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Abstract.

The mineralization of soil organic carbon (SOC) through microbial respiration is controlled by a complex interplay of

environmental conditions, stabilization mechanisms, and substrate availability. SOC mineralization varies with land use, soil

depth, and environmental conditions, but how these factors interact across entire soil profiles and throughout the year remains

insufficiently understood. We investigated spatial, seasonal, and vertical patterns of SOC mineralization in coniferous forest,5

meadow, and cropland soils across a 20 × 20 km landscape in the Fichtelgebirge Mountains, Bavaria, Germany. Soil samples

were collected 120 times within one year from depths down to 1 m and sliced into 10 cm increments. On the day of sampling,

samples were incubated for multiple hours at field temperature and moisture to estimate mineralization under in situ conditions.

Additional standardized laboratory incubations (10 days, 22°C and 50 % WHC) were used to determine potential SOC-specific

mineralization as an indicator of SOC stability.10

Potential SOC-specific mineralization did not consistently decrease with depth. Instead, it was higher in the deepest subsoil

(70–100 cm) than in the topsoil (0–30 cm) and upper subsoil (30–70 cm) in coniferous forest and cropland, indicating that

subsoil SOC is not necessarily more stable than topsoil SOC. Under in situ field conditions, mineralization rates were signif-

icantly higher in meadow soils than in cropland and coniferous forest soils across all depth intervals, demonstrating that land

use influences SOC mineralization throughout the upper meter of the soil profile. Despite pronounced seasonal variation in15

soil temperature and moisture, no clear seasonal pattern in SOC mineralization emerged, potentially reflecting contrasting con-

straints imposed by temperature and water availability. Mineralization rates under field conditions of temperature and moisture

declined with depth in cropland but remained comparatively stable with depth in meadow and coniferous forest soils, despite

decreasing SOC stocks.

Our findings highlight that SOC stocks alone do not adequately explain patterns of mineralization and the resulting CO220

release across space, time, and depth and that the relationships between SOC stability, land use, soil depth, and environmental

conditions are complex. Accounting for these interactions is important for improving assessments of soil carbon dynamics

across landscapes and for understanding the potential vulnerability of subsoil carbon to mineralization.
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1 Introduction25

The aerobic mineralization of soil organic carbon (SOC) to CO2, i.e. heterotrophic CO2 production, represents an important

pathway of soil carbon cycling, linking soil organic carbon (SOC) stocks to soil CO2 efflux and atmospheric CO2 release.

Due to the large quantity of SOC stored in the soil, even small shifts in SOC stocks can significantly affect atmospheric CO2

concentrations and climate feedbacks (Yan and Kumar, 2021). Recent studies show the vulnerability of SOC to climate- and

environmental changes and highlight rising heterotrophic CO2 production rates (Bond-Lamberty et al., 2018) and decreasing30

SOC stocks (Crowther et al., 2016) in recent decades. Yet, predictions of climate change feedbacks and the development of

management strategies to sequester additional SOC for climate change mitigation (i.e. 4 per mil initiative (Minasny et al.,

2017)) require detailed knowledge on spatio-temporal patterns of SOC mineralization and their controlling factors across a

landscape. Gathering such knowledge is complicated by the fact that absolute (i.e. amount of produced CO2) and SOC-specific

(i.e. amount of produced CO2 per unit SOC) mineralization rates are highly variable in space (Tang and Baldocchi, 2005),35

depth (Fang and Moncrieff, 2005; Davidson et al., 2006a), and time (Tang and Baldocchi, 2005; Davidson et al., 2006a). This

variability results from spatio-temporal variations of its controlling factors: SOC stocks (Meyer et al., 2018b; Cleveland et al.,

2007), temperature (Lloyd and Taylor, 1994), soil moisture (Cook and Orchard, 2008), and physical, physicochemical and

biochemical stabilization mechanisms (Von Lützow et al., 2008; Six et al., 2002), which are driving SOC mineralization via

complex and non-linear interactions. Without knowledge on spatio-temporal SOC mineralization patters, however, a quantifi-40

cation of the current state and predictions on the vulnerability to changing conditions remain speculative and limited to point

measurements.

Especially the subsoil (30-70 cm) and deep subsoil (70-100 cm) received little attention in this context. Only few studies

(Hirano, 2005; Davidson et al., 2006a) focus on the contribution of the subsoil to soil CO2 efflux although it may account for

50% of the total SOC stock (Jobbágy and Jackson, 2000). Also, many subsoil studies are based on incubation experiments at45

altered (i.e. often optimal) conditions of temperature and moisture (Lomander et al., 1998; Fierer et al., 2003; Meyer et al.,

2018a). Yet, such experiments may under- or overestimate the contribution of subsoil to CO2 efflux because incubation temper-

atures and moisture conditions may differ substantially from those experienced by subsoils under field conditions. For many

times of the year, the subsoil might be characterized by more favorable conditions for SOC mineralization than the topsoil

(e.g., higher temperatures in winter, higher soil moisture in dry summer), thereby even contributing more to soil CO2 efflux50

than the topsoil (Hirano, 2005; Davidson et al., 2006a). An assessment of SOC mineralization rates under actual temperature

and moisture conditions would be needed to assess the stability of SOC in topsoil and subsoil and to unravel the respective

contribution to soil CO2 efflux.

Besides temperature and moisture, also biochemical and physical stabilization mechanisms determine patterns of SOC min-

eralization rate (Von Lützow et al., 2008). Molecular characteristics like, for example, woody vegetation with high lignin55

concentrations lead to a higher primary recalcitrance to microbial mineralization than lignin-poorer plants such as grasses or
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cereal crops in grassland and arable systems. This is commonly cited as one driver for the generally higher carbon contents of

forest soils (Martens et al., 2004; Osono et al., 2014; Pisani et al., 2016). Furthermore, the biochemical composition and path-

ways of SOC inputs vary vertically within the soil profile. Whereas aboveground litter represents a major source of fresh C in

the topsoil, subsoil C inputs occur predominantly through root-derived carbon and dissolved organic carbon (DOC).(Rumpel60

and Kögel-Knabner, 2011). Although fine roots, which dominate root-derived C inputs, often decompose as fast as above-

ground litter (Silver and Miya, 2001), root-derived C is nevertheless preferentially stabilized in soil compared to litter-derived

C (Rasse et al., 2005; Kätterer et al., 2011), likely because roots and their microbial breakdown products are deposited di-

rectly at mineral surfaces, particularly in deeper soil layers (Rasse et al., 2005; Jackson et al., 2017). Further, the association

of SOC with mineral surfaces and its physical occlusion within soil aggregates can reduce its accessibility to microbial de-65

composers and thereby contribute to SOC persistence (Kleber et al., 2021; Sokol et al., 2022). Physio-chemical stabilization

of SOC through aggregate formation and breakdown is influenced by external abiotic factors, including drying-wetting and

freezing–thawing cycles, as well as mechanical disturbance such as tillage (Borken and Matzner, 2009; Matzner and Borken,

2008; Andruschkewitsch et al., 2013). Physical stabilization may be more pronounced in deeper soil layers, where more min-

eral surfaces are abundant relative to SOC content (Schrumpf et al., 2013). Due to these varying mechanisms, subsoil SOC is70

consequently assumed to be older and has been reported to be more stable than topsoil SOC (Rumpel et al., 2002; Shi et al.,

2020; Schulze et al., 2009).

All the above mentioned mechanisms that control SOC mineralization are influenced by the land use type with different

vegetation cover, soil management, and fertilization. Yao et al. (2019) found that in grasslands the abundance of recalcitrant

SOC compounds (e.g. lignin) is higher than in agriculturally managed soils. They attribute this to the removal of plant litter75

from cultivated soil, leaving only the plants roots, containing more lignin and fewer lipids and carbohydrates. Another example

is the disturbance of aggregates and the loss of moisture due to soil treatments like tillage. Devine et al. (2014) found a lower

aggregate stability in the topsoil comparing conventional tillage to no tillage cropland. In addition to a reduced capacity to

physically protect SOC from mineralization, tillage can decrease the soil water holding capacity and therefore alter micro-

bial activity (Devine et al., 2014; Zibilske and Bradford, 2007). While these management methods mostly take place in the80

topsoil, studies have shown that land use can also affect the subsoil C pools and dynamics, e.g. DOC leaching (Rumpel and

Kögel-Knabner, 2011; Sanderman and Amundson, 2008; Fang and Moncrieff, 2005). In forest soils, SOC mineralization is

influenced by continuous litter and root-C inputs. In coniferous forests, relatively lignin-rich and high-C/N needle litter can

slow mineralization and promote organic layer SOC accumulation, providing an important pool for subsequent mineralization

(Kalbitz et al., 2006; Grüneberg et al., 2019).85

To quantify and understand landscape SOC mineralization patterns there is a clear need to study SOC mineralization rates

and their controlling factors in all dimensions: Space, depth, and time. While studies on the spatial (Meyer et al., 2018b),

temporal (Suseela et al., 2012), spatio-temporal (Tang and Baldocchi, 2005), or vertical and temporal (Davidson et al., 2006a)

variability of SOC mineralization have been conducted, they are often restricted to single land use types, and we are not

aware of any studies combining spatio-temporal patterns with a vertical pattern. Further studies on spatio-temporal patterns90

of soil CO2 efflux have been conducted, but these miss out the vertical dimension and, as also autotrophic CO2 production
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adds to soil CO2 efflux, are not explicitly approaching SOC mineralization (Rayment and Jarvis, 2000; Reichstein et al., 2003;

Rodeghiero and Cescatti, 2008; Warner et al., 2019; Baumberger et al., 2026). Quantifying heterotrophic SOC mineralization

therefore requires separating root-derived CO2 from total soil CO2 release, for which component integration, i.e. measuring

soil and extracted roots separately, is the only approach applicable to depth-resolved samples from many plots (Hanson et al.,95

2000; Kuzyakov, 2006). Combined with immediate incubation under in situ temperature and moisture, it yields field-like

heterotrophic mineralization rates across entire soil profiles that surface CO2 efflux measurements cannot provide (Subke

et al., 2006).

This study aims to quantify SOC mineralization across spatial, temporal, and vertical gradients in the Fichtelgebirge moun-

tains (Bavaria, Germany). For this purpose, field and laboratory measurements were conducted on coniferous forest, meadow,100

and cropland plots over one year, with 120 plots sampled in total (10 per season and land use type). Soil cores were collected

to a depth of 1 m, sectioned into 10 cm increments, and incubated within a few hours of sampling under in situ soil tem-

perature and moisture conditions to approximate field-like SOC mineralization rates. Potential SOC-specific mineralization

was additionally quantified under standardized conditions of temperature and moisture as an indicator for SOC stability. We

hypothesized that (i) the stability of SOC increases with depth, (ii) the influence of land use on SOC mineralization will be105

detectable up to 1 m depth, and (iii) the subsoil may exhibit higher mineralization rates than topsoil both during cold winter

and dry summer conditions and thus due to more favorable thermal and moisture conditions.

2 Methods

2.1 Study area

The study area was in the Fichtelgebirge Mountains in northeastern Bavaria, Germany, within a 20 × 20 km squared area110

surrounding the Großer Waldstein peak (877 m a.s.l.). The climate is temperate with a mean annual temperature of approx-

imately 6.5 °C and a mean annual precipitation ranging between 800 and 1000 mm (Bayerisches Landesamt für Umwelt,

2018a). The Fichtelgebirge is a low mountain range, mainly covered with coniferous forest, which extends diagonally from

the southwest to the northeast across the study area and is surrounded by cropland, small forest patches, grassland and small

villages (Bayerisches Landesamt für Umwelt, 2018b). The soils developed mainly from metamorphic parent materials such as115

gneiss, phyllite, and mica schist. The characteristic dome-shaped mountains of the Fichtelgebirge Mountains are predominantly

composed of granite (Bayerisches Landesamt für Umwelt, 2018b). On these bedrocks, the dominant soil types are Cambisols,

Podzolic Cambisols, and Gleysols, while Regosols mainly occur at higher elevations (FAO classification).

2.2 Sampling design

The field campaign took place over a period of one year (December 2021 - December 2022) to capture seasonal variations.120

Measurements were conducted approximately once per week at one plot of each land-use type (cropland, meadow, and conif-

erous forest). To capture spatial and temporal variability across seasons (spring: March–May, summer: June–August, fall:
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September–November, winter: December–February), seven new plots per land use type were selected within the study area for

each season. In addition, three permanent plots per land use type were sampled once per season (Figure 1). In total we sampled

120 plots, 10 per season and land use type. To ensure randomization and spatial representativeness, the study area was divided125

into 64 grid cells. Each week, one cell per land use type was randomly selected. Within each cell, the exact sampling location

was determined based on accessibility and landowner permission. Each grid cell was sampled only once per land use category

to prevent spatial overlap, except for the permanent plots. Results from single sampling plots and repeatedly measured perma-

nent plots were included in this study; however, we do not focus on the differences between these two sampling approaches.

Sampling was restricted to terrestrial soils, primarily Cambisols and Cambic Podzols with loamy textures (FAO classification).130

Forest samples were collected from coniferous stands dominated by Norway spruce (Picea abies).

Figure 1. Map of the study area with an 8×8 grid used for plot selection (coordinates: 11.72° E–11.99° E, 50.05° N–50.24° N). Squares

indicate plots that were sampled repeatedly (once per season; "permanent plots"), whereas circles indicate plots sampled only once. Blue

symbols represent coniferous forest plots, brown symbols cropland plots, and green symbols meadow plots. The red double circle marks the

location of Großer Waldstein. Base map: OpenTopoMap © OpenStreetMap contributors 2025, EPSG:3857

2.3 Soil sampling and determination of basic soil properties

On each plot two soil cores up to 1 m were taken with a soil column cylinder auger (Eijkelkamp, Netherlands, Ø 8 cm sampling

size) and a gasoline driven hammer (Cobra 148, Atlas Copco). Each core was sliced in 10 cm increments, respectively, directly
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in the field (Figure A1). To assess soil temperature and moisture in each 10 cm increment, a probe (Drill & Drop Probe RS232,135

Sentek Technologies, Australia) was inserted into the soil at least three days before the sampling and within a radius of 3 m.

The probes measured the mean soil temperature and volumetric water content within a 10 cm diameter at 10 cm increments

along a total length of 90 cm (Baumberger et al., 2024). Because soil moisture relative to the water holding capacity (WHC) is

ecologically relevant for microbial respiration (Gulledge and Schimel, 1998), we determined the WHC and expressed actual soil

moisture as a percentage of WHC (%WHC), following the procedure described by Alef and Nannipieri (1995). The measured140

soil moisture was then expressed as a percentage of WHC. According to Grundmann et al. (1995), WHC values below 40% or

above 60% are associated with reduced microbial activity. Soil pH was measured in deionized water at a soil-to-solution ratio

of 1:2.5. Carbon and nitrogen contents, as well as SOC stocks, were determined following the methodology described by Haas

et al. (2026).

2.4 SOC mineralization at in situ temperature and moisture conditions145

Each 10 cm soil increment was prepared for SOC mineralization measurement shortly after sampling, i.e. typically within 2

hours. Soil increments were broken vertically into two parts and weighed (Figure A1). One part was used for the incubation

and carefully placed in a jar by gently breaking it into two parts to facilitate the release of produced CO2 while minimizing any

disturbance to the soil structure ("field-like soil"). The other part was sieved (2 mm) for later measurements of mineralization

under standardized conditions. During this sieving, roots were carefully separated from the sample and used for root respiration150

measurement. For the incubation, the jars with the "field-like" soil and the extracted roots were put into a water bath. Each 10

cm soil increment was incubated in a separate water bath adjusted to the original soil temperature at the respective depth, which

was measured by the temperature probe at the time when the sample was taken. Before the soil respiration was measured, the

soil jars were flushed for at least 2 h with ambient air to allow any previously accumulated CO2 to outgas. Pre-measurements

(not shown) were performed to ensure that only newly produced CO2 will be measured after the flushing. Soil respiration was155

measured with a Li-Cor 6252 portable infrared gas analyzer (IRGA, Lincoln, NE, USA). Air circulated with a flow rate of 0.5

l min−1 between the jar and the analyzer. A logger recorded the increasing CO2 concentration every 10 seconds for multiple

minutes to measure root respiration and soil respiration. From these measurements, soil respiration rates were derived from

the linear increase (Eq. 1) in CO2 concentration over time (∆c/∆t) and the molecular weight of carbon (Mi), and corrected for

jar volume (V), dry mass of the incubated soil (G), air temperature (T), and atmospheric pressure (pa) in the head space. Soil160

respiration was normalized per gram of dry soil (SRgrav).

SRgrav [Cmg ∗ soilkg−1 ∗h−1] =
∆c [ppm] ∗ 10−6

∆t [h]
∗ V [m3]

G [kg]
∗ pa [Pa] ∗Mi [g/mol]

8.314 ∗T [K]
(1)

Soil respiration per unit area [C g ∗ha−1 ∗h−1] and root respiration were calculated analogously to soil respiration per soil

mass, but replacing the dry soil mass (G) with the soil surface area or the dry mass of roots, respectively. SOC mineraliza-

tion was defined as soil respiration minus root respiration, scaled by the amount of roots present in the incubated soil. This165

subtraction-based approach, using excised root respiration to estimate the root-derived fraction of total soil CO2 release, is
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conceptually similar to established root-exclusion and component integration methods used to partition soil respiration into

autotrophic and heterotrophic sources (Hanson et al., 2000; Subke et al., 2006).

2.5 SOC mineralization under standardized conditions

To derive potential SOC mineralization under standardized conditions, a subset of the soil samples (10 plots of each land170

use type, including all available 10 cm increments) were sieved (2 mm) and frozen on the same day of sampling. Before

measurement, samples were defrosted for 2-3 days, and soil moisture was adjusted to 50 % of water holding capacity. The

samples were incubated for a week at 20 °C before the potential SOC mineralization at 22 °C was measured for three days

in a respirometer (Respicond, Nordgren Innovations AB, Sweden), which allows incubating 96 samples simultaneously and

assessing CO2 release by trapping CO2 in KOH solution (Nordgren, 1988).175

2.6 Data Analysis

To test the effects of land use and season on SOC mineralization, we applied generalized linear mixed models (GLMMs) using

the glmmTMB package (McGillycuddy et al., 2025) in R Statistical Software v.4.2.2 (Team, 2021). To ensure sufficient replica-

tion and statistical power for comparisons among depth categories, individual depth increments were aggregated into broader

depth intervals: topsoil (0–30 cm), subsoil (30–70 cm), and deep subsoil (70–100 cm). Model assumptions were evaluated180

using residual diagnostics implemented in the DHARMa package (Hartig, 2022). The response variable, SOC mineralization,

was square-root transformed to reduce heteroskedasticity and residual skewness. The model included depth (interval) and land

use type as fixed effects and plot ID as a random intercept. For analyses examining seasonal variability in SOC mineraliza-

tion, season and depth were included as fixed effects, while plot ID and land use were treated as random effects. If required,

heteroscedasticity was accounted for by specifying a dispersion formula.185

Significant differences among factor levels were assessed using pairwise comparisons based on estimated marginal means

(EMMs) calculated with the emmeans package (Lenth and Piaskowski, 2025), which allows robust comparisons while account-

ing for co-variates included in the model. All figures were generated using the ggplot2 package (Wickham, 2016).

3 Results

3.1 Soil properties190

The C/N ratio in the coniferous forest decreased continuously with depth, from 24.8 in the organic layer to 13.8 in the mineral

deep subsoil (Table 1). In meadow and cropland soil the C/N ratio varied between 8.1 and 13.4 with higher values within the

first 50 cm (12.1 - 13.1) and lower values in the last 50 cm (8.1-12.0). The pH-value in coniferous forest increased with depth

from 3.8 to 4.7, indicating acidic conditions. Such acidity was not observed in the agricultural soils, where pH values ranged

from 5.7 to 6.4 and remained within a weak acidic range throughout the profile. SOC concentrations decreased continuously195

with depth in coniferous forest and meadow soils, whereas in cropland soils they remained relatively constant within the upper
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30 cm before decreasing with depth. Across all depths, SOC concentrations were highest in coniferous forests, followed by

meadows and croplands. SOC stocks in the topsoil (0–30 cm) were highest in meadow soils. Below 30 cm, forest soils generally

exhibited the highest SOC stocks, except in the deepest increment (90–100 cm).

Table 1. Soil properties derived from soil core increments. In total, 32 soil cores were sampled for each land use type, respectively. The

number of replicates slightly decreases with sampling depth, as reaching bedrock before 100 cm prevented sampling at lower depths, thereby

reducing the number of replicates in deeper layers (Haas et al., 2026). The mean and standard deviation was calculated for C/N ratio, pH-

Value, SOC content and SOC stocks per 10 cm increment for cropland (Crop), forest (For) and meadow (Mea).

Depth C/N ratio pH-Value (H2O SOC content [%] SOC stock [t ha−1]

[cm] Crop For Mea Crop For Mea Crop For Mea Crop For Mea

Organic - 24.8 - - 3.8 - - 33.47 - - 55.8 -

layer ±3.1 0.3 ±9.80 ±37.2

0-10 12.2 23.9 12.1 6.4 4.1 6.1 2.48 4.77 4.90 22.1 24.8 38.3

±1.2 ±3.6 ±1.0 ±0.5 ±0.2 ±0.5 ±0.65 ±1.81 ±1.69 ±6.3 ±10.8 ±10.7

10-20 12.1 22.9 12.4 6.3 4.3 6.2 2.34 2.48 2.87 22.4 16.8 27.1

±1.0 ±4.9 ±1.6 ±0.5 ±0.2 ±0.4 ±0.43 ±1.26 ±0.99 ±3.9 ±6.5 ±8.8

20-30 13.0 21.3 13.4 6.3 4.4 6.2 1.68 1.66 1.43 16.9 11.5 14.6

±3.8 ±5.4 ±3.0 ±0.6 ±0.2 ±0.5 ±0.56 ±0.88 ±0.66 ±6.7 ±6.7 ±6.9

30-40 13.0 19.7 12.9 6.2 4.4 6.2 0.79 1.2 0.79 7.9 9.6 8.4

±4.5 ±5.6 ±4.3 ±0.7 ±0.2 ±0.6 ±0.42 ±0.77 ±0.73 ±4.6 ±7.8 ±7.8

40-50 13.1 17.6 12.2 6.2 4.4 6.2 0.54 0.92 0.62 5.2 7.0 7.2

±4.6 ±4.7 ±4.2 ±0.7 ±0.3 ±0.6 ±0.31 ±0.78 ±0.69 ±3.2 ±6.4 ±8.9

50-60 12.0 16.6 11.8 6.0 4.5 5.9 0.41 0.64 0.35 4.0 4.8 4.1

±3.5 ±5.4 ±3.8 ±0.8 ±0.4 ±0.7 ±0.29 ±0.54 ±0.28 ±3.0 ±5.8 ±3.9

60-70 11.2 16.2 11.6 5.8 4.6 5.9 0.31 0.44 0.28 2.7 3.0 3.3

±3.1 ±6.1 ±4.0 ±0.7 ±0.5 ±0.6 ±0.27 ±0.29 ±0.18 ±2.2 ±3.5 ±2.3

70-80 11.5 16.3 11.0 5.8 4.7 5.9 0.26 0.33 0.26 1.8 2.1 2.9

±3.8 ±10.0 ±4.1 ±0.7 ±0.5 ±0.6 ±0.25 ±0.32 ±0.3 ±1.5 ±2.9 ±3.6

80-90 10.0 15.4 9.8 5.7 4.9 5.8 0.20 0.38 0.19 1.6 1.0 1.6

±3.8 ±9.8 ±3.6 ±0.7 ±0.5 ±0.6 ±0.17 ±0.37 ±0.09 ±2.1 ±2.2 ±1.1

90-100 8.1 13.8 10.5 5.7 4.7 5.8 0.14 0.23 0.16 0.7 0.2 1.2

±3.2 ±6.9 ±5.0 ±0.7 ±0.6 ±0.8 ±0.07 ±0.13 ±0.09 ±1.0 ±0.8 ±1.4

3.2 Potential SOC-specific mineralization under standardized temperature and moisture conditions200

The potential SOC-specific mineralization under standardized condition (50% WHC and 22 °C) was significantly different

depending on depth and land use (Figure 2).
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Figure 2. Potential SOC-specific mineralization across soil depth and land use. Boxplots (a) show the distribution and mean SOC mineral-

ization rates normalized by SOC of soils incubated at 50% of their water holding capacity (WHC) and 22 °C for each 10 cm depth increment.

Panel (b) presents the predicted mean mineralization for aggregated soil intervals (topsoil: 0–30 cm, subsoil: 30–70 cm, deep subsoil: 70–100

cm) with corresponding confidence intervals (error bars). Means not sharing a common letter differ significantly (p < 0.05). Comparisons

were made across depth and land-use types; thus, all predicted means can be compared with each other for statistical significance.

Within individual land use types, the potential SOC-specific mineralization was significantly lower in the topsoil and subsoil

than in the deep subsoil for both cropland and coniferous forest soils. In contrast, meadow soils showed no significant change

in mineralization rates with increasing depth.205

In the topsoil (0–30 cm) and subsoil (30–70 cm), the potential SOC-specific mineralization was significantly lower in conif-

erous forest soils than in meadow soils. Mineralization rates in cropland soils were intermediate between those of coniferous

forest and meadow soils and did not differ significantly from either. In the deep subsoil (70–100 cm), the mineralization rates

were comparable across all land use types and no significant differences were detected.

3.3 SOC mineralization at in situ temperature and moisture conditions across land use types210

Mean annual SOC mineralization differed significantly among land use types across the entire 1 m soil profile (Figure 3).

Coniferous forest and cropland soils consistently exhibited significantly lower mineralization rates than meadow soils at all

depth intervals, while no significant differences were observed between forest and cropland.
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Figure 3. SOC mineralization at in situ soil temperature and soil moisture conditions across depths and land use types (cropland, coniferous

forest, meadow). Boxplots (a) show the annual mean mineralization per 10 cm depth increment and land use type. Panel (b) presents predicted

annual mean mineralization for aggregated soil intervals (topsoil: 0–30 cm, subsoil: 30–70 cm, deep subsoil: 70–100 cm) with corresponding

confidence intervals (95 %, error bars). Letters indicate significant differences among land use types and aggregated soil depth increments.

Means not sharing a common letter differ significantly (p < 0.05). Comparisons were made across depth and land-use types; thus, all presented

means can be compared with each other for statistical significance.

Within land use types, cropland soils showed a significant decline in mineralization from the topsoil to the deep subsoil. In

contrast, mineralization in both coniferous forest and meadow soils remained relatively constant with depth, with no significant215

differences among soil intervals.

3.4 Seasonal variation in SOC mineralization at in situ temperature and moisture conditions

Soil temperature and soil moisture exhibited temporal variation over the course of the year (Figure 4). In spring, mean soil

temperatures ranged between 5.7 and 5.9 °C and soil moisture in the mineral soil ranged between 46-51 % WHC. During

summer, mean temperatures increased to 15.1-16.1 °C in the mineral soil, while soil moisture ranged from about 20 % WHC220

in the upper layers to around 40 % WHC in the subsoil. In fall, soil moisture in the topsoil increased again across all depths

(35-42 % WHC), while soil temperatures decreased to 8 °C in the upper 10 cm to 12 °C in the 90–100 cm layer. This vertical
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temperature gradient became more pronounced in winter, when the upper 10 cm had a mean temperature of 1 °C, whereas the

90–100 cm layer reached 6 °C. Soil moisture increased again from fall to winter, ranging between 41 % and 55 % WHC in the

mineral soil. The organic layer was consistently drier than the mean moisture of the upper 10 cm of the mineral soil (6–17 %),225

except in summer, where both reached 21 % WHC.
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Figure 4. Seasonal (spring: a, e; summer: b, f; fall: c, g; winter: d, h) soil temperature, soil moisture, and SOC mineralization at in situ

conditions. Panels a-d show the seasonal mean soil temperature and moisture for each 10 cm depth increment within the 1 m soil profile of

each season. Panels e-h display the mean SOC mineralization at in situ soil temperature and soil moisture conditions with 95 % confidence

intervals (error bars), shown as colored lines by land use type for each 10 cm depth increment and season. Letters indicate significant

differences among seasons and aggregated soil depth increments (topsoil: 0–30 cm, subsoil: 30–70 cm, deep subsoil: 70–100 cm). Means

not sharing a common letter differ significantly (p < 0.05). Comparisons were made across depth and seasons; thus, all presented means can

be compared with each other for statistical significance.
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There was no significant seasonal effect on SOC mineralization rates within the aggregated soil intervals (topsoil: 0–30 cm,

subsoil: 30–70 cm, deep subsoil: 70–100 cm). For most of the year (i.e., spring, fall, and winter), SOC mineralization did not

differ significantly among the topsoil (0–30 cm), subsoil (30–70 cm), and deep subsoil (70–100 cm). A significant difference

was observed only in summer, when mineralization rates were higher in the topsoil than in the subsoil.230

4 Discussion

4.1 Stability of SOC with depth

Topsoil typically respires more CO2 per gram of soil under standardized conditions than subsoil, largely due to its higher carbon

content (Fierer et al., 2003). This was also observed in our study. However, we hypothesized that this difference would become

even more pronounced when mineralization was normalized by SOC content, assuming that potential SOC mineralization235

would decrease with depth. This expectation was based on the assumption that physical stabilization mechanisms become

increasingly important in deeper soil layers, where mineral surfaces are more abundant relative to SOC (Schrumpf et al.,

2013). Consequently, subsoil SOC is generally considered to be older and potentially more stable than topsoil SOC (Paul et al.,

1997; Rumpel et al., 2002; Eusterhues et al., 2003; Schrumpf et al., 2013). Contrary to this hypothesis, potential SOC-specific

mineralization rates under standardized moisture and temperature conditions did not decrease with depth in any of the land-use240

types. In meadow soils, mineralization remained relatively constant throughout the soil profile, with no significant differences

among the aggregated depth intervals (topsoil: 0–30 cm, subsoil: 30–70 cm, deep subsoil: 70–100 cm). In contrast, coniferous

forest and cropland soils showed significantly higher mineralization rates in the deep subsoil than in both the topsoil and subsoil.

That shows that mineralization is influenced not only by the quantity of SOC but probably also by its chemical composition

and by environmental conditions, including pH, tillage, and fertilization (Von Lützow et al., 2006; Adhikari et al., 2023). In245

coniferous forest soils, the increase in potential SOC-specific mineralization with depth coincided with increasing pH and a

decreasing C/N ratio. This pattern suggests that changes in soil chemical conditions and SOC quality may have contributed to

the higher mineralization rates observed in the deep subsoil. In meadow soils, in contrast, neither pH nor C/N ratio changed

substantially with depth, which was consistent with the relatively constant potential mineralization rates. This may indicate

that SOC quality and its accessibility to microorganisms did not change sufficiently with depth to cause a detectable change250

in mineralization rates. In cropland soils, however, potential mineralization increased with depth despite pH and C/N ratios

being relatively similar to those of meadow soils. This pattern may partly reflect the effects of agricultural management, as

land use intensity, particularly nitrogen fertilization, has been shown to decrease SOC mineralization, while tillage can reduce

microbial activity and disrupt microbial habitats (Solly et al., 2014; Yao et al., 2019). Such effects may have been particularly

pronounced in the topsoil and subsoil of the cropland plots, potentially contributing to the lower mineralization rates observed255

there compared to the deep subsoil. Similar increases in potential SOC-specific mineralization with depth have been reported

by Wordell-Dietrich et al. (2017) and Salomé et al. (2010) for forest and cropland soils. These studies attributed the higher

mineralization rates in subsoil to a relatively larger proportion of labile carbon and lower microbial carbon use efficiency.

Under such conditions, microorganisms may need to mineralize a greater proportion of the available carbon to meet their
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energy requirements, resulting in higher CO2 production per unit SOC. This suggests that the physical stabilization in the260

subsoil is maybe less strong than expected or chemical quality and the less hostile for the microorganisms in the subsoil

counteract the effects of physical protection.

Potential SOC-specific mineralization rates also differed among land use types, with the highest rates observed in mead-

ows, followed by croplands and coniferous forests. Even where differences were not always statistically significant, the same

ranking was observed by Woloszczyk et al. (2020) in a study area in Schleswig-Holstein, Germany. The significantly lower265

mineralization rates of forest soils compared with meadow soils in the topsoil and subsoil were likely related to their low pH

and the higher recalcitrance of organic matter (Von Lützow et al., 2008). In addition, tree roots generally decompose more

slowly than herbaceous roots, potentially contributing to lower microbial turnover in forest soils (Solly et al., 2014; Silver and

Miya, 2001). Cropland soils, in contrast, exhibited higher pH values and generally less recalcitrant plant litter than coniferous

forest soils (Osono et al., 2014). Nevertheless, potential mineralization rates in cropland were similarly low to those in forest270

soils and significantly lower than those in meadow soils in both the topsoil and subsoil. Higher mineralization rates in mead-

ows compared with croplands have been attributed to a greater amount of particulate organic matter and enhanced microbial

activity (Schlüter et al., 2022). In croplands, a substantial portion of aboveground plant biomass is removed during harvest,

while tillage can decrease microbial activity (Yao et al., 2019; Graham et al., 2021). In addition, land use intensity, particularly

nitrogen fertilization, has been shown to slow fine root decomposition (Solly et al., 2014). Together, these factors may explain275

the significantly lower mineralization rates observed in cropland topsoils and subsoils compared with meadow soils, and their

similarly low rates to those of coniferous forests despite higher pH values and potentially less recalcitrant organic matter. Over-

all, our results do not support the initial hypothesis that potential SOC-specific mineralization decreases with depth. Instead,

the depth pattern depended on land use, with higher rates in the deep subsoil (70-100 cm) of cropland and coniferous forest.

This suggests that potential SOC stability is controlled by a combination of SOC quality, substrate accessibility, and microbial280

activity, rather than by soil depth alone, and that increasing soil depth does not necessarily imply greater SOC stability.

4.2 Land use effect on SOC mineralization under in situ conditions across soil depths

The hypothesis that land use influences SOC mineralization and that this effect persists down to 1 m depth is supported by our

results. Mineralization differed significantly among land use types, with meadow soils exhibiting consistently higher miner-

alization rates than both cropland and coniferous forest soils. Higher mineralization rates in meadow soils likely reflect both285

a greater availability of readily decomposable SOC, as indicated by their higher potential SOC-specific mineralization, and

generally larger SOC stocks throughout most of the soil profile (Haas et al., 2026). Similar patterns have frequently been

attributed to the continuous input of high-quality root-derived carbon and the absence of soil disturbance under permanent

grassland, which promote microbial activity and the accumulation of labile organic matter (Poeplau et al., 2018; Wiesmeier

et al., 2019). In contrast, SOC mineralization under in situ conditions in cropland and forest soils appears to reflect the decline290

in SOC stocks with depth rather than the increase in potential SOC-specific mineralization. Long-term differences in tillage

intensity, vegetation type, rooting depth, and the quantity and quality of below ground carbon inputs appear to shape SOC

availability and microbial activity even in deep soil layers. Deep-rooted perennial vegetation likely enhances carbon inputs into
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the subsoil, whereas in croplands, tillage concentrates organic matter near the surface, and soil compaction from agricultural

machinery further limits carbon transfer to deeper horizons (Abdalla et al., 2016). Consequently, land use influences not only295

SOC stocks (Haas et al., 2026) but also SOC mineralization rates across the soil profile. The relatively constant mineralization

rates per unit area with depth in meadow and forest soils imply a larger subsoil contribution to total soil CO2 release than

typically derived from in situ measurements of CO2 concentrations within the soil profile, which attribute the majority of soil

CO2 efflux to the upper 20–30 cm (Davidson et al., 2006b; Maier and Schack-Kirchner, 2014). Part of this difference may

reflect the disturbance and short-term character of our measurements (Chapter 4.3). However, gradient-based estimates inte-300

grate root-derived and heterotrophic CO2, depend on diffusivity models that are uncertain in heterogeneous and stony subsoils

(Maier and Schack-Kirchner, 2014), and have rarely been applied across land use types. Whole-soil warming experiments

using such in situ profile measurements have shown that subsoil SOC responds to warming at least as strongly as topsoil SOC

(Hicks Pries et al., 2017; Soong et al., 2021), our results add that, under ambient conditions, subsoil SOC in all three land use

types is mineralized at rates per unit SOC that are not lower than in the topsoil. The persistence of land use effects into the305

deep subsoil suggests that management practices can influence carbon cycling beyond the topsoil. As a substantial proportion

of global SOC is stored below 30 cm depth, understanding the controls on subsoil mineralization is essential for predicting

long-term carbon sequestration and the response of SOC stocks to land use change.

4.3 Seasonal effect on SOC mineralization under in situ conditions of temperature and moisture

We hypothesized that subsoil may exhibit higher SOC mineralization rates than topsoil during cold winter and dry summer due310

to more favorable thermal and moisture conditions. Despite pronounced seasonal variation in soil temperature and soil moisture,

we did not observe any seasonal effects on the mineralization at any depth. A likely explanation is the counteracting influence of

environmental constraints: warm but dry conditions in summer and fall versus moist but cold conditions in winter and spring.

Under such conditions, microbial activity may be limited either by low temperature or insufficient moisture. Optimal soil

moisture for aerobic microbial activity is typically reported at 40–60 % WHC (Meyer et al., 2018a; Grundmann et al., 1995),315

whereas lower moisture levels can restrict water and nutrient availability and thus constrain microbial processes (Uhlířová

et al., 2005; Papendick and Campbell, 1981). The limitation of microbial activity by soil moisture and temperature in our study

area was also supported by Baumberger et al. (2026), who measured total soil CO2 efflux at the same plots and during the same

period as this study. Their chamber measurements showed that soil efflux were relatively low compared with those reported

from other areas in Germany. This finding is consistent with the prevailing environmental conditions: of the 1,096 observations,320

only 569 exceeded 40 % WHC, and 421 of these occurred during spring and winter when soil temperatures were relatively

low. These contrasting seasonal effects were most pronounced in the topsoil, which exhibited the greatest variability (standard

deviation: 6.0 °C and 13 % WHC). In contrast, environmental conditions in the subsoil (standard deviation: 5.4 °C and 6 %

WHC) and deep subsoil (standard deviation: 4.8 °C and 4 % WHC) were considerably more stable, likely contributing to the

absence of significant seasonal variation in SOC mineralization at greater depths. Considering only soil samples with optimal325

moisture conditions (40–60 % WHC), mean soil temperature was 4.0 °C in the topsoil, 6.5 °C in the subsoil, and 8.4 °C in

the deep subsoil. As higher temperatures promote microbial activity, this might explain why mineralization rates remained
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similar despite the exponential decline in SOC stocks with depth in the subsoil. The only significant within-season difference

was observed in summer, where SOC mineralization in the topsoil was significantly higher than in the subsoil. Although mean

summer temperatures were similar in both layers (15.3 °C in the topsoil and 15.9 °C in the subsoil), the topsoil showed greater330

variability in soil moisture, including several observations above 40 % WHC, despite similar mean moisture values (16 %

vs. 15 % WHC). Overall, unfavorable soil moisture and soil temperature conditions constrained microbial activity and SOC

mineralization throughout much of the year and across all depths. Hence, we have to reject our hypothesis that subsoil or deep

subsoil layers respire more CO2 than the topsoil during winter. However, the lack of comparable data on field-like, depth-

resolved SOC mineralization under field conditions limits direct validation and comparison of these findings, underscoring the335

importance of conducting incubations under realistic field moisture and temperature conditions.

The importance of moisture and/or temperature limitation for SOC mineralization is further illustrated by comparing min-

eralization rates measured of soil under field temperature and moisture conditions with mineralization rates determined under

standardized laboratory conditions. In the topsoil, the mean SOC-specific mineralization rate (Figure A2) was only about half

of the mineralization measured under near-optimal incubation conditions (Figure 2), indicating that microbial activity was sub-340

stantially constrained by environmental conditions in situ. In contrast, mean SOC-specific mineralization rates in the subsoil

and deep subsoil measured shortly after sampling under in situ temperature and moisture conditions exceeded mineralization

rates determined under standardized laboratory conditions by approximately two- and threefold, respectively. This finding was

unexpected, as the standardized incubation conditions (e.g., 50 % WHC and relatively high temperature) should have pro-

moted near-maximal microbial activity. Several explanations can be considered. A methodological artifact caused by residual345

("legacy") CO2 outgassing is unlikely, as preliminary tests confirmed that the head space flushing period was sufficient to

remove accumulated CO2 before measurements commenced (data not shown). Oxygen limitation is also an unlikely explana-

tion because subsoils in well-aerated soils are generally not oxygen limited (Schlüter et al., 2022; Angert et al., 2015; Salomé

et al., 2010), a conclusion further supported by our pre-experiments using oxygen-free flushing. Moreover, the soil structure

was largely preserved during sampling, which limits, although does not exclude, disturbance effects on microbial activity. Soil350

samples were taken with an auger and only gently broken before incubation, and roots were excised from a separate sample

of the same depth increment (Chapter 2.4), so that the incubated soil itself remained almost undisturbed. Nevertheless, sam-

pling can stimulate CO2 release by exposing previously protected organic matter and releasing CO2 stored in the pore space

(Kuzyakov and Larionova, 2005; Salomé et al., 2010), particularly during the first hours after sampling. The rates reported here

therefore represent "field-like" rather than true in situ mineralization rates and may slightly overestimate in situ mineralization.355

In addition, root respiration measured on excised roots from a separate sample can only approximate the root-derived fraction

of total CO2 release (Chapter 2.4, (Hanson et al., 2000)), so that partitioning errors propagate into the SOC mineralization

estimates, most strongly in the root-rich topsoil. Given the minimal disturbance of the incubated soil, however, these effects are

unlikely to explain the differences between the two incubation approaches. A more plausible explanation is the difference in

substrate availability between the two approaches. As discussed above, microorganisms in the subsoil likely depend primarily360

on root exudates and dissolved organic carbon (DOC) leached from the topsoil. Prior to standardized mineralization measure-

ments, however, the soil was sieved, thereby removing roots and interrupting the continuous supply of DOC. Also, samples
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were pre-incubated for one week before start of the measurement at standardized conditions. Consequently, the availability of

readily accessible carbon substrates may have declined substantially during the incubation period, leading to reduced microbial

activity after several days. In contrast, mineralization measurements performed shortly after sampling likely captured micro-365

bial activity before these labile carbon pools were depleted. Thus, both physical disturbance and delays between sampling and

mineralization measurements may lead to an underestimation of the mineralization potential, particularly in the subsoil (Sa-

lomé et al., 2010; Schroeder et al., 2021). In addition, field conditions rarely reached the optimal range for microbial activity,

suggesting that actual mineralization in situ may be strongly constrained by temperature and moisture.

Overall, our findings indicate that SOC mineralization across the soil profile was constrained by the opposing effects of tem-370

perature and moisture, with no consistent seasonal enhancement of subsoil mineralization. The contrast between field-condition

and standardized-incubation measurements further suggests that sample disturbance and depletion of readily available sub-

strates may underestimate subsoil mineralization potential. These results highlight the need for depth-resolved measurements

using fresh, minimally disturbed soils under realistic field temperature and moisture conditions.

5 Conclusion375

This study shows that the potential stability of SOC may depend more on SOC quality than on SOC quantity and soil depth.

Despite lower SOC contents in the subsoil, potential SOC-specific mineralization remained similarly high or even increased.

This resulted in similar SOC mineralization rates across the soil profile under in situ field conditions, despite decreasing

SOC stocks in meadow and coniferous forest soils. Annual mean SOC mineralization rates decreased with depth only in

cropland soils, indicating that land use can influence SOC mineralization throughout the 1 m soil profile and highlighting the380

importance of considering subsoil processes when assessing SOC dynamics. Meadow soils exhibited consistently higher SOC

mineralization rates than cropland and coniferous forest soils, likely reflecting both greater availability of readily decomposable

SOC and generally larger SOC stocks. The persistence of these differences into the deep subsoil suggests that land-use-related

differences in carbon inputs and management shape SOC cycling beyond the topsoil. Measurements under in situ conditions

over the year showed no clear seasonal variation in SOC mineralization, probably due to soil moisture and/or temperature385

limitations. These limiting conditions were more pronounced in the topsoil and may partly explain why SOC mineralization

rates remained similar in the subsoil.

This study provides insights into the controls of SOC mineralization across soil depths and land-use types in the Fichtel-

gebirge Mountains, highlighting the importance of considering subsoil processes and in situ environmental conditions when

assessing SOC dynamics. As the study was conducted within a single low-mountain landscape, further investigations across390

different landscapes, climatic conditions, and soil types are needed to assess the generality of these patterns and improve pre-

dictions of the future role of subsoil SOC under a changing climate. In particular, studies combining measurements of field-like

soils under in situ temperature and moisture conditions with experiments under standardized or manipulated conditions could

help disentangle the mechanisms controlling SOC mineralization in subsoils.
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Data availability. The datasets will be published at PANGAEA after acceptance.395

Appendix A

Figure A1. Flowchart of the field and laboratory workflow used to determine SOC mineralization based on measurements of total soil

respiration and root respiration, including the assessment of relevant soil properties such as soil water content, water holding capacity

(WHC), bulk density, and carbon and nitrogen contents.
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Figure A2. SOC-specific mineralization at in situ temperature and moisture conditions across depths and land use types (cropland, coniferous
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