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Abstract

Despite a decrease in industrial nitrogen and sulfur deposition over recent
decades, soil acidification remains a persistent challenge to European forest
health, especially in regions of intense agriculture and urbanisation. Using top-
soil eDNA metabarcoding and functional annotations from a sample of 49 plots
(each 30 x 30 m) located in The Netherlands and Germany, we investigated
the effect of severe acidification on bacterial taxonomic diversity under differ-
ent forest types and explored potential functional implications for nutrient
cycling. Furthermore, we assessed which soil parameters known to influence
soil bacterial communities affect these acidophilic communities. Here, we are
the first to demonstrate under natural conditions that soil bacterial diversity in
extremely acidic soils (pH <4.5) continues to decline similarly across forest
types as pH further decreases under intensifying human activity. Our results
confirmed pH as the key driver of soil bacterial communities, even in
extremely acidic soils. Ongoing severe acidification continues to reduce bacte-
rial communities, favouring taxa adapted to extreme acidity and primarily
involved in recalcitrant carbon-degradation compounds (e.g. cellulolysis
potential = 0.78%-9.99%) while simultaneously diminishing taxa associated
with nitrogen cycling (e.g. fixation potential = 6.72%-0.00%). Altogether, our
findings indicate a further decline in bacterial diversity in already extremely
acidic soils, likely disrupting nutrient cycling through changes in immobilisa-
tion and mineralisation processes. Our study highlights the continuous acidifi-
cation of European temperate forests to extremely low pH levels, further
disrupting forest ecosystem functioning. The significant reduction in bacterial
diversity under such a severe acidification gradient, as demonstrated here,
underscores the necessity to include severely acidified forests in conservation
programmes and monitoring to prevent further degradation of European soils
beyond repair.
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1 | INTRODUCTION

Soil acidification in temperate European forests results
from the deposition of human-generated reactive nitro-
gen and sulfur compounds, which peaked in the 1980s
(Lajtha & Jones, 2013). These compounds, including sul-
fur dioxide (SO,) and nitrogen dioxide (NO,), were
released into the atmosphere due to fossil fuel combus-
tion, including traffic emissions and energy generation,
building construction and industrial processes (Lajtha &
Jones, 2013). Additionally, agricultural intensification
associated with the ‘green revolution’ (Pingali, 2012) has
accelerated soil acidification through the excessive use of
fertiliser (e.g. NH4,NO;) and the production of manure
from intensive animal husbandry (Barak et al., 1997,
Skidmore et al., 2024). While European NOx and SOx
emissions have declined substantially over the last
decades (Fagerli et al., 2017; Vestreng et al., 2007), NH;
emissions stabilised after an initial decline in the 1990s
due to ongoing agricultural intensification (EEA, 2020;
Simpson et al., 2024; Skidmore et al., 2024). This raises
concerns about the potential further elevation of acidity
levels in some European temperate forests. This legacy of
soil acidification, combined with ongoing and even inten-
sifying acidification, poses a risk to the stability and resil-
ience of forest ecosystems in Europe, particularly for
temperate forests located in areas of intense traffic, agri-
culture and/or urbanisation (Dentener et al., 2006; Posch
et al., 2015). This especially concerns sensitive forested
areas, such as Natura 2000 areas that lack regular field
monitoring (Abdullah et al., 2024).

Acidification of forest soils is associated with a reduc-
tion in soil biodiversity (Hu et al., 2024). For microbial
communities, increased acidification shifts the commu-
nity composition towards a simpler (i.e. reduced overall
diversity) oligotrophic (i.e. bacteria found in environ-
ments with low carbon accessibility) acid-tolerant com-
munity (Choma et al., 2020; Ramirez et al., 2012). These
changes in the metabolic needs and capacities of the
selected microorganisms result in notable alterations in
enzymatic activities and gene expression involved in nutri-
ent cycling (Llado et al., 2018). For instance, Hagh-Doust
et al. (2023) demonstrated less diverse nitrogen and carbon
pool genes as the soil acidifies, partially linking this to lower
microbial diversity. Past research suggests a tipping point at
a pH of approximately 4.5, resulting in a highly specialised
and dissimilar community compared to soils with higher

Highlights

« We studied soil bacterial diversity changes in
extremely acidic soils (pH <4.5).

« Soil bacterial diversity continues to decline
along a gradient of severe acidification.

« Other soil properties, in addition to pH, limit
bacterial diversity in extremely acidic soils.

« Our study highlights the necessity to include
severely acidified forests in conservation
programmes.

pH (Rothenberg et al., 2022; Rousk et al., 2009). For exam-
ple, by inducing aluminium toxicity and altering nutrient
availability, an extremely acidic soil habitat (pH <4.5;
Batjes, 1995) acts as an environmental filter where only a
few microbial taxa can thrive (Rousk et al., 2009).

The nature of stands (e.g. deciduous vs. coniferous)
has a key role in determining forest soil pH (Handley,
1954). Leaf litter from deciduous trees tends to decom-
pose relatively faster, enhancing base saturation and
increasing the pH of the topsoil (Bani et al., 2018). In
contrast, litter decomposition of coniferous trees often
leads to soil acidification, primarily due to the higher
release of organic acids (e.g. polyphenols) from their nee-
dles (Ahrends et al., 2022; Hornung, 1985). Furthermore,
coniferous trees capture more atmospheric elements,
such as nitrogen and sulfur, thereby increasing the acidi-
fication rate (Augusto et al., 2002). By modifying soil pH
but also other physical-chemical parameters such as
organic matter, carbon, nitrogen and phosphorus con-
tents, trees actively shape and alter the soil microbiome
(Buresova et al., 2019; Kopacek et al., 2013). For example,
Barta et al. (2017) showed that bacterial communities in
coniferous and deciduous stands recovering from past
acidification differed and exhibited distinct denitrification
potential.

So far, studies investigating pH effects on soil micro-
biota have often focused on broad soil pH gradients over
extensive areas (e.g. across biome; Kaiser et al., 2016;
Lauber et al., 2009; Nacke et al., 2011) or at very local
scale field experiments based on the addition of either
neutralising experiments (liming) or acidifying agents
(e.g. Choma et al., 2020; Tahovska et al., 2020). However,
it remains uncertain whether such trends in soil bacterial
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diversity continue under even more severe acidification
in natural conditions, that is among extremely acidic soils
with pH <4.5 (Batjes, 1995). Exploration of changes in
this pH spectrum is especially relevant as soil pH values
below 4.5 are currently being reported for European tem-
perate forests (Abdullah et al., 2024; Santrtickova
et al., 2019; Skidmore et al., 2024). This is especially rele-
vant for bacterial communities as they appear more sen-
sitive to soil acidification than fungi (Chen et al., 2022;
Choma et al., 2020). For fungi, the effects of pH are indi-
rect, such as changes in nutrient availability and
increased competition with bacteria (Rousk et al., 2010).
In contrast, soil pH directly influences bacteria by caus-
ing physiological stress (Rousk et al., 2009).

The overall aim of this study is to investigate the
response of topsoil bacterial communities across different
forest types in two European mixed-temperate forests—
one in The Netherlands and the other in Germany—to a
gradient of severe acidification (pH <4.5), as reported for
European temperate forests (Abdullah et al., 2024;
Santra¢kova et al., 2019; Skidmore et al., 2024). Addition-
ally, we aimed to identify which common soil biochemi-
cal drivers influence these acidophilic communities in
the same European mixed-temperate forests. Using meta-
barcoding, we explored the effect of severe acidification
on bacterial taxonomic diversity. Additionally, we exam-
ined potential implications for bacterial functional diver-
sity through functional annotations of the same
metabarcoding dataset. We hypothesised that:

i. Severe acidification has a limited effect on soil bacte-
rial taxonomical and functional potential diversity
because acidophilic taxa have already been selected
in extremely acidic soils.
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ii. Bacterial communities in coniferous stands are less
sensitive to severe acidification than those in decidu-
ous stands.

iii. Other biochemical parameters may further limit and
shape bacterial communities as bacterial communities
have already been selected under acidic conditions.

2 | MATERIALS AND METHODS

2.1 | Study site description

Soil samples were collected during the summer of 2020
(May-August) in two forested regional landscapes
(Figure 1). The Bavarian Forest National Park is located in
south-east Germany at the border with the Czech Republic
(48.9597° N, 13.3949° E, hereafter referred to as ‘Bavarian
NP’). The park covers a total area of 24,000 ha and is influ-
enced by continental and temperate climates (Heurich
et al., 2010). With an elevational of 600 and 1450 m, the
Bavarian NP is dominated by European beech (Fagus syl-
vatica) at lower altitudes and Norway spruce (Picea abies)
at higher altitudes (Bissler et al., 2015). The parent mate-
rial is gneiss and granite, developing into oligotrophic and
acidic soils (van der Knaap et al., 2019). Specifically, the
predominant soil types in the park are spodo-dystric cam-
bisol and dystric histosol (EC, 2004). The Bavarian NP is a
system recovering from severe sulfur deposition in the
1980s, which resulted in the acute acidification of terres-
trial ecosystems across large areas of central and eastern
Europe (Baker et al., 2021). The park is currently subjected
to a nitrogen deposition rate lower than 10 kg/ha/year and
sulfur emissions lower than 1 mg/year (EEA, 2022;
EMEP, 2024).
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The Hoge Veluwe National Park (52.0787° N, 5.8325° E)
and the Veluwezoom National Park (52.0483° N, 6.0199° E)
are two national parks located in the central part of The
Netherlands (hereafter referred to as “Veluwe NP’). The
Veluwe NP is a mix of forest, heathland, drift sand and
grassland ecosystems, covered by 14,000 ha of forest
(Hein, 2011). It is characterised by a temperate maritime
climate and an elevation of around 40 metres with little
topographic variation. The Veluwe NP is dominated by a
mix of Scots pine (Pinus sylvestris), Norway spruce
(P. abies), English oak (Quercus robur), silver birch
(Betula pendula) and European beech (F. sylvatica) grow-
ing on oligotrophic, sandy and acidic soils with low buff-
ering capacity. The prevailing soil types include gleyic
podzol, ferro-humic podzol, orthic podzol and dystric reg-
osol (EC, 2004). The parks are subjected to aerial deposi-
tion of sulfur dioxide (SO,) (<1 mg/year; EMEP, 2024)
and nitrogen dioxide (NO,) from air pollution as well as
high input of atmospheric ammonia (NH;) from sur-
rounding intensive animal husbandry (de Hoop
et al., 2022; Mol et al., 2003). The average nitrogen depo-
sition rate is high, averaging 500 kg/ha/year (EEA, 2022).

2.2 | Soil sampling design and collection

A total of 31 and 18 plots were collected in the forested
areas of the Bavarian NP and the Veluwe NP, respec-
tively. We used a stratified by vegetation cover strategy
(Goedickemeier et al., 1997), modified by purposive sam-
pling where access was poor and terrain difficult, to
determine plot locations over forest type dominance
(>75% of coniferous or deciduous tree dominance).
Within each 30 m x 30 m plot, three 3 m x 3 m subplots
were randomly selected, and one composite sample per
subplot was collected, resulting in 93 samples (45 conifer-
ous and 48 deciduous) for the Bavarian NP and 54 sam-
ples (30 coniferous and 24 deciduous) for the Veluwe
NP. Each composite sample comprised nine soil cores
(@ 5 cm x h 10 cm, topsoil) collected following a system-
atic sampling design within a 3 x 3 m grid, minimising
the effect of local heterogeneity (Taberlet et al., 2012). Alter-
ations in the soil microbiome and soil conditions accompa-
nying soil acidification can occur throughout a soil profile
(Forstner et al., 2019). However, we focused exclusively on
topsoil bacterial communities because this layer shows the
strongest link between soil biodiversity, fertility and plant
productivity (Delgado-Baquerizo et al., 2017). To reduce the
impact of litter-specific microbial communities (Prescott &
Grayston, 2013; Urbanova et al., 2015), we excluded the lit-
ter horizon prior to soil sampling. Consequently, all soil
samples were taken from the organic and mineral horizons.
To avoid DNA contamination between samples, soil

sampling equipment was bleach-sterilised and rinsed with
demineralised water. Field controls (demineralised water
used for rinsing the sterilised equipment) were collected
every 15 samples. Each composite sample was manually
homogenised, and large rocks and roots were removed. All
samples were kept cool in the field and frozen to —30°C at
the end of each sampling day until further analysis
(<4 months).

2.3 | Soil biochemical analysis

Samples were oven-dried prior to biochemical measure-
ments and ground with a ball mill (Planetary Ball Mill
PM 200, Retsch). Soil pH (H,0) was measured with a pH
meter (Metrohm 914 pH and conductivity meter) follow-
ing the ISRIC protocol (Black, 1965; van Reeuwijk, 2002).
Total nitrogen (TN) and total carbon (TC) were measured
with a CHN analyser (Perkin Elmer 2400 CHN/O Series
IT System). C:N ratio (mass basis) was defined as the ratio
between TC (%) and TN (%) following the ISRIC calcula-
tions (van Reeuwijk, 2002). Soil organic matter (SOM)
was determined using the loss-on-ignition method (0.5 g
of soil for 16 h at 550°C). Soil organic carbon (SOC) con-
tent was estimated with the following equation:

SOC (%) = SOM (%) /1.72

where 1.72 represents the van Bemmelen (1890) factor
(conversion factor to estimate SOC from SOM, van
Bemmelen, 1890). Finally, total phosphorus (TP), total
potassium (TK), total iron (TFe) and total aluminium
(TAl) were measured with an XRF analyser (Thermo
ScientificTM Niton Portable X-Ray Fluorescence analy-
ser). XRF measurements were validated using a subset of
samples analysed by Inductively Coupled Plasma-Optical
Emission Spectrometry (ICP-OES) (see Figure S1).

2.4 | DNA extraction, PCR assays and
high-throughput sequencing

Soil samples were extracted according to the saturated
phosphate buffer method proposed by Taberlet et al.
(2012), targeting extracellular DNA. In total, 15 mL of
freshly made saturated phosphate buffer solution
(Na,HPOy; 0.12 m; pH ~ 8) was added to 15 g of soil and
thoroughly mixed for 10 min. After centrifugation, the
supernatant was further processed with NucleoSpin® Soil
kit (Macherey-Nagel, Diiren, Germany), following the
manufacturer's protocol instructions but skipping
the lysis steps (Steps 1-4). The Kkit's lysis steps were
replaced by the saturated phosphate buffer, enabling the
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handling of a greater soil quantity per sample (15 mg as
opposed to 0.5 mg), thereby decreasing the impact of
local heterogeneity. Furthermore, Zinger et al. (2016)
demonstrated the reliability of extracellular DNA when
examining the diversity patterns of soil bacterial commu-
nities. Negative extraction controls (saturated phosphate
buffer solution) were included in every 27 extractions.

DNA concentrations of the purified DNA extracts
were quantified using a multi-mode microplate reader
(Synergy™ HTX). Prior to the amplification step, DNA
extracts were standardised to 5 ng/pL and diluted 100x.
Field (demineralised water used for rinsing the sterilised
equipment) and negative (saturated phosphate buffer
solution) controls were pooled per sampled region, but
their DNA concentration was not standardised nor
diluted. DNA extractions were performed in a laboratory
different from that used for PCR amplifications to reduce
contamination risks. A 390 bp fragment of the V4 region
of the 16S rRNA was amplified using the primer set
515F/806R (Apprill et al., 2015; Parada et al., 2016),
including Fluidigm adaptors CS1/CS2 for multiplexing.
DNA amplifications were carried out in a final volume of
12.5 pL. using 2 pL of DNA extract. The amplification
mixture contained 1x PCR buffer (Thermofisher),
2.5mM of MgCl, (Thermofisher), 5% of Trehalose
(Fisher Scientific), 200 ng/pL of BSA (VWR), 200 uM of
dNTP (VWR), 250 pM of each primer (Biolegio) and
0.08 U of Platinum Taq polymerase (Thermofisher).
Cycling conditions were 94°C for 2 min, followed by
14 cycles of 94°C for 30s, 56°C for 3 min (—1°C per
cycle) and 72°C for 1 min, followed by 19 cycles of 94°C
for 30 s, 42°C for 3 min and 72°C for 1 min, with a final
step of 72°C for 10 min (Siegenthaler et al., 2024). Multi-
plexing (using i5/i7), purification of the PCR products
using sparQ magnetic beads, library preparation and
high-throughput sequencing (Illumina NovaSeq 6000 SP,
PE250 kit) of the amplicons were carried out by Genome
Quebec (Montreal, Canada).

2.5 | Bioinformatic analysis of
sequencing data

Sequencing data were provided dereplicated by Genome
Quebec, after which the QIIME 2™ software (Bolyen
et al., 2019) was used for further processing. Primmer
trimming was conducted using cutadapt (minimum-length:
200; Martin, 2011) and DADA-2 (Callahan et al., 2017) was
used for quality filtering, denoising, merging, chimaera
removal and ASV (Amplicon Sequence Variant) construc-
tion (trunc-len-f: 232, trunc-len-r: 230, MaxEE: 2). Taxo-
nomical assignment was performed using the SILVA
database (Quast et al., 2013), followed by LULU
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post-clustering curation (90% minimum match; Freslev
et al., 2017). For consistency, we used the taxonomic
annotation as implemented in the most recent version of
the SILVA database. However, synonyms were provided
where deemed relevant (e.g. Actinobacteria synonym:
Actinomycetota). Further corrections were applied to the
ASV table, including blank corrections, filtering of non-
bacterial reads and tag-switching corrections following
Taberlet et al. (2018). To reduce low-frequency noise, all
taxa with less than 10 reads were removed (Alsos
et al., 2016; Polling et al., 2022). Prior to data analysis,
100 rarefactions of 120,322 reads/sample were averaged
to standardise read depth. Detailed information on the
bioinformatic pipeline can be found in Table S1, with a
summary of bioinformatic results presented in
Supplementary Material 2.

2.6 | Data processing and statistical
analysis

All analyses were conducted in R version 4.3.1 (https://
www.R-project.org/). All graphics were computed with
the package ggplot2 v.3.4.2 (Wickham, 2016), and all sta-
tistical analyses were performed on the rarefied samples,
except if stated otherwise. We included ‘plot ID’ as a ran-
dom factor in all analyses to account for spatial pseu-
doreplication (Chaves & Chaves, 2010). As bacterial
richness and community structure strongly differed
between regions (Bavarian NP vs. Veluwe NP) and for-
est type (deciduous vs. coniferous), we analysed each
region x forest type combination separately (Tables S2
and S3). We defined soil pH as a proxy for soil acidifi-
cation because it directly measures soil acidity (H'
concentration) and indicates the leaching of base cat-
ions (Batjes, 1995).

To identify bioindicators for moderate and extreme
acidic conditions, a linear discriminant analysis (LDA) at
the ASV level with soill pH as a fixed effect
(i.e. explanatory variable) was performed on the com-
bined dataset, that is including samples from both
regions (Bavarian NP and Veluwe NP) and forest type
(deciduous and coniferous) using the Maaslin2 package
(Mallick et al., 2021). We applied a CLR (centred log
ratio) normalisation on the raw counts of the unrarefied
dataset and used the ‘Linear model’ method included in
the Maaslin2 algorithm. We considered significant
(p < 0.05) adjusted p-values (Benjamini-Hochberg correc-
tion). ASVs positively (i.e. more abundant at the highest
extreme of the gradient) or negatively (i.e. more abun-
dant at the lowest extreme of the gradient) correlated
with soil pH were respectively assigned to the ‘moderate
acidophile’ and ‘extreme acidophile’ categories. ASVs
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non-significantly associated with soil pH were assigned
to the ‘non-categorised’ category. Bacterial ASV richness
(observed number of ASVs) was computed with the esti-
mate_richness function from the phyloseq v.1.44.0 pack-
age (McMurdie & Holmes, 2013).

The functional potential of the bacterial communities
was obtained by matching the taxonomic information of
the ASVs in the combined dataset with the FAPROTAX
database (Louca et al., 2016). We selected functional
groups with a relative abundance >0.01% related to nutri-
ent cycling as bacteria are key agents of organic matter
decomposition, nitrogen fixation and mineral weathering
in temperate forest ecosystems (Llad¢ et al., 2017). Based on
the current knowledge from the FAPROTAX database, the
selected functional groups were exclusively related to the
carbon and nitrogen cycles. We defined each process as
described in the FAPROTAX database, including whether
ASVs assigned to one functional group are also accounted
for in another functional group (e.g. chemoheterotrophy).
For the carbon cycle, we considered the following carbon
processes: chemoheterotrophy (oxidation of organic com-
pounds to obtain energy and carbon, including the func-
tional groups ligninolysis, chitinolysis, xylanolysis,
cellulolysis, methanol oxidation, methanotrophy, aromatic
hydrocarbon degradation), aerobic chemoheterotrophy (aer-
obic oxidation of organic compounds to obtain energy and
carbon, excluding the functional groups ligninolysis, chiti-
nolysis, xylanolysis, cellulolysis, methanol oxidation, metha-
notrophy, aromatic hydrocarbon degradation), cellulolysis
(hydrolysis of cellulose and hemicellulose into polysaccha-
rides) and fermentation (breakdown of carbohydrates into
glucose under anaerobic conditions). As for the nitrogen
cycle, we focused on the following nitrogen processes: nitro-
gen fixation (biotic transformation of N, from the atmo-
sphere into NH; or NH,, in the soil by diazotrophs) and
nitrate reduction. Here, nitrate reduction refers to both the
denitrification process (transformation of NO;_ into N,)
and the dissimilatory nitrate reduction process (NO;_ into
NH; or NH,,).

We first tested the effect of soil pH under severe acidi-
fication on bacterial richness, community composition and
functional potential. We used linear mixed-effect models for
ASV richness with soil pH and forest type (deciduous
vs. coniferous) as fixed effects using the lme function in the
nlme v.3.1-162 package (Pinheiro et al., 2023) for each
region (Bavarian NP vs. Veluwe NP) x LDA category
(i.e. ASVs categorised as ‘moderate acidophile’, ‘extreme
acidophile’ or ‘non-categorised’). The effects of soil pH and
forest type for each region were assessed on community
composition (Hellinger-transformed read counts) with PER-
MANOVA analysis (Bray—Curtis dissimilarity; 999 permuta-
tions) using the adonis function from the vegan package
v.2.6-4 (Oksanen et al, 2008). We used nonmetric

multidimensional  scaling (NMDS) to graphically
represent the relationship between soil pH and bacterial
communities, as NMDS is effective at detecting underlying
gradients (Ramette, 2007). We performed generalised mixed
linear models (beta distribution) on the relative abundance
(TSS-transformed reads counts) of the selected functional
groups using the glmmTMB function from the glmmTMB
package (Brooks et al., 2017) with soil pH and forest type as
fixed effects. Generalised mixed linear models were pre-
ferred over linear mixed-effect models because the relative
abundance of the functional groups did not follow a normal
distribution but a beta distribution. Model assumptions
were checked with the DHARMa v.04.6 package
(Hartig, 2022).

Finally, we tested whether other measured soil proper-
ties than soil pH affected soil bacterial communities under
severe acidification. Soil explanatory variables (pH, SOM,
TP, TK, TFe, TAl, C:N ratio) did not show multicollinearity
based on variance inflation factors (VIF) <10. We used lin-
ear mixed models for ASV richness and redundancy analy-
sis (RDA) for community composition (Bray-Curtis
dissimilarity of Hellinger-transformed read counts; 999 per-
mutations). Prior to data analysis, soil properties were
scaled, and assumptions of the models were verified. RDA
was selected over canonical-correlation analysis (CCA)
because detrended correspondence analysis (DCA) results
showed gradient length <4 SD, meaning that linear-based
analysis was more appropriate (Ramette, 2007).

3 | RESULTS

3.1 | Reduction in bacterial richness and
change in community structure under
severe soil acidification

Severe acidification resulted in changes in bacterial com-
munity structure and a reduction in ASV richness in both
the Bavarian NP and the Veluwe NP. Bacterial richness
declined along an extremely acidic soil pH gradient in both
forested landscapes, showing a similar pattern in both conif-
erous and deciduous stands (Table S4, Figure 2). In the
Bavarian NP, bacterial communities showed a clear shift
along the soil pH gradient (Figure 3a; PERMANOVA:
R*=0.15, F=16.77, p = 0.001). A significant but weak
effect of the interaction soil pH x forest type
(PERMANOVA: R*=002, F=281, p=0.025) was
observed, indicating that bacterial communities in conifer-
ous and deciduous stands responded differently to severe
acidification. Veluwe NP communities also varied with soil
pH (PERMANOVA: R? = 0.08, F = 4.64, p = 0.001), but
the shift along the soil pH gradient was less pronounced
than the Bavarian NP (Figure 3b).
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3.2 | Different responses of acid-tolerant
taxa to severe acidification

The extreme acidophile and moderate acidophile com-
munities, as determined by the linear discriminant
analysis, exhibited distinct responses to severe acidifi-
cation (Figures 2 and 4). In the extreme acidophile
community, Acidothermaceae (13.58 + 3.87%), Acido-
bacteria GP1 (12.37 +5.43%) and Solibacteraceae
(7.71 + 4.34%) were the predominant families, while
in the moderate acidophile community, the families
Xanthobacteraceae (13.36 + 8.30%), Solirubrobactera-
ceae (12.37 + 15.29%) and Subgroup_2 (8.44 + 7.35%)
dominated (Figure S2). Additional information on the
different acid-tolerant groups can be found in
Supplementary Material 2. The observed loss of rich-
ness was primarily due to the loss of both moderate
acidophile and non-categorised (i.e. taxa not classified
as acid-tolerant) in the Bavarian NP and the loss of
non-categorised taxa only in the Veluwe NP (Table S4,
Figure 2). Forest type only influenced the relationship
between soil pH and the richness of extreme acido-
phile and non-categorised taxa in the Bavarian NP
(Table S4, Figure 2.A). As acidity increased, coniferous
stands gained more extreme acidophile taxa but expe-
rienced a greater decline in non-categorised taxa com-
pared to deciduous stands.

When taxon abundances were grouped per linear dis-
criminant analysis category, a clear shift in community
structure and taxonomical profiles with soil pH was
observed (Figure 4 and S2). In the Veluwe NP, the pro-
portion of moderate acidophile taxa was low, even at the
highest end of the pH gradient (pH >3.5). The proportion
of extreme acidophile taxa displayed distinct patterns
across regions, remaining stable along the soil pH gradi-
ent in the Veluwe NP but increasing under more severe
acidification in the Bavarian NP. Within each region,
coniferous and deciduous stands exhibited similar patterns,
although coniferous stands had a higher proportion of
extreme acidophile taxa than deciduous stands across the

pH range. A brief summary of the linear discriminant anal-
ysis results can be found in Supplementary Material 2.

3.3 | Shifts in functional groups with
severe acidification

Severe acidification consistently promoted carbon-related
functions while decreasing or eliminating nitrogen-related
functions for both the Bavarian NP and the Veluwe NP
(Figure 5, Table 1). In the Bavarian NP, all functional
groups, except fermentation and nitrate reduction, signifi-
cantly varied with soil pH, while in the Veluwe NP, only
cellulolysis was significantly associated with soil pH varia-
tion (Table 1). Extreme acidophile and moderate acido-
phile communities showed distinct putative functional
profiles, and these functional profiles were approximately
consistent for both forested landscapes in The Netherlands
and Germany (Figure 5). The moderate acidophile com-
munity was characterised by a higher nitrogen fixation
potential compared to the extreme acidophile community
(Bavarian NP: 4.32 + 3.35% vs. 0.0004 + 0.003%; Veluwe
NP: 10.85 + 3.64 vs. 0.004 + 0.008%) and a lower celluloly-
sis potential (Bavarian NP: 1.02 + 0.76% vs. 9.87 + 2.29%;
Veluwe NP: 0.38 + 0.87% vs. 10.20 + 2.20%). Forest type
significantly influenced the response of some functional
groups to soil pH variation in both the Bavarian NP and
the Veluwe NP (Table 1). Specifically, fermentation and
nitrate reduction in Bavarian NP and chemoheterotrophy
and aerobic chemoheterotrophy in Veluwe NP were lower
in deciduous stands compared to coniferous stands. These
functional groups also showed forest type specific
responses, with potential activity increasing along the soil
pH gradient for deciduous stands while remaining stable
for coniferous stands. Overall, the variation in relative
abundances of the studied functional groups (Table 1) was
well explained for cellulolysis, where soil pH and forest
type alone could explain 66% (Bavarian NP) and 50%
(Veluwe NP) of the variation. Other functional groups had
lower explained variation.
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50 ==
e 2 ————
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categorised taxa (not significantly correlated with soil pH) for each region. The remaining functional groups are grouped under the category
‘Others’. The proportion of reads that could not be assigned to a functional group has been removed to enhance the visual representation.

TABLE 1

Results of generalised linear mixed models for soil pH, forest type (deciduous vs. coniferous) and soil pH x forest type on the

relative abundance of different functional groups involved in carbon and nitrogen cycle per region.

R’m R’c Soil pH Forest type Soil pH x forest type
Bavarian NP
Chemoheterotrophy 0.21 0.55 —0.29 (—2.77)** —0.29 (—0.51) 0.06 (0.40)
Aerobic chemoheterotrophy 0.22 0.54 —0.31 (—2.71)** —0.05 (—0.09) —0.001 (—0.006)
Cellulolysis 0.66 0.73 —0.73 (—7.13)*** 0.20 (0.35) —0.10 (—0.59)
Fermentation 0.17 0.43 0.17 (0.79) —2.99 (—2.61)** 0.80 (2.59)**
Nitrogen fixation 0.32 0.57 0.68 (4.51)*** 0.97 (1.25) —0.23 (—1.11)
Nitrate reduction 0.29 0.52 0.23 (1.77) —2.12 (—3.11)** 0.56 (3.04)**
Veluwe NP
Chemoheterotrophy 0.27 0.52 —0.20 (—1.02) —1.95 (—2.16)* 0.50 (1.93)*
Aerobic chemoheterotrophy 0.26 0.56 —0.24 (—1.20) —2.07 (—2.19)* 0.54 (1.97)*
Cellulolysis 0.50 0.72 —0.52 (—3.07)** —1.41 (=1.51) 0.31 (1.17)
Fermentation 0.02 0.55 0.36 (0.60) 2.18 (0.74) —0.60 (—0.70)
Nitrogen fixation 0.27 0.65 0.65 (1.77) —0.20 (—0.11) 0.18 (0.36)
Nitrate reduction 0.03 0.54 0.32 (0.63) 0.79 (0.32) —0.18 (—0.26)

Note: Regression estimates (z value) are indicated for each fixed effect. Bold regression estimates refer to significant p-values (*<0.05; **<0.01; ***<0.001). R°m:

adjusted R for fixed effects. R%c: adjusted R? for both fixed and random effects.

3.4 | Response of bacterial communities
to soil properties under severe acidification

We assessed the relationship between bacterial richness
and bacterial communities with soil properties (pH,
SOM, TP, TK, TFe, TAl, C:N ratio) under severe acidifica-
tion using linear mixed-effect models and redundancy
analysis (RDA), respectively. Soil pH was the only predic-
tor (p <0.01) of bacterial richness in the Bavarian

NP. ASV richness in the Veluwe NP was positively associ-
ated with total soil iron (TFe) (p < 0.01) in deciduous
stands and both soil pH (p < 0.01) and total aluminium
(TAD) (p < 0.01) in coniferous stands. The linear mixed-
effect models explained a larger proportion of variation
in bacterial ASV richness in Bavarian NP compared to
Veluwe NP (49%-65% vs. 34%-35%, Table 2). Bacterial
communities in Bavarian NP were significantly (p < 0.001)
associated with soil pH, while SOM was significantly
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TABLE 2
type combination.

pH SOM TP TK
Bavarian NP
Coniferous 230** —87 83 -9
Deciduous 168* 5 —117 3
Veluwe NP
Coniferous 205** —14 71 —345
Deciduous 35 76 —133 —335

Results of linear mixed-effect models for soil biochemical properties measured on bacterial ASV richness per region x forest

TFe TAl C:N ratio R’m R%c
216 —143 49 0.65 0.78
—115 401 72 0.49 0.66
—238 1778* 49 0.35 0.80
948* 41 —123 0.34 0.39

Note: Scaled regression estimates are shown for each soil biochemical property. Bold estimates refer to significant p-values (*<0.05; *#<0.01; ***<0.001). R*m:

adjusted R for fixed effects. R%c: adjusted R? for both fixed and random effects.

(p < 0.05) associated with bacterial communities in the
coniferous stands of the Veluwe NP (Table 3). The RDA
model for the deciduous stands in the Veluwe NP was not
significant (p = 0.14), indicating that none of the tested soil
biochemical properties significantly explained variation in
community composition. The mean =+ standard deviation of
each biochemical property is indicated in Table S5.

4 | DISCUSSION
41 | Ongoing acidification in very acidic
soils decreases bacterial diversity

Acidification of soil is an important driver of soil bacte-
rial communities, resulting in the selection of taxa
based on their capacity to withstand the extremely acid
environment, aluminium toxicity, direct physiological
stress and low nutrient availability (Da Mota
et al., 2008; Fierer & Jackson, 2006; Lauber et al., 2009;
Norman & Barrett, 2016; Rousk et al., 2010). For the
first time in natural conditions, we showed that bacte-
rial communities continue to change along a declining
soil pH gradient, even under severe pH levels, as
recorded in our study areas. It has been postulated that
in extremely acidic soils (pH <4.5), bacterial communi-
ties are already highly specialised and have limited
responses to further acidification (Rousk et al., 2009).
Our study demonstrates that shifts in bacterial commu-
nities correlate with soil pH in already severely acidic
forest soils due to human-caused nitrogen atmospheric
deposition. The results of this study contrast with our
original hypothesis (i) (see Section 1) because earlier
researchers had not studied bacterial communities in
such severely acidic habitats. Given that other
European temperate forests are experiencing similar
acidity levels, our findings underscore the importance
of including these habitats in conservation efforts
(Abdullah et al., 2024; Santri¢kovi et al., 2019).

Further, we observed a sustained loss of bacterial
diversity alongside a shift in community structure under
the severely acidic habitats studied here. This shift favoured
extremely acid-tolerant families like Acidobacteria GP1,
Acidothermaceae and Solibacteraceae over mildly acidic-
tolerant families such as Xanthobacteraceae and Solirubac-
teraceae (Barta et al., 2017; Carvalho & Castillo, 2018). These
changes in the tolerance levels of bacteria under severely
acidic soils may be linked to the physiological traits of acid-
stress tolerant species and their ability to thrive in the oligo-
trophic and carbon-limited environments of extremely acidic
soils. Bacteria specialised in degrading carbon-recalcitrant
compounds and organic matter have a major advantage in
these conditions compared to bacteria involved in the nitro-
gen cycle (Barta et al, 2017, Choma et al., 2020, Wan
et al., 2022). This advantage leads to changes in putative
functional soil profiles. As soil pH decreases, the availability
of carbon to bacteria also decreases while organic matter
accumulates (Evans et al., 2012). To survive in nutrient- and
carbon-limited environments such as extremely acidic soils,
the selected bacteria show a higher capacity for carbon
mineralisation and degradation of complex organic sub-
strates (Hagh-Doust et al., 2023).

To further investigate these changes in putative func-
tional soil profiles as soil pH decreases, we used the
FAPROTAX database to link metabarcoding-based taxo-
nomic identifications directly to putative functional pro-
files. We found that severe soil acidification promotes
carbon-related functions and suppresses nitrogen-related
functions (Table 1, Figure 5). Our results corroborate pre-
vious research using various methods such as putative
functional approaches, quantitative PCR analysis (qPCR),
metagenomics and enzymatic activity (Choma et al.,
2020; Hagh-Doust et al., 2023; Wan et al., 2022).

Increase in cellulolytic activity with acidification has
been consistently reported in various ecosystems such as
agricultural fields (Rothenberg et al, 2022; Wan
et al, 2022; Wang et al., 2019), watersheds (Sridhar
et al., 2022), peatlands (Fenner et al., 2005) or forests (Du
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TABLE 3  Results of redundancy Adjusted R*>  Variable @ df  Variance F p-value
analysis models for soil biochemical
properties measured on soil bacterial Bavarian NP
communities at the ASV level Coniferous 0.20%** pH 1 0.0295 3.2665 0.009
(Hellinger-transformed reads). SOM 1 0.0140 1.5496 0.444
TP 1 0.0172 1.9041 0.154
TK 1 0.0128 1.4205 0.533
Fe 1 0.0137 1.5232 0.312
TAl 1 0.0166 1.8437 0.350
C:N ratio 1 0.0010 1.0578 0.777
Residuals 37 0.3337
Deciduous 0.20%** pH 1 0.0315 4.0466 0.001
SOM 1 0.0082 1.0516 0.561
TP 1 0.0093 1.1954 0.489
TK 1 0.0122 1.5637 0.452
TFe 1 0.0073 1.9311 0.448
TAl 1 0.0090 1.1545 0.291
C:N ratio 1 0.0107 1.3771 0.139
Residuals 40 0.3117
Veluwe NP
Coniferous 0.10* pH 1 0.0169 1.4712 0.075
SOM 1 0.0224 1.9537 0.031
TP 1 0.0165 1.4350 0.411
TK 1 0.0167 1.4586 0.148
TFe 1 0.0146 1.2740 0.135
TAl 1 0.0120 1.0482 0.206
C:N ratio 1 0.0076 0.6625 0.920
Residuals 22 0.2524
Deciduous 0.14 pH 1 0.0157 1.0501 0.925
SOM 1 0.0143 0.9548 0.372
TP 1 0.0206 1.3751 0.193
TK 1 0.0128 0.8580 0.248
TFe 1 0.0212 1.4149 0.366
TAl 1 0.0156 1.0436 0.155
C:N ratio 1 0.0161 1.0776 0.219
Residuals 16 0.2396

Note: For each model, adjusted R? is indicated. Bold adjusted R* values refer to significant p-values of the
full model (*<0.05; **<0.01; ***<0.001). The degree of freedom (df), variance, F-statistic (F) and p-values are
indicated for each soil biochemical variable. Significant variables (p < 0.05) are highlighted in bold.

et al.,, 2014). In contrast, while alterations in several
carbon-related functions have been noted in other stud-
ies, cellulolytic activity remains unchanged, likely due to
site-specific conditions (Hagh-Doust et al., 2023; Waldrop
et al., 2004). This finding aligns with our finding of a shift
towards extremely acidic-tolerant taxa at the end of the
gradient, with these taxa being typically specialised in
breaking down carbon-recalcitrant compounds such as

cellulose (Choma et al., 2020). Solely relying on details
about the relative abundance of acidophilic taxa engaged in
carbon degradation may be challenging to understand the
potential impact on the carbon cycle. In specific scenarios,
such as organic nitrogen deposition, the enhancement of
cellulolysis, and carbon compound breakdown in general,
could result in carbon loss, potentially shifting forest sys-
tems from a carbon sink to a carbon source (Du et al., 2014;
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Wang et al., 2019). However, past research indicated that,
beyond shifts in community structure, soil acidification
adversely affects microbial respiration, biomass and enzy-
matic activity, ultimately slowing down the decomposition
rate and resulting in soil carbon sequestration (Chuman
et al., 2021; Hagedorn et al., 2003). It is not possible to deter-
mine which scenarios apply to the forests we studied, as the
necessary data were unavailable.

Additionally, nitrogen fixation and nitrate reduction
processes are typically suppressed under acidification, as
observed in similar temperate forests (Jaiswal et al., 2018;
Lin et al., 2022; Shang et al., 2023; Truu et al., 2020; Zhou
et al., 2016). The loss of nitrogen fixation can be explained
by either the induced aluminium toxicity inhibiting nodula-
tion of symbiotic bacteria such as Rhizobiales (Bakari
et al., 2020; Bordeleau & Prévost, 1994; He et al., 2012) or
the competition for resources (Lauber et al., 2009; Tahovska
et al., 2020; Wan et al., 2022). For the Veluwe NP, the ongo-
ing high nitrogen atmospheric deposition eases the
N-limitation typical of terrestrial ecosystems (Kopacek
et al.,, 2013). Therefore, investment in such genes may not
be essential (Lin et al., 2022; Zheng et al., 2017). Since func-
tions may be attributed only to a limited portion of the bac-
terial community (based on current scientific knowledge),
making assumptions about the putative functional profiles
of the community as a whole remains somewhat tenuous.
Consequently, alterations in putative functional profiles do
not, by definition, consistently align with changes in activity
(Baldrian et al., 2012). Yet, FAPROTAX-derived annotations
can provide us with some initial indications of the implica-
tions of reduced taxonomic diversity for functional redun-
dancy (Labouyrie et al., 2023; Yang et al., 2022) under
extreme soil acidification. Additional analysis, such as meta-
genomics, could be conducted to test our hypotheses further
and include more nitrogen processes that were omitted
here, such as nitrification, which is a key indicator of nitro-
gen losses in temperate forests (Tahovska et al., 2020).

4.2 | Similar community responses
across forest types

Bacterial communities in deciduous and coniferous stands
exhibited similar responses to severe acidification within
each region (Figures 3 and 4), contracting the hypothesis
that bacterial communities in coniferous stands would be
less sensitive to severe acidification than those in deciduous
stands. We found, in general, a higher relative abundance of
extreme acidophile taxa in coniferous stands, which is con-
sistent with other studies in temperate forests, where soil
acidification induced comparable shifts in bacterial commu-
nities (Choma et al., 2020; Shen et al., 2021). For instance,
the richer deciduous litter results in higher turnover and

faster decomposition, with soil conditions favouring copio-
trophic microorganisms (Prescott & Grayston, 2013). These
studies, like ours, focused on topsoil, where the link between
below- and aboveground processes is the strongest (Delgado-
Baquerizo et al., 2017). However, Xu et al. (2023) demon-
strated that including deep soil layers reveals more clearly
that forest type impacts bacterial community characteristics
and functions. This suggests the need to include these lower
soil profile layers in future acidification studies.

While severe acidification yielded similar patterns of
bacterial communities across forest regions, the Veluwe NP
exhibited a weaker response than those in the Bavarian
NP. This disparity may possibly be attributed to regional dif-
ferences in nitrogen deposition, leading to varying acidifica-
tion rates of forest national parks in Europe, coupled with
the lower buffering capacity of soils in the sandy soils of the
Veluwe NP (Skidmore et al., 2024). As a result of the ongo-
ing acidification pressure and the homogeneity in soil sub-
strate (e.g. sandy oligotrophic soil) across the Veluwe NP
soil, conditions are relatively homogeneous, giving rise to
more homogeneous and less varied bacterial communities.
Furthermore, bacterial communities in the Veluwe NP
were significantly associated with localised soil with higher
organic matter content in the otherwise alluvial sandy soils.
In contrast, soils in the Bavarian NP were exclusively corre-
lated with soil pH. Soil organic matter content in the
Veluwe NP is a primary energy source and a proxy for soil
organic carbon quantity, which are key factors in shaping
bacterial communities (Delgado-Baquerizo et al., 2016; Ding
et al., 2015). Dissolved organic carbon (DOC), resulting
from soil organic matter decomposition, is a direct source of
energy for microorganisms (Kaiser & Kalbitz, 2012). DOC
has been shown to correlate with soil organic matter con-
tent in temperate forests (Lee et al., 2023). Furthermore, the
availability of DOC is influenced by soil pH, so as soil pH
decreases (e.g. due to soil acidification), the availability of
carbon to microorganisms also decreases (Ekstrom
et al.,, 2011; Evans et al., 2012; Pschenyckyj et al., 2020). Our
findings confirm our third hypothesis, showing that in
extremely acidic and poor soils like in the Veluwe NP, other
biochemical parameters than soil pH, such as soil organic
matter, may limit bacterial communities.

5 | CONCLUSION

European soils are rapidly degrading, with soil biodiver-
sity under pressure across approximately 56% of the total
European land cover (Gardi et al., 2013). Here, we dem-
onstrate that forest bacterial biodiversity and functions
continue to degrade with increasing acidification, even in
soils with severe pH levels (pH <4.5). Soil bacterial com-
munities, which serve as bioindicators of forest health
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due to their essential role in plant-soil interactions
(Herrera Paredes & Lebeis, 2016), highlight these find-
ings as an early warning signal of stress on forest health
and biodiversity. Forest soil acidity continues to worsen
due to nitrogen compound deposition in regional
European forested areas, including sensitive Natura 2000
areas where pH levels can be as low as the acidity of
domestic vinegar (Skidmore et al., 2024). Soil protection
is an integral part of European Union soil governance,
including initiatives such as the European Green Deal,
the EU Biodiversity Strategy and the EU Soil Strategy for
2030 (European Commission, 2021). Our findings under-
score the urgency of including these severely acidified
forests in these conservation efforts.
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