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Abstract The carbon (C) dynamics of boreal coniferous swamps are a largely understudied component of
wetland carbon cycling. We investigated the above- and below-ground carbon stocks and growing season
carbon dioxide (CO,) and methane (CH,) fluxes from a representative boreal coniferous swamp in northern
Alberta, Canada in 2022. Tree inventories, understory vegetation biomass and peat cores were collected across
three sub-sites within the broader swamp, with gas flux collars placed in the dominant plant communities
present. Alongside the C flux measurements, environmental variables such as water table depth, soil
temperature and growing season understory green leaf phenology were measured. Our results show that these
boreal coniferous swamps store large volumes of organic C in their biomass and soil (134 kg C m™2),
comparable with other wetland and forest types, although 95% of the total C stock at our site was within the soil
organic carbon. We also found that understory CO, and CH, fluxes indicated that the ground layer of the site is a
source of greenhouse gases (GHGs) to the atmosphere across the growing season. However, we did not measure
litterfall input, tree GHG fluxes or net primary productivity of the overstory, therefore we are not able to say
whether the site is an overall source of C to the atmosphere. This study provides a much-needed insight into the
C dynamics of these under-valued wetland ecosystems, and we highlight the need for a coordinated effort across
boreal regions to try to improve inventories of C stocks and fluxes.

Plain Language Summary Compared to other wetland types across Canada, boreal conifer swamps
do not receive the same level of scientific attention and therefore our understanding of how much carbon they
potentially store and release is limited. To fill this knowledge gap, our study measured how much carbon was
stored both in the trees and within the soil itself, alongside measurements of carbon uptake and release within a
representative conifer swamp wetland in Western Canada. We found that although these wetlands may function
similarly to other wetland types, by ignoring them, we are missing out on large amounts of carbon being stored
in these systems. We also found that at the ground layer, these sites are a source of carbon, that is, releasing more
carbon than is being taken up by the understory moss and plant layer. However, we cannot say if the site overall
is a source of carbon to the atmosphere as we were unable to measure other key components of a wetland carbon
cycle including litterfall input and the productivity of the trees themselves. Our findings indicate that by not
including these wetlands in modeling of carbon dynamics, we are missing a substantial component of boreal
carbon cycling processes.

1. Introduction

Northern wetlands are an important component of the global carbon (C) cycle, storing a third of the soil C pool in
less than 5% of the global land area (Gorham, 1991; UNEP, 2022; Xu et al., 2018). Their ability to store C on
millennial timescales is increasingly being acknowledged as an important nature-based solution to climate change
through protection and restoration efforts (Strack et al., 2022). However, wetlands, including peatlands, are also
the largest natural source of methane (CH,) to the atmosphere (Saunois et al., 2020), making it critical to quantify
C storage and fluxes accurately for C accounting efforts globally.

Within northern wetland types, swamps pose a unique challenge when quantifying C dynamics due to their high
tree cover and variable C stocks. Although they have variable definitions across the literature, swamps across

DAVIDSON ET AL.

1 of 16


https://orcid.org/0000-0001-8327-2121
https://orcid.org/0009-0002-8806-3091
https://orcid.org/0000-0002-3086-2854
https://orcid.org/0000-0002-8996-7271
mailto:scott.davidson@plymouth.ac.uk
https://doi.org/10.1029/2024JG008005
https://doi.org/10.1029/2024JG008005
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2024JG008005&domain=pdf&date_stamp=2024-05-15

NI Journal of Geophysical Research: Biogeosciences 10.1029/20241G008005

ADVANCING EARTH
AND SPACE SCIENCES

Writing — original draft: Scott

J. Davidson, Marissa A. Davies,

Mike Peacock

Writing — review & editing: Marissa

A. Davies, Emma Wegener, Sara Claussen,
Megan Schmidt, Mike Peacock,

Maria Strack

northern regions are generally characterized by having at least 25% tree cover at >5 m height, a canopy cover that
in many cases is comparable to adjacent uplands, leading to the potential for misclassification based on aerial
surveys (Ducks Unlimited Canada, 2021; Locky et al., 2005; NWWG, 1997). Thus, they are not yet included in
some wetland mapping studies (Pontone et al., 2024). Unlike other northern wetland types, such as bogs and fens,
swamps can also be considered either mineral or peat-forming and therefore have a wide range of soil carbon
masses per unit area in the literature (Byun et al., 2018; Davidson et al., 2022; Dazé et al., 2022; NWWG, 1997).
However, if assumed to only be mineral wetlands, as some wetland classification schemes suggest, significant C
stocks are being missed from wetland inventories. Further, the variability in hydrological conditions in swamps,
ranging from being permanently flooded to seasonally indundated allow swamp trees to grow taller compared to
other forested wetland types, and therefore have ability to store more aboveground biomass (Elmes et al., 2021;
Locky et al., 2005). Although previous syntheses have highlighted that swamps as a general wetland class are
understudied, it is also the case that boreal coniferous swamps are particularly neglected within this class
(Davidson et al., 2022).

Accurately quantifying the role swamps play within northern wetland C dynamics also requires an understanding
of how factors that control C cycling may differ from other wetland types. For example, the greater variability in
hydrological conditions compared to other wetland types, ranging from being permanently flooded to seasonally
inundated, allow swamp trees to grow taller compared to other forested wetland types, and therefore have the
ability to store more aboveground biomass (Elmes et al., 2021; Locky et al., 2005). Higher tree cover, however,
means that shading could influence understory vegetation productivity to a greater extent than other wetland types
(Bisbee et al., 2001). Further, significant litter inputs from the overstory means that soil respiration is not
necessarily driven solely by understory inputs (Webster et al., 2008), unlike many other wetland types (Philips
et al., 2010). Davidson et al. (2022) found that aboveground biomasses in swamps (ranging from 4.0 to
21.5 kg m™2) are significantly larger than those found in treed bogs and fens (1.2-2.3 kg m™2), with swamps also
having larger aboveground net primary productivity (NPP) values than the range for bogs and fens, at 0.92-1.57
and 0.2-0.4 kg m™2 yr~!, respectively. Hydrologic variability also means that developing relationships between C
dynamics and water table and soil temperature (ST) in swamps can be difficult, due to constantly changing redox
conditions or lags/hysteresis, which is especially important for CH, production and emissions.

Despite key differences in the drivers of C cycling in swamps compared to other wetland types, there remains few
studies in northern regions (Davidson et al., 2022). This is especially true for the Boreal Region of Canada, which
holds approximately 60% of the 1.1 million km? of peatland area within the country, with a significant portion of
this area potentially classified as swamp (Amani et al., 2019; Riley, 1994). These data gaps have led to their
exclusion from national greenhouse gases (GHG) inventories and databases (e.g., IPCC, 2014; Kuhn et al., 2021),
land cover mapping (Olefeldt et al., 2021), and modeling efforts (Bona et al., 2020) and there are few relevant
process-based models that can be used to assess swamp ecosystem dynamics (Bona et al., 2020). Therefore, more
empirical data is needed for the assessment of contemporary C stocks, GHG exchanges and environmental drivers
in these understudied ecosystems.

In this study we aimed (a) to quantify the C stocks and fluxes at a representative boreal coniferous swamp located
in boreal Canada and (b) investigate how different environmental factors are influencing the C dynamics.

2. Materials and Methods
2.1. Study Site

The study was undertaken in a boreal coniferous swamp (hereafter referred to as Heaven Swamp), approximately
30 km north of Fort McMurray, Alberta, Canada (56°57'28.0"N 111°3324.0"W) (Figure 1). The mean annual
temperature (1981-2010) in the region is 1°C, and mean annual precipitation is approximately 420 mm (Envi-
ronment Canada, 2017). The study site is a 10 ha fragment of swamp and was classified using the Ducks Un-
limited Canada Alberta Wetland Classification System (Ducks Unlimited Canada, 2021). The wider landscape is
characterized by sand-dominated uplands (McPherson & Kathol, 1977) and a much larger (~200 ha) extreme-rich
patterned fen peatland (Hartstock & Bremer, 2018) to the east. The hydrology of Heaven Swamp is hypothesized
to be largely influenced by groundwater discharge from surrounding upland areas to the north and south.
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Figure 1. The location of the boreal zone (NRCan North American boreal zone layer; Brandt, 2009) and Alberta within Canada (a), the location of the study site within
Alberta (data layer: Government of Alberta (2018)) (b), the location of the study area (Heaven Swamp: 56°57'28"N, 111°33’24”W) and the location of plots HS-1, HS-
2, and HS-3 (base map: Google Earth: TerraMetrics (Accessed 25/06/2023)) (c) and photographs of the typical tree density (d), example of understory vegetation
community (e), example of representative feather moss flux collar (f) and example of representative sphagnum flux collar (g). Map shown in panel (a) is adapted from
Davidson et al. (2021).

However, due to its higher topographic position on the landscape, the swamp likely acts as a headwater system,
and experiences greater water table variability relative to the extreme-rich patterned fen to the east.

This swamp is dominated by an overstory of Picea mariana (Mill,) Larix laricina (Du Roi) K. Koch, Britton, (L.)
and an understory of typical shrubs such as Rhododendron groenlandicum (Oeder) Kron & Judd, Vaccinium
oxycoccos (L.) MacMill, and Vaccinium vitis-idaea L. as well as mosses such as Sphagnum squarrosum (Crome)
and feather mosses, largely Hylocomium splendens (Hedw.) Schimp and Ptilium crista-castrensis (Hedw.) De
Not. All vegetation was identified to the highest taxonomic resolution possible in the field, with nomenclature
following the most recent records from the Integrated Taxonomic Information System (National Museum of
Natural History, Smithsonian Institution, 2023). The peat depth within study locations at Heaven Swamp ranges
between 2 and 3.5 m.
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Table 1
Allometric Equations Used to Estimate Above and Belowground Biomass of Trees at Heaven Swamp
Species Equation Units Reference
Larix laricina (>1.6 m) AG = 0.1361*DBH>**® kg cm Carpenter (1983)
L. laricina (<1.6 m) AG = 0.3572¢0.0532*TH g cm Murray et al. (2021)
Picea mariana (>1.6 m) AG = 0.153*DBH>**® kg cm Grigal and Kernick (1984)
P. mariana (<1.6 m) AG = 0.0085*TH>2%8 g cm Munir et al. (2014)
Salix (>1.6 m) AG = 23.19*DBH>%* g cm Berner et al. (2015)
Betula (>1.6 m) AG = 28.1*DBH>*7 g cm Berner et al. (2015)
Belowground (conifers) BG = 0.232*AG kg kg Kurz et al. (1996)

Note. AG: aboveground biomass, DBH: diameter at breast height (1.4 m), TH: tree height, and BG: belowground biomass.

2.2. Tree Inventory and Biomass

Aboveground and belowground biomass of trees was estimated using allometric equations derived from re-
gressions of dry biomass and tree height or diameter at breast height (DBH, 1.4 m) (Murray et al., 2021). Three
10 x 10 m plots (HS-1, HS-2, and HS-3) were laid out within the swamp and all individual trees were identified
and counted (see Figure S1 in Supporting Information S1). Trees were categorized as either tall (>1.6 m) and
measured for DBH, or short (<1.6 m) and measured for height. Allometric equations used in this study are found
in Table 1.

2.3. Peat Characteristics

One peat cores was collected near the southwest corner of each tree inventory plot to determine the soil C stocks
of the uppermost 50 cm of peat (see Figure S1 in Supporting Information S1). A replicate core was taken at site
three for a total of 4 cores. Bulk density (g cm™>) was determined on 10 cm depth intervals for a total of 5 samples
per core. Each sub-section was dried in the oven at 60°C for 2 days or until the sample reached constant weight.
Organic matter (OM) content (%) was calculated using the loss on ignition method (Rowell, 1995). Approxi-
mately 2 g of each dried sample was weighed and then burned in a muffle furnace at 550°C for 3 hr. After burning
the samples, they were left to cool overnight and weighed post ignition. OM is calculated as the difference be-
tween pre-ignition and post-ignition mass expressed as a percentage of pre-ignition mass. A 1 mg subsample was
taken from each 10 cm depth interval for C and nitrogen (N) analysis. Each subsample was ground to a fine
powder using a Retsch ball mill and analyzed for C and N content using a 4010-elemental analyzer (Costech
Instruments, Italy) coupled to a Delta Plus XL (Thermo-Finnigan, Germany) continuous flow isotope ratio mass
spectrometer at the University of Waterloo, Canada. Soil organic carbon (SOC, kg m?) content for each sub
section was calculated by first multiplying the bulk density (converted to kg m>) by the total C content, and then
by 0.1 (in meters) to account for the depth of the sample. These values where then summed to estimate the total
soil C stock within the upper 50 cm.

Total peat depths were measured at three points within each tree plot. If the basal depth was not reached due to an
obstruction (e.g., large wood pieces) the furthest depth possible was recorded. The minimum depth was then used
for each plot to estimate total C stocks using the forested peatland equation from Magnan et al. (2023):

SOC = 0.485*(peat depth; cm) + 13.532 (£17%) (1)

2.4. Understory Vegetation

Percentage cover of plant functional type (bryophyte, graminoid, and dwarf shrub), as well as bare ground and
standing water within each flux plot was estimated once during the peak growing season during the measurement
period. A photograph was taken of each flux collar at each flux measurement, totaling 234 photographs. We
calculated green chromatic coordinate (GCC) by extracting the red-blue-green data from each photograph,
following methods shown in Davidson et al. (2021) and results of this can be seen in Figure S2 in Supporting
Information S1.

DAVIDSON ET AL.

4 of 16

5UBD 17 SUOWILLOD BAIRBID) 3|cedljdde auy Aq pausenob ae saoliie YO ‘8sn JO Sa|nJ 1oy Afelg1auluQ A8|IAA UO (SUO1IPUOD-PUE-SWLBYW0D AS | 1M ARe.q jou1|uo//:sdiy) SUORIPUOD pue SWid | Y1 38S *[5202/90/8T ] U0 Aiq1 auljuQ A8|IM 's9ousios eumnouby JO AsAIUN Usipems Ag S008009C202/620T 0T/10p/wod A3 1m AriqpuljuosgndnBe//sdny wouy pepeojumod 'S ‘v202 'T96869T2



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Biogeosciences 10.1029/20241G008005

Understory biomass sampling took place in July 2022, at the peak of plant productivity when the increase in GCC
had leveled off (Figure S2 in Supporting Information S1). Three 25 X 25 cm quadrats were randomly placed
within the 10 X 10 m tree inventory grid and all vegetation was clipped at the bryophyte surface. Low shrubs and
woody species such as Rhododendron groenlandicum (Oeder) Kron & Judd, Vaccinium oxycoccos (L.) MacMill,
and Vaccinium vitis-idaea L. were collected as part of the understory. As it can be difficult to determine the
separation between bryophyte biomass and the underlying peat due to gradual decomposition, we included
bryophyte biomass in the soil carbon stock estimates as they were collected as part of soil coring. Vegetation was
stored in plastic sample bags at ~4°C until they were shipped to University of Waterloo for processing. In the
laboratory, samples were dried at 80°C for 24 hr and weighed to obtain mass.

2.5. Carbon Dioxide (CO,) Flux

Carbon dioxide (CO,) fluxes were measured using the closed chamber method 12 times between 25 May and 16
August 2022 (representative of the growing season ranging from completely snow free to the beginning of plant
senescence). Within the two dominant vegetation communities (feather moss and sphagnum), six PVC collars per
community (co-located in groups of three collars, height 15 cm X diameter 20 cm) were installed to a depth of
approximately 8 cm in May 2022. Collars were in place for 1 week before the first flux measurements were taken.
To investigate soil only fluxes of CO, (and CH,), six more collars were installed but the vegetation (originally
feather moss) was clipped from within the collar at soil level, totaling 18 collars. The height of the collar was
measured from the soil surface to give the correct chamber headspace volume for flux calculations.

CO, concentrations were measured in a clear acrylic chamber (20 cm diameter X 50 cm height) placed on each
flux collar, with water poured around the collar edge to create an airtight seal. Measurements were collected at
15 s intervals for 105-120 s using a portable infrared gas analyzer (EGM-4, PP Systems, Massachusetts, USA). A
battery powered fan was used to mix the chamber headspace. A thermocouple located within the chamber,
attached to a thermometer was used to measure air temperature during sampling. Relative humidity and photo-
synthetically active radiation were also measured within and on top of the chamber respectively with sensors
connected to the EGM-4. A neoprene sleeve was used to create fully dark conditions, enabling ecosystem
respiration (ER) to be measured. Order of sampling plots was randomized daily to account for different light
levels and solar angles throughout the day. Net ecosystem exchange (NEE) is the overall exchange and direction
of C movement between the atmosphere and an ecosystem, here measured under full sun. Gross ecosystem
productivity (GEP) is calculated as the difference between NEE and ER. In this study, we use the sign conventions
that C uptake from the atmosphere is negative and emission to the atmosphere is positive. We subtracted CO,
emissions from the clipped plots from the vegetated plots to represent autotrophic respiration. Raw data were
inspected for linearity of fluxes, controlling for fit of R* > 0.75, except for fluxes that were relatively unchanging
(<2 ppm over the closure period), representing a flux close to zero. Quality control resulted in a data loss of 12%.

2.6. Methane (CH,) Flux

Methane (CH,) flux was measured on the same collars during the same fieldwork period using a cylindrical
opaque chamber (20 cm diameter X 50 cm height). A 20 mL syringe was used to collect gas samples at intervals of
5-, 10-, 15-, and 25-min following chamber closure and injected into 12 mL Exetainers (Labco, UK). Concen-
tration of CH, in the samples was determined by injection in a DLT-100 Fast Methane Analyzer (Los Gatos
Research) and comparison to standards of 1, 5, and 50 ppm. The CH, flux determined from the linear change in
concentration over time, which includes corrections for temperature and volume of the chamber, controlling for
fit of R > 0.75. When concentration change over the closure period did not exceed 0.4 ppm (i.e., £10% of at-
mospheric concentration and precision of concentration analysis accounting for injection in the vials, storage and
then sample analysis) we assigned a zero-emission value to these flux measurements. After quality control, 14%
of values were removed from further analysis.

2.7. Environmental Variables

A groundwater well made of PVC pipe (4 cm diameter X 100 cm long), slotted along the full length and covered in
mesh, was installed adjacent to each set of three co-located collars to measure water table depth (WTD, relative to
the ground surface). A ST profile was collected at each collar during each flux measurement at —30, —25, —20,
—15, —10, =5, and —2 cm from ground surface using a handheld digital thermocouple thermometer and a type K
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30 cm thermocouple probe (Omega, UK). The first two rounds of flux measurements did not have WTD, or ST
data collected due to the ground still being frozen.

2.8. Statistical Analysis

All statistical analysis was undertaken in R version 3.6.1 (R Core Team, 2019), and all output and models were
inspected for normality and homogeneity of residuals (Zuur et al., 2009), with statistical significance considered
at a = 0.05. The relationship between C and OM content in the upper 50 cm of the three peat profiles in this study
was evaluated using the /m (linear regression) function in R. The linear fit was forced through the origin to
evaluate the ratio between the two values.

Due to the C flux data being not normally distributed, an unpaired two-sample Wilcoxon test was used to evaluate
significant differences in CO, and CH, fluxes between the Feather moss and Sphagnum plots.

A linear mixed effects (LME) model was used to evaluate the effect of water table, ST at 10 cm depth, and GCC
on NEE, ER, and GEP using the nlme package (Pinheiro et al., 2018). Collar ID was included as a random factor
to account for repeated measures. We calculated the amount of variance described by the model as RZGLMM
(Nakagawa & Schielzeth, 2013), using the package MuMIn (Bartoni, 2019). Another LME was used to evaluate
the effect of WTD and ST at 30 cm depth on CH, emissions.

3. Results
3.1. Above- and Belowground C Stocks

Aboveground C stocks at Heaven Swamp were predominately influenced by extent of tree cover and the presence
of moss and ericaceous shrubs. HS-1 had the greatest tree above and belowground biomass with both L. laricina
and P. mariana having DBH values greater than 6 cm and the largest basal area of the three sites (Figure 2 and
Table 2). Lower tree basal area was related to greater understory biomass, which mainly came from increased
shrub and bryophyte cover (Table 1). The highest ericaceous shrub cover, which was predominantly Rhodo-
dendron groenlandicum and Vaccinium vitis-idaea, was found at HS-3 that was also characterized by many small
conifers (<1.6 m) contributing to the aboveground biomass (Table 3). The increase in shrub and small conifer
biomass did not compensate for the differences in larger tree biomass between subsites, and therefore HS-2 and
HS-3 had lower total aboveground C stocks than HS-1 (Figure 2). Combining the three study plots, mean un-
derstory, overstory and total aboveground C stocks at Heaven Swamp were 0.024, 4.9, and 5.0 kg C m™2,

respectively. Estimated belowground tree biomass C stocks were 1.1 kg C m™2.

Estimated soil C stocks were 14-28 times higher than aboveground and belowground tree C stocks at all subsites,
with all peat depths greater than 2 m (Figure 2). Variations in the upper 50 cm of each peat profile were the result
of varying peat properties and vegetation cover. HS-1 and HS-2 had fibrous peat in the uppermost 10 cm of the
peat profile and became mesic below that depth. This shift was also associated with a reduction in C:N ratio and an
increase in bulk density (Figure 3). HS-3 had the lowest SOC (in the upper 50 cm) of the three sites and had a
thicker fibric peat layer (0-20 cm) compared to the two other subsites (Figure 3). Within the fibric layers, HS-3
was also a mixture of feather moss and sphagnum, while HS-1 and HS-2 only had feather moss present within the
peat profile. The proportion of C within the OM of the upper 50 cm across all profiles was 0.502 (Figure 3).

3.2. CO, and CH, Fluxes and Associated Environmental Drivers

For the measurement period, WTD ranged from approximately 24-2 cm below the ground surface, with a mean
(£SD) of 8.5 (2.7) cm (Table 3). Soil temperatures at 10 cm depth ranged from 1.9°C to 22.2°C across the
measurement period, with a mean (£SD) of 11 (3.6)°C (Table 4).

Despite having productive vegetation in the flux collars (Figure S2 in Supporting Information S1), understory
NEE was largely positive across the measurement period (Figures 4c and 5c), indicating that for the 2022 growing
season, the understory was a net source of CO, to the atmosphere, due to larger losses of CO, via ER than uptake
via GEP. Although the mean CO, fluxes were higher in the sphagnum plots than in the feather moss plots
(Table 4), no significant difference in GEP (Wilcoxon signed rank test; z = —1.81, p = 0.07), ER (Wilcoxon
signed rank test; z = —0.47, p = 0.63) or NEE (Wilcoxon signed rank test; z = —0.011, p = 0.9) was found.
Likewise, although mean CH, flux were higher in the sphagnum plots (49.9 mg CH, m™> d~") compared to the
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HS-1 HS-2 HS-3
Basal Area (m” ha™') 38.7 255 215
DBH Average (cm + SD)
Larix laricina (LL) 8550 35217 3327
Picea mariana (PM) 65+40 6.1+£38 93+37
N (LL,PM) 20,52 48,49 57,17
Stand Density (stems ha™) 7200 9700 7400
LL
PM
Carbon Stocks % % % $
(kg C m? + SE)
I Tree Aboveground 69+14 42+12 37+05
I Tree Belowground 16+1.1 1.0£1.0 09+0.9
- Understory 0.014 £ 0.008 0.017 £ 0.016 0.044 + 0.037
x1000
Soil Organic
= (upper 50 cm)
I Total Soil Organic = = =
(minimum estimate) = > =
L L2 "
S N =
~ (4] o]
Peat Depth (N=9; m) 22310>24 24510>26 237t10>25

Figure 2. Schematic representation of the characteristics of the three sub-sites within Heaven Swamp. Aboveground tree
biomass is shown in pale green. The biomass of the dominant understory vegetation is shown in dark green. The relative
depth of the upper 50 cm soil organic layer and the estimated total soil organic layer are shown in light and dark brown,

respectively (shading gray toward mineral layer at depth). Trees are not to scale but are representative of the variation in
canopy openness and species (LL = Larix laricina and PM = Picea mariana). Tree counting was performed within a

10 X 10 m plot at each site. Standard errors are shown by +values.

feather moss plots (30.6 mg CH, m™2 d™') the difference was not significant (Wilcoxon signed rank test;
z=—1.27, p = 0.21) (Figure 5d). Clipped vegetation plots had much smaller fluxes than vegetated counterparts,
with a mean (£SD) soil CO, flux of 6.9 (4.6) g CO, m~2 d7! and mean (+SD) soil CH, flux of 5.3
(11.9) mg CH, m™2 d™" (Figure S3 in Supporting Information S1). The difference in ER between clipped and
unclipped plots (4.3 g CO, m™2 d™') indicates that understory plant respiration accounted for 44%—48% of un-
derstory ER.
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Table 2
Total Tree Above and Belowground Biomass and Tree Height for Trees < 1.6 m for the Three Subplots at Heaven Swamp

HS-1 HS-2 HS-3

A. Trees > 1.6 m
Total mass (kg C m—2 + SE)

Aboveground biomass 6.86 (1.37) 4.16 (1.18) 3.67 (0.48)
Picea mariana (Miller) Britton 4.08 (1.20) 3.36 (1.13) 2.33 (0.39)
Larix laricina (Du Roi) K. Koch 2.78 (0.17) 0.80 (0.05) 1.34 (0.08)
Betula glandulosa Michaux - - 0.00 (0.00)
Salix sp. 0.00 (0.00) - -

Belowground biomass (conifers) 1.59 (1.09) 0.96 (1.05) 0.85 (0.88)

B. Trees (<1.6 m)
Total mass (kg C m~2)

Aboveground biomass 0.0198 0.0216 0.0309

Picea mariana (Miller) Britton 0.0198 0.0100 0.0163

Larix laricina (Du Roi) K. Koch - 0.0116 0.0146

Acer sp. - - 0.0
Tree height (cm + SD)

Picea mariana (Miller) Britton 89.4 (41.5) 87.2 (37.2) 70.76 (31.3)

Larix laricina (Du Roi) K. Koch - 104.6 (42.0) 78.0 (37.1)

Note. Value in brackets is the standard deviation of the estimate from the allometric equation converted as appropriate using
error propagation rules.

A significant relationship was found between NEE and WTD (LME, F, ;, = 7.2, p = 0.0089; Figure 6a) but not
for GEP and ER. A significant relationship was also found between NEE and ST at 10 cm depth (LME,
F, 7, =45.3, p <0.001) and ER and ST at 10 cm depth (LME, F, 5, = 55.9, p < 0.001; Figure 6b). The LME
models explained 65% and 57% of the variance in NEE and ER, respectively. The model only explained 12% of

Table 3
Total Understory Biomass for the Three Subplots at Heaven Swamp

Total Mass (g C m~2 + SE)

Vegetation group or species HS-1 HS-2 HS-3
Ericaceae 529 15.8 (14.9) 43.2 (36.2)
Pyrola minor L. 4.0 (1.8) - 1.3 (1.2)
Rhododendron groenlandicum (Oeder) Kron & Judd 1.2 (1.2) 3.9 @3.9) 14.4 (12.8)
Vaccinium oxycoccos L. - - 2.0 (1.6)
Vaccinium vitis-idaea L. - 11.9 (11.0) 25.4 (20.7)
Cyperaceae (Carex sp.) 5.3 (2.9) 0.1 (0.1) 1.1 (0.7)
Other Vascular 1.8 (1.0) 0.6 (0.6) -
Equisetum fluviatile L. - 0.6 (0.6) -
Equisetum scirpoides Michaux 0.9 (0.6) - -
Mitella nuda L. 0.7 (0.2) - -
Rubus pubescens Rafinesque 0.2 (0.2) - -
Liverwort (Lophozia ventricosa (Dicks.) Durmort.) 1.2 (1.0) - -
Bryophytes 14.5 (12.8) 205.9 (94.8) 173.3 (118.5)
TOTAL 28.1 (20.5) 222.4(110.4) 217.6 (155.3)

Note. Triplicates were performed at each subplot (N = 3). Value in brackets is the standard error of the mean.
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Figure 3. Belowground C density and soil classification (a), C:N ratio (b), and the relationship between C and organic matter content (c) for the upper 50 cm peat profile
from three plots at Heaven Swamp. Linear regression in panel (c) was forced through (0,0) prior to fitting and dashed lines are the residual standard error. Soil
classification after Agriculture and Agri-food Canada (1998). Of: organic-fibric and Om: organic-mesic.

Table 4

the variance in GEP. No significant relationship was found between GEP and ST (LME, F; 43 = 0.004, p = 0.9),
however there was a significant relationship found between GEP and GCC (LME, F, 43 = 8.01, p = 0.0061;
Figure 6¢), unlike NEE and ER. Finally, no significant relationship was found between CH, emissions and either
WTD (Figure 6d) or ST at 30 cm depth (LME, F; 5,3 =0.01, p = 0.9 and LME, F, ,5 = 1.8, p = 0.2, respectively).

4. Discussion

This study investigated C stocks and growing season C fluxes in a representative boreal conifer swamp from
Western Canada. As far as we know, this is the first study to measure plot-scale CO, and CH, fluxes from this
type of swamp across boreal Canada (Davidson et al., 2022). Here, we contextualize our results by comparing
them with other wetland studies. Additionally, we discuss the drivers of C and GHG exchange. Finally, we
consider the implications of our work.

4.1. Above- and Belowground C Stocks

Overall, all plots contained sizable stocks of C with an overall mean of 134 kg C m™2. Mean aboveground biomass
was 5 kg C m™2, which is low compared to the mean of all needle-leaved swamps of 22 kg C m™? (Davidson
etal., 2022). However, most of the biomass measurements synthesized by Davidson et al. (2022) are from south of
40°N, and therefore their value is likely to be unrepresentative of biomass C stocks in cool temperate and boreal
swamps. Our value for aboveground C is the same as mean estimates of aboveground C biomass for boreal forest
in the same region (Banfield et al., 2002), suggesting little difference between swamp and upland forest C stocks
in this region (Table S1 in Supporting Information S1). The forest understory made a negligible contribution to
total aboveground C stocks. In contrast, approximately 95% of total C stocks were found as SOC. This was due to
a combination of deep peat (>2 m) and high C content; 50% of soil OM was C, in keeping with synthesized data
for northern herbaceous and woody peat (Loisel et al., 2014). As such, our results are similar to those from

Summary (Mean x SD) of the C Flux (Gross Ecosystem Productivity, Ecosystem Respiration, Net Ecosystem Exchange, Methane (CH,), Soil Temperature, and Water
Table Depth at Both Vegetation Flux Collar Types at Heaven Swamp)

GEP ER NEE CH, ST at 10 cm depth ST at 30 cm depth Water table depth
Plot type g CO, m2d! mg CH, m2d™! °C cm bgs
Feather moss —1.8 (4.0) 12.6 (9.1) 10.5 (8.6) 30.6 (46.0) 11.9 (3.6) 8.512.7) 12.2 (6.7)
Sphagnum —2.6 (3.6) 13.6 (9.7) 11.1 (10.5) 49.9 (74.7) 11.3 (3.9) 8.4 (2.9) 11.3 (5.7)
Clipped - 6.9% (4.6) - 5.3 (11.9) 12.0 3.2) 7.9 (2.8) 8.3 (11.1)
#Soil only flux. bCH4 flux measurements for only May—June.
DAVIDSON ET AL. 9of 16
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Figure 4. Time series plots of gross ecosystem productivity (g CO, m—2d™h (a), ecosystem respiration (g CO, m2d™h (b),
net ecosystem exchange (g CO, m2dh (c), and CH, flux (mg CH, m~2 d7") (d) measurements for both Feather moss
(n = 6) and Sphagnum (n = 6) collars at Heaven Swamp.

forested peatlands in eastern Canada, where C stored as tree biomass (1.5-5.7 kg C m™2) was considerably less
than SOC (23-170 kg C m™>) (Beaulne et al., 2021; Magnan et al., 2020). SOC stocks reported by Beaulne
et al. (2021) and Magnan et al. (2020) are smaller than ours (~130 kg C m™2) because their peat depths were only
0.4-1 m. Our SOC stock estimate at the same depths is higher than those reported for upland boreal forests
(ranging between 8 and 16 kg C m™ (Banfield et al., 2002; Marty et al., 2015).

4.2. CO, and CH, Fluxes and Associated Environmental Drivers

Despite large belowground C stocks, over the course of the growing season the understory/soil of Heaven Swamp
was a source of both CO, and CH,. There was no significant difference in CO, or CH, fluxes between feather
moss and sphagnum collars. This result is at odds with work suggesting differences in photosynthetic properties
between these 2 moss groups (Kangas et al., 2014) but may simply arise due to the low number of collar replicates.
For CO,, overall mean GEP was —2.6 g CO, m~>d ™", whilst ER was 13.1 g CO, m~>d ™", resulting in a net efflux
of CO,. ER correlated positively with ST, reflecting the well-understood response of microbial respiration to
warmer conditions (Lloyd & Taylor, 1994; Silvola et al., 1996). A similar result to Davidson et al. (2021) was
found in relation to increasing vegetation greenness (GCC) and GEP, showing that more productive vegetation
(i.e., greater CO, uptake) is related to green leaf phenology. In general, there is a lack of measurements of swamp
CO, fluxes, and those that do exist overwhelmingly focus on soil fluxes only (Davidson et al., 2022). Never-
theless, our ER fluxes are comparable to those from northern swamps (beyond 40°N) for which the collated mean
is 14.7 g CO, m~>d™" (Davidson et al., 2022). Despite measured net emission measured for understory NEE, our
data do not necessarily suggest that Heaven Swamp is a net source of C to the atmosphere.

In northern swamps, litterfall inputs of C can be particularly high (e.g., 540 g m~>) and outweigh gaseous C losses
(Kendall et al., 2021). Similarly, NPP of trees could also offset gaseous C losses (J. Laine et al., 1996), with
estimates of NPP in black spruce stands ranging from 44 g dry mass m™~> yr~" in a moderate rich fen in Alberta
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Figure 5. Gross ecosystem productivity (g CO, m~2d™") (a), ecosystem respiration (g CoO, m~2d™") (b), net ecosystem
exchange (g CO, m~2 d_l) (c), and CH, flux (mg CH, m2d7h (d) measurements for both Feather moss (n = 6) and
Sphagnum (n = 6) collars at Heaven Swamp.

(Szumigalski & Bayley, 1996) to 144 g C m™2 yr~' in a black spruce stand with a 20-30 cm organic layer over
mineral soil in Saskatchewn (Gower et al., 1997). Given we did not measure belowground biomass and NPP
directly, there is potential that we are underestimating this component. In colder, wetter soils, P. mariana has been
shown to allocate relatively more NPP belowground (Gower et al., 2001; Vogel et al., 2008), as well as more to
fine roots compared deciduous species (Gower et al., 2001). This could mean that fine root turnover is likely
contributing a significantly greater input to soil organic carbon in these boreal conifer compared to temperate
deciduous swamps. Without measuring or modeling all CO, pathways in Heaven Swamp, no firm conclusions can
be drawn.

Overall mean CH,, flux from feather moss and sphagnum collars was ~40 mg m~> d~', which is similar to the
synthesis value for swamps given by Turetsky et al. (2014). The mean emission from collars where vegetation was
clipped was lower, at 5.3 mg m~2 d™'. Methane measurements from clipped collars only took place for 2 months,
and thus are not directly comparable with vegetated collars. However, we can estimate that understory autotrophic
respiration was 4.3 g CO, m~> d™', substantially lower than the ER measured (~13 g CO, m™> d™"), a similar
pattern shown by Munir et al. (2017) in a drained black spruce bog. The lack of a relationship between CH, flux
and WTD is perhaps surprising, considering how WT is often viewed as a dominant control on peatland CH,
emission (e.g., Evans et al., 2021; Turetsky et al., 2014). However, this relationship is frequently only apparent at
large spatial/multi-site scales and/or over longer time periods (Treat et al., 2007), and many studies do not find
WTD as an overriding control (e.g., Green et al., 2018; A. Laine et al., 2007; Levy et al., 2012; Wen et al., 2020),
including in swamps (Koskinen et al., 2016). Within individual sites, WTD is not always an effective proxy for
zones of CH, production, because peat soils can be highly heterogeneous with oxic areas below the water table
and anoxic areas above it, over very small (cm®) scales (Askaer et al., 2010). Additionally, at our site WTD varied
across a comparatively small range, 2-24 cm below the peat surface. Other studies have suggested that WTD acts
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Figure 6. Relationship between water table depth (below ground surface (bgs)) and net ecosystem exchange (g CO, m2d™")
(a), soil temperature at 10 cm depth (°C) and ecosystem respiration (g CO, m~2d™") (b), green chromatic coordinate and
gross ecosystem productivity (g CO, m~2d™") (c) and water table depth (bgs) and methane emissions (mg CH, m~2d™") for
both vegetation plot types at Heaven Swamp.

as a “cut-off” for CH, production, with emissions increasing rapidly as WTD becomes shallower than 20-30 cm
(Couwenberg & Fritz, 2012; Evans et al., 2021; Hondula, DeVries, et al., 2021; Levy et al., 2012).

Furthermore, and in contrast to both bogs and fens, swamps have a broad range of WTDs where large CH,
emissions can occur (Turetsky et al., 2014). Other studies of forested peatlands have observed large variation in
CH, fluxes over small scales (e.g., 15 m, Korkiakoski et al., 2017). Thus, we assume in our study that WTD was
conducive to maintain CH, emissions throughout the measurement period, and other factors (temperature,
vegetation, soil structure, nutrients, etc.) were implicated in driving higher/lower emissions from day-to-day. A
second possibility is that WTD and CH, were related, but that this relationship was obscured due to hysteresis
(e.g., A. Laine et al., 2007; Moore & Dalva, 1993).

4.3. Implications

Our results show that Heaven Swamp has sequestered large volumes of organic C in biomass and soil and
continues to play an active role in ecosystem-scale gaseous C cycling. SOC stocks at Heaven Swamp
(~130 kg C m™) are approximately the same as those in other Canadian peatlands (50-220 kg C m™2, Akumu &
McLaughlin, 2013; Beilman et al., 2008) which, on face value, suggests that boreal swamps are not “special
cases” that require additional scrutiny and should be included in estimates of boreal peatland area. However, this
is only half of the storys; this site is classified as upland in the Alberta Biodiversity Monitoring Institute's Wetland
Inventory (DeLancey et al., 2020) and therefore soil C stocks would potentially not be fully accounted for. The
landscape-scale importance of northern swamps as “cryptic wetlands” has long been recognized for aquatic C
exports (Creed et al., 2003), but the unmapped “cryptic carbon” these swamps hold is only now being properly
considered. Emerging research in the United States suggests that forested wetlands contain vast stores of
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previously unaccounted C (Stewart et al., 2024). Similarly, although many forested wetlands are small (such as
Heaven Swamp), their potentially abundant natures means that their cumulative CH, emissions can influence
landscape-scale budgets (Hondula, Jones, & Palmer, 2021). Thus, there is a clear need to accurately map these
swamps, their hydrology, and their C stocks and fluxes, to properly inform regional, national, and global budgets.

Furthermore, a timely accounting of the role these swamps play in C and GHG cycling is also necessary to define
a baseline from which future global change can be evaluated. This is particularly relevant because boreal forests
are predicted to experience the largest temperature increase of any forest biome (Gauthier et al., 2015). Addi-
tionally, climate driven changes in drought, fire regimes and biotic disturbance (e.g., bark beetle) all threaten to
alter the stability of boreal forests, and their associated carbon stocks and fluxes (Anderegg et al., 2020). The
magnitude and direction of future changes in the various components of swamp C and GHG balances is hard to
predict, due to non-linear responses and feedbacks (Bonan, 2008). However, for P. mariana (the dominant tree
species at our site), a combination of elevated air temperatures with increased soil water availability during spring
will likely prolong the growth season length through a shift in key photosynthetic parameters. Together, these
changes have the potential to significantly increase net annual C uptake (Jensen et al., 2015). Furthermore, there is
potential for a shift in vegetation communities toward species more competitive in warmer environments, with
some locations becoming dominated by deciduous species such as Salix spp. and Alnus spp. Balanced against this,
research from northern peatlands shows that rising temperatures could lead to increased peatland CH, production,
or this might be outweighed by reduced CH, production and greater CH, oxidation due to changes in water
storage (Roulet et al., 1992).

Like other northern wetlands, swamps are complex ecosystems with a disproportionately large role in terrestrial
carbon storage and flux. However, their distribution on the landscape, importance to biogeochemical cycling, and
potential response to climate and other global changes remains poorly understood. For these reasons, and because
of a current lack of data and biogeochemical understanding, we call for the establishment of a coordinated swamp
observatory throughout the northern hemisphere. Measurements should include above and belowground carbon
stocks; C and GHG fluxes from soils and vegetation, including tall tower eddy covariance to measure landscape-
scale exchange (e.g., Deshmukh et al., 2021), and high-frequency water table data. Such measurement efforts
need to be concerted and long-term. This approach would help bring these long underappreciated northern
wetlands into the same spotlight occupied by bogs and fens.

Conflict of Interest

The authors declare no conflicts of interest relevant to this study.

Data Availability Statement

Data available via the Dryad Digital Repository: Davidson (2024) Boreal conifer swamp carbon stocks and
fluxes, Alberta, Canada. Dryad, https://doi.org/10.5061/dryad.dv41ns267.

References

Akumu, C. E., & McLaughlin, J. W. (2013). Regional variation in peatland carbon stock assessments, northern Ontario, Canada. Geoderma, 209—
210, 161-167. https://doi.org/10.1016/j.geoderma.2013.06.021

Amani, M., Mahdavi, S., Afshar, M., Brisco, B., Huang, W., Mirzadeh, S. M. J., et al. (2019). Canadian wetland inventory using Google Earth
engine. The first map and preliminary results. Remote Sensing, 11(7), 842. https://doi.org/10.3390/rs11070842

Anderegg, W. R. L., Trugman, A. T., Badgley, G., Anderson, C. M., Bartuska, A., Ciais, P., et al. (2020). Climate-driven risks to the climate
mitigation potential of forests. Science, 368(6497), eaaz7005. https://doi.org/10.1126/science.aaz7005

Askaer, L., Elberling, B., Glud, R. N., Kiihl, M., Lauritsen, F. R., & Joensen, H. P. (2010). Soil heterogeneity effects on O, distribution and CH,,
emissions from wetlands: In situ and mesocosm studies with planar O, optodes and membrane inlet mass spectrometry. Soil Biology and
Biochemistry, 42(12), 2254-2265. https://doi.org/10.1016/j.s0ilbio.2010.08.026

Banfield, G. E., Bhatti, J. S., & Apps, M. J. (2002). Variability in regional scale estimates of carbon stocks in boreal forest ecosystems: Results
from west-central. Alberta. Forest Ecology and Management, 169(1-2), 15-27. https://doi.org/10.1016/s0378-1127(02)00292-x

Barton, K. (2019). MuMIn: Multi-Model inference. R package version 1.43.10. Retrieved from https://CRAN.R-project.org/package=MuMIn

Beaulne, J., Garneu, M., Magnan, G., & Boucher, E. (2021). Peat deposits store more carbon than trees in forested peatland of the boreal biome.
Scientific Reports, 11(1), 2657. https://doi.org/10.1038/s41598-021-82004-x

Beilman, D. W, Vitt, D. H., Bhatti, J. S., & Forest, S. (2008). Peat carbon stocks in the southern Mackenzie river basin: Uncertainties revealed in a
high resolution case study. Global Change Biology, 14(6), 1221-1232. https://doi.org/10.1111/j.1365-2486.2008.01565.x

Berner, L. T., Alexander, H. D., Loranty, M. M., Ganzlin, P., Mack, M. C., Davydov, S. P., & Goetz, S. J. (2015). Biomass allometry for alder,
dwarf birch and willow in boreal forest and tundra ecosystems of far northeastern Siberia and north-central Alaska. Forest Ecology and
Management, 337, 110-118. https://doi.org/10.1016/j.foreco.2014.10.027

DAVIDSON ET AL.

13 of 16

8518017 SUOWIWIOD BAIKERID 3|cedl|dde 8y} Aq peuienob aie Sspile YO '8SN JO S9Nl 0} ARig1T 8UIIUO A8]1M UO (SUOIIPUOD-PUE-SWIBYW0D" A3 1M AReq 1 Ul JUO//ScIY) SUORIPUOD pUe SULB | 84} 89S *[G202/90/8T] U0 A%eiq1T 8uljuO A8|IM 'S90us1os I nouby JO AIsIeAIun UsIpemMS Aq S0080090Y202/620T 0T/10p/wod’ Aa|1m Are.q i putjuo'sqndnBey/sdny wouy pepeojumod 'S ‘v202 ‘19686912


https://doi.org/10.5061/dryad.dv41ns267
https://doi.org/10.1016/j.geoderma.2013.06.021
https://doi.org/10.3390/rs11070842
https://doi.org/10.1126/science.aaz7005
https://doi.org/10.1016/j.soilbio.2010.08.026
https://doi.org/10.1016/s0378-1127(02)00292-x
https://CRAN.R-project.org/package=MuMIn
https://doi.org/10.1038/s41598-021-82004-x
https://doi.org/10.1111/j.1365-2486.2008.01565.x
https://doi.org/10.1016/j.foreco.2014.10.027

. Y d N |
MMN\I
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Biogeosciences 10.1029/20241G008005

Bisbee, K. E., Gower, S. T., Norman, J. M., & Nordheim, E. V. (2001). Environmental controls on ground cover species composition and
productivity in a boreal black spruce forest. Oecologia, 129(2), 261-270. https://doi.org/10.1007/s004420100719

Bona, K. A., Shaw, C., Thompson, D. K., Hararuk, O., Webster, K., Zhang, G., et al. (2020). The Canadian model for peatlands (CaMP): A
peatland carbon model for national greenhouse gas report. Ecological Modelling, 432, 109164.

Bonan, G. N. (2008). Forests and climate change: Forcings, feedbacks, and the climate benefits of forests. Science, 320(5882), 1444-1449. https://
doi.org/10.1126/science.1155121

Brandt, J. P. (2009). The extent of the North American boreal zone. Environmental Reviews, 17(NA), 101-161. https://doi.org/10.1139/a09-004

Byun, E., Finkelstein, S. A., Cowling, S. A., & Badiou, P. (2018). Potential carbon loss with associated post-settlement wetland conversion in
southern Ontario. Carbon Balance and Management, 13(6), 6. https://doi.org/10.1186/s13021-018-0094-4

Carpenter, E. M. (1983). Above-ground weights for tamarack in northeastern Minnesota. Research Paper NC-245. U.S. Dept. of Agriculture,
Forest Service, North Central Forest Experiment Station.

Couwenberg, J., & Fritz, C. (2012). Towards developing IPCC methane'emission factors' for peatlands (organic soils). Mires & Peat, 10(3), 1-17.

Creed, I. F., Sanford, S. E., Beall, F. D., Molot, L. A., & Dillon, P. J. (2003). Cryptic wetlands: Integrating hidden wetlands in regression models of
export of dissolved organic carbon from forested landscapes. Hydrological Processes, 17(18), 3629-3648. https://doi.org/10.1002/hyp.1357

Davidson, S. J. (2024). Boreal conifer swamp carbon stocks and fluxes, Alberta, Canada [Dataset]. Dryad. https://doi.org/10.5061/dryad.
dv41ns267

Davidson, S.J., Dazé, E., Byun, E., Hiler, D., Kangur, M., Talbot, J., et al. (2022). The unrecognized importance of carbon stocks and fluxes from
swamps in Canada and the USA. Environmental Research Letters, 15(5), 053003. https://doi.org/10.1088/1748-9326/ac63d5

Davidson, S. J., Goud, E. M., Malhotra, A., Estey, C. O., Korsah, P., & Strack, M. (2021). Linear disturbances shift boreal peatland plant
communities towards earlier peak greenness. Journal of Geophysical Research: Biogeosciences, 126(8), €2021JG006403. https://doi.org/10.
1029/2021jg006403

Dazé, E., Byun, E., & Finkelstein, S. A. (2022). Long-term carbon accumulation in temperate swamp soils: A case study from greenock swamp,
Ontario, Canada. Werlands, 42(8), 121. https://doi.org/10.1007/s13157-022-01641-8

DeLancey, E. R., Simms, J. F., Mahdianpari, M., Brisco, B., Mahoney, C., & Kariyeva, J. (2020). Comparing deep learning and shallow learning
for large-scale wetland classification in Alberta, Canada. Remote Sensing, 12(1), 2. https://doi.org/10.3390/rs12010002

Deshmukh, C. S., Julius, D., Desai, A. R., Asyhari, A., Page, S. E., Nardi, N., et al. (2021). Conservation slows down emission increase from a
tropical peatland in Indonesia. Nature Geoscience, 14(7), 484-490. https://doi.org/10.1038/s41561-021-00785-2

Ducks Unlimited Canada. (2021). Alberta wetland classification system field guide.

Elmes, M. C., Davidson, S.J., & Price, J. S. (2021). Ecohydrological interactions in a boreal-fen-swamp complex, Alberta, Canada. Ecohydrology,
14(7), €2335. https://doi.org/10.1002/ec0.2335

Environment Canada. (2017). National climate data and information archive.

Evans, C. D., Peacock, M., Baird, A. J., Artz, R. R. E., Burden, A., Callaghan, N., et al. (2021). Overriding water table control on managed
peatland greenhouse gas emissions. Nature, 593(7860), 548-552. https://doi.org/10.1038/s41586-021-03523-1

Gauthier, S., Bernier, P., Kuuluvainen, T., Shvidenko, A. Z., & Schepaschenko, D. G. (2015). Boreal forest health and global change. Science,
349(6250), 819-822. https://doi.org/10.1126/science.aaa9092

Gorham, E. (1991). Northern peatlands: Role in the carbon cycle and probably responses to climatic warming. Ecological Applications, 1(2),
182-195. https://doi.org/10.2307/1941811

Government of Alberta. (2018). Alberta satellite land cover. Retrieved from https://open.alberta.ca/dataset/gda-f4c86e0b-be22-4b94-a6a3-
754d17518e9d#summary

Gower, S. T., Krankina, O., Olson, R.J., Apps, M., Linder, S., & Wang, C. (2001). Net primary production and carbon allocation patterns of boreal
forest ecosystems. Ecological Applications, 11(5), 1395-1411. https://doi.org/10.2307/3060928

Gower, S. T., Vogel, J. G., Norman, J. M., Kucharik, C. J., Steele, S. J., & Stow, T. K. (1997). Carbon distribution and aboveground net primary
production in aspen, jack pine, and black spruce stands in Saskatchewan and Manitoba, Canada. Journal of Geophysical Research, 102(D24),
29029-29041. https://doi.org/10.1029/97jd02317

Green, S. M., Baird, A.J., Evans, C. D., Peacock, M., Holden, J., Chapman, P. J., & Smart, R. P. (2018). Methane and carbon dioxide fluxes from
open and blocked ditches in a blanket bog. Plant and Soil, 424(1-2), 619-638. https://doi.org/10.1007/s11104-017-3543-z

Grigal, D. F., & Kernick, L. K. (1984). Generality of black spruce biomass estimation equations. Canadian Journal of Forest Research, 14(3),
468-470. https://doi.org/10.1139/x84-085

Hartstock, J. A., & Bremer, E. (2018). Nutrient supply rates in a boreal extreme-rich fen using ion exchange membranes. Ecohydrology, 11(7),
€1995. https://doi.org/10.1002/ec0.1995

Hondula, K. L., DeVries, B., Jones, C. N., & Palmer, M. A. (2021). Effects of using high resolution satellite-based inundation time series to
estimate methane fluxes from forested wetlands. Geophysical Research Letters, 48(6), €2021GL092556. https://doi.org/10.1029/2021g1092556

Hondula, K. L., Jones, C. N., & Palmer, M. A. (2021). Effects of seasonal inundation on methane fluxes from forested freshwater wetlands.
Environmental Research Letters, 16(8), 084016. https://doi.org/10.1088/1748-9326/ac1193

IPCC. (2014). In T. Hiraishi, T. Krug, K. Tanabe, N. Srivastava, J. Baasansuren, et al. (Eds.), 2013 supplement to the 2006 IPCC guidelines for
national greenhouse gas inventories: Wetlands. IPCC.

Jensen, A. M., Warren, J. M., Hanson, P. J., Childs, J., & Wullschleger, S. D. (2015). Needle age and season influence photosynthetic temperature
response and total annual carbo uptake in mature Picea mariana trees. Annals of Botany, 116(5), 821-832. https://doi.org/10.1093/aob/mcv115

Kangas, L., Maanavilja, L., Hijek, T., Juurola, E., Chimner, R. A., Methtitalo, L., & Tuittila, E.-S. (2014). Photosynthetic traits of Sphagnum and
feather moss species in undrained, drained and rewetted boreal spruce swamp sites. Ecology and Evolution, 4(4), 381-396. https://doi.org/10.
1002/ece3.939

Kendall, R. A., Harper, K. A., Burton, D., & Hamdan, K. (2021). The role of temperate treed swamps as a carbon sink in southwestern Nova
Scotia. Canadian Journal of Forest Research, 51(1), 78-88. https://doi.org/10.1139/cjfr-2019-0311

Korkiakoski, M., Tuovinen, J. P., Aurela, M., Koskinen, M., Minkkinen, K., Ojanen, P., et al. (2017). Methane exchange at the peatland forest
floor—automatic chamber system exposes the dynamics of small fluxes. Biogeosciences, 14(7), 1947-1967. https://doi.org/10.5194/bg-14-
1947-2017

Koskinen, M., Maanavilja, L. M., Nieminen, M., Minkkinen, K., & Tuittila, E. S. (2016). High methane emissions from restored Norway spruce
swamps in southern Finland over one growing season. Mires & Peat, 17(2), 1-13.

Kuhn, M. A., Varner, R. K., Bastviken, D., Crill, P., Maclntyre, S., Turetsky, M., et al. (2021). BAWLD-CH,: A comprehensive dataset of
methane fluxes from boreal and arctic ecosystems. Earth System Science Data, 13(11), 1-56. https://doi.org/10.5194/essd-13-5151-2021
Kurz, W. A., Beukema, S. J., & Apps, M. J. (1996). Estimation of root biomass and dynamics for the carbon budget model of the Canadian forest

sector. Canadian Journal of Forest Research, 26(11), 1973-1979. https://doi.org/10.1139/x26-223

DAVIDSON ET AL.

14 of 16

8519017 SUOWILIOD dAIERID 3|qealjdde au) Aq peuiencb ake s YO ‘8sN JO S3|nu 0} Aig 1 3UIIUO 8|1 U0 (SUOIIPUOD-PUE-SLULIBYW0D" A 1M AReiq 1Bl JUO//SAIIL) SUORIPLOD PUe SLLLB | 34} 855 *[G20Z/90/8T] U0 AfeiqiT auiju A3|IM ‘S90uBS IMINoUBY JO AISIBAIUN USIPBMS A S008009CHZ02/620T 0T/10p/wod"As|1m Afeiq 1 putjuo'sgndnBey/sdny woay papeojumod 'S ‘v20z ‘T96869TC


https://doi.org/10.1007/s004420100719
https://doi.org/10.1126/science.1155121
https://doi.org/10.1126/science.1155121
https://doi.org/10.1139/a09-004
https://doi.org/10.1186/s13021-018-0094-4
https://doi.org/10.1002/hyp.1357
https://doi.org/10.5061/dryad.dv41ns267
https://doi.org/10.5061/dryad.dv41ns267
https://doi.org/10.1088/1748-9326/ac63d5
https://doi.org/10.1029/2021jg006403
https://doi.org/10.1029/2021jg006403
https://doi.org/10.1007/s13157-022-01641-8
https://doi.org/10.3390/rs12010002
https://doi.org/10.1038/s41561-021-00785-2
https://doi.org/10.1002/eco.2335
https://doi.org/10.1038/s41586-021-03523-1
https://doi.org/10.1126/science.aaa9092
https://doi.org/10.2307/1941811
https://open.alberta.ca/dataset/gda-f4c86e0b-be22-4b94-a6a3-754d17518e9d#summary
https://open.alberta.ca/dataset/gda-f4c86e0b-be22-4b94-a6a3-754d17518e9d#summary
https://doi.org/10.2307/3060928
https://doi.org/10.1029/97jd02317
https://doi.org/10.1007/s11104-017-3543-z
https://doi.org/10.1139/x84-085
https://doi.org/10.1002/eco.1995
https://doi.org/10.1029/2021gl092556
https://doi.org/10.1088/1748-9326/ac1193
https://doi.org/10.1093/aob/mcv115
https://doi.org/10.1002/ece3.939
https://doi.org/10.1002/ece3.939
https://doi.org/10.1139/cjfr-2019-0311
https://doi.org/10.5194/bg-14-1947-2017
https://doi.org/10.5194/bg-14-1947-2017
https://doi.org/10.5194/essd-13-5151-2021
https://doi.org/10.1139/x26-223

. Y d N |
MMN\I
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Biogeosciences 10.1029/20241G008005

Laine, A., Wilson, D., Kiely, G., & Byrne, K. A. (2007). Methane flux dynamics in an Irish lowland blanket bog. Plant and Soil, 299(1-2),
181-193. https://doi.org/10.1007/s11104-007-9374-6

Laine, J., Silvola, J., Tolonen, K., Alm, J., Nykénen, H., Vasander, H., et al. (1996). Effect of water-level drawndown on global climatic warming:
Northern peatlands. Ambio, 25(3), 179-184.

Levy, P. E., Burden, A., Cooper, M. D., Dinsmore, K. J., Drewer, J., Evans, C., et al. (2012). Methane emissions from soils: Synthesis and analysis
of a large UK data set. Global Change Biology, 18(5), 1657-1669. https://doi.org/10.1111/j.1365-2486.2011.02616.x

Lloyd, J., & Taylor, J. A. (1994). On the temperature dependence of soil respiration. Functional Ecology, 8(3), 315-323. https://doi.org/10.2307/
2389824

Locky, D. A., Bayley, S. E., & Vitt, D. H. (2005). The vegetational ecology of black spruce swamps, fens and bogs in southern boreal, Manitoba,
Canada. Wetlands, 25(3), 564-582. https://doi.org/10.1672/0277-5212(2005)025[0564:tveobs]2.0.co;2

Loisel,J., Yu, Z., Beilman, D. W., Camill, P., Alm, J., Amesbury, M. J., et al. (2014). A database and synthesis of northern peatland soil properties
and Holocene carbon and nitrogen accumulation. The Holocene, 24(9), 1028-1042. https://doi.org/10.1177/0959683614538073

Magnan, G., Garneau, M., Beaulne, J., Lavoie, M., Pellerin, S., Perrier, L., et al. (2023). A simple method for estimating the mass of organic
carbon stored in undisturbed wetland soils. Mires & Peat, 29(8), 13. https://doi.org/10.19189/MaP.2022.SNPG.Sc.1818931

Magnan, G., Garneau, M., Le Stum-Bovin, E., Grondin, P., & Bergeron, Y. (2020). Long-term carbon sequestration in boreal forested peatlands in
eastern Canada. Ecosystems, 23(7), 1481-1493. https://doi.org/10.1007/s10021-020-00483-x

Marty, C., Houle, D., & Gagnon, C. (2015). Variation in stocks and distribution of organic C in soils across 21 eastern Canadian temperate and
boreal forests. Forest Ecology and Management, 345, 29-38. https://doi.org/10.1016/j.foreco.2015.02.024

McPherson, R. A., & Kathol, C. P. (1977). Surficial geology of potential mining areas in the Athabasca oil sands region. Report prepared for
Alberta Research Council.

Moore, T. R., & Dalva, M. (1993). The influence of temperature and water table position on carbon dioxide and methane emissions from lab-
oratory columns of peatland soils. Journal of Soil Science, 44(4), 651-664. https://doi.org/10.1111/j.1365-2389.1993.tb02330.x

Munir, T. M., Khadka, B., Xu, B., & Strack, M. (2017). Partitioning forest-floor respiration into source based emissions in a boreal forested bog:
Responses to experimental drought. Forests, 8(3), 75. https://doi.org/10.3390/f8030075

Munir, T. M., Xu, B., Perkins, M., & Strack, M. (2014). Response of carbon dioxide flux and plant biomass to water table drawdown in a treed
peatland in northern Alberta: A climate change perspective. Biogeosciences, 11(3), 807-820. https://doi.org/10.5194/bg-11-807-2014

Murray, K. R., Bird, M., Strack, M., Cody, M., & Xu, B. (2021). Restoration approach influences carbon exchange at in-situ oil sands exploration
sites in east-central Alberta. Wetlands Ecology and Management, 29(2), 281-299. https://doi.org/10.1007/s11273-021-09784-x

Nakagawa, S., & Schielzeth, H. (2013). A general and simple method for obtaining R2 from generalized linear mixed-effects models. Methods in
Ecology and Evolution, 4(2), 133-142. https://doi.org/10.1111/j.2041-210x.2012.00261.x

National Museum of Natural History, Smithsonian Institution. (2023). Integrated taxonomic information system (ITIS). [Dataset]. Check List.
https://doi.org/10.5066/f7khOkbk

National Wetlands Working Group NWWG). (1997). In B. G. Warner & C. D. A. Rubec (Eds.), The Canadian wetland classification system (2nd
ed.). University of Waterloo, National Wetlands Working Group, Wetlands Research Branch.

Olefeldt, D., Hovemyr, M., Kuhn, M. A., Bastviken, D., Bohn, T. J., Connolly, J., et al. (2021). The boreal-Arctic wetland and lake dataset
(BAWLD). Earth System Science Data, 13(11), 1-49. https://doi.org/10.5194/essd-13-5127-2021

Philips, S. C., Varner, R. K., Frolking, S., Munger, J. W., Bubier, J. L., Wofsy, S. C., & Crill, P. M. (2010). Interannual, seasonal and diel variation
in soil respiration relative to ecosystem respiration at a wetland to upland slope at Harvard Forest. Journal of Geophysical Research, 115(G2),
G02019. https://doi.org/10.1029/2008]G000858

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D., & R Core Team. (2018). NLME: Linear and nonlinear mixed effects models. R package version, 3,
1-137. Retrieved from https://CRAN.R-project.org/package=nlme

Pontone, N., Millard, K., Thompson, D. K., Guindon, L., & Beaudoin, A. (2024). A hierarchical, multi-sensor framework for peatland sub-class
and vegetation mapping throughout the Canadian boreal forest. Remote sensing in Ecology and Conservation. https://doi.org/10.1002/rse2.384

R Core Team. (2019). R: A language and environment for statistical computing. Retrieved from https://www.R-project.org/

Riley, J. L. (1994). Peat and peatland resources of northeastern Ontario. Ontario geological survey miscellaneous paper 0704-2752 (p. 153).
Ontario Ministry of Northern Development and Mines.

Roulet, N., Moore, T., Bubier, J., & LaFleur, P. (1992). Northern fens: Methane flux and climatic change. Tellus B: Chemical and Physical
Meteorology, 44(2), 100-105. https://doi.org/10.1034/j.1600-0889.1992.t01-1-00002.x

Rowell, D. L. (1995). Soil science: Methods and applications. Wiley.

Saunois, M., Stavert, A. R., Poulter, B., Bousquet, P., Canadell, J. G., Jackson, R. B, et al. (2020). The global methane budget 2000-2017. Earth
System Science Data, 12(3), 1561-1623. https://doi.org/10.5194/essd-12-1561-2020

Silvola, J., Alm, J., Ahlholm, U., Nykanen, H., & Martikainen, P. J. (1996). CO, fluxes from peat in boreal mires under varying temperature and
moisture conditions. Journal of Ecology, 84(2), 219-228. https://doi.org/10.2307/2261357

Soil Classification Working Group. (1998). The Canadian system of soil classification (3rd ed., Vol. 1646, p. 187). Agriculture and Agri-Food
Canada Publication.

Stewart, A., Halabisky, M., Babcock, C., Butman, D., D’Amore, D., & Moskal, L. (2024). Revealing the hidden carbon in forested wetland soils.
Nature Communications, 15(1), 726. https://doi.org/10.1038/s41467-024-44888-x

Strack, M., Davidson, S. J., Hirano, T., & Dunn, C. (2022). The potential of peatlands as nature-based climate solutions. Current Climate Change
Reports, 8(3), 71-82. https://doi.org/10.1007/s40641-022-00183-9

Szumigalski, A. R., & Bayley, S. E. (1996). Net above-ground primary production along a bog-rich fen gradient in central Alberta, Canada.
Wetlands, 16(4), 467-476. https://doi.org/10.1007/bf03161336

Treat, C. C., Bubier, J. L., Varner, R. K., & Crill, P. M. (2007). Timescale dependence of environmental and plant-mediated controls on CH, flux
in a temperate fen. Journal of Geophysical Research, 112(G1), GO1014. https://doi.org/10.1029/2006JG000210

Turetsky, M. R., Kotowska, A., Bubier, J., Dise, N. B., Crill, P., Hornibrook, E. R., et al. (2014). A synthesis of methane emissions from 71
northern, temperate, and subtropical wetlands. Global Change Biology, 20(7), 2183-2197. https://doi.org/10.1111/gcb.12580

UNEDP. (2022). Global peatlands assessment — The state of the world's peatlands: Evidence for action toward the conservation, restoration, and
sustainable management of peatlands. Main report. Global Peatlands Initiative. United Nations Environment Programme.

Vogel, J. G., Bond-Lamberty, B. P., Schuur, E. A., Gower, S. T., Mack, M. C., O’Connell, K. E., et al. (2008). Carbon allocation in boreal black
spruce forests across regions varying in soil temperature precipitation. Global Change Biology, 14(7), 1503—1516. https://doi.org/10.1111/j.
1365-2486.2008.01600.x

Webster, K. L., Creed, I. F., Bourbonniére, R. A., & Beall, F. D. (2008). Controls on the heterogeneity of soil respiration in a tolerant hardwood
forest. Journal of Geophysical Research, 113(G3), G03018. https://doi.org/10.1029/2008JG00070

DAVIDSON ET AL.

15 of 16

8519017 SUOWILIOD dAIERID 3|qealjdde au) Aq peuiencb ake s YO ‘8sN JO S3|nu 0} Aig 1 3UIIUO 8|1 U0 (SUOIIPUOD-PUE-SLULIBYW0D" A 1M AReiq 1Bl JUO//SAIIL) SUORIPLOD PUe SLLLB | 34} 855 *[G20Z/90/8T] U0 AfeiqiT auiju A3|IM ‘S90uBS IMINoUBY JO AISIBAIUN USIPBMS A S008009CHZ02/620T 0T/10p/wod"As|1m Afeiq 1 putjuo'sgndnBey/sdny woay papeojumod 'S ‘v20z ‘T96869TC


https://doi.org/10.1007/s11104-007-9374-6
https://doi.org/10.1111/j.1365-2486.2011.02616.x
https://doi.org/10.2307/2389824
https://doi.org/10.2307/2389824
https://doi.org/10.1672/0277-5212(2005)025%5B0564:tveobs%5D2.0.co;2
https://doi.org/10.1177/0959683614538073
https://doi.org/10.19189/MaP.2022.SNPG.Sc.1818931
https://doi.org/10.1007/s10021-020-00483-x
https://doi.org/10.1016/j.foreco.2015.02.024
https://doi.org/10.1111/j.1365-2389.1993.tb02330.x
https://doi.org/10.3390/f8030075
https://doi.org/10.5194/bg-11-807-2014
https://doi.org/10.1007/s11273-021-09784-x
https://doi.org/10.1111/j.2041-210x.2012.00261.x
https://doi.org/10.5066/f7kh0kbk
https://doi.org/10.5194/essd-13-5127-2021
https://doi.org/10.1029/2008JG000858
https://CRAN.R-project.org/package=nlme
https://doi.org/10.1002/rse2.384
https://www.R-project.org/
https://doi.org/10.1034/j.1600-0889.1992.t01-1-00002.x
https://doi.org/10.5194/essd-12-1561-2020
https://doi.org/10.2307/2261357
https://doi.org/10.1038/s41467-024-44888-x
https://doi.org/10.1007/s40641-022-00183-9
https://doi.org/10.1007/bf03161336
https://doi.org/10.1029/2006JG000210
https://doi.org/10.1111/gcb.12580
https://doi.org/10.1111/j.1365-2486.2008.01600.x
https://doi.org/10.1111/j.1365-2486.2008.01600.x
https://doi.org/10.1029/2008JG00070

LYetd . . .
NI Journal of Geophysical Research: Biogeosciences 10.1029/20241G008005

ADVANCING EARTH
AND SPACE SCIENCES

Wen, Y., Zang, H., Ma, Q., Freeman, B., Chadwick, D. R., Evans, C. D., & Jones, D. L. (2020). Impact of water table levels and winter cover crops
on greenhouse gas emissions from cultivated peat soils. Science of the Total Environment, 719, 135130. https://doi.org/10.1016/j.scitotenv.
2019.135130

Xu, J., Morris, P.J., Liu, J., & Holden, J. (2018). PEATMAP: Refining estimates of global peatland distribution based on a meta-analysis. Catena,
160, 134-140. https://doi.org/10.1016/j.catena.2017.09.010

Zuur, A. F., Ieno, E. N., Walker, N., Saveliev, A. A., & Smith, G. M. (2009). Mixed effects models and extensions in ecology with R. Springer.

DAVIDSON ET AL. 16 of 16

8518017 SUOWIWIOD BAIKERID 3|cedl|dde 8y} Aq peuienob aie Sspile YO '8SN JO S9Nl 0} ARig1T 8UIIUO A8]1M UO (SUOIIPUOD-PUE-SWIBYW0D" A3 1M AReq 1 Ul JUO//ScIY) SUORIPUOD pUe SULB | 84} 89S *[G202/90/8T] U0 A%eiq1T 8uljuO A8|IM 'S90us1os I nouby JO AIsIeAIun UsIpemMS Aq S0080090Y202/620T 0T/10p/wod’ Aa|1m Are.q i putjuo'sqndnBey/sdny wouy pepeojumod 'S ‘v202 ‘19686912


https://doi.org/10.1016/j.scitotenv.2019.135130
https://doi.org/10.1016/j.scitotenv.2019.135130
https://doi.org/10.1016/j.catena.2017.09.010

	description
	Carbon Stocks and Fluxes From a Boreal Conifer Swamp: Filling a Knowledge Gap for Understanding the Boreal C Cycle
	1. Introduction
	2. Materials and Methods
	2.1. Study Site
	2.2. Tree Inventory and Biomass
	2.3. Peat Characteristics
	2.4. Understory Vegetation
	2.5. Carbon Dioxide (CO2) Flux
	2.6. Methane (CH4) Flux
	2.7. Environmental Variables
	2.8. Statistical Analysis

	3. Results
	3.1. Above‐ and Belowground C Stocks
	3.2. CO2 and CH4 Fluxes and Associated Environmental Drivers

	4. Discussion
	4.1. Above‐ and Belowground C Stocks
	4.2. CO2 and CH4 Fluxes and Associated Environmental Drivers
	4.3. Implications

	Conflict of Interest
	Data Availability Statement



