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Abstract Boreal forests fix substantial amounts of atmospheric carbon (C). However, the timescales at
which this C is cycled through the ecosystem are not yet well understood. To elucidate the temporal dynamics
between photosynthesis, allocation and respiration, we assessed the radiocarbon (1*C) disequilibrium (D)
between different C pools and the current atmosphere to understand the fate of C in a boreal forest ecosystem.
Samples of vegetation, fungi, soil and atmospheric CO, were collected at the Integrated Carbon Observation
System station Svartberget in northern Sweden. Additionally, we analyzed the A'*C-CO, from incubated
topsoil and forest floor soil respiration (FFSR) collected over a 24-hr cycle, and calculated the A'*C signature of
the total ecosystem respiration (Re) using the Miller-Tans method. We found that vegetation pools presented a
positive D enriched with bomb '*C, suggesting a fast-cycling rate (months to years) for living biomass and
intermediate (years to decades) for dead biomass. In contrast, mineral soils showed a negative D, indicating
minimal incorporation of bomb '*C. FFSR showed diurnal A'*C variability (mean = 8.5%0), suggesting
predominance of autotrophic respiration of recently fixed labile C. Calculations for AC in Re

(median = 12.7%¢) demonstrate the predominance of C fixed from days to decades. Although the boreal forest
stores significant amounts of C, most of it is in the soil organic layer and the vegetation, where it is cycled
relatively fast. Only minimal amounts of recent C are incorporated into the mineral soil over long timescales
despite the current stocks in soils being relatively old.

Plain Language Summary Boreal forests play a key role as an alternative to sequester carbon
dioxide (CO,) from the atmosphere and mitigate climate change. However, there is uncertainty on where this
CO, is stored and the timescales at which it remains. To understand this, we studied the fate of the atmospheric
CO, since the beginning of the nuclear era (1950s) by measuring the radiocarbon content of vegetation, fungi,
soil, forest floor soil respiration and atmospheric air from a boreal forest stand in northern Sweden. We found
that vegetation stores carbon from months (in leaves and moss) to decades (in litter layer and wood debris),
while the soil organic layer presented carbon even older than a century. In contrast, mineral soils contained little
recent carbon along with low content of organic carbon. The analysis of FFSR revealed that carbon comes
mainly from recently fixed carbon, while the overall ecosystem respiration reflected a mix of carbon sources,
ranging from days to decades. Overall, the boreal forest stores substantial amounts of carbon, but most of it
moves relatively fast through the ecosystem. Only a small amount of new carbon is added to the mineral soil
where it remains for long timescales.

1. Introduction

An accurate assessment of carbon (C) storage and cycling rates in boreal forest ecosystems is crucial to better
understand the effectiveness of climate change mitigation strategies (Lundmark et al., 2014; Peichl et al., 2023)
and to project future climate scenarios. As measures to reduce atmospheric carbon dioxide (CO,) concentrations
become increasingly important, understanding ecosystem C storage in ecosystems with substantial reservoirs is
essential, especially at timescales relevant for management and policy outcomes (Crow & Sierra, 2022; Lal
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e Sample both the magnitude of C fluxes and the duration of C storage (Matthews
E]at::me o et al., 2023; Randerson et al., 2002; Trumbore et al., 1996). C reservoirs with

— Slow low storage capacity and fast-cycling rates may not be suitable for prolonged
C sequestration, whereas large reservoirs with slow-cycling rates can absorb
and store C over decades, partially offsetting fossil fuels emissions

(Trumbore, 2000).

Radiocarbon (**C) measurements in soil and vegetation pools, both in CO,
A¥Cy and in bulk material, provide useful insights into the average time that C has
remained in ecosystems, from fixation from the atmosphere until its respi-
ration by autotrophs or heterotrophs (Balesdent, 1987; Trumbore
AvC, = et al., 1996). This technique takes into account that (a) the decrease in l4c (in
an isolated sample) is due to radioactive decay, (b) the excess of bomb 4Cin

the atmosphere following thermonuclear weapons testing in the early 1950s,

T T T
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T T T T and (c) the ongoing decrease in atmospheric 14C levels due to its assimilation

1990 2000 2010 2020 by oceanic and terrestrial reservoirs and the dilution by 14C-free CO, from
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Figure 1. Schematic diagram of '*C isotopic disequilibrium (D) for a fast

fossil fuel emissions (Keeling, 1979; Phillips et al., 2015; Suess, 1955). At
the present time, atmospheric A'*C values have returned to pre-bomb levels,

(green line), intermediate (yellow line) and slow-cycling (brown) C system. with A'C already below zero, creating a unique opportunity to assess the

The radiocarbon content in respired CO,

represents the atmospheric A'*C value of the C at the time it was

photosynthesized by plants. On the other

atmospheric CO, (A!* C,) corresponds with the CO, photosynthesized in the

or bulk material (A" Cg) fate of atmospheric C since the introduction of bomb '“C. Given variable C

1 storage periods in ecosystem biomass, the A'™C of bulk materials and
hand, the current A**C values of . 14 X . .
respired CO, (A Cg) is expected to differ from the current atmospheric

14 14 . . . .
present. The red dot represents a sample taken from any specific year with a A™C of CO, (A™ Cy), with the biosphere returning excess radiocarbon to
known atmospheric A™*C value, following the curve proposed by Hua the atmosphere resulting in the l4c isotopic disequilibrium (D) (Figure 1)

etal. (2022). The D = A Cp — A™ C,
0 (negative D) or D = 0 (in equilibrium).

can be D > 0 (positive D), D < (Bowling et al., 2014; Eglinton et al., 2023; Fung et al., 1997; Gaudinski
et al., 2000; Thompson & Randerson, 1999).

To assess relative D over time, the atmosphere serves as the logical reference since it accounts with a well-
documented '*C concentration for the last 14,000 calendar years that can be extended to 50,000 years (Reimer
et al., 2013; Soulet et al., 2016). Until the 1990s, the decline in 14C02 was mainly due to the transfer of atmo-
spheric '*C bomb to the oceans and terrestrial biosphere, where soils and plants had lower '*C content than the
atmosphere (Naegler & Levin, 2009). However, the primary imbalance today is the release of *C-free fossil CO,
(Levin et al., 2010). As the atmosphere becomes increasingly depleted of '*C, the biosphere follows this depletion
with a time lag (Tans et al., 1993). Calculations of D can provide information on the “age” of C in different
reservoirs (LaFranchi et al., 2016) and therefore differentiate between fast and slow C cycling (Phillips
et al., 2015; Thompson & Randerson, 1999; Xiong et al., 2017). We define fast cycling as occurring within 0—
2 years, intermediate cycling between 2 and 60 years, and slow cycling as taking longer than 60 years (before the
bomb peak). For example, soils gaining C in recent decades will contain bomb '*C, yielding positive D and
suggesting fast to intermediate cycling rates of C in soils, while soils without content of bomb 4C will result in
negative D due to radioactive decay (De Camargo et al., 1999; Trumbore et al., 1995). D variation patterns fa-
cilitates the assessment of ecosystems and soils subjected to different land management practices and the impact
of climate change on C cycling in regions with substantial carbon stocks, such as the boreal region.

Boreal forests are an important component of the global C cycle (Bradshaw & Warkentin, 2015; Peichl
et al., 2023; Price et al., 1999), containing one-third of the world's forests area and about 30% of C present in the
terrestrial biome (Kasischke, 2000), generally acting as a net sink of CO, (Yang et al., 2023). However, there are
current concerns that the boreal region is shifting toward a net source of CO, (Alster et al., 2020; Zhao
et al., 2021). To better understand these changes in the sink/source status of the boreal forests, it is useful to
analyze temporal changes in AC in different ecosystem pools and in respired C. Multiple studies have
demonstrated differences in soil respiration '“C content compared to atmospheric levels, influenced by the
duration of organic matter in the soil and the contribution of root respiration to CO, production (Carbone
et al., 2008; Czimczik et al., 2006; Dorr & Miinnich, 1986). For example, freshly assimilated plant C is rapidly

TANGARIFE-ESCOBAR ET AL.

2 of 19

8509017 SUOWILIOD dAIERID 3|qeal|dde au) Aq peuiencb ake s YO ‘8sN JO S3|nu 0} Aig 1 3UIIUO 8|1 U0 (SUOIIPUOD-PUB-SLULIBYW0D" A 1M AReiq 1Bl JUO//SAIIL) SUORIPLOD PUe SULLB | 84} 885 * [720Z/60/GT] U0 Afeiqiauiju A3|IM ‘S90us S Mo uBY JO AISBAIUN USIPBMS AQ T6T8009CZ02/620T 0T/10p/wod"As|1m Afeid 1 putjuo'sgandnBey/sdny woay papeojumod ‘6 ‘v20z ‘T96869TC



NI Journal of Geophysical Research: Biogeosciences 10.1029/20241G008191

ADVANCING EARTH
AND SPACE SCIENCES

transported and selectively used for belowground soil respiration, especially in late morning hours (Bahn
et al., 2009). Conversely, photosynthates from previous days dominate respiration substrates during night and
early morning hours (Bahn et al., 2009). Variation of C stocks and cycling times has been observed to be
modulated by climatic, edaphic, biological, hydrological (Hopkins et al., 2014; McFarlane et al., 2013) and soil
frost factors (Muhr et al., 2009). The use of D in '*C offers critical understanding into temporal C cycle variations,
especially in recent decades, and spatial distribution when analyzed across a diverse pool range.

In this study, we address two specific questions: (a) What is the variation in A'*C among different ecosystem
pools in a boreal forest, and what insights can be gained about their D? and (b) How does the D of A™C vary in
different C pools and the respired fractions within a boreal forest ecosystem? We hypothesize that, given the role
of the Northern Hemisphere as an important C sink, a strong *C incorporation in vegetation and superficial soil
layers would be expected in boreal forest ecosystems, leading to positive D values. Alternatively, based on recent
work on C transit times that show fast cycling of carbon for soils (Lu et al., 2018; Sierra et al., 2018, 2023; Xiao
et al., 2022), we would expect that newly fixed C may not be incorporated in slow-cycling pools for extended
periods, resulting in negative D values for the mineral soil.

This study integrates 'C measurements from soil, vegetation and forest floor soil respiration (FESR) to calculate
D and constrain the incorporation of new C ('*C bomb) in different pools of the boreal forest ecosystem, revealing
the temporal dynamics of its cycling. Additionally, we utilize A'*C calculations derived from atmospheric CO, at
different heights below the canopy to understand the relative contribution of ecosystem pools to the signature of
the total ecosystem respiration (Re). This analytical framework facilitates the interpretation of primary CO,
sources and the implications on the C storage patterns within the boreal forest.

2. Data and Methods
2.1. Site Description

This study was conducted at a boreal forest site equipped with an atmospheric-ecosystem infrastructure composed
by a 150-m tall tower from the Integrated Carbon Observation System (ICOS). It is located in the Experimental
Forests of the Swedish University of Agricultural Sciences at the Svarberget (SVB) Research Station (64.2443 N;
19.7663 E; 230 m a.s.l.) in the Krycklan catchment, 60 km inland from Ume&, Northern Sweden (Figure 2). The
sampling points were selected based on a random selection of coordinates around a circular area of 25 m radius
with center at the ICOS tall tower, covering a total area of 1963 m? (Figure 2d). The land use in the catchment is
dominated by forestry and approximately 25% has been protected since 1922 with the experimental forest around
the SVB station being excluded from harvest. The forest stand adjacent to the sampling site is estimated to be
approximately 111 years old (up to 2024) (Laudon et al., 2013). Vegetation cover consists mainly of Pinus
sylvestris, followed by Picea abies and some Betula spp (Chi et al., 2020). Soils are predominantly iron podzols
developed from till and sorted sediments (Chi et al., 2020; Erdbriigger et al., 2023). The climate is classified as
cold-temperate and humid. Over a 40-year period, the average duration of winter snow cover is 167 days, but this
has been declining since the 1980s (1981-2010) (Laudon et al., 2021). Mean annual temperature is 1.8°C and
mean annual precipitation is 614 mm (Laudon et al., 2013, 2021).

2.2. Soil Respiration Sampling for Radiocarbon Analysis

We collected 24 samples of FFSR over a 24-hr cycle for a period of four days from 13/8/2022 to 16/8/2022 from
four randomly selected spots within the forest stand around the ICOS tower. We define FFSR here as the CO,
released from the soil along with herbaceous vegetation up to the height of our collection chambers at 10 cm. The
sampling scheme comprised four PVC dark chambers inserted 5 cm into the soil 3 weeks before gas collection,
expected to provide enough buffer time to avoid influence from biomass damage/disturbance (Kwon et al., 2016;
Pavelka et al., 2018). Soil respiration was collected at 3 hr intervals (6:00, 9:00, 12:00, 15:00, 18:00 and 21:00),
collecting the gas accumulated in the headspace of the chambers from the previous 3 hr, except for the samples
taken at 6:00, which accumulated the flux from 21:00 of the previous day. Each of the sampling intervals was
replicated in each of the four chambers to consider spatial variability (Betson et al., 2007).

The respiration chambers were attached to a self-manufactured mini-sampler, which included a water trap
(magnesium perchlorate), a CO, sensor (ExplorIR, Gas Sensing Solutions, UK) and a pump (NPMO15, KNF,
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Figure 2. Regional and detailed overview of the study site. (a) The Integrated Carbon Observation System tower in the center
of the sampling arrangement, (b) view of the sampled forest stand, (c) location of the Svarberget Research Station, and

(d) schematic distribution of the randomly selected sampling points: 20 for soil cores and vegetation and four for soil
chambers. Regional map data: Google, © 2023 CNES/Airbus, © 2023 Landmiteriet/Metria. Continental map data: Google,
Data SIO, NOAA, U.S. Navy, NGA, GEBCO. Image Landsat/Copernicus. Image IBCAO.

Germany). This mini-sampler was adapted after Garnett et al. (2021). Before the beginning of respiration
accumulation, the gas inside the entire sampling system was scrubbed by pumping and circulation through a soda
lime cartridge for 15 min, after that, the initial time for FFSR accumulation started. Then, the accumulated flux
from the chambers was pumped through the water trap and stored in zeolite (Type 13X, 1.6 mm pellets, Sigma-
Aldrich, UK) molecular sieve cartridges (Walker et al., 2015; Wotte et al., 2017) for subsequent '“C analysis.

2.3. Soil, Fungi, and Vegetation Sampling

A total of 20 sampling points were selected using a random sampling approach within the area enclosed by a circle
of 25 m radius around the ICOS tall tower. At each point, we recovered one soil core (20 in total) by using a soil
auger to a depth of 30 cm. Consequently, we separated the cores every 5 cm to analyze changes in A'*C and C
content through depth. Some sections of the cores were not retrieved and therefore the amount of analyzed
samples varied over depth (see “Samples” column in Table 1). At the study site, the topsoil layer (0-5 cm)
generally corresponds to the organic layer, while the lower layer (5-30 cm) represents the mineral soil. From these
soil cores, stones were extracted and fine roots (< 3 mm) were separated from the organic soil and the uppermost
mineral soil layers, 0-5 and 5-10 cm, respectively. To ensure comprehensive sampling, 6 different compartments
of vegetation material were collected around the soil core points. Foliage from trees and shrubs consisted of leaves
and needles accessible by hand. Coarse woody debris (CWD) comprised fallen tree sections and branches found
on the ground. Wood samples were obtained from the nearest tree by drilling cores up to 15 cm deep into live
standing trees using a 0.7 mm auger. Moss and litter layers were systematically collected around the soil core
points, maintaining spatial heterogeneity within a three-m radius. Fruiting bodies of mycorrhizal fungi were
sampled from the soil surface at 6 of the 20 sampling spots. In total, we obtained 99 samples for soil, 120 for
vegetation, 40 for fine roots and 6 for fungi. The collected samples were air-dried at 40°C and ground for lab-
oratory analyses. All soil samples were analyzed for total organic carbon (TOC), total inorganic carbon (TIC) and
A'C. As for the vegetation samples and fine roots, 5 and 10 samples were randomly chosen, respectively, for the
above-mentioned analysis (except TIC) as well as for A*C.
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Table 1

AMC Statistics for Each Pool in the Boreal Forest Stand

Pool Samples Mean Median c Min. Max. p-value
Atmosphere® 4 -2.3 =35 4.7 —6.6 4.3

Re 52 42.8 12.7 75.9 —15.0 363.8

FFSR 35 8.5 13.6 20.9 —55.4 25.3 0.024

Soil inc. 0-5 4 65.3 65.0 3.6 61.5 69.5 0.176

Soil inc. 5-10 2 58.3 58.3 0.8 57.7 58.8 0.025

Wood 20 140.7 128.3 58.9 42.0 254.4 < 0.01
Tree foliage 20 29 1.8 35 -3.6 8.7 < 0.01
Shrub foliage 20 1.2 1.4 4.7 —6.6 16.8 < 0.01
Moss 20 7.8 7.3 2.8 2.6 12.8 < 0.01
Litter layer 20 68.4 54.3 51.5 11.3 195.8 < 0.01
CWD 20 105.2 69.1 115.4 —25.0 329.9 < 0.01
Fungi 6 2.7 -2.6 1.8 =59 -0.9 0.833

Soil 0-5 19 55.6 63.5 54.5 —96.6 136.1 < 0.01
Soil 5-10 20 —133.7 —100.6 139.2 —444.7 83.8 < 0.01
Soil 10-15 20 —188.2 —175.4 133.1 —432.5 39.2 < 0.01
Soil 15-20 18 —152.5 —116.1 131.2 —394.0 47.7 < 0.01
Soil 20-25 13 —153.5 —128.9 114.6 —466.5 —15.2 < 0.01
Soil 25-30 9 —204.9 —212.5 124.2 —461.9 —6.1 < 0.01
Roots 0-5 10 77.0 76.4 53.1 =TS 186.2 < 0.01
Roots 5-10 10 98.4 92.0 90.0 —44.9 250.3 < 0.01

Note. The second column indicates the number of samples used for the calculations. o shows the standard deviation, and
Min. and Max. indicate the minimum and maximum values within the evaluated range of data for each pool. The p-values
indicate the statistical significance of the difference between the A'*C values of each pool compared to the atmospheric
background. *Atmospheric background.

2.4. Soil Incubation

Soil samples were incubated without roots. Two representative samples for the organic layer and topmost mineral
soil (5-10 cm depth) were produced by mixing 10 samples from the original 20 sampling spots. Four analytical
replicates from each of these 2 samples were incubated following the methodology reported in Tangarife-
Escobar, Guggenberger, Feng, Dai, et al. (2024) with the aim to obtain the A'*C-CO, signature of the incu-
bated soils. Specifically, 22 g (0-5 cm) and 97 g (5-10 cm) of dry soil were incubated in 587 mL flasks under
room temperature after adding 30% of their total mass in water. CO, concentrations were measured at intervals of
5 days using a CO, analyzer LI-COR 6262. Incubations were ended simultaneously on the seventeenth day until
respiration fluxes stopped increasing and every sample had a minimal estimated concentration of CO,-C in the
headspace equivalent to 2 mg of C, enough for radiocarbon analyses. Concentrations between 6,800 and
7,400 ppm of CO, were reached in the flasks after the incubation time.

2.5. Atmospheric CO, Measurements and the ICOS Data Set

The collection of air samples for isotopic analyses was based on the historical record of CO, concentration
measurements at the ICOS-SVB station (Drought 2018 Team and ICOS Atmosphere Thematic Centre, 2020;
ICOS RI et al., 2022). This data set contains information from 15 heights, from 4.2 to 150 m with a temporal
resolution of 30 min. The data spans seven years (2014-2020). Missing values were partially filled using a
forecasting algorithm based on the exponential smoothing method (Mufioz & Sierra, 2023), reaching a percentage
of missing values of around 27% for all heights. Figure 3a shows the diurnal cycle with a half-hour resolution for 8
of the 15 heights. Each point on the lines corresponds to the mean of the concentrations of the 31 days of August
during the 7 years at half-hour resolution and the bars are the standard error of the mean. Figure 3b shows the
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Figure 3. Half-hourly averaged CO, diurnal cycle (a) and difference between the maximum and the minimum averaged value
throughout the day (ACO,) (b) at different heights at the Integrated Carbon Observation System SVB site in August. Bars in
panel (a) indicate the standard error of the mean.

maximum differences in the half-hour means (ACO, = ACO,,,,, — ACO,,,;,) at 8 heights. Figures 3a and 3b
indicate that, in general, CO, concentrations decrease as the height increases, as well as their variability during the
day. Furthermore, the peak concentration occurs around 03:00 to 05:00 hr local time, and the lowest concentration
between 12:00 and 16:00 hr.

As the calculation of the A'C of total Re through the Miller-Tans methodology described below requires a large
gradient between the CO, concentrations, we decided to carry out the field campaign in August, the month in
which the maximum differences have historically been observed, reaching ACO, values of 16.8 zmol mol~! at
4.2 m (see blue line in Figures 3a and 3b). The times for collecting air samples were defined according to the peaks
and valleys of CO,, and the maximum height of 150 m was selected as the background atmospheric '*C level. The
latter, is because the concentrations at this height have little influence on the dynamics occurring below the
canopy. The average value of A'*C in atmospheric CO, for the month of August (2022) was calculated based on
four measurements at 150-m height, which was taken as the reference value to define the D.

Air samples were collected in glass flaks of 2 or 3 L, with air compressed at 1.4 bar using a portable flask sampler
(Heimann et al., 2022), and sampling at heights of 0.8, 4, 7, 10, 20, and 32.5 m. Samples were collected at regular
intervals during day and night, from 12/08/2022 until 16/08/2022, to cover an entire diurnal cycle (Figure A1l).

2.6. Radiocarbon Measurements

After preparation, the plant, soil, ambient air, and FFSR samples were processed at the radiocarbon laboratory of
the Max Planck Institute for Biogeochemistry in Jena, Germany. The laboratory requires a minimal sample size of
0.5 mg C for both gas and solid samples (Steinhof et al., 2017). Molecular sieves with FFSR and flasks with
atmospheric air were purified on a vacuum line to isolate the CO,. Subsequently, pure CO, samples were reduced
to graphite using H, with Fe as a catalyst for the graphitization reaction. '*C/'C ratios were determined by
Accelerator Mass Spectrometry with a MICADAS (Mini Radiocarbon Dating System, IonPlus, Switzerland).

Radiocarbon data are reported as A™C and adjusted to account for mass-dependent fractionation by normalizing
to a 813C value of —25%o divided by 0.95 times the measured ratio of the Oxalic Acid I standard (OX-I) (Stuiver &
Polach, 1977). The values are expressed as a percentage of Modern Carbon, which can be converted to F'*C by
dividing by 100 and subsequently transformed to A'*C with the equation (Stuiver & Polach, 1977)

AMC = [FMCet1%07) — 1] x 1000[ %o], (1)
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where F'*C denotes the Fraction Modern. The parameter A stands for the revised radiocarbon decay constant
equivalent to 1/8267 (y~!), while  represents the year of sample measurement.

2.7. Data Analysis

Isotopic disequilibrium in the different ecosystem pools was calculated by subtracting the A'*C value of the

atmospheric background (AMC A) from the A'C of the respective pool as
D = A%Cy — AMC,. @)

Statistical analyses were conducted using R version 4.3.2 to assess variations in A'*C within and between pools.
ANOVA was employed to compare live and dead biomass, with post-hoc analysis performed using Tukey's HSD
test. For soil incubation data, where sample sizes were unequal, we used Welch's 7-test. An independent ¢-test was
applied to evaluate roots, assuming equal variances, while a Wilcoxon test was used for FFSR due to nonnormal
distribution of residuals. For bulk soil analysis, which involves non-normally distributed data and unequal sample
sizes, the Kruskal-Wallis test was used.

For the calculation of the radiocarbon signature of total Re, we used a two-end-member mixing model to separate
the isotopic signature of respiration from that of the background air. The approach is commonly known as the
Miller-Tans method or canopy-minus-background method (Miller & Tans, 2003; Phillips et al., 2015), in which
the isotopic signature of respired CO, is obtained by manipulating two mass balance equations and fitting a Type
I linear regression to the data. The Miller-Tans method is a modification of the Keeling plot method (Keel-
ing, 1958, 1961) used to determine the isotopic composition of the main source of ecosystem respiration, but
allowing explicit specification of background values. Therefore, the Miller-Tans approach does not rely on the
assumption of a constant background as the Keeling approach. Both methods assume that the CO, concentration
below the canopy (CO, , ) is the mix of CO, from the background (CO,, ) atmospheric air and CO, released by
respiration of soils and plants (CO,, ) in the ambient air; additionally, as the product of isotopic signature and CO,
concentration is conserved (Tans, 1980), the isotopic mixing in CO, below the canopy is proportional to the
concentration of CO, in the background and in the ecosystem respiration (Re). These assumptions, considering
the Miller-Tans method and using the F'*C notation, lead to:

A(F'C-CO,) = F"Cg, - ACO, 3)

where
ACO, = CO,, —CO,, )
A(F'C-CO,) = F*C,, - CO,, — F*Cpy - CO,, 5)

Thus, the slope of the regression between ACO, and A(F'*C - CO,) provides an estimate of the radiocarbon
signature of (Re) (see Figure A2).

To obtain an estimate of uncertainty in the radiocarbon signature of Re, we performed a bootstrap analysis fitting
the Type II regression with different combinations of data from the 6 sampling heights (ranging from 0.8 to
32.5 m) and keeping 150 m exclusively for the background. We repeated the analysis 50,000 times by randomly
selecting the number of heights, obtaining 45,780 valid combinations. Regressions were performed only when
there were more than 10 data points available. The results were transformed back to A'*C notation and interpreted
based on their mean and median values.

3. Results

Carbon content analysis indicated a high concentration of TOC (percent organic carbon) predominantly in
vegetation and fungi material (Table A1) with mean values exceding 45%. TOC exhibited a decreasing trend with
soil depth, as depicted in Figure A3, with elevated percentages observed exclusively in the organic layer and
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Figure 4. A'*C values from different ecosystem pools in bulk material and CO, fractions. Bulk soil is presented from 0 to
30 cm depths at 5 cm intervals. ER represents ecosystem respiration. Forest floor soil respiration values represent an average
over 4 days of sampling. Soil incubation (soil inc.) and roots from the organic layer (0-5 cm) and the mineral soil (5-10 cm)
are included. Atmospheric '#C-CO, is shown as a vertical dashed red line (—2.3%0) with associated uncertainty indicated by
+o. D at 0 indicates the boundary between positive and negative isotopic disequilibrium.

mineral soil (5-10 cm), amounting to 32.3% and 7.9%, respectively. Below a soil depth of 10 cm, the TOC
concentration decreased to less than 3%.

Average A*C value of background atmospheric CO, at 150-m height for August 2022 was —2.3%o (n = 4). The
radiocarbon composition of the different pools in the boreal forest stand varied from —466.5 to 329.9%o. (Table 1).
Most of the components had a wide range of variation and showed positive values of A'C, indicating post 1950
CO, incorporation (Figure 4). The analytical errors of '*C measurements ranged from 1.4 to 2.9%o for vegetation
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and root samples (mean = median = 2.1%o), and from 1.4 to 2.4%. for soil solid
25 1 Mode F*C=1.022 samples (mean = median = 1.9%o). Soil respiration errors varied between 2.1
Mea.n Fl#C=1.052 and 3.8%0 (mean = 3%o; median = 3.3%o), while soil incubations showed
20 4 Median F4C=1.022 errors from 1.6 to 2.0%o (mean = median = 1.8%o). Errors for atmospheric and
ambient air ranged from 1.9 to 3.1%o (mean = median = 2.1%o).
3
§ 151 3.1. AMC From Vegetation Pools, Fungi and Soil Profiles
E Vegetation pools showed a positive D compared to the atmospheric back-
101 ground indicating an enrichment in bomb C. Mean A'“C values of live
biomass such as in shrub foliage (1.2%o), tree foliage (2.9%0) and moss
5 4 (7.8%0) showed a high significant difference among their means (p-value <
0.001), except for tree foliage versus shrub foliage (p-value = 0.341). A'*C
o I __I_ - - [ values of live biomass pools were significantly different than the atmospheric
1.0 1.1 1.2 1.3 background mean (p-values < 0.01). In contrast, A*C values of wood
F14Cp.(—) (140.7%o0) and dead biomass pools such as litter layer (68.4%0) and CWD

(105.2%0) presented a wide range of variation although with no significant

Figure 5. Histogram of frequencies with the slope values obtained from the difference between the means of litter layer versus CWD (p-value = 0.326)
bootstrap analysis representing the radiocarbon signature (in F'*C) of Re. and wood versus CWD (p-value = 0.349). Roots had positive D and pre-

sented wide variation in A'*C values. The mean A'*C of roots in the 0-5 cm
layer (77.0%¢) was not statistically different than that value of roots in the 5-10 cm layer (98.4%o) (p-value =
0.528). The A'*C value in fruiting bodies of mycorrhizal fungi was in equilibrium with the atmosphere with no
significant difference (p-value = 0.833).

Soil layers showed generally a wide variability in their A'*C values. Only the soil organic layer had a positive D
with a mean A'*C of 55.6%o indicating significant difference (p-value < 0.001) with the rest of the soil depths.
Soil layers had a significantly negative D compared with the atmosphere (p-value < 0.01) but similar among
themselves (p-value > 0.005), and although the mean A'*C bulk values are not consistently decreasing with
depth, the most depleted measurements were found in the horizons 20-25 (—466.5%0) and 25-30 cm (—461.9%o).
Nonetheless, upper layers (above 15 cm) also contain extremely depleted A'*C values reaching —444.7%o.

3.2. A¥C-CO, From Incubation and FFSR

The mean A'¥C values of CO, from incubated soils showed significant differences among the organic and the
mineral layers (p-value = 0.025). The organic layer was slightly more enriched in bomb C (65.3%o, 6 = 3.6) than
mineral soil layer below (58.3%o, 0 = 0.7). Mean A™C from FESR (8.5%0, o = 20.9) was significantly different
from the atmospheric air (p-value = 0.024), but fell relatively close to equilibrium (Figure A4). However,
A'*C-CO, presented diurnal variation with a tendency toward more depleted values for the time integration
comprising night-time respiration (—13.7%o at 01:30 and —55.4%o at 19:30). These depleted values were more
remarkable in chamber 2. From the 24 samples of FFSR, only 14 were successfully extracted in the lab and
therefore the diurnal cycle could not be fully completed for any of the chambers.

3.3. A!C of Total Ecosystem Respiration

The slope of the regression between ACO, and A(F'#C x CO,) using the collected data from the six different
heights indicated the predominant isotopic signature for the total Re. The results of applying the Miller-Tans
approach provided a median value of slope of 1.02157 in F'# notation (Figure 5), which is equivalent to a
mean of 42.8%o and a median of 12.7%o in A'*C notation (see Table 1). Although the values range from very
depleted to very enriched A'*C, the median better describes the most predominant radiocarbon signature.

4. Discussion

4.1. D in Bulk Material of Boreal Forest Pools

In general, A'*C from live biomass such as foliage and moss showed a low positive D close to equilibrium with
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the atmospheric '*C concentration. This low difference indicates that these pools fix modern C from the atmo-
sphere, but store it mainly for short timescales behaving as fast-cycling pools. In contrast, roots, wood, CWD and
litter layer presented positive D with enrichment in bomb C indicating fast to intermediate timescales of C
cycling. The large variability in the A'C values of the litter layer and CWD pools indicate that they are composed
by a mixture of organic matter from different sources that results in distinct decomposition rates and '*C content.
For example, CWD can consist of both old and recent biomass formed by C fixed in the order of one year to
several decades, potentially pre-dating the assumed age range of the forest stand (110 years). Largely, all the
vegetation pools contained mostly bomb C, indicating that these pools cycle C in annual to decadal timescales. It
was possible, however, to observe pre-bomb C in CWD, which may be interpreted as C legacies of dead biomass
from a previous forest. The mean A'*C values in the roots aligns with previously observed fine root ages in boreal
forests, which range between 2 and 12 years (Solly et al., 2018). However, the presence of values suggesting C
ages exceeding 2 decades could be attributed to several factors: the addition of C from storage (Sah et al., 2011),
an increase in C age in mineral and less fertile soils (Sah et al., 2013), or the presence of dead roots skewing the
age distribution.

C in fungal fruiting bodies registered the closest '*C signature to the current atmosphere, indicating the incor-
poration of the youngest available atmospheric CO,. It is interesting to note that A'*C values in mycorrhizal fungi
showed younger C than in vegetation pools, suggesting a rapid transport and allocation of C after photosynthesis.
The use of different C sources depends on the fungal associations: on the one hand mycorrhizal fungi would
register a short transit time (Suetsugu et al., 2020) with ages between 0 and 2 years (Hobbie et al., 2002); on the
other hand, wood decomposers would incorporate C with ages from 1 to 30 years (Hobbie et al., 2020; Suetsugu
et al., 2020). In this sense, the variability in C composition in fungal biomass depends on fungal ecology and,
specifically for saprotrophic fungi, on the decomposed substrate (Hattae et al., 2020). For the first case, the in-
fluence of mixotrophic plants which mix their own photosynthetic C and fungal C (Selosse et al., 2017) may
confound the final A'C value in fungal fruiting bodies that in turn take C through the mycorrhizal network.
Understanding the C dynamics within fungal biomass and their interdependent partners provides valuable insights
with respect to recent C cycling, especially in Swedish forests where Lindahl et al. (2021) found that the C storage
in the organic topsoil was 33% less in the presence of a species of ectomycorrhizal fungi.

The mineral soil presented mostly negative D with highly depleted A'*C values (< — 400%o), indicating sig-
nificant radioactive decay and slow-cycling pools with minimal atmospheric C incorporation since the 1950s
(Schuur et al., 2023). Therefore, most soil organic carbon has persisted for millennia, but not older than the last
glacial retreat (10,200 years BP) (Stroeven et al., 2016). Soil layers at 5-20 cm depth contained lesser quantities of
bomb C, with very depleted A'*C values between 5 and 15 cm. Notably, the AC content did not decrease
continuously with soil depth as previously found in archived soils (Torn et al., 2002; von Fromm et al., 2024). The
presence of bomb C in deep soil layers suggests contributions of root-derived carbon in mineral soil (Rasse
et al., 2005). Processes such as cryoturbation (Erdbriigger et al., 2023) and dissolved organic carbon (DOC)
mobilization to deeper soil layers likely contribute to C stabilization in glacial sediments. However, new C
introduced to the mineral soil does not necessarily stabilize in slow-cycling pools. This conclusion is supported by
findings that about 34% of the extracted DOC from Krycklan catchment podzols is old C, with an average age of
around 1,000 years (Hensgens et al., 2021).

A'*C values in the organic soil layer presented a positive D due to the presence of bomb C from the contribution
of litter material since the last century. The organic layer, approximately 5 cm thick, has a distinctly different
range of AC values compared to the mineral soil, suggesting contrasting soil formation conditions and negli-
gible SOM accumulation rates in the mineral soil. The drastic drop in TOC content below the organic layer
indicates that SOM accumulation was almost negligible before the forest was protected.

4.2. D From FFSR Reveals Diurnal Variability and Alternation Between Fast and Slow Pools

FFSR showed a positive D (mean = 8.5%0) although relatively close to equilibrium with the atmosphere, sug-
gesting that the respired C is younger than the C stored in its sources (CWD, litter layer, soil at 0—10 cm depth, and
roots). More negative A'*C values at night suggest a shift from autotrophic respiration in the morning to het-
erotrophic respiration at night, indicating a change from fast-cycling to slow-cycling pools. FFSR negative A*C
values might also indicate the contribution from C sources stored for longer times, like from mosses that fix soil
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respired CO,, deeper soil layers or even from root-derived respiration from a source reflecting atmospheric A'4C
from previous years (Schuur & Trumbore, 2006) like in chamber 2. Hence, we interpret that FESR comes from a
mix of root-soil respiration and decomposition of post-bomb labile SOM derived from foliage, moss, litter layer
and CWD (Gaudinski et al., 2000; Rodeghiero et al., 2013), typical in boreal soils (Anderson, 1992; Valentini
et al., 2000).

4.3. Released CO, From Incubated Soils and Total Ecosystem Respiration Is Dominated by Young C

Respired A'* CO, mean values from incubated soil differed significantly between the two depth intervals. Despite
organic matter accumulation since the forest protection, the A'*C signature of respired CO, from soil incubations
was predominantly bomb C. In the organic layer (05 cm), the released A'* CO, aligns with the mean bulk A*C
and suggests the decomposition of recently accumulated post-bomb C. Contrarily, within the 5-10 cm layer,
where pre-bomb C predominates, only the most readily decomposable C is being respired. This is indicated by the
similarity between the mean A'* CO, and the highest A'*C bulk values for this depth. Hence, we can interpret that
decomposers metabolize C of similar age independently of the heterogeneous composition of the substrate.

The presence of small amounts of bomb C in deep soil horizons is indicative that root growth and other mech-
anisms of SOM mobilization have transported recent C downwards to the soil profile where C was generally much
older (Gaudinski et al., 2000). Several studies have observed that freshly assimilated C from plants is rapidly
transported and selectively utilized for below-ground soil respiration, particularly from the late morning hours
onwards (Bahn et al., 2009). Conversely, photosynthates from previous days are predominant as a respiration
substrate during the nocturnal and early morning periods (Bahn et al., 2009). Depending on the transit time of
organic matter in the soil and the relative contribution of root respiration to the total CO, production, the '*C
content will be more or less different from the atmosphere (Carbone et al., 2008; Czimczik et al., 2006; Dorr &
Miinnich, 1986). The variation of turnover times and distribution of C stocks has been observed to be modulated
by climate, edaphic, biological and hydrological variables (Hopkins et al., 2014; McFarlane et al., 2013) as well as
soil frost (Mubhr et al., 2009). In the boreal forest, below-canopy atmospheric CO, typically exhibits a positive D
close to the background atmosphere, reflecting the decomposition of SOM enriched after nuclear weapon testing
(Koarashi et al., 2002, 2004) and suggesting that the ecosystem is not releasing old C into the atmosphere.

The calculated range of A'*C values for total Re reveals its composite signature originating from various pools
within the boreal forest. The results of our model indicated that the median value (12.7%0) captures the most
common 4C signature from the atmospheric mixture below the canopy, with a reduced emphasis on the outliers
likely originating from C respired during the night or from intermediate to slow cycling pools. Furthermore, dead
biomass and the organic layer contributed to the overall respiration flux, although to a lesser degree, as recorded
by the high A'*C values captured in wood, litter layer, CWD and roots. This median Re value, similar to the
FFSR, underscores the significance of live biomass pools (tree foliage, shrub foliage and moss) as a contemporary
source of CO, and as the main inputs during the peak of the growing season in August. We infer that soil layers
below 20 cm depth did not contribute to the total Re given the absence of negative A'*C values. All together, the
respiration flux from the SVB forest primarily comprises C fixed within days to decades, with minimal presence
of C captured before the nuclear era. This implies that the SVB forest is actively cycling recent C that spent days
to years since fixation. However, it is essential to acknowledge that both the A'*C signature of total Re and its D
are dependent on seasonal variations and changing meteorological conditions (Pedron et al., 2022; Phillips
et al., 2013).

4.4. C Storage and Implications for C Sequestration

TOC is mainly confined to the organic layer, situated above the boundary with the sandy-silty soils developed on
till sediments (Erlandsson Lampa et al., 2020; Laudon et al., 2021) at a depth of 10 cm. The steep decline in TOC
in the mineral soil has been already found in the nordic forests (Callesen et al., 2003). This points to a notably slow
accumulation rate of SOM, as the organic layer has only reached a thickness around 5 cm. Our observations
suggest that post-bomb CO, absorbed through photosynthesis, primarily resides within the organic layer. The
little amount of bomb C and TOC in deep soil layers implies that recent C enters the mineral soil to a limited
extent. While stabilization of SOM may be taking place throughout the soil profile, there is no indication of
significant new C stored below 10 cm depth. Therefore, storing C in boreal forest soils may not be very efficient as
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a climate change mitigation strategy in the short-term due to the fact that most of the C entering the system might
be respired back to the atmosphere within the first year (Carbone et al., 2008; Sierra et al., 2023). A recent labeling
experiment conducted by Liebmann et al. (2022) found that one third of the litter C applied to forest soils was
quickly mineralized and released into the atmosphere, while another third remained at the surface even after
2 years, establishing a difference between the theoretical C storage capacity of subsoils determined in laboratory
settings and the actual C sequestration observed in natural environments. Even though the age of C in the subsoil

might increase with depth, indicated by the depleted A'*C values, TOC content appears in very small quantities.

Accurate quantification of soil C stocks in our study is limited by the lack of in situ bulk density (BD) mea-
surements for the specific soil layers sampled. However, previous studies have used pedotransfer functions to
estimate BD for the Krycklan catchment (Larson et al., 2023; Martinez-Garcia et al., 2022) and coarse sampling
for the northern boreal forest (Callesen et al., 2003; Harrison et al., 2000; Olsson et al., 2009). The precision of
these estimates varies with site characteristics (Dalsgaard et al., 2016), resulting in significant uncertainties in soil
C calculations (Vanguelova et al., 2016). To illustrate, Larson et al. (2023) found that total C stocks are widely
variable in the Krycklan catchment, mainly correlating to soil moisture, a soil parameter we did not obtain.
Although total soil C stocks (excluding peat) estimates (67 Mg C ha~') indicate that most of it is contained in the
mineral C pool (40 Mg C ha™") (Larson et al., 2023), this fraction is not as dynamic or biologically active as the
organic C, which has been found to play a more direct role in supporting microbial activity, nutrient cycling, and
therefore in CO, production. Our estimate of soil C stocks for the organic layer, with a BD of 0.07 g cm™
(Harrison et al., 2000), was 11.3 Mg C ha~!, which matches the stocks reported by Harrison et al. (2000) for A
heden in North Sweden. For the mineral soil, we calculated the stocks using an average BD of 0.85 g cm™
(6 = 0.07), as reported for the Krycklan catchment (Martinez-Garcia et al., 2022). The calculated stocks were 45
and 66.8 Mg C ha~! for a depth to 20 cm and 30 cm, respectively, which align closely with the findings of Larson
et al. (2023).

The capacity of the boreal forest ecosystems to stabilize SOM is then hindered by the relative low net primary
productivity (NPP) allocated belowground (Saugier et al., 2001; Xiao et al., 2023) and by the fact that a large
proportion of the recent C inputs is used by microorganisms (Bernard et al., 2022; Hogberg et al., 2001; Scheibe
et al., 2023). In addition to that, lateral C fluxes from biomass harvest and C export to rivers account for an
important share of NPP unable to be fixed as C stocks (Ciais et al., 2021), adding more uncertainty to the capacity
of boreal forest to sequester atmospheric CO,. Nevertheless, recent studies have shown that boreal forests have
behaved as a C sink in recent years (Chi et al., 2019, 2020; Yang et al., 2023), with higher proportions of C uptake
observed in managed forests compared to low-intensive and unmanaged ones (Peichl et al., 2023). For example,
Peichl et al. (2023) found that NPP in the boreal biome strongly depended on intrinsic landscape characteristics,
which posits the challenge of acquiring more detailed mesoscale empirical data in order to understand its C sink
capacity.

Sustainable C sequestration strategies must focus on stimulating the stabilization of new inputs of CO, into slow-
cycling reservoirs. To measure how long and how much new C remains in the different pools, the use of D and
comprehensive C content measurements along with metrics that integrate the time it remains in storage, such as
age and transit time (Mufioz et al., 2023; Sierra et al., 2017, 2021) are essential. Overall, although the boreal
biome has shown to store significant amounts of C in managed forest during the last years, it is imperative to
further understand the timescales of C allocation in tree biomass and soils to better inform climate change
mitigation measures.

5. Conclusions

The end of the radiocarbon bomb period in the atmosphere of the northern hemisphere provided an opportunity to
evaluate the degree of new C incorporation in a boreal forest ecosystem by calculating the D in different pools as
summarized in Figure 6.

We have presented a comprehensive analysis of the radiocarbon D in a wide range of pools of a boreal forest
ecosystem, contributing to understanding the allocation of C and timescales of C cycling. Our results indicate that,
on the one hand, C presents fast cycling rates (months to years) in live biomass and intermediate cycling rates
(years to decades) in dead biomass and wood. On the other hand, mineral soils showed little incorporation of
recent C from the atmosphere. Total ecosystem respiration and FFSR were predominantly close to equilibrium
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Figure 6. Representation of the timescales at which different components of the boreal forest integrate the '*C atmospheric
signal as CO,, indicated by a color ramp. a) Components of the boreal forest and their interactions showing the D. Lines
represent the direction of C transfers, colored based on their A™C values, reflecting the D values for 2022.

with the atmosphere, suggesting that the output flux is dominated by autotrophic respiration of recently fixed and
post-bomb labile C.

Altogether, we show evidence of a slow accumulation rate of SOM restricted to the most superficial soil layer,
which coupled with the fast ecosystem respiration, indicates that boreal forests soils may not be efficient for short-
term C sequestration. Although the boreal forest stores significant amounts of C, most of it is cycled in the order of
days to decades from vegetation and the soil organic layer. Only minimal amounts of new C are incorporated and
stabilized over long timescales. The capacity of the boreal forest soils to store C in the mineral soil is then limited
by the relatively low NPP allocated belowground (Saugier et al., 2001; Xiao et al., 2023) and the large proportion
of C inputs used by microorganisms (Bernard et al., 2022; Hogberg et al., 2001; Scheibe et al., 2023). While the
boreal biome has been a net C sink in recent decades, further understanding of its C cycling timescales is needed,
particularly for better informed decisions on climate change mitigation measures.
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Appendix A: Additional Information on Sampling and TOC Results
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Figure A1. Time and height distribution of atmospheric air sampling from the Svarberget research station grouped by time of
the day (a) and over the sampling dates (b).
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Figure A2. Example of one regression between ACO, and A(F'*C - CO,) using the Miller-Tans plot to obtain the slope as an
estimate of the radiocarbon signature of (Re). These regressions were repeated 50,000 times randomly selecting the set of
points to obtain an estimate of uncertainty.
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Figure A3. Mean total organic carbon percentage at different depths in the soil profile. Error lines represent one o above the
mean. The red line shows the boundary between the organic layer and the sandy-silty mineral soil layers. It is important to
note that this boundary was not consistently positioned at a depth of 5 cm below the surface but exhibited spatial variability.
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Figure A4. Diurnal variation of A'* CO, from forest floor soil respiration along 4 days of sampling. Gray bars indicate nighttime. Average length of the day for the
sampling dates was 16 hr and 32 m. Sunrise was at 04:29 and sunset at 21:01.
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Table A1

Total Organic Carbon (%) Statistics for Each Measured Pool in the Boreal Forest Stand

Pool Samples Mean Median SD Min. Max.
Wood 5 50.73 50.47 0.72 50.10 51.94
Tree foliage 5 52.70 52.62 0.21 52.51 53.06
Shrub foliage 5 52.34 52.08 0.56 51.75 52.97
Moss 5 48.50 48.27 0.61 47.78 49.18
Litter layer 5 53.02 52.72 1.06 51.80 54.65
CWD 5 53.73 53.49 2.24 50.66 56.89
Fungi 6 48.21 48.63 1.50 45.82 49.87
Soil 0-5 19 32.27 36.63 19.85 3.86 55.40
Soil 5-10 20 7.89 2.20 14.36 0.40 56.43
Soil 10-15 20 2.53 1.21 5.10 0.48 23.90
Soil 15-20 19 1.74 1.37 1.04 0.48 391
Soil 20-25 13 1.91 1.42 1.14 0.75 5.01
Soil 25-30 9 1.60 1.15 1.14 0.55 3.92
Roots 0-5 10 49.15 49.38 1.66 45.18 51.23
Roots 5-10 10 41.37 46.19 9.65 24.95 50.03

Note. Second column indicates the number of samples used for the calculations. ¢ shows the standard deviation, and Min. and
Max. indicate the minimum and maximum values within the evaluated range of data for each pool.

Data Availability Statement

Data supporting our study can be obtained from https://zenodo.org/records/10952030 (Tangarife-Escobar,
Guggenberger, Feng, Mufioz, et al., 2024).
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