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Abstract. Peat pore network architecture is a key determi-
nant of water retention and gas transport properties and has
therefore been hypothesized to control redox conditions in
and greenhouse gas emissions from peat soils. Yet, exper-
imental approaches to directly visualize the spatial hetero-
geneity of biogeochemical reactions in pore networks remain
scarce. Here, we report on a '3C pulse—chase assay devel-
oped to functionally explain and visualize the centimeter-
scale heterogeneity in greenhouse gas emissions in peat
cores. We injected a 13C-labeled substrate (13C2 acetate)
at 2 to 8§ cm depths and monitored its conversion into CO,
and CHy4. We then measured the pore network architecture
of the same cores by X-ray microtomographic imaging and
constructed the air-filled pore networks using pore network
modeling. We applied this approach to peat cores collected
at a drained peatland forest in southern Finland in an ex-
periment to study the effects of water hysteresis, i.e., differ-
ences between peat cores that reached a given water potential
(—20hPa) from drier or wetter conditions. We find large het-
erogeneity among the replicate cores and injections, indicat-
ing the effects of centimeter-scale heterogeneity on biochem-
ical processes and gas transport. These treatments resulted in
similar average air-filled porosity but distinct pore networks
(higher coordination numbers and clustering coefficients in

drying compared to wetting soils) and within-core water dis-
tribution. Substrate injection experiments revealed less (po-
tential) microbial activity (less of the substrate emitted as
COy) at greater depth in both treatments. In peat cores from
the drying treatment we also find a slower microbial response
to label additions at greater depths (slower release of label-
derived CO,), while the timing of emissions did not vary in
wetting treatments. Air-filled porosity and pore network met-
rics could not explain the fraction of label converted to CO»,
but greater porosity was associated with slower CO; emis-
sions, whereas higher clustering coefficients and between-
ness centrality (two measures of pore network properties)
were associated with faster emissions.

1 Introduction

Peat pore network architecture controls microscale gas ex-
change, which determines redox conditions, the produc-
tion of the greenhouses gases carbon dioxide (CO,) and
methane (CHy), and their transport by diffusion and ebulli-
tion (Ramirez et al., 2016; Kiuru et al., 2022b). Yet, empirical
methods that explain and visualize the role of pore networks
and small-scale heterogeneity in the regulation of soil func-
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tions remain elusive. This is especially the case for peat soils,
which possess complex pore structures distinct from mineral
soils and which remain understudied compared to mineral
agricultural soils (McCarter et al., 2020).

Peatlands are of global importance as modulators of bio-
geochemical cycles and greenhouse gas balances (Gorham,
1991; Limpens et al., 2008). Globally, more than 600 Gt of C
is stored in peat layers (Yu et al., 2008), which are sensitive
to drainage, forest management, and changes in environmen-
tal conditions. In a warming climate, peatlands are becoming
a major source of greenhouse gases (GHGs) such as CO; and
CHy (Leifeld et al., 2019; Frolking et al., 2011). In peat, the
production of CO, and CHy is primarily determined by soil
temperature and oxygen (O3) supply (McCarter et al., 2020).
Where sufficient O, is available, heterotrophic respiration
dominates, and peat is decomposed to CO,. In the absence of
0O,, peat decomposition uses other electron acceptors, which
eventually leads to methanogenesis. This occurs, for exam-
ple, below the water table (WT) and above the WT in anaer-
obic microsites (anaerobic pockets) (Wachinger et al., 2000;
Hagedorn et al., 2011). At this microscale, O, concentrations
depend on the balance between O, consumption, driven by
temperature and substrate availability, and on the transport
of O, from the atmosphere to soil (McCarter et al., 2020;
Keiluweit et al., 2018). This transport, in turn, depends on
the peat water content and the connectivity and structure of
the air-filled macropore network in the peat (King and Smith,
1987; Boon et al., 2013; Hamamoto et al., 2016; Kiuru et al.,
2022b). Small-scale heterogeneity in the pore structure may
explain the noisy and peaky patterns of methane emissions
typically observed in field conditions (Xu et al., 2016; Wright
et al., 2018).

Despite the progress in pore network modeling, experi-
ments that demonstrate how peat pore networks regulate pro-
duction of CO, and CH4 remain missing. One significant
reason for this knowledge gap is the lack of experimental
approaches to localize biochemical reactions within intact
peat cores. Most studies so far have been conducted in min-
eral soils to identify anoxic microenvironments that allow for
the oxygen-sensitive denitrification process to occur within a
larger matrix of aerated soil (e.g., Kravchenko et al., 2017,
Schliiter et al., 2018; Sihi et al., 2020). Most such studies
focus on identifying correlations between pore network pa-
rameters, e.g., the distance of particulate organic matter to
air-filled pores and macroscopically observed measures like
N, O emissions (Kravchenko et al., 2017; Rohe et al., 2021;
Du et al., 2023; Ortega-Ramirez et al., 2023). What remains
missing is an approach to directly observe the biogeochemi-
cal reactions at a given location within the soil pore network.
Some progress has been made by measurements with O;
and N>O microsensors (Rohe et al., 2021; Kim et al., 2021)
and zymographic imaging (Kim et al., 2021, 2022). While
such work has been conducted to identify N,O-producing
microsites in agricultural soil, comparable work on CH4 pro-
duction in organic soils remains missing.
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Here, we present an approach to study the microscale
heterogeneity in both pore networks and biogeochemical
processes within peat cores. To achieve this, we injected
an isotopically labeled substrate (!3Cp-labeled sodium ac-
etate, 13CH3COONa) and followed the emissions of 3CH,4
and 13CO, from these cores during heterotrophic respira-
tion (Reaction R1) and acetoclastic methanogenesis (Reac-
tion R2). Note the position-specific conversion of C, carbon
to methane in Reaction (R2).

3CH3COO0H + 20, — *CO, + CO, + 2H,0 (R1)
3CH;CO0H — 3CH,4 + CO, (R2)

We compared the effect of injections at different depths in
wetting and drying peat cores held at the same water potential
on the conversion rate of the injected label into CO, and CHy
as well as the time lag between the injection and the emission
of these gases from the top of the peat core. After the manipu-
lation experiment, we conducted microtomographic imaging
and analyzed the pore space above the injection depth. We
hypothesize that greater air-filled porosity would be associ-
ated with a higher conversion of the methyl group of acetate
to CO;, less conversion to CHy, and a more rapid onset of
emissions.

2 Methods
2.1 Site description and peat sampling

Peat samples were collected from a forest (60°38'N,
23°57' E; Lettosuo, Tammela) in southern Finland in Decem-
ber 2021. The site was drained in 1969 with parallel ditches
in 40 m spacing. The mean annual temperature and precip-
itation at Lettosuo are 5.2°C and 621 mm (Jokinen et al.,
2021). The peat type is Carex peat. The site was originally
a mesotrophic fen classified as a herb-rich tall sedge—birch—
pine fen (Laine and Vasander, 1996). The forest stand is dom-
inated by Scots pine (Pinus sylvestris L.) and downy birch
(Betula pubescens Ehrh.) with an undergrowth composed of
Norway spruce (Picea abies Karst.). The dominant height of
the stand was 20 m, and the volume of the growing stock was
230m>ha~!. The ground vegetation consists of dwarf shrubs
(coverage 4 %), including Vaccinium myrtillus L. and V. vitis-
idaea L., as well as herbs (coverage 10.6 %). A detailed site
description is available in Kiuru et al. (2022a).

Peat core samples were collected from seven replicate pits
that were located at least 30 m apart from each other. The
cores were collected by removing the top 15 cm of soil, in-
cluding a thin ice wedge that had formed in this layer. At
each pit, two parallel samples were extracted into cylindrical
cores (10.0 cm height, 10.0 cm diameter) from the depth of
15-25cm.
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2.2 Sample storage and water potential setup

Samples were wrapped in shrink-wrap foil and stored at
+4 °C until the pretreatment, where all samples were water
saturated and placed on two sand beds that were hydrauli-
cally connected to hanging water columns (Eijkelkamp sand
bed). One parallel sample from each pit was retained close
to saturation (5 cm water column below the mid-point of the
sample corresponding to a water potential of —5 hPa), while
the other parallel sample was moderately drained (35 cm wa-
ter column, i.e., —35 hPa). All samples were then set to a wa-
ter potential of —20 hPa; consequently, one parallel sample
of each pair reached the final water potential during drying,
while the other parallel sample reached it during wetting.

2.3 Measurement setup

For measurements, the peat samples were equipped with ca.
7 cm high collars made from 5 mm thick neoprene rubber
sheets that were outfitted with two ports for polytetrafluo-
rethylene (PTFE) tubing. The bottom of each core and the
top of each collar were sealed with shrink-wrap foil secured
with rubber rings. One of the tube ports was connected to a
16-port selector valve (VICI model EMT-STF16MWE) and
further to a Picarro G2201-i (13C02 / 13CH, /H20) as well as
a parallel pump for increasing the flow rate through the mea-
surement system (Fig. 1). The other tube port was equipped
with a 1 m long tube open to the atmosphere. The total flow
rate of the system was set to 500 mL min~! by regulating the
airflow to the auxiliary pump using a needle valve. In addi-
tion to the 14 peat samples, two empty chambers were in-
cluded in the system as blank controls.

The measurement system was set up to pull air sequen-
tially from each chamber for 10 min periods. Each chamber
was analyzed once every 160 min, with a 150 min break be-
tween the measurements, during which CO, and CH4 were
allowed to accumulate in the chamber headspace. The time
period between the two consecutive air-pulling events in a
sample is hereon called a “closure”. During the measure-
ment event, the analyzer initially measures the concentra-
tion and isotope values of CO, and CHy accumulated in
the headspace since the previous measurement event of the
chamber, followed by increasing dilution of the headspace
with ambient air (Fig. 2). After ca. 2-3 min, a dynamic equi-
librium is reached where the headspace CO, and CH4 con-
centrations equal the concentration in ambient air plus the
current chamber emissions. The closure times of the two
empty chambers were slightly different (500 and 700s) for
easier identification of the chambers in the raw data.

2.4 Labeling experiment
13C-labeled substrate was injected three times into each peat

sample with 7d intervals between injections. We injected
1 mL of 10 mM 13C2 sodium acetate solution (i.e., a total of
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10 umol label per sample) followed by 1 mL ultrapure water.
The injections were applied using syringes and hypodermal
needles at 2.0, 5.0, and 8.0 cm depth. We permutated the or-
der in which these injections were applied (2-5-8, 5-8-2, or
8—2-5cm) in a different order for each pair of parallel sam-
ples.

After each injection, the needles were closed using three-
way valves to prevent gas exchange through the needle and
left in the peat core for the rest of the experiment. After dis-
mantling the experiment, the needles were removed to avoid
metal objects interfering with the microtomographic imag-
ing, and wooden toothpicks were inserted into the vacated
needle canals to mark the position of the injections in the
uCT image. However, the positions of these could not be
identified in the 4 CT images, preventing the identification of
the exact injection location in pore networks.

2.5 Flux calculations

For each chamber closure, we calculated the amount of CO
and CHy emitted during a closure from the measured gas
concentration using Eq. (3) after subtracting a baseline con-
centration determined by linear interpolation between the
two closest blank measurements (Fig. 2a, c, e, and g). The
emission rates (in mol min_l) were then calculated by divid-
ing the amount of accumulated gas (in mol) by the time be-
tween measurements (160 min; Eq. 1).

A-f
Vol - tcycle

)]

Here, F is the emission rate (mol CO,/CHymin™'), A
is the integrated baseline-corrected gas concentration from
the maximum mixing ratio to 30s before the end of the
closure (mol CO/CHy mol™ ! min), f is the gas flow rate
0.5 Lmin’l), Vol 1s the molar volume of an ideal gas
(24.055 Lmol~! at 20°C and 101.325 hPa), and fcycle is the
length of a measurement cycle (160 min).

We further calculated the carbon isotope (613C) values of
CO; and CH4 emitted during each closure by the Keeling
plot method, i.e., as the intercept of the linear regression be-
tween the measured §'3C values and the inverse concentra-
tion (Fig. 2f and h). We converted the §'3C values to atom
percent excess (APE) according to Eq. (2), where 813 Csam 18
the measured §'3C value; §13Cop is the §13C value of an un-
labeled sample, assumed to be —28 %o for CO; and —70 %o
for CHy; and Ryt is the absolute 13C/(]ZC—i—BC) ratio of the
813C reference material (VPDB; 0.01111233).

813Csam - 813Ccont
1000

The rates of label-derived CO, and CHy4 (Fi, molmin’l)
emissions were calculated based on the total emission rate F
and the APE measured during each closure (Eq. 3).

APE =

- Ryer - 100 2)

Fi. = F - APE/100 3)
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2 empty chambers
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Figure 1. Schematic depiction of the measurement setup. Ambient air was pulled through a headspace chamber to a Picarro G2201-i cavity
ring-down spectroscopic 13co,/13CHy analyzer. A parallel line to an additional membrane pump was used to increase the sample flow rate
and regulate it with a needle valve. The system was connected to 16 chambers (14 peat cores and two empty chambers) using a VICI 16-port
selector valve. Headspace air from each chamber was analyzed for 10 min once every 160 min, and CO, and CHy emitted by the peat cores

were allowed to accumulate in the chamber headspace for 150 min between measurements.
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Figure 2. Example of raw data, including measured CO, and CH4 concentrations (a, ¢), measured carbon isotope ratios (613C) in COy
and CHy (b, d), integrated area for calculating CO, and CH4 emissions rates (e, g), and Keeling plots for estimating the 813¢C value of
peat-emitted CO, and CHy (f, h). The dashed red line in (a), (c), (e), and (g) represents the concentration baseline, which was estimated
by interpolation from empty-chamber measurements. In (f) and (h), the black symbols represent measured data points, solid lines represent
linear regressions, and red points and error bars indicate the $13C value of peat-emitted CO; and CHy (i.e., the intercept of the regression

line) and its 2 standard error uncertainty.
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Equations (2) and (3) were also applied to quantify emis-
sions of label-derived '>CHj from peat cores that showed net
uptake of (unlabeled) CHjy. In this case, both F and APE are
negative, resulting in a positive Fp..

To correct for carry-over from one injection to the next
(e.g., emissions of 13C0, and 13CHj derived from the first
injection after the second injection), we fitted an exponen-
tial decay function to the 13C0, and 13CH,4 emissions rates
over the 4 d prior to the next injection. This curve was then
extrapolated to the measurement period after the subsequent
injections and subtracted from the observed emissions.

To analyze the patterns of CO, and CH4 emissions and
compare experiments with slightly different run times, we
calculated five measures for each injection. First, we calcu-
lated the average total (labeled +unlabeled) CO, and CHy4
emissions over the first 41 measurement cycles (109.3 h) af-
ter injection. This measure serves primarily as a control for
the impact of the incubation conditions and label injection on
the overall functioning of the peat cores: any large change in
total emissions after injections would indicate an alteration
of microbial processes in the peat cores. Next, we calculated
the fraction of the applied label emitted as CO, or CHy over
the same time as an indicator of the local processes at the
injection site. Finally, to characterize the combined effect of
the delayed start of label conversion to CO,, we determined
the time from each label injection until half of the 3CO,
emissions after the same injection had occurred (12).

2.6 Three-dimensional £ CT imaging and image
processing

After the labeling experiment, the peat samples were covered
with shrink-wrap foil and stored in +4 °C until ©CT imag-
ing with a GE Phoenix Nanotom system (Waygate Technolo-
gies). The flat panel detector was used in 4 x 4 binning mode,
resulting in an effective pixel size of 100 um at the sample.
Two images were merged together at each projection angle
by moving the detector sideways in order to have a large
enough field of view to cover the whole sample laterally
(merged projection image width 1104 x 100 um). An expo-
sure time of 1s was used for each of the images. A CT scan
was performed with 1200 projections over a 360° rotation to
obtain the dataset. The X-ray generator voltage was 80kV,
and the current was 120 pA. A 0.1 mm thick Cu sheet placed
in front of the source was used as a beam filter. Three such
CT scans were performed for each sample by moving the
sample vertically to cover the whole height of the sample.
The CT scans for each sample were then stitched onto one
stack of slices for further analysis. The scanning for each
sample took 3 h. The 16-bit 3D grayscale images obtained
in the uCT reconstruction had a size of 1268 x 1120 x 1120
voxels (cubic 3D image element) at 100 um resolutions.

In the image preprocessing stage, the 3D grayscale images
were converted to 3D binary images that separated void (air)
voxels from voxels representing solid space and water us-
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ing the Python image processing packages scikit-image (Van
Der Walt et al., 2014) and SciPy ndimage (Virtanen et al.,
2020) and the image analysis toolkit PoreSpy (Gostick et al.,
2019). First, the 3D grayscale images were straightened and
cropped to a size of 1000 x 900 x 900 voxels according to
the inner dimensions of the cylindrical tubes. A cylindrical
peat volume with a height of 1000 voxels and a diameter of
900 voxels was further selected using PoreSpy. Before the
noise filtering and binary segmentation stages, the images
were linearly mapped to an 8-bit representation. The map-
ping interval extended from 0.5 % to 99.5 % of the cumula-
tive image gray-level intensity distribution so that the long
tails of the intensity distribution formed by noise or occa-
sional small mineral grains were removed. The 8-bit images
were then noise filtered using a 3D median filter with a 2-
voxel radius. Finally, the images were segmented into void
and solid volumes with the global Otsu thresholding algo-
rithm (Otsu, 1979). Isolated solid regions were removed from
the resulting binary images using a method for the determi-
nation of disconnected voxel space in PoreSpy.

2.7 Image analysis

Because the samples had shrunk slightly and their top and
bottom surfaces were rough and uneven, the sample images
were also cropped in the vertical direction so that the final im-
age domain did not contain any external void space. The final
cylindrical domains had a diameter of 90 mm and a height of
75-95 mm. The air-filled porosity of each image domain was
calculated as the ratio of the number of void voxels to the
number of total voxels in the domain. The vertical air-filled
porosity distribution was obtained by determining the void to
voxel ratio for each horizontal voxel layer. For the determina-
tion of the radial air-filled porosity distribution, the domain
was divided into 45 hollow cylinders with equal diameter
increments. Because the samples had shrunk in the vertical
direction, some void space had been generated between the
peat matrix and the tube walls. To only include the internal
void space of the samples, the vertical porosity distribution
was calculated for a cylindrical domain with a diameter of
80 mm.

2.8 Pore networks

Pore networks were extracted from the final cylindrical do-
mains of the binary images using a marker-based watershed
segmentation method (Gostick, 2017). The segmentation al-
gorithm divides the void space into individual pore regions
and determines the connections between the pores and the
locations of the 2D interfaces between neighboring pores
called pore throats. Because the feature resolution of a uCT-
derived image is generally approximately twice the image
voxel size (Stock, 2008; Elkhoury et al., 2019), the size of the
smallest distinguishable feature in the images was 200 pm.

Biogeosciences, 22, 1711-1727, 2025
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The pore system generated by the extraction algorithm
was divided into clusters of interconnected pores and a group
of single isolated pores using the open-source pore network
modeling package OpenPNM (Gostick et al., 2016). The
largest of these clusters, which was assumed to be the only
cluster that extends through the network domain in the ax-
ial direction and which was therefore the relevant space re-
garding gas transport through the domain, was defined as the
pore network. The pore volume was determined by counting
the number of voxels in an individual pore region. Network
porosity was defined as the ratio of the sum of the volumes
of the pores in the network to the total volume of the do-
main. Further network metrics were calculated following Ki-
uru et al. (2022a). Briefly, the coordination number is defined
as the average number of connections of each pore to other
pores. The clustering coefficient is defined as the probability
that two pores connected to a given pore are also connected
to each other. Closeness centrality is the reciprocal of the av-
erage shortest path length from one pore to all other pores
in the network. Geometrical tortuosity and betweenness cen-
trality represent properties of the pore network that affect gas
transport in a certain direction (between the top and bottom
of the peat core) and as a whole.

2.9 Statistical analysis

To identify the effects of soil moisture treatments on air-
filled porosity and pore network metrics (coordination num-
ber, clustering coefficient, geometric tortuosity, closeness
centrality, and betweenness centrality), we applied a mixed-
effect model that used moisture treatment as a fixed effect
and a soil pit as a random effect (n = 14).

Further, to test for potential disturbances due to repeated
labeling or prolonged incubation, we tested for changes in to-
tal (labeled + unlabeled) CO;, emissions after each injection
(n =42) by applying a mixed-effect model in which the in-
Jjection depth, injection round, and moisture treatment were
set as fixed effects, while the soil pit and core within the soil
pit were chosen as random effects.

Moreover, to test the effects of injection depth on other pa-
rameters derived from label injection experiments (n = 42),
we applied a mixed-effect model that used moisture treat-
ment and injection depth as fixed effects, while soil pit and
core within the soil pit were used as random effects. Injection
round was added to the model to control for potential changes
over time during the incubation. As the limited replication
did not allow for a statistical analysis of potential interaction
effects, we split the dataset into drying and wetting subsets
(n = 21) and repeated the analysis with injection depth as a
fixed effect and core as a random effect.

Finally, to investigate whether air-filled porosity derived
from the CT images can explain the heterogeneity in label-
derived CO; emissions between peat cores and injections, we
tested whether the average air-filled porosity above injection
depth was correlated with the fractions of the label emitted as

Biogeosciences, 22, 1711-1727, 2025

COy or 11 7. This analysis was performed separately for each
injection depth. We also tested for correlations between pore
network metrics, label-derived CO2, and 1,2, as well as for
correlations between these predictors. All statistical analyses
were performed in the statistical programming environment
R version 4.2.1 (R Development Core Team, 2015) using the
Ime4, ImerTest, and emmeans packages.

3 Results
3.1 Microtomography and pore architecture

Microtomographic imaging revealed high heterogeneity both
within and between the peat cores. Four examples of vertical
cross sections through the cores are shown in Figs. 3 and S1
in the Supplement. Visual inspection showed large, mainly
horizontally oriented macropore systems in a dense matrix
(Fig. 3a, c, and d) and vertically connected pore networks
(Fig. 3b) reflecting a looser peat structure. We found a large
degree of vertical heterogeneity in the air-filled pore volume,
originating from layered, horizontally oriented macropores
(Fig. 3e) and air-filled cavities in the peat samples. In con-
trast, all peat cores show the same radial porosity trend from
the center to the edge (Fig. 3f). This indicated the absence of
vertical pore structures, which would be visible distinct fea-
tures in these plots. All samples showed a similar increase in
air-filled porosity towards the edge of the sample, an artifact
of shrinkage caused by drying.

Metrics describing network traits are shown in Fig. 4. For
most network metrics, the high heterogeneity in pore net-
works across peat cores prevented us from identifying sta-
tistically significant differences between wetting and dry-
ing treatments. We have, however, identified several non-
significant trends that may be relevant for interpreting the
results of our label injection experiments. The mean air-
filled porosity in the 14 peat samples ranged from 0.20 % to
6.75 % (average: 2.56 %, standard deviation (SD): 2.02 %).
Overall, air-filled porosity did not differ between wetting
(2.62% £2.10 % (mean =+ SD)) and drying soils (2.30 % +
2.10 %) (Fig. 4a). While we found no difference in the air-
filled pore volume of the whole core between treatments, we
detected a (non-significant) trend towards a larger number of
individual pores in wetting compared to drying treatments;
i.e., the wetting treatment led to a smaller average pore vol-
ume (Fig. 4a). We further observed (non-significant) trends
towards a larger number of pores and a greater pore volume
not connected to the main network in wetting treatments (not
shown). Moreover, the wetting treatment had significantly
lower coordination numbers and clustering coefficients com-
pared to drying treatments (Fig. 4b and c). In contrast, we
found no significant difference between treatments in geo-
metric tortuosity, closeness centrality, and betweenness cen-
trality (Fig. 4d—f).
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images show the boundaries of the final network domain.
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Figure 4. Moisture treatment effects on air-filled porosity (a) and pore network metrics (b—f). The asterisks indicate significant differences
between treatments (*, 0.01 < p < 0.05). Betweenness centrality values have been multiplied by 1000 for easier readability.

This similarity in average porosity masked differences be-
tween the treatments that became apparent in network met-
rics and when air-filled porosity was analyzed by the depth
layer. Air-filled porosity did not differ in shallow layers (0-
2 and 2-5cm), although we did observe a non-significant
trend towards higher air-filled porosity in drying treatments
(Fig. 4a). In contrast, we found significantly higher air-filled
porosity in wetting than in drying treatments in deeper layers
(5-8 and 8-10cm).

https://doi.org/10.5194/bg-22-1711-2025

3.2 CO;3 and COy4 emissions from peat core
3.2.1 Background emissions of CO; and CHy

All peat cores emitted CO, at a mean rate of 1.6+
0.6 umolh~! (1 SD among cores; range: 0.4 to 2.7 umolh™1).
These total emissions were not affected by the injections, as
was indicated by the lack of differences in the background
respiration after the injections at different depths (Fig. 5a).
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We did, however, observe ca. 20 % higher CO, emissions af-
ter the third round of injections (Fig. 5b), indicating a mi-
nor increase in peat respiration rates towards the end of the
experiment. We observed no differences between the drying
and wetting treatments (Fig. 5c).

A total of 3 of the 14 peat cores acted as methane emit-
ters with emissions rates up to 1.67 nmolh~!, whereas the
remaining 11 peat cores acted as small CH4 sinks with
a sink strength up to 0.05nmolh~!. On average, the peat
cores were net emitters with an arithmetic mean flux of
0.3240.95nmol CHy h~!. All methane-emitting cores had
low air-filled porosities (< 1 %), although not all cores with
low air-filled porosity emitted methane. We observed no sig-
nificant changes in the background CH,4 emissions over the
course of the experiment and no difference in emissions after
the injections at different depths (Fig. 5d and e). A trend to-
wards higher emissions in drying compared to wetting treat-
ments (Fig. 5f) was not significant (p = 0.96).

3.3 Label-derived CO; emissions

We followed the release of the label-derived '2CO, over 43—
68 measurement cycles, that is, 114—181h. We observed a
high heterogeneity in these emissions between the peat cores
and in the response to individual injections (Fig. 6). Overall,
we observed the highest rates of '3CO, release over the first
24 h after label injection (Fig. 6a—c). However, only some
of the injections led to a strong, early 3CO, release. Other
injections showed a longer response time lag, reaching max-
imum !3CO, emission rates 24-72 h after the label injection.
Although this type of response typically showed lower max-
imum emission rates (Fig. 6a—c), it often reached a higher
cumulative emission throughout the experiment (Fig. 6d—f).

To compare '3CO, emissions across experiments that had
different run times, we integrated the observed emissions
over the first 41 measurement cycles (109.3 h). Over this pe-
riod, we found emissions ranging from 0.01 to 1.22 umol
13C0O, or 0.11% to 12.2% of the injected label. The av-
erage fraction of the label emitted as CO, decreased with
injection depth, from 7.2 % at 2cm depth to 1.9 % at 8cm
depth (FF =12.2, p < 0.001; Fig. 7a). This depth effect was
found in both wetting and drying cores. The emitted '3CO,
did not differ between the injection rounds or soil moisture
treatments (Fig. 7b and c).

To characterize the combined effect of the delayed onset
of the label conversion to CO; and the diffusion time, we
determined the time from each label injection until half of
the 13CO, emissions after the same injection had occurred
(t12). This level was reached after 3 to 28h. Again, we
found a significant difference between injections at different
depths, with!3CO, emissions showing a greater average time
lag at greater depths (10.5h at 2 cm depths vs. 17.1h at §cm
depths). A more detailed analysis, however, showed that this
was only true among wetting soil cores, while injection depth

Biogeosciences, 22, 1711-1727, 2025

had no effect on t;/ in drying cores. Further, injection round
or soil moisture treatment had no significant effect on #1 5.

After this initial analysis, we split the dataset to sepa-
rately analyze depth and injection round effects in wetting
and drying cores. This analysis resulted in contrasting results
for the different measures. For cumulative 13 CO; emissions,
both treatments show the same response found in the over-
all dataset; that is, less of the injected label was emitted as
CO» after deeper injections (Fig. 8a and b). In contrast, we
find distinct responses of the timing of 13C02 release (712)
in wetting and drying treatments, with injection depth hav-
ing little effect on #1/> in wetting treatments (Fig. 8c) but
greater depth leading to a slower release in drying treatments
(Fig. 8d).

3.4 Label-derived CH4 emissions

The label-derived CH4 emissions showed highly variable re-
sponses to the individual label injections (Fig. 9a—c). Quanti-
tatively, however, the conversion of the injected label to CHy
was very limited, with less than 0.01 % of the injected label
emitted as methane. We detected '3CH, emissions in both
peat cores that showed background (non-labeled) CH4 emis-
sion and peat cores that showed no such background emis-
sion, but '3CHy4 emissions increased with higher background
emissions (R > 0.73, p < 0.003, tested separately for each
injection depth).

Not all label injections into methane-emitting cores re-
sulted in 13CH4 emissions. Rather, we found differences be-
tween injections into the same peat core, further highlight-
ing within-core heterogeneity. Injections into one of the peat
cores (sample 7A), for example, resulted in the following sit-
uations: (1) high *CHy with little '>CO,, (2) emissions of
both '3CH4 and '3CO,, and (3) only '3CO, (Fig. 9d). This
response was not a simple function of depth — the highest
13CH,4 emissions were found after injection at intermediate
depths, while the highest CO, emissions were found after in-
jection into the deepest layer.

4 Discussion

4.1 uCT images represent typical peat from peatlands
drained for forestry and are suitable for pore
network modeling at the low water tensions that
prevail at such sites

The structures revealed by uCT imaging of the peat reflect
the original plant residues that formed the peat at the site, as
well as the changes over time and the effects of site drainage.
In forested peatlands, the peat typically contains woody plant
fragments and Carex residues, as is the case at Lettosuo.
Woody fragments in peat increase spatial heterogeneity with
large macropores compared to the more fine-pored and ho-
mogeneous Sphagnum-derived peat (McCarter et al., 2020).
The presence of dwarf shrub roots and rhizomes likely in-
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troduced a looser peat structure and larger macropores. Site
drainage, in contrast, enhances peat decomposition, which
leads to increasing peat bulk density and a loss of macropore
space, particularly in the top layer of the peat (Minkkinen
and Laine, 1998). Concurrent with the enhanced decomposi-
tion, subsidence, and compaction, a mor humus layer forms
on top of the peat (Hokkd et al., 2024). The mor humus layer
is mainly formed by litter originating from upland vegetation
and might have influenced the top part of the sample, e.g.,
by forming horizontally layered pore architecture, affecting
gaseous diffusion (Ballard, 1970; Laurén and Mannerkoski,
2001).

Biogeosciences, 22, 1711-1727, 2025

Scanning whole peat cores with a 100 mm diameter and
height required us to limit the measurement resolution to
200 um. Although we capture only the largest macropores,
this enables us to study the architecture of the air-filled pore
network that dominates the gas exchange in peat. At the wa-
ter potential of our samples (—20hPa), for example, only
pores with an equivalent diameter larger than 150 um are typ-
ically air filled. Conversely, the large image domain allowed
us to study the long-distance (centimeter-scale) transport of
gases throughout the peat cores and properties of the pore
network. Our resolution is therefore significantly lower than
in other recent studies that focus on anoxic processes in un-
saturated mineral soil (e.g., denitrification), where the rele-
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vant size is smaller and where researchers have to focus on
a more detailed analysis of a smaller image domain. For ex-
ample, oxygen diffusion was estimated to reach, e.g., a 35 um
distance to the closest pore (Kravchenko et al., 2017).

4.2 Hysteretic behavior during drying and wetting led
to distinct water distribution within peat cores and
in pore networks with distinct network properties

Our experimental treatments were successful in so far as
they allowed us to reach comparable air-filled porosity (in-
dicating similar water content) from drying and wetting di-
rections. Despite this similarity in average moisture content,
these treatments led to differences in the water distribution
within the cores and the structure of the air-filled pore net-
works. Drying treatments led to an accumulation of water in
the top layers of the peat and in networks with higher coor-
dination numbers and clustering coefficients, while wetting
treatments led to an accumulation of water near the bottom
of the core and in networks with lower coordination numbers
and clustering coefficients.

These results demonstrate the hysteresis during drying
and wetting has been studied theoretically (Mualem, 1974)
and with models (Ball, 1981; Vidal-Beaudet and Charpen-
tier, 2000) and experimentally at the macroscopic scale (e.g.,
Chen et al., 2024; Bratbak and Dundas, 1984) and with mi-
crotomographic imaging (Pires et al., 2020; Pan et al., 2024;
Mady and Shein, 2020; Higo and Kido, 2023). Differences
between wetting and drying treatments can be explained by
the ink bottle effect (Mualem, 1974): water flow out of peat
cores is limited by the smallest throat, while water flow into
peat cores is limited by pore size. The representation of these
effects in empirically measured pore networks has been eval-
uated theoretically (Ball, 1981), but this has not been applied
to actual £ CT-derived pore networks. The differences in pore
network structure and within-core water distribution likely
affect gas diffusion in the peat core in opposite directions.
The higher coordination number and clustering coefficients
in drying treatments indicate greater connectivity of the pore
space in drying than in wetting treatments, which could lead
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to higher gas diffusivity in drying cores at a given air-filled
porosity. Drying treatments, however, also led to the estab-
lishment of a layer with relatively high water content on the
top of the peat cores, which may restrict gas exchange be-
tween the peat pore network and the atmosphere. We would
therefore expect better aeration of the most shallow peat layer
(above the depth of most label injections) in wetting treat-
ments but better connectivity between the top and deep peat
layers in drying treatments.

It is worth noting that these effects are to some degree spe-
cific to our experimental setup, which simulated water move-
ment due to changes in the water table, i.e., changes in the
water potential applied at the bottom of the peat core while
peat cores were open to air at the surface. Our experiment
is therefore not representative of wetting by rainfall, when
water infiltrates from the top of the peat column.

Constant background emissions of CO; and CH4 indicate
little overall disturbance due to label injection. All samples
emitted (non-labeled) CO3, as is expected from soil samples.
With the exception of moderate increases after the third in-
jection round, we did not detect changes in the non-labeled
CO; emissions during the experiment. This indicates that the
label injections had only a local impact and did not alter the
biogeochemistry elsewhere in the peat cores. The slight in-
crease in CO; emissions after the third injection round indi-
cates minor stimulation of microbial activity after prolonged
exposure to incubation conditions, i.e., higher temperature
during the experiment (13-20 °C) than the storage tempera-
ture prior to the experiment (4 °C). Nevertheless, the magni-
tude (< 20 %) of this disturbance was limited and acceptable
in an experiment that was not designed to exactly replicate
field conditions.

The absence of methane emissions from most peat sam-
ples was consistent with the field environment where they
were collected: a drained peatland that currently acts as a
net sink of methane (Korkiakoski et al., 2020). The wa-
ter potential in our experiment (—20hPa) was comparable
to the location of the water table (—40 to —30cm) relative
to the sampling depths (—15 to —25cm). Our results thus
indicate the presence of individual methane-emitting loca-
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tions within a larger methane-consuming stand. The trend
towards higher methane emissions in the wetting compared
to the drying treatment is interesting, as it indicates higher
methane emissions in peat cores that have been exposed to
more oxic conditions prior to the experiment. This may have
been caused by the release of more labile substrates during
aerobic episodes, which can then be utilized by methanogens
during the following wetting. Peat cores in the wetting treat-
ments also exhibited more poorly connected pore networks
and higher pore numbers and pore volumes not connected to
the main pore network. This makes the presence of anaero-
bic pockets more likely in wetting than in drying treatments,
even though both treatments had comparable overall air-filled
porosity (Kiuru et al., 2022a).

4.3 Label injections allow visualizing differences in
biogeochemical transformations

A novel aspect of our work was our attempt to directly
demonstrate the spatial heterogeneity in biogeochemical
transformation rates by injecting a '3C-labeled substrate at
specific locations in the peat core and then following the re-
lease of 13CO, and '3CHy into the headspace. Our automated
measurement setup with a cavity ring-down spectroscopy
(CRDS) online isotope analyzer allowed for the simultane-
ous and continuous monitoring of these emissions in 14 repli-
cate cores. With this experiment, we provide an approach
to study the heterogeneity in biogeochemical transformation
that can provide information that is complementary to other
methods like zygometry (Kim et al., 2021, 2022), microsen-
sors (Rohe et al., 2021; Kim et al., 2021), or the correla-
tive analyses of pore network properties with macroscopic
measures like greenhouse gas fluxes (Ortega-Ramirez et al.,
2023; Rohe et al., 2021; Du et al., 2023). Our approach com-
plements these methods by allowing for a direct quantifi-
cation of the local (potential) biogeochemical process rate
rather than the local chemical environment (e.g., the local re-
dox conditions in microsensor measurements). Our method
differs from zygometry in that it is relatively non-invasive
and can be repeated within a given soil sample through mul-
tiple label injections at the same or different locations.

Our results show that the injection of 10 umol of 3C2-
labeled acetate was sufficient to produce a strong '3CO; sig-
nal in all peat cores without significantly altering the back-
ground CO; emissions, indicating little impact outside the
immediate injection location. It is worth noting that we ap-
plied the label in a relatively large volume of water (1 mL),
which limited the spatial resolution of our experiments to the
centimeter scale. For better spatial resolution, future exper-
iments should reduce this volume. This will, however, re-
quire balancing the introduction of a sufficient label amount
to produce detectable '3CO, fluxes whilst avoiding increas-
ing the substrate concentration at the point of injection. The
relatively low resolution means that our approach is likely of
greater use for visualizing CO, and CHy4 production organic
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soils with heterogeneity at the millimeter to centimeter scale,
compared to N,O production in mineral soil where small-
scale structures (tens of micrometers) are of great importance
for local oxygen availability (Kravchenko et al., 2017).

We originally aimed at identifying the local environment
at the injection locations in #CT images and pore networks,
but we were unable to consistently identify these locations
due to the poor visibility of our markers (wooden toothpicks)
in uCT images. We can therefore only compare GHG emis-
sions to properties at the scale of the scanned peat cores, as
we were not able to study the local environment at the very
location of each injection. Such characterization of local in-
jection environments is a future direction of development for
this method.

4.4 Differences in the amount and timing of
label-derived CO; release between injection depths
indicate differences in biogeochemical process rates
rather than differences in gas transport

Our finding of systematic differences in the amount of label-
derived CO; emissions after injections at different depths
may have resulted from two processes. First, microorganisms
might be more active in shallow layers than in deep layers,
thus producing more '3CO, during the duration of the exper-
iment. This represents the local biogeochemical heterogene-
ity we intended to measure. Second, the greater distance to
the surface from deeper layers means that microorganisms
could have produced the same amount of '3CO, after all
injections, but when injections were conducted at a greater
depth, less would have reach the headspace before the end
of the experiment. This would be a confounding effect in our
measurements. This confounding effect, however, was likely
small in our experiments as gas diffusion is relatively fast
at the range of air-filled porosity present in our study (1 %—
5 %) (e.g., Bartholomeus et al., 2008). Previous measure-
ments in peat cores collected at the same site and depths and
at comparable water potential (—30 to —10hPa) found gas
diffusivities between 2 x 1073 and 1 x 102 em~2s~! (Kiuru
et al., 2022b), corresponding to diffusion lengths of between
8.8 and 19.6 cm over one measurement cycle (160 min), i.e.,
larger than our peat cores. It is therefore unlikely that the
lower amount of label-derived CO; emitted after deeper in-
jection was driven by limited diffusion out of the peat core.
This is further supported by the time courses of CO, release
from 8 cm deep injections, which in many cases had their
maxima within the first half of the experiment (Fig. 6¢). Fur-
ther evidence is provided from the independence between the
amount and timing of label-derived CO, emissions between
moisture treatments. While both treatments show less label-
derived emissions after injections at greater depth (Fig. 8a
and b), only peat cores from the drying treatment showed
that these emissions occurred more slowly at greater depths
(Fig. 8c and d). If differences in the amount of label-derived
CO; emissions were driven by a delay due to the diffusion
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distance, we would expect a similar response of these two
measures in the two treatments. Given this evidence, we are
confident that the measured differences in the amount and
timing of label-derived CO; emissions represent differences
in microbial activities rather than differences in gas transport.

Our finding of different amounts of label-derived CO,
emissions after injections at different depths therefore in-
dicates vertical differences in (potential) microbial activity
within the peat core, with greater activity in layers located
closer to the surface. Such a greater activity could be a result
of higher oxygen availability in layers with better connection
to the peat surface. The activity we measured should be con-
sidered potential activity as we likely significantly increased
the local substrate concentrations at the point of injection (in-
jected concentration 240 mg CL~") and because the higher
activities in shallow layers have been limited by local sub-
strate depletion. Nevertheless, the difference is quite stark,
with a ca. 5-fold higher respiration activity at 8 cm than at
2 cm. These results thus suggest a high spatial heterogene-
ity in the (background) respiration in peat cores — most CO,
is derived from the peat layer closest to the surface. This
challenges the assumption made in most experiments with
peat columns that microbial processes occur homogeneously
throughout the peat column.

The different depth effects on the timing of BCO, emis-
sions from drying and wetting peat cores suggest that mi-
croorganisms respond more slowly to a sudden increase in
(labeled) substrate availability. This was likely due to lower
overall activity in drying treatments, which were character-
ized by particularly high water content in deep layers, sug-
gesting that oxygen availability was relatively low in the deep
layers. This is also supported by the (non-significant) trend
towards higher (non-labeled) methane emissions in the wet-
ting than in the drying peat cores.

4.5 Methanogenesis exhibits high spatial heterogeneity

Our finding of highly heterogeneous '3CH4 emissions shows
that methane production varied both at the scale of tens of
centimeters (replicate injections into the same core gave sim-
ilar responses) and at the centimeter scale (contrasting re-
sults from injections into the same peat core). This high-
lights the great heterogeneity in peat at sub-site scales. It
also indicates the presence of methane-generating and non-
methane-generating locations within peat cores, likely cor-
responding to the oxic and anoxic microsites (Fan et al.,
2014). The tracing of label-derived CH4 in our study re-
mained associated with some important limitations. First, we
measured 'CHy emissions, which differ from '3CHy4 pro-
duction. It is likely that the anaerobic pockets where '3CHy
is formed are poorly connected to the surface and that the
formed '*CH4 may not reach the sample headspace. Indeed,
most 3CH, emissions time series (Fig. 7a—c) showed con-
tinuous emissions over the whole duration of the experiment,
unlike 13C02 emissions, which often decreased after 2448 h
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(Fig. 6). This may indicate that acetoclastic methanogenesis
occurs more slowly than heterotrophic respiration, consistent
with the slower nature of anaerobic metabolisms. It may also
indicate that '13CHy, once formed in anaerobic pockets with
poor connectivity to the peat surface, reaches the sample sur-
face more slowly than CO,. Another limitation is that we
cannot exclude that 13CHy4 formed at the site of the label in-
jection is oxidized by methanotrophs prior to reaching the
peat surface.

4.6 Air-filled porosity has a stronger impact on
biogeochemical process rates compared to pore
network metrics

We found no correlation between air-filled porosity and the
amount of label-derived CO, emitted after injections, but
greater air-filled porosity was associated with more rapid
emissions of 13CO, (lower t1,2) at all injection depths
(Fig. 10). We also tested for correlations between these mea-
sures and pore network metrics (Fig. S2 in the Supplement).
Again, we found no correlation between the analyzed met-
rics and the fraction of the label emitted as CO,. The slower
release of 13CO, (higher #1,2) was associated with greater
clustering coefficients (8 cm depth) and betweenness central-
ity (all depths). These metrics, however, were themselves as-
sociated with lower air-filled porosity (Table S1 in the Sup-
plement) such that we could not distinguish statistically if the
differences in 1, were driven by air-filled porosity per se or
the properties of the networks described by the network met-
rics. Clustering coefficients were negatively correlated with
air-filled porosity, unlike in previous studies (Kiuru et al.,
2022a). Greater clustering coefficients, however, indicate a
greater network connectivity, which would have the oppo-
site effect on the timing of Bco, production. In contrast,
higher air-filled porosity indicates that a greater part of the
peat receives sufficient oxygen to convert the label to CO,
and that such CO» can diffuse out of the peat column faster.
It is therefore likely that air-filled porosity, not the cluster-
ing coefficient, was responsible for the observed correlations.
Betweenness centrality indicates the probability that a given
pore is part of the shortest connection between pores at the
top and bottom of the peat core. High betweenness central-
ity indicates that a small number of pores is essential for air
transport through the peat cores and may therefore have con-
tributed to a slower CO; release.

5 Conclusions

We have established an experimental setup to identify bio-
geochemical heterogeneity in microenvironments within peat
cores that are involved in the production of CO, and CH4 by
combining laboratory-scale manipulation experiments and
thorough «CT imaging of relatively large peat cores. uCT
imaging has been used before to study physical heterogene-
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Figure 10. Correlations between pCT-derived air-filled porosity measured from the ©CT images and the percentage of the label that has
been emitted as 13C02 after injections at depths of 2 cm (a), 5 cm (b), and 8 cm (c¢). Correlation between air-filled porosity and the time until
half of such emission rates had occurred after injections at depths of 2 cm (d), 5 cm (e), and 8 cm (f).

ity, but to the best of our knowledge this is the first attempt
to directly demonstrate the spatial heterogeneity in (poten-
tial) biogeochemical transformation rates through microin-
jections and monitoring of gas emissions at the peat sur-
face. Our approach is complementary to other recently ap-
plied methods, which use microscale measurements by uCT
and microsensors to infer soil properties that are then used
to explain macroscale properties. In contrast, our approach
with locally injected isotope-labeled substrates can help to
elucidate distinct biogeochemical transformations, similar to
zygometric imaging, but allowing repeated measurements al-
though at lower spatial resolution. The highly variable re-
sponses to label injections found in our study demonstrate
high biogeochemical heterogeneity at the centimeter scale.
Our experiment also highlights the significant challenges as-
sociated with such a pursuit. The analysis of the pore net-
work through ©CT imaging, which allowed us to study pore
network architecture at the scale of fractions of millimeters,
could not remove the remaining uncertainties in what gov-
erns the spatial heterogeneity in biogeochemical transforma-
tions. Nevertheless, our study showed that the biogeochem-
ical heterogeneity observed at a scale of centimeters (injec-

Biogeosciences, 22, 1711-1727, 2025

tion depths) to tens of centimeters (replicate peat cores from
the same pit) was as large as the heterogeneity observed over
tens of meters (between pits). Our work thus emphasizes that
defining the relevant scale for the investigated processes is of
key importance for future studies.

Code and data availability. The Python scripts used in the
uCT image processing and calculations are available at
https://doi.org/10.5281/zenodo.15097314 (Kiuru and Lauren,
2025). The uCT image and binary image data are available from
the authors upon reasonable request. Raw data of the labeling
experiment and the code used to process them are available from
Zenodo (https://doi.org/10.5281/zenodo.11088028, (Kohl, 2024)).
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line at https://doi.org/10.5194/bg-22-1711-2025-supplement.
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