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ABSTRACT

Along peatland catenas, micro- to meso-scale topographic variation shapes microclimate and biogeochemical
properties, creating distinct environmental regimes. Yet, how such heterogeneity regulates soil respiration in
peatlands has been much less studied. To this end, we sampled five slope positions along a peatland hillslope and
combined microclimate monitoring with laboratory incubations and geochemical analyses. Specifically, we
asked: (1) How do hillslope-induced environmental gradients influence spatial patterns of potential soil respi-
ration (PSR) in temperate peatlands? and (2) How does PSR respond to increasing temperature? Results showed
that soil biogeochemistry (i.e., soil pH, C/N ratio, soil organic matter (SOM) functional groups), PSR rates, and
apparent temperature sensitivity (i.e., activation energy, Ea) varied substantially across hillslope positions and
soil depths. We found that topographical and thermal-hydrological conditions are associated to soil biogeo-
chemistry patterns across the landscape. The spatial heterogeneity in PSR and Ea was primarily explained by the
functional group composition of SOM (45-68 % and 34 % in total, respectively), with cellulose and carboxylic
acids accounting for 27 %-31 % of the variation in PSR rates, while aliphatic and lignin functional groups
explained 13 % of the variation in Ea. In addition, the C/N ratio and pH together accounted for 13 %-26 % of
PSR rate variation and 18 % of variation in Ea. This study demonstrates that hillslope topography-driven vari-
ations in soil biogeochemical properties strongly regulate potential peat soil respiration and its temperature
sensitivity, providing mechanistic insights into peatland carbon-climate feedback and informing peatland
management strategies.

1. Introduction

increasing oxygen diffusion and shifting vegetation cover (Ofiti et al.,
2023; Schuur et al., 2015). As a consequence, peatlands may convert

Peatlands are globally distributed, with a great majority located
between ~45°N-70°N (Loisel et al., 2017). They are known for storing a
large amount of carbon, which was estimated at 942.09 + 312 Gt
(Widyastuti et al., 2025). Currently, peatlands are facing elevated
threats from both climate change (e.g., warming, drought) and human
activities (e.g., drainage, land use change) (Fenner and Freeman, 2011;
Hopple et al., 2020; Loisel et al., 2021). For instance, warming and
associated changes in hydrology can enhance their carbon emission by
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from carbon sinks to carbon sources, releasing substantial amounts of
greenhouse gases into the atmosphere (Dorrepaal et al., 2009; Elberling
et al., 2013), which in turn causes a positive feedback loop to climate
change. At the same time, drainage for agriculture or forestry oxygen-
ates the peat matrix, accelerating aerobic decomposition and further
degrading these critical carbon stores (Birnbaum et al., 2023; Sloan
et al., 2018; van Giersbergen et al., 2024). Recent studies have reported
that degraded peatlands are estimated to emit 2.00 Gt COy of
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greenhouse gas emissions annually, accounting for about 4 % of total
global emissions resulting from anthropogenic impacts (UNEP, 2022). If
such emissions persist, they could consume up to 41 % of the remaining
global budget needed to limit warming to below 1.50 °C (UNEP, 2022).
Therefore, elucidating the key mechanisms that govern soil respiration
in peatlands is crucial for assessing their future fate under global change.

Previous studies have examined how temperature (Treat et al.,
2014); water table depth (Berglund and Berglund, 2011); soil pH (Zhang
et al., 2020); microbial community (Preston and and Basiliko, 2016);
aerobic and anaerobic conditions (Moore and Dalva, 1997), and soil
organic matter (SOM) biogeochemical composition (Sjogersten et al.,
2016) influence soil organic carbon (SOC) decomposition in northern
peatlands. Among these controls, SOM biogeochemical composition has
been shown to strongly regulate soil respiration potential: the labile
components (e.g., cellulose, glucose) undergo faster consumption due to
low metabolic energy barriers, whereas recalcitrant functional groups
(e.g., phenolic, aliphatic, lignin) resist microbial decomposition because
of their high bond dissociation energies (Leifeld et al., 2012; Normand
et al.,, 2021; Wickland and Neff, 2008). Although these studies have
generated valuable insights, they often focus on single factors in isola-
tion. In reality, peatland soil respiration is affected by the combination
of multiple interacting environmental drivers, which vary across space
due to heterogeneous topography, vegetation, and thermal-hydrological
gradients. At the profile scale, water table fluctuations regulate oxygen
availability, thereby shaping microbial communities, enzyme activity,
and oxidative breakdown of SOC (Fenner and Freeman, 2011). Sys-
tematic changes in oxygen supply and microbial activity lead to vertical
shifts in SOM chemical composition: labile carbon is preferentially
consumed by microorganisms, resulting in a higher proportion of more
recalcitrant materials with increasing peat depth (Keiser et al., 2024;
Webster et al., 2014). This selective decomposition process also leads to
the depletion of nitrogen with depth, resulting in different carbon-
to-nitrogen (C/N) ratios at depth that can shift the microbial commun-
ity's composition and function, ultimately affecting soil respiration traits
(Alster etal., 2018; Yu et al., 2022). Consequently, surface and deep peat
exhibit distinct soil respiration rates (Li et al., 2021; Normand et al.,
2021) and temperature sensitivity (i.e., the degree to which soil respi-
ration increases with rising temperature). (Micro)topography, such as
hollows and hummocks, controls the spatial distribution of soil water
content, nutrients, vegetation, and thus carbon storage and release even
at small scales (Li et al., 2025; Sullivan et al., 2008; Wang et al., 2023;
Wang et al., 2021; Winter, 1988). For instance, relatively dry hummocks
provide more favorable aerobic conditions that support vascular plants'
growth and stimulate microbial activity, thereby accelerating the
decomposition of SOM and forming localized CO2 emission hotspots
(Becker et al., 2008; Iseas et al., 2024). In contrast, depressions (e.g.,
hollows) favor the accumulation of water and the growth of Sphagnum
moss, which produces higher concentrations of uronic acids and decay-
resistant litter input to peat soils (Rydin et al., 2006).

In sloping peatlands with a hummocky surface (Winter, 1988),
topography-controlled processes further regulate the spatial (re)distri-
bution of water, energy, and nutrients across the landscape (Burt and
Pinay, 2005; Glatzel et al., 2024; Holden, 2009; Li et al., 2018), thereby
increasing the spatial heterogeneity in SOC pool vulnerability and soil
CO4 emission, relative to no-sloping peatlands. More specifically, these
topographic gradients create heterogeneity in hydrological regimes
(Holden, 2005; Millar et al., 2018; Winter, 1988), dissolved organic
carbon (Boothroyd et al., 2015), nitrogen limitation and pH (Philben
et al., 2020), microbial biomass ratios (Xu et al., 2022), peat soil
thickness (Li et al., 2024), and vegetation composition (Andersen et al.,
2011). For example, Glatzel et al. (2024) found that raised bogs retained
most of their cellulose by 1 m depth, whereas blanket bogs showed rapid
SOM transformation and lost 92 % of cellulose material. Hence, studying
spatial heterogeneity provides an opportunity to improve our under-
standing of the long-term interactions among multiple environmental
variables and how they collectively control soil respiration rates and
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their vulnerability to rising temperatures across multiple spatial scales.

While much progress has been made in understanding carbon dy-
namics in mineral soils through studies on hillslope effects (e.g., Doetterl
et al. (2012); Wiaux et al. (2014); Zhao et al. (2021)), much less is
known about the potential carbon loss of peat soils under the long-term
influence of hillslope processes. For instance, some studies (e.g., Boot-
hroyd et al. (2015); Wang et al. (2023)) have examined the spatial
variation of dissolved organic carbon in peatland pore water. Addi-
tionally, Philben et al. (2020) observed higher carbon emission rates
under anaerobic conditions at the low-lying toeslope compared to the
plateau at the top of the hillslope, which was attributed to a higher
concentration of labile carbon, elevated pH, and greater nitrogen
availability resulting from erosion, selective leaching, and weathering.
These observations suggest that slope position, hydrological conditions,
and biogeochemical processes could play an important role in deter-
mining carbon emissions, highlighting the need for a more compre-
hensive understanding of the complex dynamics across the landscape.

To better understand the mechanisms driving carbon loss from these
ecosystems, we conducted laboratory incubations using peat samples
collected along a temperate peatland hillslope, which is located at the
Belgian Hautes Fagnes, the southern margin of the northern peatlands
zone in Europe (Loisel et al., 2017). This region is a critical area for
assessing potential carbon losses and the vulnerability of European
peatland carbon stocks under changing climate conditions and rising
anthropogenic pressures. In this study, we aim to address two questions:
(1) How do hillslope-induced environmental gradients influence spatial
patterns of potential soil respiration (PSR) in temperate peatlands? (2)
How does potential soil respiration respond to changes in temperature?
To this end, we first characterized the spatial patterns of environmental
gradients, PSR rates, and their temperature sensitivity in surface and
deep peat across the slope positions. Second, we identified the factors (i.
e., SOM biogeochemical composition, soil C/N ratio, soil pH, soil tem-
perature, soil moisture) that are related to spatial variations in PSR.
Third, we quantified the contributions of these factors and explored
their interactions to understand how they collectively shape the spatial
variability in PSR.

2. Materials and methods
2.1. Study site

The Belgian Hautes Fagnes plateau is situated in eastern Belgium
(Fig. 1a), with the highest point reaching 694 m in orthometric elevation
(Goemaere et al., 2016). Due to the relatively high altitude, the plateau
intercepts clouds and moist vapor from the Atlantic Ocean, resulting in a
humid climate. According to meteorological records from 1971 to 2000,
the mean annual air temperature in this region was around 6.70 °C, with
a mean annual precipitation of about 1439 mm (Mormal and Tricot,
2004). The peatlands in the Belgian Hautes Fagnes cover an area of
approximately 3750 ha, which have been formed since the Late Pleis-
tocene and grown under both oceanic and continental influences
(Frankard et al., 1998). Large amounts of partly decomposed plant
debris initially accumulated in depressions to form peat, which subse-
quently expanded laterally (Frankard et al., 1998). The vegetation
remnants accumulated in the peat record spans a shift from tundra
during the Bolling (ca. 13,700-12,400 cal BC) and Dryas III (ca.
10,100-9400 cal BC), to taiga (Pinus sylvestris) in the Allerod and Dryas
111, followed by mixed temperate forests (e.g., Corylus, Quercus, Ulmus,
Tilia, Alnus—Fraxinus, Fagus) from the Boreal onward (Frankard et al.,
1998). It was found that peats accumulated rapidly through the Atlantic,
Subboreal, and Subatlantic periods due to the growth of peat mosses
(Frankard et al., 1998). Heathlands and grasslands dominated the area
from ~800 years ago until the beginning of the 19th century as a result
of ancient land use practices (e.g., extensive grazing, peat extraction,
harvesting mulch for the stables, cultivation, and tree cutting) (Frankard
et al., 1998). From the late 19th to the early 20th century, large-scale
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Fig. 1. Study site (a) and the elevation profile of the middle transect along the hillslope (b). The coordinate system used is WGS 84 UTM 32 N, with elevations
referenced to the ellipsoidal height. Slope indicates the mean slope gradient (°) and TWI indicates the mean terrain wetness index (dimensionless, see our previous

work (Li et al., 2024) for the calculation) of sampling sites at each slope position.

plantations of spruce (Picea abies) started, accompanied by the excava-
tion of an extensive drainage network to facilitate tree growth (Frankard
et al., 1998). Human activities and later invasion of Molinia caerulea
have heavily impacted the impact of the peatbogs, leading to peat
degradation and partial loss of typical peat-forming communities such as
Sphagnum (Frankard et al., 1998).

Our study site (50.4948 N, 6.0520 E) is a peatland (bog) hillslope
with an area of 33 ha, located in the upper valley of the Hoégne River
(Fig. 1a). This ombrotrophic bog is mainly fed by precipitation and
characterized by distinct SE-NW-oriented topographic units (i.e., sum-
mit, topslope, convex shoulder, backslope, and footslope). The southern
part of the hillslope is a plateau, with elevations ranging from 675 m to
680 m, and clear transition toward the topslope and shoulder positions
(Fig. 1b). The backslope, which faces toward the north, is steeper than
the before-mentioned units with an average slope gradient of 4.98°, and
elevations between 645 m and 670 m. The footslope is located at the
northern end of the transect, adjacent to the Hoégne River. The peat
thickness ranges from 0.20 to 2.10 m, with deeper peat in the footslope
and shallower peat at the topslope positions (Henrion et al., 2024). The
SOC stock within the top one-meter layer ranges from 176.13 t ha™! to

856.57 tha !, with higher values observed at the summit, shoulder, and
footslope locations (Li et al., 2024). Due to the heterogeneous charac-
teristics of the landscape, including great spatial variability in soil
moisture (Henrion et al., 2025) and soil temperature, the estimated soil
respiration exhibited strong spatial variations across the hillslope (Li
et al., 2025). The entire hillslope was drained for forestry and planted
with spruce (Picea abies) in 1914 and 1918, leading to the construction
of numerous drainage ditches (with a total number of ~40 observable
big channels, from our drone-derived Digital Terrain Model (Li et al.,
2024)). Trees were progressively cleared between 2000 and 2016. Since
2017, the site has been under restoration, and now covered by Vaccinium
myrtillus, Molinia caerulea, Juncus acutus, and various peat moss species,
besides a few hardwood species (e.g., Betula pubescens and Quercus
robur) (Li et al., 2024).

2.2. Soil sampling

In August 2024, a total of 17 soil profiles were excavated to a depth
of 80 cm along five slope positions of the hillslope transect (Fig. 1). For
summit, topslope, backslope, and footslope positions, three sites
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previously used for in-situ soil respiration measurements (Li et al., 2025)
were selected and spaced 1-5 m apart, yielding 12 (4 x 3) profiles. At the
shoulder position where soil water content is highly variable (Henrion
et al., 2025), three profiles were sampled in a drier area (i.e., shoulder
dry) and two profiles in a wetter area (i.e., shoulder wet), yielding 5
profiles. At each profile, soil samples were taken at two depths (i.e.,
10-20 cm and 60-70 cm), resulting in a total of 34 samples for analysis.
In parallel, 34 undisturbed samples were taken with a 100 cm® Kopecky
ring for the determination of soil bulk density. All the samples were
placed in an insulation box immediately after collection. They were then
transported to the laboratory freezer and stored at —20 °C until analysis.

2.3. Soil temperature, moisture, and water table monitoring

We monitored the temporal evolution of soil temperature (°C) and
volumetric water content (VWC, cm® em~2) near the soil sampling sites
using Terosl2 sensors (Meter Group, Miinchen, Germany), deploying
two replicates per slope position at 5 m spacing (Fig. 1a; Henrion et al.
(2025)). These sensors recorded data at 10 cm and variable deeper
depths (ranging from 50 cm to 90 cm, depending on peat depth and
composition) from October 2022 to October 2024, every 10 min. In
addition, five Levelogger 5 pressure sensors (Solinst, Georgetown,
Canada) were placed in PVC pipes along the main transect adjacent to
the soil sampling locations to capture pressure, which was then used to
interpret groundwater dynamics (Henrion et al., 2025). These units also
recorded at 10-min intervals, from May 2023 through September 2024.
At the shoulder slope positions, we first installed Teros12 and water
level sensors in the wetter areas, while in drier areas, we only installed a
soil temperature sensor (EL-USB-1-PRO, Lascar, United Kingdom),
which recorded data from March 2023 to October 2024. Given varia-
tions in the duration of monitoring, our analysis focuses on the period
between 1 June 2023 and 31 May 2024 when all data —soil tempera-
ture, volumetric water content, and water-table depth—are available.
Finally, drone-borne ground-penetrating radar was used to map soil
moisture to a depth of 40 cm, over a full year and 19 different dates,
highlighting spatial patterns and their dynamics across the full test site
(Henrion et al., 2025).

2.4. Laboratory soil analysis

The undisturbed soil samples were oven-dried at 105 °C for 48 hto a
constant mass. Soil bulk density (BD, g cm™~>) was then determined by
dividing the dry mass by the original sample volume. The gravimetric
water content (GWC, g g~ 1) was calculated by dividing the mass of water
lost after oven-drying by the mass of the oven-dry soil. Total soil porosity
was calculated from bulk density and particle density, assuming a par-
ticle density of 1.4 g cm™° for peat samples (Lal and Shukla, 2004) and
2.65 g cm ™ for mineral soil samples (Skopp, 2000). The soil VWC of
each sample was then determined by multiplying GWC by the soil BD. A
subset of disturbed soil samples was oven-dried at 80 °C for 24-48 h,
then crushed and ground into a fine powder. The presence of inorganic
carbon in each sample was tested by adding a drop of 10 % HCI, but no
reaction was observed, indicating the absence of a significant amount of
inorganic carbon. As such, soil organic carbon (SOC, %) and total ni-
trogen (TN, %) contents were determined using ~0.3 g of each ho-
mogenized subsample, which were heated at 1100 °C in the analyzer
(928 Series, LECO analyzer, United States). A subset of dried samples
was wetted with deionized water for soil pH measurement. Approxi-
mately 5 g of each homogenized subsample was placed into a centrifuge
tube and mixed with about 25 milliliters of deionized water. The tubes
were then shaken for 2 h to fully blend the soil and water, after which
soil pH was measured using a pH Meter (FiveEasy pH/mv Instruments,
METER TOLEDO, Switzerland).

All ground soil samples with two replicates were scanned in the
laboratory using a compact Fourier-Transform Infrared Spectrometer
(ALPHA II, Bruker, United States) in the mid-infrared (MIR) range
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(400-4000 cm™ Y with a spectral resolution of 2 cm . We then followed
the method described in Artz et al. (2008) and Webster et al. (2014) to
semi-quantitatively calculate the relative abundance of eight SOM
functional groups (Table 1). First, each absorbance spectrum was
normalized by subtracting its minimum value and then dividing its mean
value over its wavenumber range. We then calculated the height (from
the normalized minimum set at 0) of the absorbance peak at the
wavenumber set for each functional group, which was used to represent
its relative abundance (Absorbance normalized peak / Mean_Absorbance
normalized spectrum). The description and corresponding wavenumber
of each functional group is summarized in Table 1.

2.5. Potential soil respiration measurements

Our incubation design intentionally isolated temperature effects;
thus, we kept the moisture content of the sample fixed to avoid a direct
effect of soil water content. For our purpose, a subset of disturbed wet
soil samples was used for soil incubation experiments. In order to
minimize the effects of freezing the samples, we gradually thawed and
pretreated the samples. After thawing the sample at 40 °C for around 12
h, we manually removed visible plant roots to minimize their influence
on potential CO; production (Dioumaeva et al., 2002). A portion of these
pretreated samples was then used to determine soil VWC, which pro-
vided the basis for adjusting all samples to a standardized moisture
condition. Each sample was subsequently adjusted to a uniform mois-
ture content of 0.70 cm? cm’3, which is close to the observed annual
mean field VWC of 0.78 4 0.17 cm® cm 2 across the hillslope, by placing
over-wet samples in a ventilated room or adding deionized water to
over-dry samples until the targeted VWC was reached. The incubation
experiments were then conducted at three temperatures (i.e., 5 °C,
15°C, and 25 °C). The 5 °C and 15 °C were chosen to represent the range
of daily mean temperatures of all sites during winter (range:
3.96-7.77 °C; mean + SD: 5.32 + 1.01 °C) and summer (range:
9.77-15.04 °C; mean + SD: 12.73 + 1.45 °C), respectively, based on
measurements from October 2022 and October 2024. The 25 °C treat-
ment was included to simulate a potential extreme warming scenario.
Each soil sample was incubated with three replicates. In addition, we
classified all samples (n = 34) into peat soil and mineral soil based on
their SOC content (Dettmann et al., 2021). Only the peat samples (SOC

Table 1

Descriptions and corresponding wavenumbers of absorbance peaks assigned to
the SOM biogeochemical composition. N.A. indicates data that was not
available.

1

SOM Description Wavenumber cm™

biogeochemical K

composition Artz Webster This

et al. etal. study
(2008) (2014)

Lignin backbone C-O stretching of 1265 1262 1274
phenolic OH,
arylmethylethers

Phenolic 1382 Phenolic (lignin) and 1371 1382 1382
aliphatic structures

Carboxylate Carboxylate/carboxylic 1426 1414 1426
structures

Phenolic 1458 Phenolic (lignin) and 1450 1452 1458
aliphatic structures

Carboxylic acids Carboxylic acids 1720 N.A. 1714
(-COOH or -COOR
structure)

Aliphatic 2858 Symmetric CHp 2850 2850 2858
structure; fats, wax,
lipids

Aliphatic 2926 Antisymmetric CHy 2920 2919 2926
structure; fats, wax,
lipids

Cellulose O-H stretching of 3340 3293 3378
cellulose
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> 16.80 %, n = 28) were used in the incubation experiment. For each
replicate peat sample, we placed approximately 30-50 g (wet weight,
accurately measured) of soil into 500 ml mason jars. Sample volume in
the jar was verified by water-displacement: an equal wet mass was
placed in a separate jar, the volume of displaced water was measured,
and water density was assumed to be 1 g mL™! at 20 °C. A total of 252
jars was prepared and sealed with Parafilm to minimize water loss. They
were then placed in three incubators (TC series, Lovibond, U.K.) set to
5°C, 15 °C, and 25 °C, respectively, for a 10-day climatic acclimation to
stabilize microbial activity and minimize CO, pulses due to sample
preparation. The formal incubation experiment began on day 11 and
continued for 4 months (i.e., began on 2 October 2024 and ended on 31
January 2025). We note that sample selection and handling (e.g.,
disturbance, freezing-thawing, root-picking, and subsequent homoge-
nization) may have altered soil structure, porosity, and aeration, thereby
influencing microbial respiration, and we acknowledge that this is a
limitation of the study. Also, the controlled laboratory conditions of
during the incubation experiments cannot fully replicate the complexity
of field environments.

During incubation, the mason jars were sealed with metal lids with
two valves for at least 24 h before gas sampling. The syringe was first
purged three times to remove all residual air and was then connected to
the valve of the mason jar. To thoroughly mix the gas inside, the syringe
was pushed and pulled three times. Subsequently, approximately 20 ml
of mixed gas was then withdrawn using a syringe and the relative
abundances of COz (pCO,, ppm) and CH4 (pCH,, ppm) were analyzed by
gas chromatography with a thermal conductivity detector (GC-TCD,
CompactGC 4.0, Interscience B.V., The Netherlands). This gas analyzer
was calibrated to quantify the proportions of Hy, O3, N3, CO2, CHy4, and
H20 present in the gas sample (Henry et al., 2023). No detectable CH4
was found during the entire incubation period. The atmosphere COy
concentration (pCO,ref, ppm) was also measured as a reference every
time before measuring the sample. For the first two months, gas sam-
pling for soils incubated at 5 °C was conducted once per week, while for
soils at 15 °C and 25 °C, gas sampling was conducted twice in the first
week and once per week thereafter. In the third month, gas sampling
took place once every two weeks, and thereafter once every three weeks.
Deionized water was added to the samples every month to maintain a
constant moisture condition (as measured by total jar mass).

2.6. Potential soil respiration assessment

2.6.1. Calculate potential soil respiration rate

First, we calculated the accumulation rate of CO; in the mason jar,
and then calculated the rate of produced CO»-C using the ideal gas law
equation:

c— pCO, — pCO,ref Vgas p

rco; Time * 1000000 * Ry x Tincu < +2

@

where rCO,C is the rate of CO,-C produced (g CO2-C h’l); pCO, is the
concentration of accumulated CO2 (ppm) in the mason jar; pCO,ref is
the reference CO, concentration (ppm) in the air; Time indicates the gas
accumulation time (hour); Vgas indicates the net volume of the head-
space of each mason jar, measured by water displacement before the
experiment, and taking into account the net volume occupied by the
sample (mass of sample / volume mass, assumed to 1 kg L_l); P is the
reference pressure (atm); Ry is the gas constant (equal to 0.082057 L atm
(mol K)_l); Tincu is the temperature of the gas in the jar headspace (i.e.,
the incubation temperature: 5 °C, 15 °C, and 25 °C respectively, convert
to unit in K); 12 is the molar mass of carbon. Then, we calculated the
potential soil respiration (PSR) rates as the amount of CO2-C produced
per unit of SOC over a four-month incubation period using the following
formula:

rCO,C x 1000000 1
PSR rate = — | X— 2
rate (Z pSOC x Gsample ) “n 2
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where, PSR rate is the mean potential soil respiration rate (ug CO2-C g
SOC™! h™Y); pSOC is SOC content (g g~1); Gsample is the dry mass of the
incubated soil sample (g); n represents the total number of measure-
ments conducted over the four-month incubation period.

2.6.2. Calculate apparent temperature sensitivity

The apparent temperature sensitivity of potential soil respiration was
expressed as activation energy (E,; kJ mol 1), which was calculated by
the Arrhenius equation:

E, = (In A — InPSR rate) x Rg x Tincu x 1000 3)

where, Tincu is the incubation temperature (K), Rg is the gas constant
(equal to 8.314 J (mol K)’l), and A is the pre-exponential factor.

2.7. Statistical analysis

All data analyses were performed in RStudio V4.1.2. Differences
among slope positions/depths were assessed using the Kruskal-Wallis
test, a non-parametric alternative to the one-way analysis of variance,
and suitable for small sample sizes and non-normally distributed data
(Dunn, 1964). If the Kruskal-Wallis test detected a significant overall
effect (p < 0.05), post-hoc pairwise comparisons were conducted using
Dunn's test (p < 0.05). Pearson correlation coefficients were calculated
to assess relationships between variables (Murdoch and Chow, 1996).
Additionally, mixed-effects linear regressions were used to examine the
influence of topography on soil biogeochemical properties (i.e., C/N
ratio and cellulose), with slope position included as a random effect. The
models for identifying factors controlling spatial variations in PSR rates
and their temperature sensitivity are introduced below.

Multiple linear regressions were employed to identify factors con-
trolling PSR, with the respiration rates under three incubation temper-
ature treatments and activation energy (E,) as responses, respectively.
The regression models are defined as:

Response = fy + 131 + foxa + ... + B xp +€ (©)]

where, f3, indicates the intercept, p; is the regression coefficient of the
independent variable x;, and e indicates the residual error. The input
variables included relative abundance of SOM biogeochemical compo-
sition (i.e., the relative abundance of cellulose, lignin backbone,
carboxylate, carboxylic acids, phenolics (i.e., 1382 cm™! and 1458
cm’l), and aliphatics (i.e., 2858 cm ! and 2926 cm’l)), soil C/N ratio,
soil pH, soil temperature and VWC.

Given the correlations and co-linearity among different types of SOM
biogeochemical composition and their correlation with other variables
(Table S1), a Principal Component Analysis (PCA) followed by Varimax
rotation was first performed to reduce the data dimension and address
multicollinearity (Grice, 2001; Jolliffe, 2002; Revelle, 2009). Rotated
components (RCs) with the cumulative explained variance of more than
90 % were retained as predictors for subsequent multiple linear
regression to avoid multicollinearity and overfitting (Table S2). The
contribution of each variable to the overall explained variance was
quantified using the relaimpo package (Groemping, 2006). Multi-
collinearity was assessed by the variance inflation factor (VIF; Fox and
Monette (1992)) after running each model. Regression model fit was
evaluated by the coefficient of determination (R?) and root mean
squared error (RMSE).

3. Results
3.1. Thermal-hydrological conditions and soil characteristics
At most sites, topsoil (i.e., 10 cm) daily temperatures were warmer

than those of the deep peat layer (i.e., 50-90 cm) from April to October,
while in other months, the deep peat was warmer than topsoil (Fig. 2a).
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Fig. 2. Thermal-hydrological conditions across different slope positions and depths along the hillslope: daily mean soil temperature (a), daily mean soil VWC (b), and
daily mean water table (c). Positive values of the water table indicate levels above the peat surface. The grey shading in each subplot indicates the periods (based on
14 days moving window) when the water table and soil VWC at 10 cm depth were significantly correlated across all sites, representing times when water table
fluctuations affected surface peat moisture.

In general, topsoil temperatures (e.g., footslope, range: 1.29-17.50 °C;
mean + one standard deviation (SD): 9.72 + 4.63 °C) showed greater
annual fluctuations than deep peat temperatures (e.g., shoulder wet,
range: 6.75-10.85 °C; mean + SD: 8.94 + 1.37 °C). Soil volumetric

Table 2

water content (VWC) of both topsoil and deep peat exhibited substantial
spatial heterogeneity (Fig. 2b). The backslope topsoil had the highest
VWC (0.94 + 0.04 cm® ecm™3), wetter than other slope positions and the
corresponding deep peat (0.78 + 0.01 cm® cm™>). In contrast, the

Dominant modern vegetation cover, soil type, bulk density, SOC, TN, C/N ratio, pH, and total soil porosity in the soil sample before incubation at different slope
positions. Values are presented as mean + one standard deviation (SD). The Kruskal-Wallis and Dunn's test was conducted to determine if there were significant dif-
ferences among slope positions and sampling depths, with different letters indicating significant differences (p < 0.05). The numbers in the bracket indicate the sample

size.

Slope position

Summit

Topslope

Shoulder dry

Shoulder wet

Backslope

Footslope

Vegetation
Soil type

Bulk density
(gem™)
sSoC
(%)
TN
(%)
C/N ratio

Soil pH

Total soil porosity
(em® cm™3)

10-20 cm
60-70 cm
10-20 cm
60-70 cm
10-20 cm
60-70 cm
10-20 cm
60-70 cm
10-20 cm
60-70 cm
10-20 cm
60-70 cm
10-20 cm
60-70 cm

Molinia caerulea
peat

mineral

0.22 + 0.03%¢
1.27 + 0.03°
48.02 + 2.39%°
2.73 + 0.53°
1.92 + 0.15%
0.08 + 0.01¢
25.12 + 2.46%°
35.47 + 2.72°
3.73 +0.10°
4.87 + 0.09°
0.84 + 0.02°
0.52 + 0.01¢

Vaccinium myrtillus
peat

mineral

0.36 + 0.03%
1.34 +0.18°
32.58 + 5.33°
1.11 + 0.20°
1.39 + 0.35>4
0.07 + 0.01¢
23.75 + 2.08%°
18.37 + 0.62
3.93 +0.17"
4.40 + 0.10%
0.74 + 0.02¢
0.49 + 0.07¢

Molinia caerulea
peat

peat

0.19 + 0.017><d
0.17 + 0.08
52.23 + 0.68°
44.72 + 7.15%
2.32 £ 0.10%°
2.29 + 0.40%>
22.56 + 1.15%
19.57 + 0.63™
3.96 + 0.04
4,02 + 0.04%
0.86 + 0.012%<d
0.88 + 0.06°

Juncus acutus
peat

peat

0.16 + 0.01%¢
0.13 + 0.01¢
51.43 + 3.15°
41.45 + 7.64°>
2.34 + 0.28%¢
1.62 + 0.272°d
22.27 + 4.05°
25.55 + 0.48°"
3.90 + 0.15"
3.85 + 0.11%
0.89 + 0.01%¢
0.91 + 0.001°

Vaccinium myrtillus
peat

peat

0.19 + 0.02?>d
0.15 + 0.02¢
39.97 + 0.46°°
44.45 + 4,24
2.54 +0.19°
1.40 + 0.36"¢
15.79 + 1.01¢
32.73 + 5.03°
3.73 +0.10°
4.41 + 0.15%
0.87 + 0.02?d
0.89 + 0.01%°

Molinia caerulea
peat

peat

0.17 + 0.006™4
0.14 + 0.004¢
32.37 + 2.16°
48.33 + 1.90%°
1.77 + 0.123>d
1.36 + 0.17°¢
18.27 + 0.96™
35.87 + 5.20°
3.80 + 0.08°
4.40 + 0.10%
0.88 + 0.004%>
0.90 + 0.003%°
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topslope was relatively dry, with annual mean VWC values of 0.68 +
0.08 cm® em ™2 for top layers and 0.45 + 0.04 cm® cm ™2 for deep layers
(i.e., mineral soil, saturated or near saturation). Furthermore, the water
table at the topslope showed large fluctuations throughout the year
(range: —77.44-0.35 cm; mean + SD: —21.63 + 25.17 cm), as shown in
Fig. 2c. At the shoulder wet slope position, however, the water table
remained close to the surface and relatively stable within one year
(range: —20.22-4.21 cm; mean + SD: —2.15 + 5.62 cm).

Across the hillslope, peat soils were consistently observed at the
surface (i.e., 10-20 cm) at all slope positions (Table 2). In contrast,
mineral soil was only found in the deep layer (i.e., 60-70 cm) at the
summit and topslope positions, characterized by high bulk density and
low SOC content (Table 2). For the purpose of this study, the following
results and discussion will focus on the peat soils; characteristics of

(a) Cellulose

Catena 263 (2026) 109769

mineral soils are not shown hereafter. Topsoil SOC content at the foot-
slope (32.37 + 2.16 %) and topslope (32.58 + 5.33 %) was lower than at
the shoulder positions, both dry (52.23 + 0.68 %) and wet (51.43 +
3.15 %). The TN content in the topsoil was higher at the backslope than
at the topslope, despite a similar modern dwarf shrub vegetation
covering at both locations (Table 2). However, the SOC and TN content
in the deep peat showed no pronounced spatial variation across the
landscape. The topsoil C/N ratio was higher at the summit compared to
the backslope, whereas the C/N ratio of deep peat was higher at the
footslope (Table 2). Topsoil pH also showed spatial heterogeneity along
the hillslope despite the small range, with the summit and backslope
being more acidic than other slope positions (Table 2). In contrast, for
the deep peat layer, the shoulder position had lower pH than at the
footslope and backslope (Table 2). In general, pH values of deep peat

(b) Lignin backbone
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Fig. 3. Relative abundance of functional groups at different slope positions and a depth of 10-20 cm (n = 17). The lower and upper edges of each box represent the
first and third quartiles, respectively, while the line inside the box indicates the median. The whiskers extend to the smallest and largest values that fall within 1.5
times the interquartile range from the lower and upper quartiles. The Kruskal-Wallis and Dunn's test was conducted to determine if there were significant differences
among slope positions for a given depth, with different letters indicating significant differences.
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were higher than those measured at the top layer at most sites, and peat
had lower pH values compared to mineral soils (Table 2). The total
porosity of the surface layer at the toplsope (0.74 =+ 0.02 cm® cm™3) was
lower than at shoulder wet, backslope, and footslope positions (Table 2).
While for deep samples, mineral soil samples at the summit and topslope
had lower porosity compared to peat (Table 2).

3.2. Peat SOM biogeochemical composition

Using the Fourier-Transform Infrared Spectrometer in the mid-
infrared region, we identified and semi-quantified multiple functional
groups in peat SOM, including cellulose, carboxylic acids, phenolics,
carboxylate, aliphatic, and lignin (Table 1). The relative abundance of
functional groups at two depths and Pearson correlations with C/N ratio
and pH are summarized in Table S1. Peat SOM biogeochemical
composition displayed substantial spatial variation along the hillslope
(Fig. 3, Fig. S1). The relative abundance of cellulose in the topsoil was
higher at the footslope (2.69 + 0.06) and backslope (2.78 + 0.13) than
at the topslope (2.47 + 0.07) and shoulder dry (2.50 + 0.03) locations
(Fig. 3a). In contrast, cellulose abundance in the deep peat was lower
(2.46 + 0.01) (Fig. S1a). For the lignin backbone (Fig. 3b), no significant
differences were observed in the topsoil among slope positions. How-
ever, in the deep peat, the shoulder wet (1.34 + 0.09) showed lower
relative abundance compared to footslope (1.76 + 0.10) (Fig. S1b).
Topsoil phenolics were more abundant at the topslope than at the
backslope, while in the deep peat, the shoulder wet had lower phenolic
content (Fig. 3¢, d). Topsoil carboxylate and carboxylic acids were more
abundant at the topslope position, with higher values than the footslope
and backslope (Fig. 3e, f). In the deep peat, however, their spatial dif-
ferences were less pronounced (Fig. Sle, S1f). The aliphatic structures in
the topsoil were less abundant at the summit and topslope compared to
shoulder slope positions (Fig. 3g, h). Conversely, the deep peat at the
footslope and backslope showed higher relative abundances of these
aliphatic functional groups (Fig. S1g, S1h).

3.3. Correlations between soil biogeochemistry and topographical and
thermal-hydrological conditions

As shown in Fig. 4a, peat soil biogeochemical properties were
strongly influenced by topographical variables (i.e., elevation, TWI, and
slope gradient) and thermal-hydrological conditions (soil temperature
and VWC). This pattern is consistent with the well-established influence
of site topography on soil moisture distribution, as recently highlighted
by Henrion et al. (2025). At 10-20 cm depth, most properties (carbox-
ylic acids, carboxylate, phenolics, and C/N ratio) were positively related
to elevation, while cellulose exhibited a strong negative relationship (r
= —0.72, p < 0.01). In contrast, cellulose was positively correlated with
TWI (r = 0.57, p < 0.05), soil VWC (r = 0.78, p < 0.001), and soil
temperature (r = 0.73, p < 0.001), while most other properties showed
negative correlations. Aliphatics in the topsoil were more strongly
related to slope (Fig. 4a). At 60-70 cm depth, most properties (except
cellulose) were negatively correlated with elevation (particularly C/N
ratio, r = —0.85, p < 0.001), while their correlations with slope and TWI
were generally weak. The carboxylic acids, aliphatics, lignin backbone,
soil pH, and C/N ratio of deep soil showed significant positive correla-
tions with soil temperature and VWC (Fig. 4a).

Linear mixed-effects model showed that the elevation explained 59
% and 68 % of the variance in the C/N ratio for the topsoil and deep
layer, respectively (Fig. 5a). For cellulose, elevation accounted for 48 %
of the variance in the topsoil and 16 % in the deep layer (Fig. 5b). When
slope gradient or TWI were used as fixed effects, the random effect of
slope position explained most of the variance in both the C/N ratio and
cellulose across depths (Fig. 5), indicating that topographic position
exerted a strong control on peat soil biogeochemical properties.
Consistent with correlation analysis, soil temperature and soil VWC had
similar contributions to spatial variability of the C/N ratio, explaining
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32 % and 29 % of the variance in the topsoil and 66 % and 67 % in the
deep layer, respectively (Fig. 6). For cellulose, thermal-hydrological
conditions explained a moderate proportion of the variance in the
topsoil (i.e., 45 % and 57 %), but only a small proportion in the deep
layer (i.e., 17 % and 16 %) (Fig. 6).

3.4. Potential soil respiration rate and apparent temperature sensitivity

As expected, PSR rates increased with rising temperature over the
entire incubation period, while the PSR rates varied largely with topo-
graphic position (Fig. 7a, b). Topsoil PSR rates were higher at the
footslope position than at the summit under both 5 °C and 15 °C incu-
bation conditions (Fig. 7a). Under the 25 °C treatments, topsoil PSR
rates were lower at the topslope (4.95 + 1.424 pg CO,-C g SOC™ 1 h™1)
and summit (5.22 + 0.57 pg CO,-C g SOC™! h™!) locations than foot-
slope (8.08 + 1.58 jig CO»-C g SOC™* h™1). In contrast, for the deep peat
layer, PSR rates were slower at the footslope (Fig. 7b). The shoulder dry
and wet areas showed consistently faster PSR rates across all tempera-
ture treatments. The cumulative proportion of respired SOC over the
four months incubation is shown in Fig. S2.

The overall apparent temperature sensitivity, represented by acti-
vation energy (Ea), also varied with slope positions and soil depth
(Fig. 7c). Topsoil Ea was higher at the summit (76.49 + 1.54 KJ mol™)
and backslope (76.69 + 6.34 KJ mol™!) positions compared to the
topslope positions (67.62 =+ 5.35 KJ mol ). In the deep layer, Ea was
highest at the shoulder dry area (73.90 + 5.59 KJ mol™ D).

3.5. Correlation analysis and factors controlling potential soil respiration

Pearson correlation analysis showed that PSR rates were strongly
related to elevation, but the direction of the relationship differed be-
tween depths (Fig. 4b). PSR rates were positively associated with the
relative abundance of cellulose (Fig. 4c). In contrast, they were nega-
tively correlated with carboxylic acids, aliphatic, and phenolic func-
tional groups. Similarly, apparent temperature sensitivity (i.e., Ea) was
negatively correlated with aliphatics (2858 cm™': r = —0.45, p < 0.05;
2926 cm Lir= —0.48, p < 0.01), and phenolic at 1458 em ! (r=—0.40,
p < 0.05). Both the C/N ratio and pH had negative relationships with
PSR rate and their apparent temperature sensitivity, whereas neither
field peat moisture nor temperature showed significant correlations with
either variable (Fig. 4c).

Multiple linear regressions were conducted to identify the factors
controlling the spatial heterogeneity of PSR rate and their apparent
temperature sensitivity. The first five rotated components (RCs), which
explained 95 % of total variance and captured the main variation of the
three types of variables (Table S2), were selected as input variables for
the multiple regression analysis. As shown in Table 3, the three cate-
gories of predictor variables could explain 45 %, 57 %, and 68 % of the
spatial variation in PSR rates under incubation temperatures of 5 °C,
15 °C, and 25 °C, respectively. Among them, SOM biogeochemical
compositions emerged as key drivers of the spatial variability in PSR
rates, accounting for 32 %, 36 %, and 41 % of the explained variance as
temperature increased. Specifically, RC2 representing cellulose and
carboxylic acids was the most influential factor, explaining 27 %-31 % of
the variance. This was followed by RC1, associated with aliphatics and
lignin backbone, which accounted for 3 %-9 % of the variance. In
contrast, RC3 represented by phenolics and carboxylate functional
groups played a comparatively minor role, contributing <1 % to the
spatial variation in PSR rates. Other soil biogeochemical properties also
strongly influenced the PSR rates (Table 3). The contribution of RC4,
associated with C/N ratio and pH, increased from 13 % at 5 °C to 26 % at
25 °C. Thermal-hydrological conditions (RC5, soil VWC and tempera-
ture), had relatively limited direct effects on PSR rates, accounting for
less than 1 % of the explained variance across temperature treatments.

Regarding the apparent temperature sensitivity (Ea) of peat respi-
ration, all variables combined explained 36 % of its spatial variability
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Fig. 4. Pearson correlation analysis between (a) soil biogeochemical properties and topographical variables as well as thermal-hydrological conditions at two soil
depths (10-20 cm: n = 17; 60-70 cm: n = 11); (b) potential soil respiration (i.e., PSR rates under three temperature treatments: PSRs, PSR;s5, PSRos; and Ea) and
topographical variables at two soil depths (10-20 cm: n = 17; 60-70 cm: n = 11); (c) potential soil respiration and SOM biogeochemical composition (n = 28), other
soil biogeochemical properties (i.e., C/N ratio and pH, n = 28), and thermal-hydrological conditions (i.e., mean soil VWC (n = 10) and soil temperature (n = 11)).
Significance level: *** p < 0.001, ** p < 0.01, * p < 0.05.
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Fig. 5. Relationships between C/N ratio and (a) elevation, (c) TWI, and (e) slope, and between the relative abundance of cellulose and (b) elevation, (d) TWI, and (f)
slope. Mixed-effects linear regression models were fitted separately for the 10-20 cm and 60-70 cm soil layers, with slope position included as a random effect. The
legend reports marginal R? (Rm) and conditional R? (Rc) for each model. Significance level: *** p < 0.001, ** p < 0.01, * p < 0.05.

(Table 3). Specifically, soil C/N ratio and pH (RC4) together could
explain 18 % of variance, followed by RC1 (aliphatics and lignin; 13 %).
The contributions from RC2 (cellulose and carboxylic acids) and RC3
(phenolics and carboxylate) remained minor (< 3 %). The thermal-
hydrological conditions (RC5, soil VWC and temperature) together
accounted for 2 % of the variation in Ea.

4. Discussion

It is well known that temperature is a key driver of microbial activity
and organic matter decomposition (Alster et al., 2016; Conant et al.,
2011; Davidson and Janssens, 2006; Karhu et al., 2014), yet the strength
of this temperature response often varies over space due to site-specific

10

soil characteristics at a landscape scale. In our incubation experiment,
we observed a consistent increase in PSR rate with rising temperatures,
while the magnitude of the response varied depending on the slope
positions and soil depths (Fig. 7, Fig. S2). We interpret this spatial het-
erogeneity as a reflection of field legacy effects, that is, the inherent soil
properties (e.g., SOM biogeochemical composition, C/N ratio, and pH)
shaped by long-term topographic, hydrological, and thermal in-
teractions across the hillslope.

4.1. Topography-induced environmental gradients across the landscape

In our study site, soil temperature, soil VWC, and water table showed
great spatial heterogeneity across the hillslope (Fig. 2), reflecting the



Catena 263 (2026) 109769

10-20 cm:
60-70 cm:

R2=045 R2=0.72
R2=017 R?=05

Sampling depth
=~ 10-20cm
*0= 60-70 cm

9.2 9.4 9.6

Soil temperature (°C)

10-20 cm:
60-70 cm:

R2=057 R?=072"
2 2
R2=0.16 R2=05

Sampling depth
== 10-20 cm

*o= 60-70 cm

Y. Liet al
(@)
| 10-20cm: R2=0.32 R2=0.75
60-70cm: R2=0.66 R2=0.75
3.001
40 °
o o © @
= - 3
© C * o
=z i S 2.754
£ 304 . ° T
(@] 14 o® 8
8 .7 . o
T : 2.50 1
20 8 °
.
L
9.0 9.2 9.4 9.6
Soil temperature (°C)
()
501 10-20cm: R2=-029 R?=-076
60-70 cm: R2 =067 R2=0.75
3.001
40 °
o o) in Q
© o - - 5
= ® e S 2.751
£ 30+ e ° D
O 7 > o L (&)
8 ;:' . .
& gl . 2.501
201 ° g
L]
.
L]
0.6 0.7 0.8 0.9

Soil VWC (cm’cm®)

0.6

07 0.8 0.9

Soil VWC (cm®cm )

Fig. 6. Relationships between C/N ratio and (a) soil temperature, (c) soil VWC, and between the relative abundance of cellulose and (b) soil temperature, (d) soil
VWC. Mixed-effects linear regression models were fitted separately for the 10-20 cm and 60-70 cm soil layers, with slope position included as a random effect. The
legend reports marginal R? (Rm) and conditional R? (Rc) for each model. Significance level: *** p < 0.001, ** p < 0.01, * p < 0.05.

topographically controlled differences in solar exposure, water flow and
accumulation, microclimate, and drainage trajectories. These topo-
graphical and thermal-hydrological conditions strongly influenced
spatial variability in soil C/N ratio, pH, and SOM biogeochemical
composition (Fig. 4a, Fig. 5, and Fig. 6). For instance, hillslope topog-
raphy act as a first order control by structuring water, nutrients, and
energy distribution along the hillslope (Harris and Baird, 2019; Li et al.,
2024; Winter, 1988). These gradients determine vegetation composition
and productivity, which governs the quantity and quality of organic
matter input to the peat soil (Glatzel et al., 2024; Leroy et al., 2017). In
turn, these topographically mediated thermal-hydrological conditions
influence soil pH and C/N ratio (Fig. S1), which contribute to the se-
lective preservation of SOM and help explain the spatial variation in PSR
(Loiko et al., 2019; Philben et al., 2020). Building on this framework, we
next explore how these topographic effects are expressed in soil C/N
ratio, pH, and SOM composition.

4.1.1. Soil C/N ratio and pH

The spatial variability in C/N ratios reflects how topography regu-
lates both vegetation dynamics and hydrological pathways (Fig. 4a,
Fig. 5, Fig. 6). The historically dominant vegetation communities at
different slope positions influenced carbon input and N variability due to
their interaction with N»-fixing microorganisms (e.g., moss-associated
cyanobacteria) (Larmola et al., 2014; Limpens et al., 2006). In addi-
tion, potential downslope transport of dissolved organic matter from
upper slope positions through surface or subsurface flow may contribute
to relatively greater nitrogen accumulation at lower slope positions (e.
g., shoulder, Table 2). Consequently, the combination of low N content
and elevated recalcitrant carbon in topslope and summit surface peat
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yields high C/N ratios.

In peatlands, pH is regulated by multiple factors, such as porewater
chemistry (Wang et al., 2023), vegetation type (Rydin et al., 2006) and
hydrological regimes (Shotyk, 1988), which collectively drive spatial
variability in pH across slope positions and depths (see Table 2, Fig. 4a).
For instance, the relatively low topsoil pH at the footslope and backslope
likely reflects historical dominance by Sphagnum moss. As indicated by
previous studies, Sphagnum actively acidifies its environment through
the release of protons (H") from uronic acids in its cell-wall polymers (e.
g., sphagnan), while its decomposed residues generate humic acids that
further suppress pH (Fissore et al., 2019; Pipes and Yavitt, 2022; Rydin
et al., 2006).

4.1.2. SOM biogeochemical composition

At the topslope position, we observed an accumulation of carbox-
ylate, aliphatic, and phenolic functional groups in the upper peat layer
(Fig. 3), which can be partly attributed to the dominance of dwarf shrubs
(i.e., Vaccinium myrtillus) that thrive under relatively dry conditions and
supply decay-resistant litter inputs (Bragazza et al., 2013; Wang et al.,
2015). In addition, the larger annual water-table fluctuations at the
topslope (—21.63 + 25.17 cm, Fig. 2¢) may enhance losses of labile
organic components from the shallow peat. Previous studies have shown
that large water-table oscillations stimulate microbial oxidation of
organic matter (Kim et al., 2021; Rezanezhad et al., 2014), leading to the
preferential consumption of easily decomposable materials in the tran-
sition zone (Rezanezhad et al., 2014). In contrast, the footslope and
backslope positions are characterized by relatively stable water table
depths (footslope, —27.11 + 8.31 cm; backslope, —21.02 + 7.52 cm),
higher VWC, and warmer soil temperature (Fig. 2). These conditions
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Fig. 7. The potential soil respiration (PSR) rate (ug CO,-C g SOC™! h™1) across
different slope positions and incubation temperature treatments at 10-20 cm
depth (a) and 60-70 cm depth (b). The activation energy (Ea, KJ mol™Y) of
potential peat soil respiration (c). The error bar indicates one standard devia-
tion. The Kruskal-Wallis and Dunn's test was conducted to determine if there
were significant differences among slope positions, with different letters indi-
cating significant differences.

have been shown to facilitate the establishment and growth of Sphagnum

Table 3
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moss (Kim et al., 2021; Robroek et al., 2007), which contributes organic
matter rich in relatively labile compounds such as cellulose (Heller et al.,
2015; Jayasekara et al., 2025; Pipes and Yavitt, 2022). We therefore
hypothesize that the historical Sphagnum cover might be the primary
contributor to the upper peat layers at these areas, as evidenced by
macroscopic examination of the peat samples and the relatively high
abundance of cellulose. In the field, the high soil moisture, limited ox-
ygen, low pH conditions, and maybe biochemical protection (e.g.,
structural biopolymers that shield polysaccharides (Pipes and Yavitt,
2022)) might slow down microbial activity, allowing labile substrates to
accumulate.

Consistent with observations in peatlands of other regions (Artz
et al., 2008; Heller et al., 2015; Hermans et al., 2019; Normand et al.,
2017; Tfaily et al., 2014; Webster et al., 2014), we found a higher
relative abundance of more recalcitrant compounds and a lower pro-
portion of cellulose in deep layers (i.e., 60-70 cm) compared to the
corresponding upper peat layer at most slope positions (Fig. S1). This is
because the deep layer receives less input of fresh carbon from above-
ground vegetation and remains in a cooler, saturated, and more stable
anoxic or semi-anoxic state over long timescales, slowing down the
microbial decomposition of organic material (Estop-Aragonés et al.,
2022; Rajakaruna et al., 2024; Webster et al., 2014). Under such con-
ditions, labile components may be preferentially decomposed or
consumed entirely before reaching deep layers, resulting in a relatively
higher proportion of recalcitrant substrates. While at the deep layer of
the shoulder slope position, we observed a higher relative abundance of
labile components (Fig. 3, Fig. S1). We speculate that during the early
stages of peat accumulation, this slope position supported the growth of
cellulose-rich vegetation such as Sphagnum moss and herbaceous plants.
The gentle slope and a high-water table (near the surface) promoted in-
situ preservation of these labile inputs under anoxic conditions. Mean-
while, the deep layer likely received soluble organic carbon via vertical
leaching from the surface (Rappoldt et al., 2003) and lateral runoff from
upslope areas (i.e., topslope and summit) (Glatzel et al., 2024; Holden,
2005; Loiko et al., 2019; Wang et al., 2023).

4.2. Spatial variability of potential soil respiration across the landscape

4.2.1. Potential soil respiration rate

It has been reported that the peat biogeochemical composition,
particularly the presence of recalcitrant compounds and labile com-
pounds, plays a crucial role in determining the rate of potential soil
respiration (Leifeld et al., 2012; Leifeld and von Liitzow, 2014; Normand
et al., 2021; Webster et al., 2014). In this study, a multiple linear
regression analysis revealed that SOM biogeochemical composition was
the most important factor in controlling potential soil respiration rates
(Table 3). Peat organic matter components directly influence substrate

Coefficients of multiple linear regression models and relative contributions (in the bracket) of the rotated components (RCs), represented by three types of input
variables (i.e., SOM biogeochemical composition, pH, C/N ratio, and thermal-hydrological conditions, see Table S2). These models were used for predicting 1) PSR
rates at different incubation temperature conditions and 2) activation energy (Ea). Model fit was evaluated using R and RMSE.

Input variables

Response: PSR rate Response: Ea

Variable type Input Represented by 5°C 15°C 25°C
SOM biogeochemical composition RC1: aliphatic (2858 cm ™! and 2926 cm™?) and lignin backbone —0.04 —0.21* —0.54* —1.88*
(3 %) 9 %) (9 %) (13 %)
RC2: cellulose and carboxylic acids —0.13** —0.36** —1.01%** -0.19
(29 %) (27 %) (31 %) (<1%)
RC3: phenolic (1382 cm ™! and 1458 cm ') and carboxylate —0.01 —0.06 —0.22 —0.85
(<1%) (<1%) (1 %) (3 %)
Other soil biogeochemistry RC4: C/N ratio and pH —0.09* —0.31%** —0.93%** —2.22%
(13 %) (20 %) (26 %) (18 %)
Thermal-hydrological conditions RC5: Soil VWC and temp. —0.01 —0.01 0.09 0.80
(<1%) (<1%) (<1%) (2 %)
Model performance R? 0.45 0.57 0.68 0.36
RMSE 0.18 0.45 0.99 4.08

Significance level: *** p < 0.001, ** p < 0.01, * p < 0.05.
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availability (Leifeld et al., 2012), and therefore, spatial variation in these
components can lead to the heterogeneity of soil heterotrophic respi-
ration across the landscape (Treat et al., 2015). In the topsoil (i.e.,
10-20 cm) at the footslope and backslope positions, higher relative
abundances of FTIR signals associated with labile compounds (e.g.,
cellulose-like carbohydrates) and lower abundances of signals linked to
more recalcitrant groups (e.g., phenolics, carboxylate, carboxylic acids,
lignin-like, and aliphatic structures) suggest a biogeochemical compo-
sition that favors relatively rapid SOC decomposition under drier, aer-
obic laboratory conditions (Figs. 3, 7a). In contrast, organic matter at
other slope positions (e.g., topslope) is characterized by a higher pro-
portion of more recalcitrant components (e.g., aliphatic, Fig. 3), which is
associated with slower PSR rates (Fig. 7a). We can therefore infer that, if
drying or water-table drawdown occurs due to drought, warming, or
drainage, the upper peat layers at the footslope and backslope may
become future hotspots of carbon emissions. In this context, peatland
rewetting could be an effective climate mitigation strategy, as main-
taining wetter conditions could suppress peat respiration and reduce
potential carbon losses in a warming world (Holden, 2005). By contrast,
SOC stocks at the topslope may remain stable or even increase with
dwarf shrubs' expansion (Wang et al., 2015).

Vertical SOM biogeochemical differences (Fig. 3, Fig. S1) also help to
explain, in part, the contrasting PSR rates between surface and deeper
layers (Fig. 7b). For example, at the shoulder slope position, deep-soil
heterotrophic respiration rates exceed those at other slope positions,
and in the wetter areas even surpass corresponding topsoil respiration
(Fig. 7a, b). The high PSR rates of deep peat can be related to the rela-
tively good substrate quality of deeper layers (Fig. 3a, Hermans et al.
(2019)). Although such labile organic materials are preserved in the
field under anoxia, our experiments demonstrate that they decompose
rapidly once oxygen becomes available (Fig. 7b). This indicates that the
deep peat at the shoulder slope position might be another latent CO5
emission hotspot under conditions of warming and water-table draw-
down. These findings highlight the vulnerability of peat carbon stocks
under future climate scenarios, especially in regions where hydrological
regimes are already being altered (Fenner and Freeman, 2011; van
Giersbergen et al., 2024).

The C/N ratio is an important factor in explaining spatial heteroge-
neity in PSR (Fig. 4c, Table 3). On the one hand, the C/N ratio serves as a
proxy of organic matter quality, with a lower C/N ratio indicating
substrate with more labile components (Bonanomi et al., 2013; Kriiger
et al., 2015; Taylor et al., 1989). In our study, C/N ratio correlated
positively with recalcitrant functional groups (e.g., carboxylic acids; r =
0.64; aliphatic at 2926 cm !, r = 0.55) and negatively with labile
components (e.g., cellulose; r = —0.49) (Table S1), in agreement with
the findings of other peatlands (Heller et al., 2015; Normand et al., 2017;
Webster et al., 2014). This suggests that low C/N soils supply microbes
with more accessible carbon and thus exhibit higher potential soil
respiration rates. On the other hand, a high C/N ratio implies relative
nitrogen limitation for microbial metabolism, thereby slowing biolog-
ical and ecological processes related to SOC decomposition (Shi et al.,
2021; Webster et al., 2014). In our study, topsoil C/N ratios are gener-
ally lower than those of deep peat, and topsoil at the footslope and
backslope positions exhibit lower C/N than other slope positions
(Table 1), which corresponds with the higher PSR rates observed at
those depths and locations (Fig. 7a, b).

In the peatland ecosystem, low oxygen availability and acidic con-
ditions impose an “enzymic latch” that inhibits extracellular enzyme
activity (Freeman et al., 2001) and reduce bacterial diversity (Rousk
et al., 2010). Together, these processes protect the SOC from microbial
decomposition in the field. In contrast, higher pH relieves acid inhibition
of phenol oxidase and hydrolases and accelerates dissolved organic
carbon loss (Kang et al., 2018). However, as labile carbon degrades more
rapidly than recalcitrant carbon, this leads to a higher relative propor-
tion of recalcitrant material remaining in-situ and may support a more
pH-tolerant functionally diverse microbial community. Consistent with
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this mechanism, we observed positive correlations between pH and the
remaining recalcitrant SOM functional groups (e.g., aliphatic at 2926
em™l; r = 0.64, p < 0.001) and negative correlations with labile com-
ponents (e.g., cellulose; r = —0.42, p < 0.05) (Table S1). When these
field legacies were incubated in laboratory conditions, lower-than-
average pH samples thus showed higher PSR rates due to higher con-
tent of labile materials (e.g., topsoil at backslope position, Fig. 7a).

The long-term thermal-hydrological conditions showed weak corre-
lations with potential soil respiration rates (PSR, Fig. 4c¢) and contrib-
uted little (less than 1 %) to their spatial variability (Table 3). This
outcome reflects our experiment design. The PSR rate was measured
under a constant soil moisture level (VWC = 0.7 em® ecm™2) to isolate the
effect of temperature (5, 15, and 25 °C). As a result, the incubation as-
says reflect PSR under standardized aerobic conditions, with very
limited representation of the direct effects of field hydrological condi-
tions on the measured PSR. Their influence in our models, therefore,
reflects long-term effects on soil biogeochemistry rather than immediate
biogeochemical responses.

4.2.2. Apparent temperature sensitivity

Our results indicate that the apparent temperature sensitivity (i.e.,
Ea) of peat potential soil respiration along the hillslope is partially
influenced by SOM biogeochemical composition, particularly those
more represented by the aliphatic and lignin components (i.e., RC1,
Table S2), which explains 13 % of the spatial variance in Ea (Table 3).
The labile functional groups (e.g., cellulose) exhibit a weaker relation-
ship with Ea (Fig. 4c). This likely occurs because these components need
less energy to be decomposed, thereby being less sensitive to tempera-
ture change (Leifeld et al., 2012; Normand et al., 2021). Some studies
have shown that peat substrates with more resistant SOC fractions tend
to exhibit higher temperature sensitivity due to higher energy re-
quirements for decomposing complex compounds (Conant et al., 2008;
Leifeld and Fuhrer, 2005; Meyer et al., 2018), while others found
negative correlations between temperature sensitivity and recalcitrant
functional groups, likely due to the physical protection or mineral as-
sociation of peat SOM that might reduce the substrate availability and
accessibility (Moinet et al., 2020; Su et al., 2022; Updegraff et al., 1995).
Our results align with the latter findings, showing Ea decreased with
increasing abundance of recalcitrant functional groups (Table 3,
Fig. 4c). For example, the aliphatic structures (i.e., indicative of fats and
waxes) are correlated with apparent temperature sensitivity, with
Pearson's r values of —0.45 and — 0.48, respectively. This is because
those long aliphatic chains are hydrophobic, which limits their in-
teractions with water and extracellular enzymes, resulting in slower
decomposition rates and potentially lower apparent temperature sensi-
tivity under our incubation conditions (Goebel et al., 2011; Jiménez-
Morillo et al., 2016). Existing studies have demonstrated that the
addition of labile substrates enhances soil respiration responses to
temperature, resulting in higher apparent temperature sensitivity
compared to untreated controls (Weedon et al., 2013; Zhu and Cheng,
2011). Consequently, the higher content of long aliphatic chains and
lignin-derived functional groups in deep peat at the footslope and
backslope positions helps explain their comparatively low apparent Ea
values (Fig. 7c).

The soil C/N ratio and pH together could explain 18 % of spatial
variability in apparent temperature sensitivity (Table 3, Table S2). This
might be partially because the C/N ratio and pH can reveal SOM
biogeochemical composition, as discussed in Section 4.2.1. Beyond
direct substrate effects, the C/N ratio further regulates apparent tem-
perature sensitivity through microbial community composition and
function (Briones et al., 2014; Liu et al., 2021; Xu et al., 2022). In a
comprehensive synthesis study that compiled 87 peatland sites across
different climate zones, Liu et al. (2024) identified the C/N ratio as one
of the primary variables explaining the spatial variations in temperature
sensitivity of peat respiration. In addition, numerous studies have
established pH regulation of extracellular enzyme activity and microbial



Y. Li et al.

community structure (Freeman et al., 2001; Leifeld and von Liitzow,
2014; Preston et al., 2012; Rousk et al., 2010; Xu et al., 2022; Ye et al.,
2012). However, it should be noted that the optimal pH varies among
different enzymes. For example, Leifeld and von Liitzow (2014) found a
negative relationship between pH and Ea within the pH range of
3.10-5.40. In our study, which covered a similar pH range (3.94-4.95),
we also observed a negative correlation between pH and Ea (Fig. 4,
Table 3). This helps explain why backslope topsoil, with its relatively
low pH, displays greater temperature sensitivity (Fig. 7c).

However, a substantial proportion (around 60 %) of the variability in
Ea remains unexplained by the measured soil biogeochemistry and
thermal-hydrological conditions (Table 3). This might be because our
incubation experiments were conducted under standardized moisture
conditions. Consequently, the analysis cannot capture the direct effects
of soil moisture dynamics on Ea. Thus, the soil VWC included in the
model captures the impact of long-term soil moisture state on soil
properties rather than short-term moisture controls, as discussed in
section 4.2.1. In addition, we speculate that other factors, such as mi-
crobial community composition, likely play an important role. Because
different microbial taxa differ in metabolic strategies, enzyme systems,
and thermal physiology, leading to distinct temperature sensitivity traits
(Alster et al., 2018; Yu et al., 2022). Quantifying their composition and
functional traits may increase the explanatory power of Ea model and
improve the mechanistic understanding of peat decomposition temper-
ature sensitivity.

5. Conclusion

Sloping landscapes provide a natural laboratory for understanding
how topography-induced environmental gradients interact to shape the
spatial variability of potential soil respiration (PSR). In this study, we
investigated PSR across a temperate peatland hillslope in the Belgian
Hautes Fagnes using controlled laboratory incubation experiments. Our
key findings are as follows:

(1) Soil biogeochemistry (i.e., soil pH, C/N ratio, soil organic matter
(SOM) functional groups), PSR rates, and apparent temperature
sensitivity (i.e., activation energy, Ea) varied largely across hill-
slope positions and soil depths. We found that topographical and
thermal-hydrological conditions are associated with soil biogeo-
chemistry patterns across the landscape.

The spatial heterogeneity in PSR and Ea was primarily explained
by the functional group composition of SOM (45-68 % and 34 %
in total, respectively), with cellulose and carboxylic acids ac-
counting for 27 %-31 % of the variation in PSR rates, while
aliphatic and lignin functional groups explained 13 % of the
variation in Ea.

Other soil biogeochemical properties, i.e., C/N ratio and pH, act
as the second most important regulators of PSR. They could
explain 13 %-26 % of the spatial variability in PSR rates across
rising temperatures. Moreover, they play a significant role in
regulating potential temperature sensitivity, contributing to 18 %
of spatial variance.

The hillslope-governed thermal-hydrological conditions exert
cascade effects on PSR. While their direct contribution (< 2 %) to
PSR variation cannot be captured under the standardized incu-
bation conditions, since moisture was held constant, they play a
significant indirect role by shaping soil biogeochemical proper-
ties in the field.

(2

—

3

—

(4

—

These results improve our mechanistic understanding of the factors
driving potential soil respiration in complex sloping peatland.
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