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• Geostatistics was used to identify drivers
of soil respiration in a boreal forest.

• Heterotrophic soil respiration increased
with SOM content and N availability.

• δ13C values of respired SOM revealed that
old SOM was the main CO2 source.

• Soil microbes seemed to decompose old
SOM to release bioavailable N.

• Soil CO2 and CH4 emissions are regulated
by moisture and N availability at the site.
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Boreal forests have a large impact on the global greenhouse gas balance and their soils constitute an important carbon
(C) reservoir. Mature boreal forests are typically a net CO2 sink, but there are also examples of boreal forests that are
persistent CO2 sources. The reasons remain often unknown, presumably due to a lack of understanding of how biotic
and abiotic drivers interact to determine the microbial respiration of soil organic matter (SOM). This study aimed at
identifying the main drivers of microbial SOM respiration and CO2 and CH4 soil chamber-fluxes within dry and wet
sampling areas at the mature boreal forest of Norunda, Sweden, a persistent net CO2 source. The spatial heterogeneity
of the drivers was assessed with a geostatistical approach combined with stepwise multiple regression. We found that
heterotrophic soil respiration increased with SOM content and nitrogen (N) availability, while the SOM reactivity,
i.e., SOM specific respiration, was determined by soil moisture and N availability. The latter suggests that microbial
activity was N rather than C limited and that microbial N mining might be driving old-SOM decomposition, which
was observed through a positive correlation between soil respiration and its δ13C values. SOM specific heterotrophic
respiration was lower in wet than in dry areas, while no such dependencies were found for chamber-based soil CO2

fluxes, implying that oxygen depletion resulted in lower SOM reactivity. The chamber-based soil CH4 flux differed sig-
nificantly between the wet and dry areas. In the wet area, we observed net CH4 emission that was positively related to
soilmoisture andNH4

+-N content. Taken together, ourfindings suggest that N availability has a strong regulatory effect
on soil CO2 and CH4 emissions at Norunda, and that microbial decomposition of old-SOM to release bioavailable N
might be partly responsible for the net CO2 emission at the site.
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1. Introduction

Boreal forests are an important long-term reservoir for carbon
(C) (Kasischke, 2000; Pan et al., 2011). Carbon stored as soil organic matter
(SOM) in boreal forests has been reported to account for ca. 5 times the total
C in the standing biomass or∼85% of the total biome C (Achat et al., 2015;
Malhi et al., 1999). Thus, any change in factors influencing SOM decompo-
sition in boreal forest soils would have a direct impact on carbon dioxide
(CO2) emission, with potential consequences for the global CO2 balance.
Mature and maturing boreal forests are generally assumed to be either a
C sink or C neutral. However, there are also examples of mature boreal for-
ests that are a net atmospheric CO2 source (e.g. Bradshaw and Warkentin,
2015; Kljun et al., 2007; Kurz et al., 2013; Lindroth et al., 1998; Pregitzer
and Euskirchen, 2004). The reason is not always well understood, demon-
strating that there is still a lack of understanding of how the C balance of bo-
real forests is regulated.

Soil respiration has two main components: 1) microbial decomposition
of SOM and plant litter, and 2) respiration by living plant roots (Basiliko
et al., 2012; Dore et al., 2014). Microbial growth and activity are controlled
by multiple abiotic factors, such as soil moisture, pH, temperature, SOM
quality, and nutrient availability (Bengtson et al., 2005; Fenn et al., 2010;
Heinemeyer et al., 2007; Yu et al., 2015). Boreal forests are characterized
by a cold climate and low supply of nutrients, particularly nitrogen (N),
and low pH, resulting in low microbial activity and slow decomposition
of SOM (Lindahl et al., 2007). Tree roots and their association with mycor-
rhizal fungi play an important role in the utilization of rhizodeposits and
mobilization of organic N from SOM (Chigineva et al., 2009; Kuzyakov
and Xu, 2013; Lindahl et al., 2007). Labile C compounds in rhizodeposits
may also stimulatemicrobial SOMdecomposition through the so-called rhi-
zosphere priming effect (Cheng and Kuzyakov, 2005; DeNobili et al., 2001;
Kuzyakov et al., 2000; Qiao et al., 2014; Shahbaz et al., 2017). In fact, the
rhizosphere priming effect has been found to account for up to 70% of
the total SOM decomposition (Bengtson et al., 2012). However, there are
also examples where the presence of tree roots reduces SOM decompo-
sition rates, either due to preferential microbial utilization of labile
rhizodeposits (Cheng et al., 2014; Hawkes et al., 2007) or as a result
of intensified competition for N between plants and soil microorganisms
(Li et al., 2021).

The diffusion and utilization of nutrients by microbes and plant roots
depend on soil moisture conditions. With optimal moisture content, nutri-
ent availability increases and stimulates both root andmicrobial respiration
(Borken et al., 2003; Yu et al., 2015). Extreme conditions, such as low or
high soil moisture contents or limited substrate availability, can result in re-
duced root and microbial respiration (Borken et al., 2003; Wang et al.,
2003). High moisture contents can also suppress NH4

+ oxidation (i.e.
NO3

−-N formation) due to anaerobic conditions, while at the same time en-
hancing CH4 emissions (Le Mer and Roger, 2001).

The response of soil respiration and the soil CH4 flux to variations in indi-
vidual abiotic factors (such as temperature, moisture, nutrients, SOM, pH,
etc.,) has been extensively studied. However, biotic and abiotic factors do
not act independently, but rather interactively, to regulate soil respiration
and the soil CH4 flux (Heinemeyer et al., 2007; Ngao et al., 2012; Song
et al., 2015). Therefore, even if the response of soil respiration and the soil
CH4flux to variations in individual factors is known, predicting their collective
influence on soil respiration and the CH4 flux under natural conditions re-
mains challenging. Thematter is further complicated by the fact that soil phys-
icochemical and abiotic properties such as soil moisture, nutrients, and SOM
contents exhibit strong spatial variation (Bengtson et al., 2007;
Bruckner et al., 1999; Laverman et al., 2000). However, this spatial
variation also represents an opportunity to identify the main drivers of
soil respiration in situ.

Geostatistics is a tool that can be used to investigate the range of spatial
autocorrelation, i.e. the scale at which there is a systematic pattern in values
of a certain soil property recorded at different locations (Ettema and
Wardle, 2002), and to identify hotspots and cold spots of soil respiration
and its potential drivers. From such data, it can be inferred which biotic
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and abiotic drivers are most important in determining soil respiration
rates. Biotic and abiotic soil properties that exhibit a similar range of spatial
autocorrelation as soil respiration, with overlapping spatial patterns, are
stronger regulators of soil respiration than variables that are spatially
autocorrelated at a different scale and do not exhibit overlapping spatial
patterns. In other words, geostatistical analyses can be used to capture, rep-
resent and interpret the spatial patterns of soil respiration, and identify the
main biotic or abiotic drivers (Bengtson et al., 2006; Ferré et al., 2015; Ngao
et al., 2012; Teixeira et al., 2013; Yuan et al., 2013). For example, the influ-
ence of individual trees results in spatial autocorrelation at the meter scale
(Farley and Fitter, 1999; Jackson and Caldwell, 1993; Saetre, 1999; Saetre
and Bååth, 2000), while variation in topography and other landscape
gradients can result in spatial autocorrelation at scales of tens to hundreds
of meters and beyond (Ettema and Wardle, 2002; Hook and Burke,
2000). The range of spatial autocorrelation and spatial variation of soil
respiration and its potential drivers remains under-researched in forest
ecosystems, mostly due to a lack of suitable data collection approaches
(Dore et al., 2014; Ngao et al., 2012; Prolingheuer et al., 2014; Shi
et al., 2016).

The aim of this study was to use a geostatistical approach to identify
how various factors interactively influence heterotrophic soil respiration,
by investigating the scale of spatial autocorrelation of soil respiration and
its potential drivers. We further measured soil CH4 and CO2 fluxes
(i.e., heterotrophic and autotropic respiration combined), to test how the
above factors influence these soil fluxes. We hypothesized that (H1) hetero-
trophic soil respiration is influenced by trees and their roots, with higher
respiration rates in the proximity to trees due to stronger rhizosphere prim-
ing effects. This influencewill also be reflected in a negative correlation be-
tween heterotrophic soil respiration and its δ13C, due to greater input and
microbial respiration of δ13C depleted fresh rhizodeposits. As a result, we
expect spatial autocorrelation of heterotrophic soil respiration to
occur at the meter scale, reflecting its dependency on tree influence
(Saetre and Bååth, 2000). This variation will be superimposed on longer
scale gradients induced by variations in SOM and moisture contents
since (H2) heterotrophic soil respiration is positively related to SOM
and moisture content. These are commonly spatially autocorrelated at
tens of meters or more (Ettema and Wardle, 2002). Finally, we hypoth-
esized that (H3), the soil CO2 flux (i.e. heterotrophic plus autotrophic
respiration) will depend on the proximity to trees and the inorganic N
content.

2. Materials and methods

2.1. Study site and soil sampling

The study site is located at the Norunda research station (60°05′ N,
17°29′ E, 46 m asl) ca. 30 km north of Uppsala (Fig. 1). The site is part of
the ICOS (Integrated Carbon Observation System) network and was estab-
lished in 1994 as one of the first to measure CO2 exchanges between land
and the atmosphere applying the eddy covariance method (Lindroth
et al., 1998). The research site is situated within a 110-year-old coniferous
forest dominated by Scots pine (Pinus sylvestris) and Norway spruce (Picea
abies) of about 25 m in height. The climate is humid continental with mod-
erate summers and cold winters (Köppen classification Dfb). The mean an-
nual precipitation is 586mm and themean annual air temperature is 6.5 °C
(data period 1991–2020 SMHI, at Uppsala airport 20 km south-southeast
from the site). The July average air temperature for the same30-year period
was 17.4 °C. The average monthly air temperature at Norunda for July was
15.1 °C. The site is ofmoderately flat topographywith up to 13m variations
in altitude (Fig. 1d). The soil is podzolised and classified as dystric regosols.
The soil has a C:N ratio of 33± 0.78 within the sampling area and the soil
texture varies from sandy-till (towards SE side) to gravely-till (towards the
northeast) with moderate to a high occurrence of stones and large boulders
covered by a thin organic layer,mosses and stands of dwarf shrubs (Fig. 1c).
The pH of the soil at this site is 4.5± 0.10 at 20 cm depth (Vogel, 2013). A
detailed description of the vegetation and soil properties can be found in



Fig. 1. The Norunda research station and the study area. (a) Satellite image of the site with both dry and wet sampling areas and the surrounding area (source: Google.
[Google Earth, 2019 imagery]). (b) Dry study area (250 m × 250 m) depicting the sampling points. The main grid points are separated by 25 m from each other (main
grid denoted by red lines). Four additional sampling points nested within the sampling area are denoted as yellow squares. They each are separated by 2.5 m from the
center (i.e. base point). Green dots show the tree locations within the study area. (c) Soil texture of the dry study area; light-blue with white spaces towards the south-
westerly side represents sandy till, and turquoise gravely till with occurrence of medium to large superficial boulders (blue-triangles) and thin or discontinuous cover of
peat (as indicated by the dark-brown colour). (d) Elevation of the dry study area, ranging from 38 to 51 m asl (derived from a LiDAR survey). Coordinates are given in UTM.
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Lundin et al. (1999). Previous observations suggest that the site is a net
source of CO2 even at its mature state (Lagergren et al., 2019; Lindroth
et al., 1998), but the reason remains unclear.

In 2019, a 250m×250m (6.25-ha) plot was established in the centre of
the Norunda site (Fig. 1). The plot was selected to cover a broad range of soil
characteristics and land topography features representative of the site. A total
of 100 sampling points separated by 25m, forming 25m×25m square grids
superimposed on the 250 m× 250 m study area, were established (Fig. 1b).
To capture the spatial variation at a finer scale, five additional sampling loca-
tions nested within the 250 m× 250 m study area were randomly selected.
Here, four additional spots separated by 2.5 m from the central base point
(Fig. 1b) were sampled. Overall, there were in total 120 sample locations es-
tablished in the study area. The Norunda forest also contains small patches of
wet areas with mostly gravely till marsh properties. To represent these wet
areas, an additional 17 points were sampled along a previously estab-
lished transect located to the northeast of the above plot that stretches
across wet as well as dry areas. 11 of these sampling points are in wet
areas, while six are in upland soil. We did not find a significant differ-
ence in any of the measured rates when comparing dry upland soil sam-
ples from this transect with soil samples from the main sampling
location (not shown).

Soil samples were collected in mid-July 2020. 5–6 samples were col-
lected within a 1 m2 area at each sampling point, after removing the moss
and/or litter layer. The maximum soil sampling depth was 20 cm, but
some samples had to be taken at a shallower depth due to a large number
of boulders and stones. For each sampling point, the soil samples were thor-
oughly mixed, cooled, and prepared for soil respiration measurements and
further analysis (see below).
3

2.2. Soil respiration

2.2.1. Heterotrophic microbial respiration
Heterotrophic microbial respiration was estimated within hours after

soil sampling by measuring the CO2 accumulation in the headspace of
serumbottles over time. Soil samples, ca. 15–18 g freshweight, were placed
into serum bottles (119 ml volume) and the bottles were then sealed with
rubber septa. After a 16 h incubation at ambient temperature in the field,
a gas-tight syringe was used to transfer a 1.5 ml gas sample from the head-
space of each serum bottle to a He-filled 12ml exetainer (Labco, UK), using
a Hamilton GASTIGHT® syringe. The concentration and 13C/12C ratio
(δ13C) values of CO2 in the exetainers were measured on a GasBench II con-
nected to a Delta V Plus isotope-ratio mass spectrometer (IRMS; Thermo
Scientific Inc., Bremen Germany), at the stable isotope facility, Department
of Biology, Lund University.

Microbial dependence on substrates such as SOM, rhizodeposition or
recycled C stored inmicrobial biomass can be roughly estimated by analyz-
ing the δ13C values of respired CO2 (Bengtson and Bengtsson, 2007;
Churchland et al., 2013). High δ13C values indicate high internal recycling
of microbial C, while low δ13C values suggest a higher microbial depen-
dency on rhizodeposits and other fresh plants C. CO2 in the exetainers
consisted of a mixture of CO2 pools originating from SOM and background
(atmospheric) CO2 in the serum bottles. The δ13C value of microbially re-
spired CO2 (δ13CRsom) were calculated using a standard two end member
isotopic mixing model:

δ13CRsom ¼ δ13Cmix−δ13CBg
� �

=ƒsom
� �þ δ13CBg
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where δ13Cmix represents the measured δ13C value of CO2 in the exetainer
and δ13CBgthe δ13C value of background CO2. ƒsom represent the fraction
of SOM-derived CO2 in the exetainer, which was obtained by dividing
background-subtracted total CO2 with total respired CO2 (i.e. including
background). The concentration and δ13C value of background CO2

were determined by filling exetainers with ambient air at the
same time as when the serum bottles were sealed. The δ13C value of
CO2 in these exetainers are thus representative of the δ13C value of back-
ground CO2 in the headspace of the serum bottles at the start of the
incubation.

2.2.2. Chamber-based CO2 and CH4 flux measurements
Undisturbed soil CO2 fluxes (representing heterotrophic and plant and

root-associated respiration) and CH4 fluxes were also measured in the
study area to understand their dependence on the measured drivers. For
this, 25 previously placed collars within and near our study grid in the
dry area and 11 collars within the wet area were selected. This allowed
us to compare the soil CO2 and CH4 fluxes from dry and wet areas and to
analyze the impact of soil variables on these fluxes. Concentrations of
CO2 and CH4 in the dark static chamber were measured manually for
5 min per collar, using a LI-COR gas-analyzer (LI-7810 Trace Gas Analyzer,
LI-CORBiosciences, UK, Ltd.). The chamber had a total volume of 4823 cm3

(16 cm diameter). All flux measurements were conducted during the same
day when soil sampling was performed. The rate of change in CO2 or CH4

concentration was determined through a linear regression (with r2 < 0.8
as a threshold to exclude data) by evaluating the 5 min measurement
period with a 2-min moving window to select the best fit. Soil tempera-
ture (at 10 cm depth) and moisture content (volumetric soil water
content, integrated over 0–5 cm depth) were measured at the chamber
locations using a digital thermometer (HI98501 Hanna instruments,
Inc. USA) and a soil moisture probe (ML3 ThetaKit, Delta T Devices,
UK, Ltd.).

2.3. Soil analysis

Gravimetric soil moisture contents (on dry soil basis) are expressed by
weight percent after oven-drying at 105 °C until no further weight loss
was observed (Francesca et al., 2010). Thereafter, SOM contents were esti-
mated in the oven-dried soil samples by the loss-on-ignition (for 6 h at 550
°C) method (Nelson and Sommers, 2018). Mineral N (NH4

+-N and NO3
−-N)

was extracted from 5 g soil (dried at 70 °C) by shaking the soil with 40ml of
a 1 M KCl solution for 1 h. The suspension was then filtered through a 0.45
μm Millipore filter. The quantitative analysis of NO3

−-N and NH4
+-N con-

centration in the extract was determined by the flow injection analyzer
method (Kanda and Taira, 2003).

2.4. Tree influence

The tree influence potential (IP) was determined according to Saetre
(1999) and Bengtson et al. (2006), where the tree influence is considered
greatest close to the tree, and decreases exponentially with increasing dis-
tance from the tree base (Saetre, 1999). Therefore, we considered only
trees within a 5 m radius from the soil sampling points. As the Norunda
Table 1
Summary of the semi-variogram model parameters.

Variabels Model Mean Nugget
(co)

Structural Varianc

CO2 (mg kg−1 soil h−1) Gaussian 3.9 (3.0)b 0.79 9.92
aCO2 (mg kg−1 SOM h−1) Gaussian 17.5 (6.3) 6.70 36.5
Soil moisture (%) Gaussian 53.8 (38.7) 292 1200
SOM (g kg−1 soil) Spherical 240 (179.9) 100 31,820
NO3

−-N (mg kg−1 soil) Gaussian 0.32 (0.1) 0.0013 0.009
NH4

+-N (mg kg−1 soil) Gaussian 22.7 (22.7) 124 343

a SOM specific heterotrophic soil respiration (mg CO2 kg−1 SOM h−1).
b Numbers in brackets indicate standard deviation.
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forest is relatively homogeneous in stand age and tree height, the average
diameter at the breast height (DBH) from 228 observations was taken for
calculating the tree IP. The combined IP of all trees at location p, was
expressed as:

IP pð Þ ¼ ∑
k
DBHk � EXP −dkð Þ

where DBHk is the diameter at breast height of tree k and dk is the distance
between tree k and point p. The IP values were calculated for all sampling
points in the dry area.

2.5. Geostatistical analysis

Geostatistical analyses (variogram, semivariogram model fitting and
simulation) were performed with GS + ™ (Geostatistics for the Environ-
mental Sciences, version 10.0, Gamma Design Software LLC, USA). The
semivariance was determined for non-uniform lag class distance intervals
(maximum distance) of 5, 10, 25, 50, 75, 100, 125, 150, 175, with a maxi-
mumactive lag distance of 175m. These intervals were chosen for the num-
ber of sample pairs to be sufficiently high at different scale resolutions. The
semivariance γ (h) for the distance interval, h, was calculated as follows:

γ hð Þ ¼ 1=2n hð Þ ∑
n

i¼1
z xið Þ−z xi þ hð Þ½ �2

where n (h) is the number of observation pairs separated by the distance h,
and z (xi) and z (xi+ h) are the variable values at the locations xi and xi +
h (Shi et al., 2016). Except for soil moisture, the isotropic Gaussian
Variogrammodels were auto-fitted to the semivariance estimators to obtain
the variogram parameters: range (a), sill (c) and nugget effect (c0) as shown
in Table 1. Isotropic Gaussian variogram models generally provided the
best fit (based on R2 values), except for SOM, where the spherical model
provided the best fit. The range of spatial dependency is defined as the dis-
tance to the point corresponding to the sill, i.e., the distance at which the
semivariance values stop increasing. The sill is the semivariance at the
range where spatial autocorrelation does not exist. The nugget effect
shows the estimation of the variance at a lag distance of zero, indicatingmi-
croscale variability within the smallest sampling distance, uncertainty in
the measurements or a combination of both factors (Noréus et al., 1997).
That means the nugget estimates the proportion of the total variation that
is inherent in the smallest sampling lag.

Values of soil respiration and other variables at unsampled locations
were estimated based on the semivariance models using the software's
built-in conditional simulation option. The simulation calculates the
small-scale surfaces of the best, unbiased estimate of regionalized variables
at unsampled locations based on the spatial structure defined by the exper-
imental semivariogram. The interpolation is based on a form of stochastic
simulation in which data values are honoured at their locations. This
means that contrary to kriging or other interpolation approaches, the
local details are not obscured by smoothing in simulation, especially as in-
terpolated locations become more distant frommeasured locations. The in-
terpolation estimates were used to construct maps by placing them on non-
uniformly spaced grids.
e (c) Sill
(co + c)

% Proportion (c/(co + c)) Range
(m)

R2 Residuals SS

10.7 92 39.5 0.89 1.4 × 101

43.2 84 33.4 0.95 1.0 × 102

1492 80 40.9 0.97 6.3 × 104

31,920 99 43.8 0.96 4.6 × 107

0.011 88 34.3 0.93 9.3 × 10−6

467 73 38.8 0.92 1.4 × 104
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2.6. Statistical analysis

A backward stepwise multiple regression procedure (F to enter = 4.00, F
to remove=3.96)was used to identify themain drivers of the soil respiration
rates. SOM, δ13C of respired CO2, tree IP and the contents of NO3

−-N and
NH4

+-Nwere used as independent variables and the respiration rate expressed
as mg kg−1 soil h−1 or mg kg−1 SOM h−1 (hereafter referred to as SOM spe-
cific respiration) as dependent variables. In the latter analysis, SOM was ex-
cluded as a predictor. A similar procedure was used to identify the main
drivers of the soil CO2 and CH4 fluxes from chamber measurements, but in
these analyses, the sample area (wet or dry)was included as a categorical pre-
dictor. For the chamber CO2 flux (mg CO2 m−2 h−1), the independent vari-
ables included in the regression model were the heterotrophic soil
respiration rate (mg CO2 g−1 soil h−1), soil moisture content, SOM, tree IP
and NO3

−-N and NH4
+-N contents. As the temperature was not measured sep-

arately at each soil sampling point, it was not included as an independent soil
variable. For net CH4flux (mgCH4m−2 h−1) the independent variables were
the tree IP, soil moisture, SOM, and the NO3

−-N and NH4
+-N contents.

To ensure normal distribution of the residuals, SOM, soil moisture,
NH4

+-N contents, the soil respiration rate (expressed as mg g−1 soil or
SOM) and the chamber-based CO2 flux were log10-transformed. For the
stepwise regression analyses with the chamber CO2 and CH4 fluxes as de-
pendent variables, log10-transforming the tree IP and NO3

−-N content was
sufficient. However, when using the full data set to predict soil respiration
Fig. 2. Heterotrophic soil respiration (a) and other soil variables (b-f) in the dry (n= 12
mean value and median, respectively. The box represents the interquartile range, and th

5

in the dry area, the tree IP and NO3
−-N content needed to be Box-Cox trans-

formed to ensure normally distributed data and residuals. Since the CH4

flux data were positively skewed and contained positive and negative
values, we transformed this data using the following formula:

y ¼ sign xð Þ � log 10 abs xð Þ þ 1ð Þ,

where x is the CH4 flux.
The δ13C data was negatively skewed and was thus transformed to nor-

mality by log10-transforming reflected data, and then re-reflecting the
transformed data set. In the wet area, soil samples were taken within a
meter from the flux chambers, but this was not the case in the dry area.
Therefore, we used interpolated values of heterotrophic soil respiration,
SOM, soil moisture, NH4

+-N and NO3
−-N (from the geostatistical analysis)

at the chamber locations in the analyses. The analyses were performed
using STATISTICA (version 13.5, TIBCO Software Inc.).

3. Results

3.1. Heterotrophic soil respiration, chamber CO2 flux, and other soil variables

The heterotrophic soil respiration rate varied significantly within both the
dry andwet areas,with ameanvalue±std. of 3.9±3.0mgCO2kg−1 soil h−1

in the dry and 9.9± 3.9 mg CO2 kg−1 soil h−1 in the wet area (Fig. 2a). The
0) and wet areas (n = 11). The cross sign and line within the box plot indicate the
e whiskers the 5th and 95th percentile.
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δ13C values of the respiredCO2were comparable at the dry andwet areaswith
a mean value of 27.3 ± 1.3‰ and− 27.8 ± 0.5‰, respectively. The SOM
content was also highly variable, ranging from 54 to 940 g SOM kg−1 soil,
with a mean value of 241.9 ± 180 and 742.4 ± 224 g SOM kg−1 soil in
the dry and wet area, respectively (Fig. 2c). The variation in gravimetric soil
moisture content (dry soil basis) was almost as variable as the SOM content,
with a mean value of 53.8 ± 38.9% in the dry area and 429.8 ± 229.1% in
the wet area (Fig. 2d). Soil extractable NH4

+-N varied between 2 and 23 mg
kg−1 soil in the dry area (Fig. 2e), while the amount of extractable NO3

−-N
was orders of magnitude lower, with a mean value of 0.32 ± 0.10 mg kg−1

soil (Fig. 2f). In the wet areas, the average amount of NH4
+-N and NO3

−-N
was 95.6 ± 59 and 0.33 ± 0.16 mg kg−1 soil, respectively.

The chamber-based soil CO2 flux (representing plant, root-associated
and heterotrophic respiration) did not differ significantly between the dry
and wet areas, with an average ± std. emission of 499 ± 244 mg CO2

m−2 h−1 in the dry area (n = 25) and 523 ± 240 mg CO2 m−2 h−1 in
the wet area (n = 11) (Fig. 3a). In the dry area, a net CH4 uptake was ob-
served at all collars, with a mean value of −0.083 ± 0.07 mg CH4 m−2

h−1 (Fig. 3b). This was not the case in the wet area, where both CH4 uptake
and emissionwere observed, which differed significantly from the dry area.
On average, however, the wet area was a net CH4 source, emitting 0.729±
1.26 mg CH4 m−2 h−1.

3.2. Spatial autocorrelations

All measured variables, except δ13C of CO2, were spatially
autocorrelated at the investigated scales (Fig. 4). Due to the absence of spa-
tial autocorrelation, the semivariogram for δ13C of CO2 is not presented.

The coefficients of determination (R2) ranged between 0.89 and 0.97
for all semivariogram models, indicating that the models accurately
reflected the spatial structural characteristics of the measured variables
(Table 1). The range of spatial autocorrelation was comparable for all vari-
ables, varying between 33 and 44 m (Table 1). SOM specific soil respira-
tion, measured as mg CO2 kg−1 SOM h−1, exhibited the shortest range of
spatial autocorrelation (33.4 m), while SOM (g kg−1 soil) had the longest
range (43.8 m). The proportion between the nugget (c0) and the sill (c0
+ c), which indicates the spatial dependency of the variables at the mea-
sured scale, ranged between 73 and 99% for all variables (Table 1).

3.3. Correlations between heterotrophic soil respiration and other soil variables

In the dry area heterotrophic soil respiration (expressed asmg CO2 kg−1

soil h−1) was positively correlated with SOM (p < 0.001, r = 0.84),
soil moisture (p < 0.001, r = 0.68), NH4

+-N (p < 0.001, r = 0.73) and
NO3

−-N (p < 0.001, r = 0.50) contents. In contrast, SOM specific
Fig. 3. Chamber-based CO2 and CH4 fluxes in dry (n = 25) and wet (n = 11) areas.
respectively. The box represents the interquartile range, and the whiskers the 5th and 9
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heterotrophic soil respiration (expressed as mg CO2 kg−1 SOM h−1)
was negatively correlated to some of the same drivers, namely SOM (p
< 0.001, r = −0.43), soil moisture (p < 0.001, r = −0.39), and NH4

+-N
(p < 0.001, r = −0.33), while there was a positive correlation between
SOM specific respiration and δ13C of the respired CO2 (Supplementary
Table 1). Consequently, there was a lack of correlation between heterotro-
phic soil respiration (mg CO2 kg−1 soil h−1) and SOM specific heterotro-
phic soil respiration (mg CO2 kg−1 SOM h−1). SOM and soil moisture
contents were strongly correlated (p < 0.001, r= 0.83) and appeared to be
major regulators ofmostmeasured variables,with strong positive correlations
to NH4

+-N and NO3
−-N, in addition to their correlations to soil respiration

outlined above (Supplementary Table 1). Contrary to our first hypothesis
(H1), tree IP was not significantly correlated to heterotrophic soil respiration,
SOM specific respiration or any of the other measured variables.

In the wet area, heterotrophic soil respiration (expressed as mg CO2

kg−1 soil h−1) was positively correlated to SOM (p < 0.001, r = 0.93),
soil moisture (p < 0.001, r = 0.90) and NH4

+-N (p < 0.001, r = 0.93),
while SOM specific respiration was not significantly positively correlated
to any of the measured variable (Supplementary Table 2). The δ13C of re-
spired CO2 was significantly positive correlated to the heterotrophic soil
respiration (p < 0.01, r = 0.62), moisture (p < 0.05, r = 0.53) and SOM
contents (p < 0.05, r = 0.57). Furthermore, soil NO3

−-N and NH4
+-N were

correlated to each other (p< 0.05, r=57), while only NH4
+-N had a signif-

icant positive correlation with SOM (p< 0.001, r=0.89) and soil moisture
(p < 0.001, r = 0.87) content (Supplementary Table 2). Similar to the dry
area, tree IP was not significantly correlated to any of the measured vari-
ables.

3.4. Correlations between chamber CO2 and CH4 fluxes and other soil variables

Since the chamber-based flux measurements were performed at a lim-
ited number of positions (25 within the dry sampling area and 11 in the
wet area) and as their positions not always corresponded with the soil sam-
pling locations, we did not include CO2 or CH4 flux in the correlation anal-
yses above. Instead, we performed a separate correlation analysis at these
positions, using interpolated values at the chamber locations derived from
the geostatistical analyses. Due to the relatively low number of data points
and the lack of significant differences in the CO2 and CH4 flux between the
dry and wet areas (Fig. 3), both sampling areas were included in the same
correlation analysis. The analyses produced similar results as the analy-
ses above in terms of correlations between the different soil variables,
i.e., SOM, soil moisture, NH4

+-N and NO3
−-N (Supplementary Table 3),

suggesting that the interpolated values at the chamber locations in the
dry area accurately represented the data. The CO2 flux was positively
correlated to tree IP (p < 0.05, r = 0.38) but not to any other soil
The cross sign and line within the box plot indicate the mean value and median,
5th percentile.



Fig. 4. Semivariograms for the heterotrophic soil respiration and other variables. The solid lines represent the models fitted to the estimated semivariance (filled circles); see
Table 1 for the model parameters. The x-axis shows the distance in meters between observation pairs.
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variables, including the SOM contents or heterotrophic soil respiration
rate (Supplementary Table 3). In contrast, the CH4 flux (representing
both CH4 production and consumption) was positively correlated to
Table 2
Stepwise multiple regressions testing the dependency of the heterotrophic soil respiratio
variables are presented, while independent variables that were not included in the final r
(for NO3

−-N) or log10-transformed (all others) before analysis to ensure normal distributio
for standard error and N for number of sampling points.

Dependent Area Independent Coefficient

Heterotrophic soil Dry Intercept −1.1951
respiration δ13C of CO2 (‰) 0.1914
(mg CO2 kg−1 soil h−1) SOM (g kg−1 soil) 0.7381

NO3
−-N (mg kg−1 soil) 0.0098

Wet Intercept 0.0236
NH4

+-N (mg kg−1 soil) 0.4976
SOM 0.422

SOM specific Dry Intercept 1.5350
heterotrophic respiration δ13C of CO2 (‰) 0.2089
(mg CO2 kg−1 SOM h−1) NO3

−-N (mg kg−1 soil) 0.0078
Moisture (%) −0.2179

Wet Intercept 1.4884
Moisture (%) −0.7233
NH4

+-N (mg kg−1 soil) 0.7764
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the SOM contents (p < 0.001, r = 59), soil moisture (p < 0.001, r =
0.67), NH4

+-N (p < 0.05, r = 0.50), and the heterotrophic soil respira-
tion rate (p < 0.05, r = 0.48).
n on several independent variables in the dry and wet areas. Significant independent
egression model have been excluded here. The independent variables were Box-Cox
n of the residuals. A value of P< 0.05was chosen as the significance level. SE stands

Coefficient SE Significance (p) N Adjusted model R2

0.1283 0.0000 115 0.77
0.0510 0.0003
0.0453 0.0000
0.0031 0.0023
0.1817 0.0137 11 0.91
0.0925 0.008
0.152 0.014
0.0971 0.0000 115 0.31
0.0522 0.0001
0.0032 0.0146
0.0439 0.0000
0.2640 0.0004 11 0.40
0.2848 0.0347
0.2908 0.0283
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3.5. Identification of the main drivers of heterotrophic soil respiration and cham-
ber CO2 and CH4 flux

Stepwise multiple regression analyses were performed to identify the
main drivers/predictors of the heterotrophic soil respiration rate, SOM spe-
cific respiration rate, and the CO2 and CH4 fluxes. Themodel indicated that
SOM, NO3

−-N, and δ13C of heterotrophic respired CO2 explained about 77%
of spatial variation of soil respiration (expressed as mg CO2 kg−1 soil h−1)
in the dry area (Table 2). The SOM specific heterotrophic soil respiration
(expressed as mg CO2 kg−1 SOM h−1) was positively related to NO3

−-N
and δ13C of respired CO2 and negatively related to soil moisture contents
(coefficient − 0.22, p < 0.01). These factors combined explained about
31% of the variation (Table 2).

In the wet areas, 91% of heterotrophic soil respirationwas explained by
NH4

+-N and SOM contents, whereas 40% of the SOM specific heterotrophic
respiration (expressed as mg CO2 kg−1 SOM h−1) was explained by soil
moisture and NH4

+-N contents (Table 2).
The dependence of the chamber-based CO2 and CH4 flux on the same

variables were analyzed similarly, but we included the site (wet or dry) as
a categorical predictor. The CO2 flux depended on the tree influence (p <
0.05) but not on the variables that best predicted the soil respiration. The
CH4 flux, on the other hand, showed a positive relationship with soil mois-
ture (coefficient 2.98, p < 0.001) and a negative correlation with NO3

−-N
(coefficient − 6.73, p < 0.001). Together these components explained
63% of the variation in the CH4 flux (Table 3).

3.6. Spatial distribution of heterotrophic soil respiration and soil variables

Mapping of interpolated values was used to identify overlapping spatial
patterns of heterotrophic soil respiration and its potential drivers (Fig. 5).
As presented in Fig. 1b, trees (having similar height and age) were homoge-
neously distributed in the study area. The interpolated maps showed that
the measured variables exhibited a non-uniform and patchy pattern with
high spatial heterogeneity. The soil respiration rate appeared to be on aver-
age lowest in the northeastern part of the study area, with hotspots occur-
ring in the southern and northwestern part of the plot (Fig. 5a). The
spatial distributions of SOM (Fig. 5c), soil moisture content (Fig. 5d),
NH4

+-N (Fig. 5e), and NO3
−-N (Fig. 5f) partly overlapped with each other

and to some extent with the heterotrophic soil respiration rate, with more
or less pronounced hotspots in the same areas. This further highlights the
interdependence of these variables found in the correlation and stepwise
multiple regression analyses. However, in contrast to the other variables,
it was not evident that SOM specific respiration (Fig. 5b) or soil NO3

−-N
(Fig. 5f) were lower in the northeastern part of the plot.

4. Discussion

4.1. Drivers and spatial distribution of heterotrophic soil respiration in the dry
area

In the dry area, SOM, soil moisture and N availability were the main de-
terminants of heterotrophic soil respiration. Heterotrophic soil respiration
Table 3
Multiple regressions testing the dependency of the chamber-based CO2 and CH4 fluxes o
NO3

−-N) or log10-transformed before analysis to ensure normal distribution of the residu
combined in both dry and wet areas. SE stands for standard error and N for number of

Dependent Independent Coefficient C

CO2 flux Intercept 2.9920 0
(mg CO2 m−2 h−1) Tree influence 0.2007 0
CH4 flux Intercept −5.8088 1
(mg CH4 m−2 h−1) Moisture (%) 2.9848 0

NH4
+-N (mg kg−1 soil) 1.59 0

NO3
−-N (mg kg−1 soil) −6.7345 1

Area (wet or dry) −0.91 0

8

was positively correlated to NH4
+-N as well as NO3

−-N, but the stepwise re-
gression analysis showed that NO3

−-Nwas the strongest predictor of the soil
respiration rates. This might seem counterintuitive, given that NH4

+-N con-
tents were up to an order of magnitude higher than NO3

−-N. A likely expla-
nation is that NO3

−-N is a better indicator of N availability than NH4
+-N,

even if its content is lower. Nitrifying microorganisms are poor competitors
for NH4

+-N (Verhagen and Laanbroek, 1991) and competition for NH4
+-N

between nitrifiers, plants and other microorganisms commonly results in
partly inhibited nitrification in forest soils (Gallardo et al., 2006; Pagel
et al., 2020). Our findings hence suggest that nitrification mainly occurs
in areas with a relatively high N availability.

Higher soil respiration rates in areas with high N availability hint that
heterotrophic soil microbes are N limited at our study site, which contra-
dicts the common notion that the activity of heterotrophic soil microbes
is generally C limited (Fontaine et al., 2004; Hobbie and Hobbie, 2013;
Soong et al., 2020). If the microbes were C limited, we would expect high
microbial utilization of fresh C sources, such as root exudates, in areas
with high respiration rates. However, our findings are further supported
by the positive correlation between heterotrophic soil respiration and its
δ13C, indicating that old SOM rather than fresh plant Cwas themain source
of the respired CO2, i.e. contradicting our first hypothesis (H1) (Boutton
et al., 1998). This implies that microbes decomposed old SOM to release
bioavailable N. Such microbial N mining of SOM has previously been ob-
served by e.g. Chen et al. (2014) and Craine et al. (2007). Severely N lim-
ited conditions might have resulted from competition between microbial
SOM decomposers and plant roots and their associated mycorrhiza
(Adamczyk et al., 2019; Kaye and Hart, 1997; Zak et al., 2017), resulting
in overall reduced SOM decomposition and soil respiration rates (Li et al.,
2021). An alternative explanation for the positive correlation between
soil respiration and δ13C of respired CO2 is that high input of plant root ex-
udates stimulated decomposition of old SOM (Fontaine et al., 2007), also
known as rhizosphere priming effect (Bengtson et al., 2012). However,
we find this explanation less likely since there was no relationship between
either tree influence potential and soil respiration nor between tree influ-
ence potential and δ13C of respired CO2.

The missing correlation between chamber soil CO2 flux (summing auto-
trophic and heterotrophic respiration) and heterotrophic soil respiration
rate further emphasizes the separation between autotrophic respiration
and heterotrophic soil respiration and implies that plant and root-
associated respirationwas low in areaswith high heterotrophic soil respira-
tion and vice versa. Plants are generally considered to be inferior competi-
tors to heterotrophic microorganisms for N and may take up less NH4

+-N
where microbial activity is high compared to areas with low microbial ac-
tivity and respiration (Kaye andHart, 1997; Zak et al., 2017). Thismight ex-
plain why autotrophic respiration was low in areas with high heterotrophic
soil respiration, and vice versa, resulting in a lack of correlation between
heterotrophic soil respiration and the chamber-based CO2 flux. Further-
more, the range of spatial autocorrelation for heterotrophic soil respiration
was close to 40m, and as mentioned above tree IP did not explain its spatial
distribution. Tree influence on heterotrophic soil respiration, nutrient avail-
ability, and microbial community attributes may arise due to
rhizodeposition of microbially available C, resulting in a spatial
n the different independent variables. The independent variables were Box-Cox (for
als. A value of P < 0.05was chosen as the significance level. Chamber flux data were
sampling points.

oefficient SE Significance (p) N Adjusted model R2

.1453 0.0000
36 0.08

.0959 0.0435

.7015 0.0019

33 0.64
.4607 0.0000
.63 0.017
.7539 0.0006
.29 0.0037



Fig. 5. Simulation interpolation maps showing the spatial distribution of (a) heterotrophic soil respiration (mg CO2 kg
−1 soil h−1), (b) SOM specific heterotrophic soil

respiration (mg CO2 kg−1 SOM h−1), (c) SOM (g kg−1 soil), (d) soil moisture (%), (e) NH4
+-N (mg kg−1 soil) and (f) NO3

−-N (mg kg−1 soil). The axes represent the x-
and y-coordinates of the sample positions within the study area in UTM. The blue lines depict soil sampling positions (at intersection points), and the legends show the
class division of parameter values.
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autocorrelation of the same factors at themeter scale (Bengtson et al., 2006;
Saetre, 1999). The range of spatial autocorrelation of soil respiration and
other measured variables, i.e. SOM, moisture content, extractable NH4

+-N
and NO3

−-N was much longer at this site (33–44 m), which is in line with
our second hypothesis (H2) and suggests that the spatial distribution of
these variables was determined by landscape features such as topography
and soil texture (Ettema and Wardle, 2002) while living trees had less of
an impact. The conclusion is supported by observations that spatial depen-
dency at larger scales than a fewmeters can be attributed to the topography
and differences in parent material (Fromm et al., 1993; Hook and Burke,
2000), as well as stand structure and soil water content (Shi et al., 2016).
At locations with high SOM and soil moisture content, high microbial bio-
mass and activity result in the release of C and other nutrients immobilized
in SOM, causing overlapping spatial patterns between e.g. SOM, heterotro-
phic soil respiration andN availability (Bengtson et al., 2005; Kelliher et al.,
2004). The availability of N is primarily related to the recycling of nutrients
in SOM and soil microbial biomass (Adamczyk et al., 2019; Stutter et al.,
2004). Accordingly, soil respiration and microbial N dynamics are com-
monly interdependent, with a strong correlation between CO2 and gross
N mineralization rates (Micks et al., 2004; Bengtson et al., 2005). This fur-
ther explains the overlapping spatial patterns ofmicrobial respiration andN
availability.

As discussed above, a backward multiple regression test revealed that
77% of the spatial variation in heterotrophic soil respiration was explained
by the SOM and NO3

−-N contents, and δ13C of respired CO2, with SOMhav-
ing the greatest influence (coefficient 0.74, p < 0.001). A positive effect of
SOM on soil respiration has frequently been reported (Bond-Lamberty
et al., 2004; Fontaine et al., 2004) and can be caused by both direct and in-
direct physical and biological mechanisms (Shi et al., 2016). High SOM
content results in high water holding capacity and high soil moisture con-
tent that promote high microbial activity (Lai et al., 2013). However, at
the study site, it is not clear if high water content at locations with high
SOM is caused by a positive effect of SOM on soil water holding capacity
and thus moisture content, or vice versa. It is possible that the high SOM
content in the wet areas is a result of historically lower SOM losses in
these areas, due to less efficient draining of these areas. To determine if
the positive relationship between soilmoisture and heterotrophic soil respi-
ration was a direct effect of higher water availability or an indirect effect of
covariation between soil moisture and SOM, we also determined the SOM
specific respiration, expressed as mg CO2 kg−1 SOM h−1. The results dem-
onstrated that the SOM specific soil respiration was positively related to
δ13C of CO2 and NO3

−N, similarly as heterotrophic soil respiration
expressed as mg CO2 kg−1 soil h−1. However, SOM specific respiration
was negatively related to the soil moisture contents (coefficient − 0.22, p
< 0.01) suggesting lower reactivity of SOM with increasing soil water con-
tents. These findings suggest that old SOM was better protected and re-
mained in the soil to a larger extent in poorly drained areas with high soil
moisture.

4.2. Drivers of heterotrophic soil respiration in the wet area

Soil moisture has a strong influence on microbial activities, diffusion of
mineralized nutrients and soil respiration. In this study, we had the oppor-
tunity to compare the regulation of soil respiration in a dry area (the main
study area) and a wet area of the same forest, i.e. under non-limiting mois-
ture conditions. In the wet area, 91% of the variation in heterotrophic soil
respiration was explained by SOM and the NH4

+-N content. SOM specific
soil respiration was also positively dependent on the NH4

+-N content,
while soil moisture had a negative influence on SOM specific respiration.
These results corroborate the findings from the dry area, that SOM and N
availability are the main regulators of the heterotrophic soil respiration at
the site, while high water content reduces the reactivity of SOM. The aver-
age NO3

−-N content in the wet area was comparable to that in the dry area,
while the average NH4

+-N content was up to 3–4 times higher than in the
dry area (Fig. 2). This indicates restricted nitrification due to oxygen deple-
tion with increasing water contents and alsomight explain why NO3

−Nwas
10
the best indicator of N availability in the dry area, and NH4
+-N in the wet

area.
The relationship between heterotrophic soil respiration and soil mois-

ture usually shows a threshold value with a linear increase up to ca. 20%
of soil moisture (Herbst et al., 2009; Moyano et al., 2012, 2013; Shi et al.,
2016). Above a critical level of soil moisture, heterotrophic soil respiration
can decrease due to reduced CO2 transport, restricted oxygen availability
and reduced microbial activity (Smith et al., 2018). High SOM content in
wet areas might, therefore, indeed be a result of historically lower SOM
losses from these areas due to water inhibition of microbial SOM decompo-
sition. Slower decomposition rates in wet areas and reduced abundance of
ectomycorrhiza, due to a periodically oxygen-free environment, might also
have resulted in the lower cumulative release of N from SOMand decreased
plant N uptake. It can be hypothesized that the ratio between N stored in
trees and soil is, therefore, lower in these areas, possibly explaining the
higher availability of N. However, we have no data to support this
hypothesis.

4.3. Chamber-based CO2 and CH4 flux

In contrary to the heterotrophic soil respiration, chamber soil CO2 flux
measurement was positively correlated to tree IP (p < 0.05, r= 0.38, Sup-
plementary Table 3), partly supporting our third hypothesis (H3). In the
backward stepwise multiple regression procedure, the chamber CO2 flux
was also positively related to tree IP, but not to any of the other measured
variables. The correlation between tree IP and the chamber CO2 flux prob-
ably reflects the direct contribution of autotrophic respiration to the mea-
sured CO2 flux (Kuzyakov and Gavrichkova, 2010). Significant
correlations between CO2 flux and the forest structural parameters were
also found in previous studies in tropical and temperate pine forests
(Katayama et al., 2009; Luan et al., 2012; Shi et al., 2016). In contrast,
the chamber CH4 flux was not related to tree IP. CH4 is produced as an
end product of the anaerobic decomposition of SOM under water-
saturated conditions (Shoemaker et al., 2014). The backward stepwisemul-
tiple regressionmodel showed that the chamber CH4 flux was positively re-
lated to soil moisture and negatively related to the NO3

−-N content
(Table 3). High moisture content can suppress NO3

−-N formation and CH4

oxidation. The negative correlation between the chamber CH4 flux and
NO3

−-N content is therefore most likely reflecting that CH4 production oc-
curs under anoxic conditions, while nitrification is an oxygen-dependent
process.

5. Conclusions

We investigated the spatial distribution and drivers of heterotrophic soil
respiration and chamber-based CO2 and CH4 fluxes at the boreal forest
Norunda. This 110-year-old forest is in the long-term average a net CO2

source, despite its mature stage (Lagergren et al., 2019; Lindroth et al.,
1998). We distinguished dry and wet sampling areas.

In the dry area, landscape features such as small-scale topography and
soil texture had a greater impact on heterotrophic soil respiration and its
drivers than living tree roots or fresh C inputs. This was reinforced by a pos-
itive correlation between heterotrophic soil respiration and its δ13C, imply-
ing that old SOM was the main source of respired CO2. Heterotrophic soil
respiration increased with SOM content and N availability while the reac-
tivity of SOM, i.e. the SOM specific respiration, was determined by water
and N availability. The latter suggests that microbial activity was N rather
than C limited and that microbial N mining might be driving the decompo-
sition and respiration of SOM. Accordingly, the spatial distributions of these
drivers to some extent overlapped with heterotrophic soil respiration and
SOM specific respiration. Strongly N limited conditions might also partly
explain why the site is still a net CO2 source, as this could both reduce the
microbial C use efficiency (Manzoni et al., 2012) and impede photosynthe-
sis. When the microbial C use efficiency is low, most microbially processed
C in SOM is respired and returned to the atmosphere as CO2, while a high
microbial C use efficiency can contribute to long-term soil C storage,
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since stabilized SOMwith long turnover times is largelymicrobially derived
(Kallenbach et al., 2016). However, more research is needed to confirm
these hypotheses.

In poorly drained areas and adjacent wet areas, SOM specific heterotro-
phic respiration was lower than in the dry area, suggesting that oxygen de-
pletion resulted in lower reactivity of SOM. Contrary to heterotrophic
respiration, chamber-based soil CO2 fluxes remained comparable between
the dry and wet areas and were only affected by tree roots. There was no
correlation between heterotrophic soil respiration and chamber-based
CO2 fluxes, which implies that plant and root-associated respiration was
low in areas with high heterotrophic soil respiration, and vice versa. A pos-
sible cause is that N limiting conditions result in competition for N between
plants and microbes. In contrast to the chamber-based CO2 flux, the
chamber-based CH4 flux differed significantly between the wet and dry
areas. CH4 emissions were positively related to soil moisture and NH4

+N
content and negatively to NO3

−-N contents. The latter probably reflects
the lack of nitrification under anoxic conditions. Taken together, the find-
ings suggest that N availability has a strong regulatory effect on soil CO2

and CH4 emissions at the site and that microbial decomposition of old
SOM to release bioavailable N, in combination with competition for N be-
tween trees andmicrobes, might be partly responsible for the net CO2 emis-
sion occurring from the site.

Boreal forest soils are an important reservoir of C and spatial heteroge-
neity of drivers affecting SOM decomposition are commonly found across
large parts of the boreal biome. Improved understanding of seasonal pat-
terns in the tree resource utilization strategy and their impact on the spatial
distribution of drivers governing SOMdecomposition could ultimately sup-
port determining the C sink or source potential of a boreal forest.
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