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ARTICLE INFO ABSTRACT

Handling Editor: D. Said-Pullicino Acidic and calcareous soils differ in nitrogen (N) cycling, yet the underlying gross N transformations remain
unclear in temperate forests. To address this gap, we quantified gross N transformations and microbial abun-
dances in the organic layer and mineral topsoil (0-5 cm) of four closely situated beech forests along a natural pH
gradient. Gross N turnover accelerated from acidic to calcareous soils, with gross mineralization rates increasing
6-fold in the organic layer and 10-fold in the mineral topsoil. However, net N release did not increase accordingly
due to concurrent increases in gross immobilization. Enhanced immobilization at higher pH reflected greater
microbial N demand under bacterial dominance, evidenced by higher microbial N, lower microbial C:N ratios
and reduced fungi-to-bacteria (F:B) ratios. Autotrophic nitrification also increased with pH, corresponding to
elevated ammonium supply from gross mineralization and higher abundances of ammonia-oxidizers. Hetero-
trophic nitrification was much lower than autotrophic nitrification in calcareous soils but equally important in
acidic soils. Net N release was restricted to the mineral topsoil, shifting from low ammonium and nitrate release
in acidic soils, to substantial nitrate release in calcareous soils, potentially supporting greater plant species
richness at high pH. Our results demonstrate that soil N supply mechanisms differ markedly along the pH
gradient, from low immobilization at low pH to high nitrification at high pH, driven by shifts in fungal versus
bacterial dominance and their distinct N demands. This improved understanding of microbial regulation of
acidity-related soil N fertility is crucial for predicting forest responses to global climate disturbances.
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1. Introduction

Temperate forests cover approximately half of Europe’s land area
and provide essential ecosystem services, including wood supply,
biodiversity conservation, and carbon (C) sequestration (Forest Europe,
2020; Djemiel et al., 2023). Soil nitrogen (N) availability, particularly in
its mineral N forms, i.e., ammonium (NHZ) and nitrate (NO3), often
limits plant growth and productivity in these forests (Lang et al., 2021;
Vitousek et al., 2022). However, when N inputs exceed ecosystem de-
mands or storage capacity, losses through leaching or gaseous emissions
may occur, leading to soil acidification, reduced biodiversity, and
exacerbated climate change (de Vries et al., 2021; Templer et al., 2012).
European temperate forests are particularly susceptible to N loss due to
historical N deposition, and this issue is likely to worsen with increasing
forest disturbances driven by intensive forest management (Clark et al.,
2019), extreme weather events (Kriiger et al., 2021), and global
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warming (Schmitz et al., 2019). To evaluate forest N status and predict
ecosystem responses to future global changes, it is essential to under-
stand the patterns and controls of soil N transformation processes
(Zhang et al., 2018; Elrys et al., 2023).

Soil microbes play a crucial role in regulating N transformation
processes, influenced by a combination of climate and soil properties
(Booth et al., 2005; Elrys et al., 2023). In the wet temperate climate zone
of Europe, soil properties, particularly pH, strongly influence microbial
communities and the N transformations they mediate (Michalet and
Liancourt, 2024). Fungi typically dominate acidic soils, while bacteria
tend to prevail in neutral to alkaline conditions (Strickland and Rousk,
2010; Riitting et al., 2013). It is commonly believed that the slower,
fungi-dominated decomposition pathways of soil organic matter in
acidic soils result in lower net N release compared to bacterial-
dominated calcareous soils (Hogberg et al., 2014; Neina, 2019). How-
ever, empirical support for this theory is limited, and many studies
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suggest the opposite. For instance, some research indicates that fungi-
dominated systems may not necessarily result in lower N leaching los-
ses than bacteria-dominated ones (Rousk and Frey, 2015; de Vries et al.,
2021). In temperate forests, net mineralization rates (the sum of inor-
ganic N release) are often highest in acidic soils (Andrianarisoa et al.,
2009; Leberecht et al., 2016; Kooijman et al., 2018b). In fact, slower N
turnover does not always equate to lower net N release (Stark and Hart,
1997; Verchot et al., 2001), because net N transformations reflect only
the balance of concurrent gross N transformation processes (Hart et al.,
1994a; Staelens et al., 2012). The consumption of NH; and NO3z,
particularly through microbial immobilization, can occur at rates com-
parable to or much lower than their production (i.e., gross mineraliza-
tion and nitrification), leading to either low or high net N release (Corre
et al.,, 2003; Riitting et al., 2015). In acidic soils, although gross N
mineralization is low, the lower N demand of fungi, due to their
generally higher C:N ratios than bacteria (Griffin, 1985), may still result
in high net N mineralization (Robertson and Groffman, 2024). In
contrast, in calcareous soils, high gross N mineralization rates may be
counteracted by elevated bacterial N immobilization (Andrianarisoa
et al., 2009; Kooijman et al., 2018b). However, gross N transformation
processes remain largely unexamined in temperate forests with acidic
versus calcareous soils. Moreover, while fungal or bacterial dominance
is known to affect soil N retention (de Vries et al., 2012; de Vries and
Bardgett, 2016), the fungi-to-bacteria (F:B) ratios have rarely been
simultaneously measured alongside gross N transformation rates across
broad pH gradients. A few studies have linked gross mineralization to F:
B ratios in forest soils with varying pH, but they could not exclude the
effects of climate (Elrys et al., 2021a) or N fertilizer application
(Hogberg et al., 2007). These knowledge gaps complicate our under-
standing of the microbial controls on internal N cycling in acidic versus
calcareous forest soils.

Nitrification is typically associated with N loss, due to the high
mobility of NO3 and its link to leaching and gaseous emissions (Elrys
et al., 2021b; Riitting et al., 2021). However, in oxygen-rich temperate
forests, nitrification also provides essential nutrients to understory
vegetation (Andrianarisoa et al., 2010; Kooijman, 2010), particularly in
calcareous soils where high plant species richness coincides with a
preference for NO3 over NHj (Falkengren-Grerup, 1995; Diekmann and
Falkengren-Grerup, 1998). Net nitrification rates often increase from
acidic to calcareous soils, but the underlying gross nitrification path-
ways may differ across pH gradients (Gao et al., 2022; Zhang et al.,
2023). In acidic soils, heterotrophic nitrification of organic N, primarily
by fungi, often contributes significantly to NO3 production (Li et al.,
2018; Martikainen, 2022). In contrast, calcareous soils with higher pH
can enhance autotrophic nitrification by promoting the activity of
ammonia-oxidizing archaea (AOA) and bacteria (AOB), which perform
the rate-limiting step of this process (Riitting et al., 2021; Gao et al.,
2022). Additionally, “comammox” bacteria, which oxidize ammonia to
NOj3 in a single cell, may also contribute to autotrophic nitrification,
although their pH sensitivity is not yet well understood (Li et al., 2020;
Osburn and Barrett, 2020). The relative contributions of autotrophic and
heterotrophic pathways to gross nitrification and their responses to pH
were compared in a manipulated pH gradient by Zhang et al. (2020).
Similar comparisons in natural forests could provide further insights
into the different nitrification pathways and their significance for
ecosystem-specific N supply in acidic and calcareous soils.

Gross N transformations are typically quantified by N pool dilution
(Ribbons et al., 2016; Braun et al., 2018), in which total gross produc-
tion and consumption fluxes are frequently calculated using analytical
equations (Hart et al., 1994b; Hu et al., 2019). However, this method
often cannot distinguish specific N transformation processes, such as
microbial immobilization and different nitrification pathways (Schimel,
1996; Mary et al., 1998). The '°N tracing approach with mirror labelling
addresses this limitation by quantifying process-specific gross N trans-
formation rates (Barraclough, 1997; Riitting et al., 2011, Riitting et al.,
2021). In situ *°N tracing allows for measuring gross N transformations

Geoderma 454 (2025) 117194

under field conditions, including the presence of plant roots, over
extended periods. In contrast, laboratory incubations provide controlled
conditions with homogenized moisture and temperature, suitable for
studying short-term internal N dynamics (Tietema and Wessel, 1992;
Braun et al., 2018). Though soil sieving and the absence of plant roots
may stimulate microbial activity (Murphy et al., 2003; Luxhgi et al.,
2005), cross-ecosystem laboratory comparisons provide valuable in-
sights into ecosystem-specific N cycling mechanisms (Fisk et al., 1998;
Elrys et al., 2023). Despite this, the >N tracing technique remains less
commonly used in current soil N transformation studies due to intensive
sampling requirements and the need for extensive chemical analyses
(Barraclough, 1991; Riitting et al., 2011).

In the Luxembourg cuesta landscape, characterized by a wet
temperate climate, soils exhibit a clear gradient from acidic to more
neutral (calcareous) conditions over a short distance (Kooijman, 2010;
Cammeraat et al., 2018; Kausch and Maquil, 2018). Along this gradient,
natural beech (Fagus sylvatica L.) forests have developed for over 100
years, offering a unique opportunity to investigate N dynamics between
acidic and calcareous soils in mature forests under the same climate with
litter from the same tree species. Here, we aim to investigate soil N
supply patterns and underlying mechanisms in acidic versus calcareous
soils. We selected four beech forests located on different parent mate-
rials to represent a natural pH gradient. We measured process-specific
gross N transformation rates using laboratory '°N tracing with mirror
labelling, and combined these measurements with qPCR quantification
of the abundance of bacteria, fungi, and autotrophic nitrifiers. We hy-
pothesized that: (i) Both gross mineralization and microbial immobili-
zation rates increase from acidic to calcareous soils, which is linked to a
decrease in the fungi-to-bacteria (F:B) ratio and an increase in microbial
N demand. Consequently, net mineralization decreases from acidic to
calcareous soils due to increased immobilization. (ii) Heterotrophic
nitrification dominates NO3 production in acidic soils, while autotro-
phic nitrification increases with the abundance of ammonia-oxidizers at
higher pH. This leads to higher net nitrification and supports greater
vegetation species richness in calcareous soils.

2. Materials and methods
2.1. Study sites, soil sampling, and chemical analysis

The four beech (Fagus sylvatica L.) forests were selected near Die-
kirch, Luxembourg, all located within approximately 25 km of each
other and characterized by a similar, temperate, and humid climate
(Cammeraat et al., 2018; Kooijman et al., 2018a). The mean tempera-
ture is 0.8 °C in January and 17.2 °C in July, with an annual rainfall of
788 mm. These forests have remained relatively undisturbed, with
management limited to the occasional removal of large trees. The
selected sites included two acidic forests on acidic sandstone (AS) and
acidic loam (AL), and two calcareous forests on calcareous marl (CL) and
limestone (LS). Site characteristics and locations are detailed in Table 1
and Fig. S1.

Samples for laboratory incubation experiments were collected in
March 2022. In each beech forest, plots were randomly selected with
four replicates per site in the forest interior. To approximate comparable
litter quality, all study plots were located in mature beech monocultures,
predominantly comprising trees with a diameter at breast height (DBH)
greater than 50 cm. After removing all freshly fallen litter (from fall
2021), the organic layer (Org) was sampled in two 25 x 25 cm squares.
The mineral topsoil (Ah) was then sampled within each 25 x 25 cm
square, using six metal rings, each with a 5 cm diameter and a depth of 5
cm, encompassing the entire Ah horizon. On limestone, only the mineral
topsoil was sampled, as the entire organic layer had been mixed into the
mineral soil layer due to high earthworm activity. After sampling, the
soil samples were homogenized by hand and sieved through a 4 mm
mesh. Sieved samples intended for molecular analysis were frozen at
—20 °C, and the remainder was stored at 4 °C for physical-chemical
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Table 1
Forest and soil characteristics of selected Luxembourg beech forests in the cur-
rent study.

Forest AS AL CL LS
Parent Acid Acid loam Calcareous Dolomitic
material sandstone marl limestone
Soil Texture loamy-sand loam clay-loam clay-loam
Soil Type Cambic Dystric Calcaric Regosol
Arenosol Luvisol Cambisol
Soil Profile Ah-E-Bw-C Ah-E-Bt-C Ah-Bw-C Ah-C
Humus Form mormoder mullmoder vermimull mull
Thickness of 4 4 2 -
organic
layer
Litter decay 0.16 0.34 1.21 n.d.
constant
Forest Type Fago- Fago- Carici- Carici-
Quercetum Quercetum Fagetum Fagetum
Location Eppeldorf Bigelbach Ermsdorf Moestroff
Coordinates N49°5023"E  N49°5128"E N 49°5014"E N 49°5225"
06°15'53" 06°17'48" 06°13'45" E 06°14'32"

Data was derived from Kooijman et al. (2008, 2009) and Cammeraat et al.
(2018).

analysis.

Soil pH was determined in water, using a 1:2.5 (w:v) ratio for organic
layer samples and a 1:10 (w:v) ratio for mineral topsoil based on dry
mass. Soil moisture was measured gravimetrically. Soil organic matter
(SOM) was measured via loss on ignition at 350 °C (Roper et al., 2019).
Soil total C and N contents were measured in finely ground, air-dried
soils using a CNS analyzer (Vario EL analyzer, Elementar), and soil C:
N ratio was then calculated.

2.2. Microbial biomass, respiration, and population

Soil microbial C and N were measured using a 24-hour fumigation-
extraction. Microbial C and N concentrations were calculated as the
difference in organic C and total N in the 0.05 M K5SO4 extracts between
fumigated and non-fumigated samples, corrected by extraction factors
of 0.45 and 0.54, respectively (Brookes et al., 1985; Vance et al., 1987).
Soil respiration was measured in a 20-day laboratory incubation at 20 °C
in the dark, using a Respicond respirometer (Nordgren, 1988).

For molecular analysis, DNA was extracted from 0.25 g of frozen,
moist samples using the DNeasy PowerSoil Pro Kit (Qiagen, USA)
following the manufacturer’s instructions. DNA quality and concentra-
tions were estimated using the Qubit dsDNA BR Assay Kit (Invitrogen,
USA). Quantitative real-time PCR was conducted in triplicate on each
soil DNA sample (CFX Connect Real-time PCR Detection System Bio-
Rad, USA) to determine the copy numbers of 16S rDNA, the ITS (inter-
nal transcribed spacer) region of fungal rDNA, and AOA and AOB amoA.
The bacterial 16s rRNA gene was amplified with primers 515F and 806R
targeting the V4 region. This primer set amplifies nearly all bacterial
taxa with few biases, and has been commonly used to assess bacterial
communities across soil pH gradients and ecosystems (Liu et al., 2007;
Bergmann et al., 2011; Caporaso et al., 2011; Zhalnina et al., 2015). The
ITS1 region of the fungal genomes was amplified using primers ITS1 and
qITS2, enabling amplification of the widest possible range of fungi
(White et al., 1990; Wakelin et al., 2007; Baldrian et al., 2013). The AOA
amoA gene was amplified with primers Arch-amoAF and Arch-amoAR
(Francis et al., 2005), and the AOB amoA gene was amplified with
primers amoA-1F and amoA-2R (Rotthauwe et al., 1997). The 20 pL
reaction mixture contained 4 uL. 5 x HOT FIREPOI EvaGreen® Mix Plus
(ROX), 0.5 uL of each primer (10 uM), 8 pL of diluted DNA template (80
ng), and 7 pL of sterile Hy0. The thermal cycling conditions are provided
in Table S1 (Ribbons et al., 2016; Diao et al., 2023). The specificity of the
gPCR reactions was determined by melting curve analysis and 1 %
agarose gel electrophoresis. The standard curve for determining the
gene copy number was made with purified PCR products (Ribbons et al.,
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2016, 2018).
2.3. Gross N transformations

Soil microcosms were established in 250-ml bottles, each containing
sieved fresh soils equivalent to 6 g dry weight, adjusted to optimal
gravimetric moisture levels (300 % for organic and 50 % for mineral soil
samples; Tietema, 1992). The bottles were pre-incubated for 1 week at
20 °C in the dark. Oxic conditions were maintained by loosely covering
the bottle lids and regularly uncapping, and water loss was measured.
After pre-incubation, two “paired” °N experiments were conducted
using the mirror-labelling (Barraclough, 1997; Mary et al., 1998; Riitting
et al., 2021). Soil microcosms received either ">’NH4NOs or NH;°NOs,
each containing a >N fraction of 10 atom%, at a rate of 50 mg N kg *
dry soil in a 1-ml solution. This application resulted in an initial 15N
fraction of 1-10 atom % in the NHZ or NO3 pool. This concentration was
chosen based on a pre-experiment, ensuring NHf and NO3 concentra-
tions were sufficiently high for accurate measurement of °N abun-
dances in all soil samples. The amount of N added was comparable to
previous studies (Cheng et al., 2013; Zhang et al., 2022). Tracers were
evenly distributed over the soil surface, with minimal soil disturbance to
reduce potential effects on rate estimates (Hart et al., 1994a). Soil was
extracted immediately (<10 min) (Tp), or after 6 (T1), 24 (T2) and 48
(T3) hours following 5N application using a 0.05 M K»SO4 solution
(1:10, w:v) and shaken for 1 h. After filtration, NHf and NO3 concen-
trations were measured as previously described. Soil moisture was
checked gravimetrically before extraction.

For °N analysis in soil extracts, we used the diffusion method for
NHY (Sorensen and Jensen, 1991; Lachouani et al., 2010) and the azide
method for NO3 (Lachouani et al., 2010). The methods were chosen
based on the guidelines provided by Jia et al (2022), considering criteria
such as sample N concentrations and volume, available instruments and
chemicals, and time limitations. In brief, NHJ from soil extracts was
diffused onto an acidified filter after adding magnesium oxide (MgO),
and then analyzed using an Vario ISOTOPE cube EA (Elemental
Analyzer) connected to a Vision IRMS (Elementar, Germany). For NO3,
the !N abundances were determined by converting it to N,O using a
vanadium(III)-azide buffer, followed by measurement via a Trace Gas
unit coupled to an Isoprimel100 IRMS (Elementar, Germany). Net rates
of NHJ and NOj3 release were derived from linear regression of NHJ and
NO3 concentrations over the '°N incubation period, respectively. Net
mineralization rates were calculated as the daily changes in total min-
eral N (i.e. sum of NH4 and NO3).

2.4. Data analysis

2.4.1. >N numeric model

The computer program used to calculate gross N transformations was
adapted from Wessel and Tietema (1992). It employs a numerical
simulation model with a variable time-step numerical integration pro-
cedure to simulate the paired '°N experiments, and a simplex algorithm
to iteratively find the best values for the model parameters. Using initial
concentrations and °N abundances of the mineral N pools as input, the
simplex algorithm fits the gross N transformation rates during model
simulation. The calculation is based on the “isotopic exchange” princi-
ple, which considers the isotopic dilution of the labeled N pool, isotopic
enrichment of the unlabeled N pool and equilibration between the two
pools (Wessel and Tietema, 1992; Mary et al., 1998; Riitting et al.,
2011). The organic N pool was assumed to have a constant size and
initial >N at natural abundance (0.366 atom%) (Wessel and Tietema,
1992). Optimization was based on the least sum of squares of the re-
siduals (SSR) between modeled and measured values of both °N
abundances and N concentrations of the mineral N pools at different
time points (Wessel and Tietema, 1992). The program generated values
and errors for the optimal parameter set with minimum SSR for samples
from each sampling location of each forest.
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To obtain the most appropriate model, we adjusted the number of N
pools, processes and kinetic settings, considering our soil and incubation
conditions. The optimal model was selected based on minimum SSR
(Wessel and Tietema, 1992), Akaike’s information criterion (AIC) (Cox
et al., 2006), and the determination coefficient (R?) (Table S2). The final
model included five key N transformation processes, namely minerali-
zation, NHJ immobilization, autotrophic nitrification (nitrification,y),
NO3 immobilization and heterotrophic nitrification (nitrificationpet)
(Fig. 1). All processes were set as zero-order in the final model, which is
also supported by previous findings on short-term incubation periods in
forest soils (Myrold and Tiedje, 1986). The model also simulated the
reversible chemical adsorption of NHJ, assuming that adsorbed NHj is
not measurable but participates in NH4 transformations similarly to
unabsorbed NHJ. The fraction of adsorbed NHj, derived from the dif-
ferences between added and recovered '>NHZ amount of the T samples
(Table 2), was used as a parameter in the model. Remineralization of
labeled N was considered negligible within the short-term experimental
setting (Braun et al., 2018). Dissimilatory nitrate reduction to ammo-
nium (DNRA) was excluded, as no visible 1°N inflow into the NHJ pool
was observed. Autotrophic nitrification was treated as a one-step pro-
cess, as NO3 concentrations were found to be negligible (Staelens et al.,
2012).

Gross N transformation rates fitted by the model were on a dry
weight basis (mg N kg ! dry soil day 1), and were then converted to a C
basis (mg N kg~'C day™!) and an areal basis (g N m~2 day ') based on
the measured total C concentrations and bulk density. Averaged gross N
transformation rates were calculated based on fittings from four field
replicates, with standard errors provided.

2.5. Mean residence time (MRT)

The MRT indicates the average duration a N atom remains within a
specific pool. A lower MRT signifies a faster turnover rate and thus a
more dynamic pool. MRTs of soil NH4, NO3, and microbial N pools were
calculated as the ratio of the pool size to its total inflows (i.e. production
rates) (Booth et al., 2005; Corre et al., 2007). The calculations are as
follows: MRT of NH} = NHJ pool/gross mineralization; MRT of NO3 =
NOj3 pool/gross nitrification = NO3 pool/(nitrification,,s + nitrifica-
tionper); MRT of microbial N = microbial N pool/total N immobilization.
For calculations of MRTs, all relevant N transformation processes were
expressed in units of mg N kg™'C day?, and all relevant pools were
expressed in units of mg N kg~'C. All MRTs were expressed in units of
days.

2.6. Statistical analysis

All statistical analyses of the data were performed using R version
4.3.2, and all data were checked for normality and log-transformed
where necessary. One-way analysis of variance was used to compare
site and microbial characteristics within each layer. Pair wise compar-
isons of means were performed using Tukey’s Honestly Significant Dif-
ference (HSD) test at a significance level of a = 0.05. The t-test was used
to examine differences between the organic layer and mineral topsoil on
the same parent material. For gross N transformation rates, non-

Nitrification, ,

Organic N Mineralization

Nitrification,,

NH,* immobilization NO, immobilization

Fig. 1. Conceptual N cycle implemented in the numerical model. The model
comprises four N pools and five transformations.
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Table 2

Recovery of °NHZand '°NO3 immediately after their addition, respectively, for
the organic layer and mineral topsoil samples of four Luxembourg beech forests
on different parent materials.

Layer Acidic Acidic Calcaric Limestone
sandy loamy loamy
Recovery of '>NHj after its addition
Organic layer 128° 105" 71.3% No organic
(4.69) (3.48) (3.70) layer
Mineral 96.5¢ 96.7¢ 79.4° 88.3
topsoil (0.63) (0.13) (2.23) (2.54)
Recovery of '>NO3 after its addition
Organic layer 1227 113° 1217 No organic
(3.94) (4.31) (0.549) layer
Mineral 84.22 83.7° 86.0% 88.2%
topsoil (1.01) (0.77) (0.65) (1.29)

Values in the brackets indicate standard error (n = 4); For each parameter,
values followed by the same lowercase letter are not significantly different
among soil types within each layer (p < 0.05).

overlapping 85 % confidence intervals (85 % CI) were used as an
alternative criterion for detecting significant differences at a = 0.05
(Payton et al., 2000; Riitting et al., 2010). All gross N transformation
rates are presented as mean =+ standard error of four field replicates.
To explore relationships between site characteristics, microbial
abundances and gross N transformation rates, we conducted a principal
component analysis (PCA) with soil physicochemical parameters as data
points and microbial parameters as supplementary variables. The ordi-
nation scores from the first two PCA axes, labeled “soil PC1” and “soil
PC2”, were used to represent variations in soil properties and subse-
quently regressed against gross N transformation rates. Relationships
between gross rates and specific microbial characteristics (e.g., micro-
bial C:N ratios, fungal-to-bacteria abundance ratios, and amoA gene
abundances) were further examined using linear regression. Finally, we
used partial least squares path modelling (PLS-PM) to examine the hy-
pothesized relationships among soil pH, microbial parameters, and gross
and net N transformation rates, using the pls-pm package (Sanchez et al.,
2017; Li et al., 2021). PLS-PM is a non-parametric method that uses
partial least squares to explore relationships among variables, making it
suitable for small sample sizes. Model composition was assessed using
Goodness of Fit (GoF) statistics. Path coefficients, which indicate the
direction and strength of linear relationships between latent variables,
along with explained variability (R?), were calculated using the
“innerplot” function. Path coefficient significance was verified via
bootstrapping (999 iterations), and standard errors and confidence in-
tervals for constructs are provided in the Supplementary Information.

3. Results
3.1. Soil physicochemical properties

The four studied sites exhibited a wide pH range, from 4.39 to 6.81 in
the organic layer and from 3.84 to 7.54 in the mineral topsoil, respec-
tively (Table 3). The organic layer, when present, showed similar soil
organic matter (SOM) content, total C and N concentrations, and C:N
ratios (20.3-21.1) among sites. In the mineral topsoil, SOM increased
from acidic to calcareous soils (1.56-2.47 kg m_z). Total C and N
differed significantly only between AL and CL when expressed as per-
centages, yet they increased from acidic to calcareous soils on an areal
basis (Fig. S2). Soil C:N ratios in the mineral topsoil decreased with
increasing pH (from 18.9 to 13.8). Soil NHZ concentrations, measured
on both a C and an areal basis, strongly decreased from acidic to
calcareous soils in both the organic layer and the mineral topsoil.
Conversely, soil NO3 concentrations increased with pH, but only in the
mineral topsoil.
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Table 3

Site characteristics of soil pH, soil organic matter (SOM), C and N concentra-
tions, C:N ratios, extractable NH; and NO3 concentrations, microbial biomass,
and respiration for the organic layer and mineral topsoil samples of four
Luxembourg beech forests on different parent materials.

AS AL CL LS
Organic pH - H,0 - 439° 508" 6.81° No
Layer (0.11) (0.149) (0.03) organic
SOM kg m~2 2.47*  1.56* 241  layer
(0.17) (0.26) (0.78)
Total C % 303"  257°  35.8°
(2.51) (1.23) (3.30)
Total N % 1.49% 1.272 1.70%
(0.11) (0.04) (0.16)
CN gg! 20.3*  20.3° 2117
0.4 (0.3) (0.2)
Extractable mgN 2509°  2617° 542
NHj kg C
(783) (625) 3)
Extractable mg N 1795°  3894° 18847
NO3 kg~lC
(190) (530) (176)
Microbial C gC 5.23% 5.13% 4.48%
kg~lC
(0.31) (0.23) (0.37)
Microbial N gN 0.52% 0.53% 0.81%
kg~'C
(0.09) (0.13) (0.09)
Microbial C: gg ! 10.8% 12.5° 5.6%
N
(1.43) (3.61) (0.30)
Respiration gC 0.94° 2.01° 1.23°
kg~lC
day!
(0.12) (0.15) (0.07)
Mineral pH - HO 3.84¢ 4.09¢ 7.54% 6.94°

topsoil (0.09) (0.06) (0.02) (0.15)

SOM kg m~2 3.18% 264  3.81° 525°
0.21)  (0.03) (0.18)  (0.28)
Total C % 6.86°> 4.49°  8.40°  595%
0.98) (0.22) (0.89) (0.37)
Total N % 0.36°> 0.24° 051  0.43"
0.05) (0.01) (0.02) (0.03)
CN gg! 189" 185 165>  13.8%
0.22)  (0.32) (1.17) (0.27)
Extractable mg N 1350°  2277°  6° 4
NHZ kg~lC
(288) (263) (3) 3)
Extractable mg N 370° 427 979°  2113°
NO3 kg~lC
(135)  (241)  (86) (40)
Microbial C gC 3.60°  4.40%" 6.20 7.12¢
kg~lC
0.57) (0.15) (0.68)  (0.44)
Microbial N gN 0.20°  0.45%® 0.89" 1.14¢
kg~lC
0.02) (0.15) (0.13)  (0.14)
Microbial C:  gg~! 185>  125® 712  6.38%
N
(3.12) (263) (0.32) (0.43)
Respiration gC 0.25° 054> 042 0.64°
kg 'C
day~?

(0.07) (0.07) (0.05)  (0.06)

Values in the brackets indicate standard error (n = 4); For each parameter,
values followed by different lowercase letters are significantly different among
soil types within each layer; underlined values are significantly different be-
tween layers for each soil type (p < 0.05).

3.2. Microbial biomass, activity and population

Soil microbial characteristics varied strongly across the pH gradient.
On both a C and an areal basis, soil microbial N approximately doubled
from acidic to calcareous soils in the mineral topsoil (Table 3; Fig. S2).
Microbial C:N ratios decreased from values above 10 in acidic soils to
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values around 5-7 in calcareous soils in both the organic layer and the
mineral topsoil. When expressed on a C basis, laboratory-measured
respiration rates were higher in the organic layer (0.94-1.23 g C
kg~ 'C day 1) than in the mineral topsoil (0.25-0.64 g C kg~'C day ).
In the organic layer, respiration rates showed no clear trend with soil
pH, whereas in the mineral topsoil, they increased from acidic to
calcareous soils, particularly when expressed on an areal basis.

Bacterial abundances increased from acidic to calcareous soils in
both the organic layer (on a C basis) and the mineral topsoil (on an areal
basis) (Fig. 2; Fig. S3), correlating positively with respiration rates in
both layers (R?> = 0.57 and 0.62, p < 0.05). In contrast, fungal abun-
dances decreased from acidic to calcareous soils on both measurement
bases. Fungi-to-bacteria (F:B) abundance ratios decreased from acidic to
calcareous soils, with values ranging from 1.48 to 0.08 in the organic
layer and from 0.4 to 0.02 in the mineral topsoil. AOA and AOB abun-
dances responded differently to pH: AOA abundances increased with pH
in both layers, while AOB abundances increased only in the mineral
topsoil, on both a C and an areal basis. Ratios of AOA to AOB gene
abundances did not differ significantly (p > 0.05) among soil types
probably due to high field variability, but they were positively corre-
lated with pH in the organic layer (Fig. S3).

4. Gross N transformation rates and N turnover
4.1. Gross N transformation rates on a C basis

A good agreement was found between modelled and observed data
(Fig. S4), indicating that the model used in this experiment ensured
adequate representation of the system. On a C basis (mg N kg~ *C day 1),
gross N transformation rates clearly increased from acidic to calcareous
soils (Fig. 3). Gross mineralization rates rose with pH from 82 to 492 mg
N kg~!C day ! in the organic layer, and from 10 to 429 mg N kg™ 'C
day™! in the mineral topsoil. Similarly, NH immobilization rates
increased across the pH gradient. In the organic layer, NHj immobili-
zation rates ranged from 192 to 388 mg N kg ~1C day ™, but did not differ
significantly (p > 0.05) among sites probably due to field variability. In
the mineral topsoil, NHf immobilization rates were negligible in acidic
soils but surged to 77 and 573 mg N kg~'C day ! in the calcareous CL
and LS soils, respectively.

Autotrophic nitrification rates increased from acidic to calcareous
soils as well, rising from 18 to 165 kg 'C day ! in the organic layer and
from 2 to 334 mg N kg~'C day ™! in the mineral topsoil. Heterotrophic
nitrification also contributed to gross nitrification, especially in the
acidic soils. In the organic layer, this was observed only in the acidic AL
soil (31 mg N kg~'C day™ 1), accounting for 43 % of gross nitrification. In
the mineral topsoil, the contribution of heterotrophic nitrification
decreased from 80-90 % in acidic soils to 18-40 % in calcareous soils,
although the rates increased at higher pH. NO3 immobilization also
increased along the pH gradient, from 140 to 234 mg N kg~'C day ! in
the organic layer, and surged in the mineral topsoil from negligible
levels in acidic soils to 106-198 mg N kg~'C day ™! in calcareous soils.
This process accounted for 25-33 % of gross immobilization in the
organic layer, and 28-54 % in the mineral topsoil.

4.2. Gross and net N transformation rates on an areal basis

On an areal basis (g N m~2 day™!), gross N transformation rates
exhibited a similar increase from acidic to calcareous soils in both layers
(Fig. S5). Gross mineralization rates increased with pH, ranging from
0.12 to 1.38 g N m~2 day ! in total. It was the primary pathway for
inorganic N production from organic N, occurring at rates 4-10 times
higher than heterotrophic nitrification. The organic layer, when present,
contributed 73-89 % of total gross mineralization, though its contri-
bution decreased along the pH gradient. Gross N immobilization
occurred at low pH only in the organic layer (0.32-0.37 g N m ™2 day ).
At high pH, the mineral topsoil accounted for 40 % of immobilization in
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Fig. 2. Gene abundances expressed as log gene copies kg’lc for (a) bacterial 16 s, (b) fungal ITS, (c) AOA and (d) AOB, and ratio of (e) ITS:16 s (fungi-to-bacteria
abundance ratio) and (f) AOA:AOB to pH in the organic layer (Org) and mineral topsoil (Ah) samples of four Luxembourg beech forests (mean and standard error, n
= 4). Values followed by different uppercase or lowercase letters are significantly different among soil types within the organic layer or the mineral topsoil,

respectively (p < 0.05).n.d.: no data.

the CL soil (1.1 ¢ N m™2 day ! in total) and fully contributed to
immobilization in the LS soil (2.6 g N m—2 day’1 in total). NH4 immo-
bilization consistently exceeded NO3 immobilization, with rates
increasing from 0.24 to 1.62 g N m~2 day ™! for NHZ and from 0.08 to
0.59 g N m 2 day ! for NO3 across the pH gradient. Autotrophic nitri-
fication increased from 0.02 to 1.02 g N m~2 day ™! with higher pH,
primarily occurring in the organic layer (78-88 %) at low pH and
shifting to the mineral topsoil (56-100 %) at high pH. Heterotrophic
nitrification also increased with pH (0.03-0.12 g N m~2 day " in total),
with the mineral topsoil contributing half of this value in acidic AL soils
and fully in all other soils.

In the organic layer, net mineralization was negative, and net nitri-
fication did not differ significantly from zero during the laboratory in-
cubation (Fig. 4). In the mineral topsoil, net mineralization averaged
0.05 g N m~2 day! in acidic soils, with equal contribution from NHZ
and NOj3. As pH rose, net mineralization decreased in this layer due to
increased NHZ immobilization. However, net nitrification increased to
0.06 and 0.17 g N m~2 day ™ in calcareous CL and LS soils, respectively.

4.3. Mean residence times

Gross N turnover accelerated from acidic to calcareous soils, as
indicated by the decreasing mean residence times (MRTs) of various N
pools (Table 4). In the organic layer, the MRT of NH{ accelerated from

17-18 days in acidic soils to less than 1 day in calcareous soils. In the
mineral topsoil, NHf MRT decreased from over 1 year to 3-18 days.
Similarly, the MRT of NO3 in both layers decreased from 2-3 months in
acidic soils to 10-14 days in calcareous soils. The MRT of microbial N
decreased in the mineral topsoil from approximately 1 month to 1-5
days but did not vary in the organic layer. Overall, the organic layer
showed much faster turnover of soil NH;, NO3 and microbial N pools
than the mineral topsoil.

5. Relationships between pH, microbial characteristics and N
transformation rates

To identify potential drivers of gross N transformations, we per-
formed a PCA on site characteristics and regressed the gross rates against
the PCA axes (Fig. 5, fig S6). The first two PCA dimensions accounted for
95 % of the variation in soil physicochemical properties (Fig. 5 a-b). The
first axis (soil PC1), explaining 65 % of the variation, was primarily
driven by increases in soil C, N, and C:N ratios, which distinguished the
mineral topsoil from the organic layer, and was negatively correlated
with AOA abundances. The second axis (soil PC2), explaining 30 % of
the variation, was mainly driven by high soil pH, which was correlated
with increased microbial N, AOA, and AOB abundances, as well as
decreased microbial C:N and F:B ratios.

Pairwise linear regression showed that gross mineralization,
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Fig. 3. Gross N transformations on a C basis (mg N kg~'C day™!) in the organic layer and mineral topsoil of four Luxembourg beech forests with different soil types
(mean with standard error in brackets; n = 4). Pools of dominated N species are highlighted. Underlined transformation rates were significantly different between the
organic layer and mineral topsoil. Transformation rates shown as red lines in calcareous soils were significantly higher than those in acidic soils. Grey dashed lines
indicate transformation rates not significantly different from 0. Thicker lines represent higher values.

immobilization and autotrophic nitrification on a C basis were all
positively correlated with soil PC2 (Fig. 5 c-e), but they showed no
relation to PCI, likely due to the normalization that accounted for
variations in C content (Fig. 5 c-e; Fig. S6). Contributions of heterotro-
phic nitrification to total gross nitrification were negatively correlated
with both PC1 and PC2, suggesting a greater importance of heterotro-
phic nitrification in acidic mineral topsoil (Fig. 5f; Fig. S6).

The relationships between gross N transformation rates and param-
eters of microbial abundances were evident within each layer. Specif-
ically, gross mineralization, gross immobilization, as well as NH4 and
NOj3 immobilization rates individually, were all negatively correlated
with F:B ratios (Fig. S7). In the mineral topsoil, gross mineralization and
immobilization were also negatively correlated with microbial C:N ra-
tios. Autotrophic nitrification rates were positively correlated with AOA

abundances in both layers and with AOB abundances in the mineral
topsoil. Additionally, in the mineral topsoil, the contribution of het-
erotrophic nitrification to total gross nitrification was negatively
correlated with microbial C:N and F:B ratios.

The partial least squares path model provided an integrated view of
how microbial characteristics and N transformations varied along the
pH gradient (Fig. 6). Specifically, soil pH positively affected gross N
release (combining gross mineralization and heterotrophic nitrification)
and negatively affected the F:B ratio, which, in turn, was negatively
associated with gross immobilization. Net mineralization was positively
influenced by gross N release but negatively affected by gross immobi-
lization (Fig. 6 a). Furthermore, gross nitrification was positively
influenced by amoA gene abundances, while NO3 immobilization was
negatively affected by the F:B ratio. Net nitrification was positively
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Table 4

Mean residence times (MRTs, day) of NHj, NO3, and microbial N during 15N
pool dilution incubation experiments for the organic layer and mineral topsoil of

four Luxembourg beech forests.

AS AL CL LS
Organic layer MRT of NHZ 18.2° 16.7° 1.0° No
(4.9 (3.2 0.3) organic
MRT of NO3 112¢ 60° 10* layer
(12) (€3] 1.0
MRT of microbial N 2.2% 1.22 1.5%
0.7) 0.2) 0.2)
Mineral topsoil MRT of NH; 397¢ 559¢ 18° 3%
(107) (234) 31 (0.2)
MRT of NO3 123° 141° 14° 14*
(22) (59) 1.9 (4.8)
MRT of microbial N 30.6° 39.8° 5.3° 1.6
(121)  (30.6)  (0.6) (0.4

Values in the brackets indicate standard error (n = 4); For each parameter,
values followed by different lowercase letters are significantly different among
soil types within each layer; underlined values are significantly different be-
tween layers for each soil type (p < 0.05).

linked to gross nitrification and inversely related to NO3 immobilization
(Fig. 6 b).

6. Discussion
6.1. Gross N transformations related to soil pH and F:B abundance ratios

Consistent with our first hypothesis, gross mineralization and
immobilization increased from acidic to calcareous soils, correlating

with declined microbial C:N and F:B ratios and increased microbial N.
Gross mineralization was the main driver of gross N release from organic
N (in comparison to heterotrophic nitrification), which aligns with
previous studies in temperate deciduous forests (Tietema and Wessel,
1992; Staelens et al., 2012). The increased gross mineralization and
immobilization at elevated pH may be driven by bacterial dominance,
where high N demand promotes N mining’ from organic N (Craine
et al., 2007; Hicks et al., 2021) and enhances N immobilization in mi-
crobial biomass (Robertson and Groffman, 2024). Bacteria are expected
to have higher N demands due to their lower microbial C:N ratios
(Hogberg et al., 2006), stricter stoichiometric constraints (Strickland
and Rousk, 2010), and shorter life cycles (Rousk and B&ath, 2011)
compared to fungi. We observed the lowest MRTs for both mineral N and
microbial N pools in calcareous soils, also indicating high N demand and
intense N competition compared to that in the acidic soils (Scott et al.,
1998; Tahovska et al., 2013). The strong positive correlation between
bacterial abundances and respiration further supported high microbial
activity and potentially high N demand in bacterial-dominated soils
(Kooijman et al., 2016, Kooijman et al., 2018b).

The relationships among soil pH, F:B ratios and gross mineralization
rates observed in our study are consistent with those reported in a boreal
forest study (Hogberg et al., 2007). However, their research focused on
the organic layer across a relatively narrow pH gradient of 4.9-5.3,
using samples from different years and including plots fertilized with N.
Also, they did not report responses of microbial immobilization and the
consequences for soil N availability. In contrast, we investigated both
the organic layer and mineral topsoil across a broader natural pH
gradient (3.8-6.9) in beech forests. We found not only an increase in
gross mineralization, but also an even stronger increase in microbial
immobilization with rising pH — both driven by a shift from fungal to
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Fig. 5. Principal Component Analysis (PCA) of soil physio-chemical properties (pH, soil C, N, and C:N ratios from four Luxembourg beech forests with distinct soil
types; microbial variables, including the microbial N (g N kg~'C), microbial C:N ratio, F:B gene ratio, and gene abundances of AOA and AOB (log gene copies kg 'C),
were plotted as supplementary variables. (a) PCA showing coordinates of soils from the organic layer and mineral topsoil across the four forests on the first two axes.
(b) Correlation biplot illustrating relationships between physio-chemical and microbial variables. Scores for the first two PCA axes were extracted, and regression of
PCA axis 2 was performed against (c) gross mineralization, (d) gross immobilization, (e) autotrophic nitrification, and (f) the proportion of heterotrophic nitrification
to total gross nitrification.
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Fig. 6. Partial least squares path model (PLS-PM) showing the relationships between soil pH, microbial parameters, and rates of gross and net N transformations. (a)
Relationships between soil pH, F:B ratio, gross N release, gross N immobilization, and net mineralization. (b) Relationships between soil pH, amoA gene abundances,
F:B ratio, gross nitrification, NO3 immobilization, and net nitrification. Gross N release is a latent variable comprising gross mineralization and heterotrophic
nitrification; F:B ratio is a latent variable comprising F:B gene ratios and microbial C:N ratios; amoA is a latent variable comprising AOA and AOB gene abundances.
Black and red lines indicate positive and negative relationships, respectively, while grey lines represent insignificant relationships (p > 0.05). Numbers next to each
line are the correlation coefficients. R? values are placed below each variable to indicate the explained variance of each factor.

bacterial dominance. Consequently, net mineralization decreased from
acidic to calcareous soils. To our knowledge, this is the first study to link
gross immobilization with F:B ratios across the soil pH gradient, thereby
providing a mechanistic explanation for the reduced net mineralization
in calcareous soils observed in previous studies (Kooijman et al., 2008;
Andrianarisoa et al., 2009). Our findings contradict the traditional view
that fungal dominance results in higher N immobilization (de Graaff
et al.,, 2010; de Vries et al., 2011), but aligns with recent research
showing increased N immobilization in systems with low microbial C:N
ratios (de Vries et al., 2021) or high bacterial growth (Rousk and Frey,

10

2015).

While NH; immobilization dominated the gross immobilization
process (~70 %), both NH4 and NO3 immobilization increased from
acidic to calcareous soils. Notably, NO3 immobilization occurred only
when NHj was net immobilized (negative NH4 release), a pattern
observed in both the organic layer and the calcareous mineral topsoil.
These results suggest that microbes preferentially utilize NHJ across all
sites and immobilize NO3 mainly when NHJ availability is insufficient
to meet their N demands.

Overall, the gross mineralization and immobilization rates observed
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in our study align with those previously reported in temperate forests
across a wide pH gradient. At acidic sites, gross mineralization and NH}
immobilization rates matched those in the organic layer (Tietema and
Wessel, 1992; Corre et al., 2003; Ribbons et al., 2016) and mineral
topsoil (Vervaet et al., 2004; Staelens et al., 2012) of similar temperate
forests. This was also the case for the calcareous sites (Dannenmann
et al., 2016; Ribbons et al., 2018). NO3 immobilization rates were
within earlier ranges reported for temperate deciduous (Berntson and
Aber, 2000; Bengtsson et al., 2003) and coniferous forests (Davidson
et al., 1992; Stark and Hart, 1997).

6.2. Gross nitrification and NO3 availability

Consistent with our second hypothesis, gross nitrification pathways
shifted across the pH gradient: heterotrophic nitrification was highest in
acidic soils, while autotrophic nitrification became prevalent in calcar-
eous soils, corresponding to increased ammonia-oxidizer abundances.
The decreased importance of heterotrophic nitrification at higher pH
was likely attributed to a decline in fungal populations, which are
known to be the key drivers of this process (Zhang et al., 2020; Marti-
kainen, 2022). At high pH, increased gross NH4 production through
organic N mineralization could have provided more substrate and
stimulated the growth of AOA and AOB communities, thereby
enhancing autotrophic nitrification (Yao et al., 2011; Song et al., 2016).
Although, in the organic layer only AOA abundances showed a positive
response to pH. Due to their high substrate affinity (Prosser and Nicol,
2012; Riitting et al., 2021), AOA may be more competitive. They may
have primarily driven autotrophic nitrification in the organic layer,
where intensive immobilization by heterotrophs has consumed most
available NH.

In calcareous soils, increased gross nitrification, primarily contrib-
uted by the autotrophic process, leads to higher net NO3 release in the
mineral topsoil. In the organic layer, when present, microbes immobi-
lized all produced NOs. Enhanced NOs availability at high pH may
benefit a wide range of calciphilic species that prefer NO3 (Falkengren-
Grerup, 1995; Diekmann and Falkengren-Grerup, 1998). Species rich-
ness in Luxembourg forests strongly correlates with NO3 availability
rather than NH4 and NO3 combined (Kooijman, 2010). This pattern is
consistent across temperate deciduous forests (Falkengren-Grerup and
Schottelndreier, 2004; Andrianarisoa et al., 2009). Therefore, in the
studied beech forests, vegetation may profit from enhanced gross nitri-
fication, which could lead to increased species richness at high pH.

6.3. Layer contributions to gross N transformations

The organic layer, when present, exhibited significantly higher rates
of respiration (both on a C and areal basis), and more rapid turnover of
both mineral and microbial N compared to the mineral topsoil. These
findings align with previous temperate forest studies (Corre et al., 2003;
Vervaet et al., 2004), suggesting high microbial activity and the
importance of the organic layer in forest C and N flows. The contribution
of the organic layer to gross N transformations is, however, gradually
decreased along the pH gradient from acidic to calcareous soils, which
reflects changes in decomposition and humus formation. In acidic soils,
mor and mull-moder humus profiles with thick organic layers have
developed from restricted soil animal activity and slow fungal decom-
position (Kooijman et al., 2018a). In contrast, calcareous soils exhibit
mull-type humus profiles with thin organic layers, and organic matter
accumulates in mineral horizons due to earthworm activity and calcium-
binding (Kooijman et al., 2009; Cammeraat et al., 2018). We observed
increased soil organic matter, C, and N concentrations, and decreased C:
N ratios in the mineral topsoil with rising pH. This pattern indicates
increased decomposition and incorporation of organic matter (Hicks
et al., 2021; Michalet and Liancourt, 2024), thereby enhancing the
mineral topsoil’s role in soil N transformations.

The mineral topsoil was the only layer contributing to net N release
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across the natural pH gradient. In acidic soils, limited immobilization
led to low net release of both NH4 and NO3 from gross mineralization
and heterotrophic nitrification. In calcareous soils, high gross mineral-
ization and nitrification contributed to high NO3 availability for plant
roots, despite high microbial NHJ immobilization.

6.4. Methodology limitations

In our laboratory incubation, soils were processed through sieving,
mixing, and adjusting moisture levels to achieve homogeneous distri-
bution of the '°N tracer. This processing was necessary to mitigate the
effects of soil spatial heterogeneity, which could otherwise introduce
significant errors in calculating gross N fluxes (Wessel and Tietema,
1992; Murphy et al., 2003). However, it is likely that these steps dis-
rupted soil microsites and increased C availability, potentially stimu-
lating microbial activity and leading to an overestimation of gross N
transformation rates (Booth et al., 2006; Staelens et al., 2012; He et al.,
2020). This could explain the high gross mineralization rates compared
to respiration rates. Microbial immobilization, particularly in the C-rich
organic layer, may also have been enhanced, as longer-term net mea-
surements using unsieved soils from the same sites showed net miner-
alization in both layers (Kooijman et al. 2008; Kooijman et al., 2016).
Furthermore, the high tracer amount (50 mg N kg’1 soil) used to ensure
accurate '°N measurements may have artificially stimulated microbial
immobilization, especially in calcareous mineral topsoil where initial
NH{ levels were low (<10 mg N kg™ soil). This phenomenon is widely
observed in studies employing the 1°N labelling method (Davidson et al.,
1991; Corre et al., 2003; Ribbons et al., 2018). Thus, our results repre-
sent the “potential” gross N transformation rates rather than in situ ac-
tivities (Watson et al., 2000; Accoe et al., 2004). Nevertheless, the rates
we observed were within previously reported ranges from similar
studies.

Soil processing may have also biased the relative contributions of
fungi and bacteria to gross N transformations. Specifically, fungal-
mediated immobilization might have been underestimated due to the
disruption of fungal mycelia during sieving (Kubicek and Druzhinina,
2007; Li et al., 2019), particularly in the fungal-dominated acidic soils
(He et al., 2020). This may have partially amplified the differences in
gross immobilization between acidic and calcareous soils. Nevertheless,
the observed increase in gross immobilization with bacterial dominance
from acidic to calcareous soils likely reflects the general trend across the
natural pH gradient. Our findings corroborate previous observations of
declining net N mineralization in studies using both sieved
(Andrianarisoa et al., 2009) and unsieved (Kooijman et al., 2008; Leb-
erecht et al., 2016) soil samples, suggesting that high N demand by
bacteria is a potential driver. Supporting this observation, de Vries et al.
(2021) reported higher '°N retention in intact soil cores from glacier
foreland ecosystems with lower microbial C:N ratios.

In addition to AOA and AOB, comammox bacteria have been shown
to be involved in autotrophic nitrification in various habitats, particu-
larly in freshwater sediments and artificial ecosystems (e.g., sewage and
agricultural soils) (Hu and He, 2017; Zhu et al., 2022). In temperate
forests, comammox bacteria have also been found to be widely distrib-
uted (Wang et al., 2016), but their relative importance compared to
ammonia nitrifiers remains unclear. A few studies suggested that
comammox may be competitive in N-limited soils following forest
disturbance (Osburn and Barrett, 2020) and can actively incorporate
13C02 in urea-fertilized eucalypt soils (Li et al., 2020). Since the forests
in our study are neither N-limited nor fertilized, the role of comammox
remains uncertain. If comammox bacteria have also been involved in
autotrophic nitrification, the estimated contributions of AOA and AOB
to NOs availability across the pH gradient may be overestimated.
Therefore, further investigations using gPCR and '*C-DNA-SIP are thus
needed to clarify the role of comammox in these forests.
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7. Conclusions

Our study reveals distinct gross N transformation pathways in
temperate beech forests across a natural pH gradient, closely tied to
shifts in microbial community structure. As pH increases, gross miner-
alization, immobilization, and N turnover rates accelerated, reflecting
the higher N demand of microbial communities dominated by bacteria.
Concurrently, autotrophic nitrification increased with higher ammonia-
oxidizer abundances at higher pH. In the mineral topsoil of calcareous
soils, this resulted in increased NO3 availability for plant roots. In
contrast, heterotrophic nitrification contributed most to gross nitrifica-
tion in fungi-dominated acidic soils. These findings suggest that acidic
and calcareous soils exhibit different strategies for supplying mineral N
to vegetation through microbial transformations: low microbial immo-
bilization in acidic soils and high gross nitrification in calcareous soils.
Further studies using field '°N tracing and involving other functional
microbial groups, such as comammox, could further elucidate the con-
tributions of the microbial community to internal N cycling and soil N
supply under natural conditions.
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