in forested peatlands allows 
for the persistence of wet surface conditions, which prevent deep burning and thus limit carbon consumption 
during fire  events30,31. Sphagnum mosses are also more recalcitrant to decomposition than vascular  species32,33.

Long-term rates of C accumulation (LORCA) at the three study sites range from 6.0 to 18.0 g C  m−2 year−1 
(Table 1). These results are similar to those obtained by Magnan et al.24, ranging between 9.3 and 22.8 g C  m−2 
 year−1. The highest LORCA, observed at CAS0, is consistent with the mean value of 17 g C  m−2 year−1 reported 
by Zoltai and  Martikainen7 for Canadian forested peatlands. However, LORCA values at CAS50 and CAS100 
are more similar to the 8 g C  m−2 year−1 calculated in black spruce forests of Alaska by Manies et al.34, and are 
among the lowest LORCA documented in boreal peatlands. The long-term C accumulation rates of all sites are 

Figure 4.  Mean annual cumulative aboveground biomass of twenty black spruce trees per site. Results from 
CAS0, CAS50 and CAS100 are presented in black, red, and blue, respectively.

Table 1.  Long-term apparent rate of C accumulation (LORCA) and recent apparent rate of C accumulation 
(RERCA) data for the three study sites.

CAS0 CAS50 CAS100

Core length (cm) 38 69 95

Basal age (cal year BP) 1255 ± 57 7667 ± 57 7522 ± 69

LORCA (g C  m−2 year−1) 18.0 ± 0.8 6.0 ± 0.1 8.8 ± 0.1

RERCA 1900 CE (g C  m−2 year−1) 83.5 ± 28.3 84.4 ± 6.3 91.3 ± 15.6

RERCA 1950 CE (g C  m−2 year−1) 130.8 ± 7.6 117.1 ± 5.9 129.3 ± 6.5
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lower than the global average of 22.9 g C  m−2 year−1 from northern non-forested  peatlands35 and the mean value 
of 26.1 g C  m−2 year−1 documented in boreal and subarctic non-forested peatlands in eastern  Canada36. Plant 
macrofossil analyses previously conducted on the three studied peat cores indicate the presence of dense and 
highly humified woody  horizons26 (mean OM density: 0.14 g cm−3; Fig. 3) that suggest high decay rates compared 
to non-forested Sphagnum peatlands (mean OM density: 0.105 g cm−3)35—which likely explains the low rates of 
C sequestration over millennial timescales in these forested peatlands. This could be attributed to the persistently 
low water tables over millennia which favour higher aerobic decomposition rates in the upper peat layers—as 
observed by Magnan et al.37 from testate amoeba analysis in similar woody-dominated horizons in another 
forested peatland 15 km apart from the present study sites. The low LORCA values could also be attributed to 
important organic layer combustion during fire events, as forested peatlands have relatively high woody biomass 
as opposed to non-forested peatlands. Indeed, the lowest carbon accumulation rates (CAR) in the three peat 
cores correspond to ligneous  horizons26 with particularly high organic matter density (> 0.15 g cm−3), in which 
numerous charcoal fragments were found (Fig. 3). Our results, supported by those from Magnan et al.24, suggest 
that boreal forested peatlands are less efficient C sinks over millennial timescales than non-forested peatlands.

Recent apparent rates of C accumulation (RERCA) range between 83.5 and 91.3 g C  m−2 year−1 for 1900 CE-
present and between 117.1 to 130.8 g C  m−2 year−1 for 1950 CE-present (Table 1). While these recently accumu-
lated peat layers will be subject to further decomposition, these RERCA values suggest high contemporaneous C 
uptake and storage by Sphagnum mosses in forested peatlands. These data are comparable with published RERCA 
in non-forested peatlands of eastern Canada. Turunen et al.38 calculated a mean RERCA of 126.5 g C  m−2 year−1 
for 23 peatlands (1953–2003) while Piilo et al.39 documented a RERCA of 85.94 and 102.50 g C  m−2 year−1 
in high boreal and subarctic peatlands for the periods 1900–2017 CE and 1950–2017 CE, respectively. These 
results show that boreal forested and non-forested peatlands can have similar carbon sequestration potential in 
a short-term perspective.

The ongoing paludification process at the study sites led to a decrease in tree aboveground biomass (Figs. 2–3). 
A decline in forest productivity with organic layer thickening has been commonly observed in the boreal biome 
(e.g.,40–42). Forested peatlands are widely managed by the forest industry to control, reduce or reverse the 
paludification process and increase forest site productivity through drainage, fertilization or mechanical site 
 preparation14,43–47. These management practices—favoring organic layer decay—are performed with different 
considerations for the impact they generate on both atmospheric and aquatic  CO2 and  CH4 fluxes. The most 
extensive studies have been conducted in  Finland14,47,48, while in Canada the C sequestration function of peat 
soils and carbon accounting are still rarely taken into account in forested peatland  management49,50. Yet, the value 

Figure 5.  (a) C stocks accumulated since peat initiation and (b) the last 200 years (post-fire) in peat deposits 
(brown), tree belowground biomass (black), and tree aboveground biomass (green). Peat basal ages are 1255, 
7667 and 7522 cal year BP for sites CAS0, CAS50 and CAS100, respectively. Tree minimal age is 180 years old 
for the three sites.
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of organic horizons for C sequestration highlighted in the present study suggests that the loss of carbon from 
peat layer disturbance or removal cannot be offset within a short-term period (e.g., 200 years) by enhanced tree 
growth. For example, at CAS0—which site shows relatively good tree growth rates—tree aboveground biomass 
would need to be five times larger to reach long-term organic layer C storage capacities (22.6 kg C  m−2). Our 
results suggest that prioritising forest growth over peatland development and conservation can have important 
and permanent repercussions on the global carbon cycle on both short- and long-term perspectives.

Our study shows that the key C sequestration function of forested peatlands should be considered in forest 
management practices. Since it is not possible to optimize both forest productivity and soil carbon sequestration 
in these ecosystems, criteria based on site characteristics should be established to inform management decisions. 
Our results show that black spruce growth had similar exponential trends between the three sites up to the 1960s, 
where stem growth was thereafter more restrained at CAS100 (Fig. 4). Age-depth modelling indicated that the 
organic layer was 75 cm thick at CAS100 at that time. The two other sites, which showed relatively good growth 
trends, never reached that organic layer thickness. The slowdown in biomass production could be the result of 
the black spruce rooting zone fully migrating in the organic  substrate41. While further studies are needed, this 
may be an indicator of the peat thickness threshold above which the protection of the C sequestration function 
of forested peatlands should be prioritised over tree productivity.

Through the first attempt to compare the relative efficiency of two different components for C storage over a 
common timescale in the boreal area, we show that peat can have higher C storage capacities than trees, even on 
a short-term perspective. Although additional studies including peat decomposition models may be needed, our 
study clearly demonstrates the effectiveness of peat soils for carbon sequestration over both recent and millennial 
timescales in boreal forested peatlands. Thus, our results highlight the important value of forested peatlands for 
carbon sequestration, but also the key role that these ecosystems can play in climate change mitigation strategies. 
Considering that tree restoration and afforestation practices may be expensive and that the fertilization effect of 
rising atmospheric  CO2 concentration on tree growth is negligible (e.g.,51–54), greater consideration should be 
given to the conservation of peatland ecosystems, which naturally contribute to reaching climate mitigation goals.

Methods
Study area. Data were collected in eastern Canada within the Clay Belt region of the black spruce-feather 
moss bioclimatic domain, south of James  Bay55 (Fig. 1a). This area is particularly prone to paludification due to 
the relatively cold and humid climate, the flat topography, and the dominance of poorly-drained clayey deposits 
left by the proglacial lakes Barlow and  Ojibway45,56. Moreover, the regional fire cycle is estimated at ~ 400 years 
since  192057, allowing the accumulation of thick organic layers between fire events. Mean annual temperature is 
0.3 °C (1950–2013 period)—ranging from -18.9 °C in January to 16.3 °C in July—and mean annual precipitation 
is 818 mm58.

Site selection and fieldwork. Different terms have been used worldwide to describe peatlands with a cer-
tain ligneous vegetation cover (e.g. forested, treed, or wooded peatlands) as the terminology of these ecosystems 
is yet to be clarified. Here, the term “forested peatlands” refers to peatlands with trees over 4 m in height having 
a canopy coverage ≥ 25%59. The studied forested peatland site was selected based on previous studies conducted 
in the Clay Belt to ensure its regional  representativeness24,41,60. Its selection was based on ecoforestry  maps61 to 
identify black spruce–Sphagnum-dominated stands and field observations to choose a forested peatland present-
ing a range in organic layer thickness. The selected forested peatland (49°33′06′′N, 78°59′10′′O; Fig. 1b) has an 
organic layer thickness that varies between 40 cm and more than 1 m. The aboveground vegetation is largely 
dominated by black spruce and ericaceous shrubs, such as Vaccinium angustifolium, Rhododendron groenlandi-
cum, Kalmia angustifolia, and Chamaedaphne calyculata. The understory is dominated by Sphagnum communi-
ties, particularly S. angustifolium/fallax.

Three sampling sites (CAS0, CAS50, CAS100) were established along a 100 m transect following a gradient of 
organic layer thickness (Fig. 2). Relative surface altitude and organic layer thickness were measured systemati-
cally at 5 m intervals along the transect using a high precision altimeter (ZIPLEVEL PRO-2000) and an Oakfield 
probe. Water table depths were measured at the same intervals a few hours after holes were dug to ensure that 
the water table level had stabilized. At each site, the diameter at breast height (DBH) of all trees (DBH ≥ 1 cm) 
within a 100  m2 plot (10 × 10 m) was measured.

One peat monolith was collected down to the mineral contact at the three sites using a Box  corer62. Peat cores 
were retrieved from Sphagnum-dominated lawns that were representative of the mean peat thickness of the sites. 
Twenty black spruce trees were also selected at each site within a 10 m radius of the collected peat core. Peat 
thickness was measured at the bottom of each selected tree to make sure that it was representative of the mean 
peat thickness of the site. Only dominant trees with straight stem and no visible scars were selected. The DBH 
of selected trees was measured and cross-sections were collected at standard height (1.3 m).

Peat core chronologies. Peat chronologies were developed from radiocarbon and 210Pb dating. A total 
of 11 samples were submitted to A. E. Lalonde AMS Laboratory (University of Ottawa, Canada) for accelerator 
mass spectrometry radiocarbon dating (14C). Peat initiation, the last fire event and main transitions in vegeta-
tion composition were dated for each core by carefully selecting plant macrofossil remains in the appropriate 
 levels26. Results were calibrated with the IntCal13 calibration  curve63. 210Pb dating was also performed on the 
uppermost 24–26 cm (above the fire horizon) of peat cores at 1 cm intervals by alpha spectrometry (EGG Ortec 
476A) at the GEOTOP Research Center (Université du Québec à Montréal, Canada)26. Ages were inferred from 
the measurement of 210Po activity, using the constant rate of supply  model64 following a  HNO3-HCl-H2O2 diges-
tion on  samples65. Lead-210 dating has been very rarely conducted in forested peatlands but our results suggest 
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that 210Pb measurements perform well in these ecosystems, as they agree with 14C dates. Age-depth models were 
generated with rbacon package in R (version 2.3.9.1)66. Ages are expressed in calendar years before present (cal 
yr BP; 1950 CE) and the peat surface age is therefore set to − 67 cal year BP (coring year: 2017 CE).

Identification of past fire events. Past local fire events were identified by analysing macroscopic char-
coal fragments (> 0.5 mm) at 1 cm intervals along the three peat  cores26,67. Subsamples of 1 cm3 were gently 
boiled with 10% KOH and washed through a 0.5 mm mesh sieve. Charcoal fragments were then counted in a 
gridded Petri dish under a stereomicroscope (10–40 × magnification).

Tree-ring analysis. Dried cross-sections of the 60 sampled trees were finely sanded (from 80 to 600 grit 
size) before measuring ring widths along two radii with CooRecorder software (version 8.1.1)68. This procedure 
allowed the development of tree-ring chronologies and the characterisation of black spruce growth at each site. 
Samples were visually cross-dated using PAST5 software (version 5.0.610)69 and skeleton plots were generated 
with the R package dplR (version 1.6.9)70. Ring-width series were converted into annual cumulative biomass and 
then yearly averaged using all trees from the same site to compare tree growth along the paludification gradient.

Carbon data from organic layers and tree biomass. Dry bulk density was determined at each  
centimeter in the three peat cores after drying overnight a 1 cm3 subsample at 105  °C. Organic matter den-
sity was then measured using loss-on-ignition at 550 °C for 3 h71. Peat C stocks were estimated by multiply-
ing the amount of organic matter in peat cores by an estimated 50% carbon content  mass72. Recent C stocks 
(last ~ 200 years) were calculated from the horizons above the last charcoal layer of each site. Long-term appar-
ent rates of carbon accumulation (LORCA, g C  m−2 year−1) were obtained by dividing the total mass of carbon 
accumulated by the basal 14C age at the organic-mineral interface. Recent apparent rates of carbon accumulation 
(RERCA, g C m-2 year−1) were calculated for the periods 1900 CE-present and 1950 CE-present by dividing the 
carbon mass accumulated by the age inferred from age-depth models. RERCA values were compared between 
sites, but cannot be compared with LORCA values as surface peat has undergone less decomposition than older 
 peat27. Variations in apparent carbon accumulation rates (CAR, g C  m−2 year−1) were estimated by dividing the 
C density (g  cm−3) of each continuous centimeter by the deposition time (yr  cm−1) generated by the age-depth 
modelling.

Tree C stocks were calculated from the aboveground and belowground biomass of every tree counted in the 
100 m2 plot of each site. All trees within the study plots were black spruce trees. Individual aboveground biomass 
was estimated with DBH measurements using allometric equations adapted to black spruce  growth73. Wood, 
bark, foliage and branches are all included in these estimates. Root biomass was estimated from three different 
 equations74–76, using the DBH measurements or the tree aboveground biomass estimates. The C content of black 
spruce trees was assumed to be 50% of tree  biomass77.

Data availability
The datasets generated and analysed during the current study are available in Supplementary Information files.
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