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Abstract

Ash fertilization is a forest management practice used to improve forest growth in boreal peatland forests. It impacts soil
chemistry, vegetation, and soil organisms, yet little is known about its long-term impacts on soil microbial communities. Here,
we focus on the long-term impacts of ash fertilization on the soil microbiome of drained boreal peatland forests in Finland. We
hypothesized that the ash-induced changes in soil chemistry have led to long-term changes in soil microbial communities. To
study this, we analyzed soil bacterial and archaeal communities from seven drained peatland forest sites in Finland. Each site
had an ash fertilized plot (fertilized 8—43 years before sampling) and an unfertilized plot. Soil pH was higher at ash fertilized
plotsinfive out of the seven sites. Pseudomonadota, Bryobacteraceae, and Planctomycetaceae were more abundantin samples
from the control plots, whereas Actinomycetota were more abundant in samples from the ash fertilized plots. According to
distance-based redundancy analysis, soil pH was important driver of soil bacterial and archaeal community structure. Site
explained a greater proportion of community variation than treatment. Therefore, impacts of wood ash on soil in peatland

forest stands should be considered by taking into account their site-specific factors and management history.
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Introduction

Drained peatland forests are economically and ecologically sig-
nificant in Finland as they cover around one-fifth of forestry land
and play a crucial role in carbon dynamics (Korhonen et al. 2024).
Due to their high organic matter content and waterlogged condi-
tions, peat soils act as carbon sinks when undrained but pose a
risk of carbon loss from soil when drained (Turunen et al. 2002,
Ojanen et al. 2013). With over half of Finnish peatlands drained for
forestry, sustainable management practices that minimize carbon
loss from soil are essential (Nieminen et al. 2018).

One such practice is wood ash fertilization (Lehtonen et al.
2021), a method increasingly applied in Finnish forestry to provide
long-term boost (lasting up to 30 years following fertilization) to
tree growth (Hokka et al. 2024). Wood ash, rich in mineral nutrients
like potassium (K) and phosphorus (P) but lacking nitrogen (N), is
particularly effective in boosting tree growth in acidic peat soils
where Nis not the limiting factor. Lack of Pand K typically limit tree
growth in peatland forests with thick peat layer. Ash fertilization
also shifts the ground vegetation towards more fertile vegetation
types and increases litter production, which further influences soil
chemistry (Ojanen et al. 2019, Hotanen 2025).
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In addition to shifts in nutrients, alkaline ash quickly raises soil
pH. In boreal peatland forests, including those in Finland, soil pH
does not directly regulate tree growth; instead, growth responses
are primarily controlled by hydrology-driven oxygen availability
and nutrient supply, with pH influencing growth only indirectly
through biogeochemical processes (Huotari et al. 2015, Lampela
et al. 2023, Tong et al. 2024). However, pH is a major determinant
of microbial community structure in soil (Fierer and Jackson 2006,
Lauber et al. 2009, Kaiser et al. 2016), and therefore ash fertiliza-
tion may substantially reshape microbial communities. The shifts
in soil chemistry induced by ash fertilization influence a variety of
organisms, including mosses, shrubs, lichens, and critically, soil
microbiome (Huotari et al. 2015). As soil microbial communities
play a key role in nutrient and greenhouse gas cycling, organic
matter decomposition, and carbon storage, it is crucial to under-
stand the changes in microbiome induced by ash fertilization.

Previous studies have reported that the effects of ash fertiliza-
tion on soil microbial communities vary depending on site, ash
dose, and ash form (Perkiomaki and Fritze 2002, Noyce et al. 2016,
Peltoniemi et al. 2016, Bang-Andreasen et al. 2017, Smenderovac
etal. 2022, Smith et al. 2024). In mineral soils, increase in microbial
activity, bacterial numbers and growth rate of soil microorganisms
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Figure 1 Locations of the sampling sites in Finland and a sampling scheme showing the approximate locations of the soil sampling points within a

treatment plot.

has been reported (Fritze et al. 2000, Perkiomaki and Fritze 2002,
Zimmermann and Frey 2002, Bang-Andreasen et al. 2017) with
copiotrophic groups increasing and oligotrophic and acidophilic
groups decreasing after ash fertilization (Bang-Andreasen et al.
2017,2020,2021). In oligotrophic peatland forests, decrease in mi-
crobial biomass has been reported after ash fertilization (Bjork et
al. 2010). Some studies have reported only minimal changes in
the microbial community composition (Bjork et al. 2010, Noyce
et al. 2016, Smenderovac et al. 2022). Impacts of ash fertiliza-
tion on microbial communities have mostly been studied in min-
eral soils and in short-term (< 8 years after fertilization). How-
ever, ash fertilization is known to impact tree growth for decades
after the application. There is a lack of long-term data on the
effects on soil microbial communities in drained peatland for-
est soils, especially using state-of-the-art DNA-based techniques
(Huotari et al. 2015).

Here, we explore long-term (8-43 years after fertilization) im-
pacts of wood ash fertilization on the soil bacterial and archaeal
communities of drained boreal peatland forests in Finland to bet-
ter understand the effects of this forest management action. We
hypothesize that ash-induced changes in soil pH and nutrient sta-
tus lead to lasting shifts in bacterial and archaeal community com-
positions.

Materials and methods

Site description and sampling

The study consisted of seven peatland forest sites located in cen-
tral and northern Finland where long-term ash fertilization exper-
iments had been carried out (Fig. 1). The sites represented three
drained peatland forest types with varying nutrient levels (Table 1)
classified following Laine et al. (2012). These forest types are from
most to least fertile Vaccinium myrtillus, Vaccinium vitis-idaea, and
dwarf shrub peatland forest. Detailed description of vegetation
can be found in Hotanen (2025). Ash fertilization shifted the site
towards a more fertile forest type at Ala-Akkunus and Ruukki. All

sites had a peat layer thicker than 30 cm and had been fertilized 8-
43 years prior to sampling. The applied ash amounts were similar
to what is applied in practical forestry (Table 1).

All sites had been previously drained for forestry by ditching.
Each site has an ash fertilized plot and an adjacent unfertilized
control plot. Ash had been applied once to all sites except to Ala-
Akkunus that was fertilized twice due to the low quality of ash used
the first time.

Lestijérvi had received twice the amount of ash compared to
the other sites, to compensate for the low nutrient levels of the
used ash. Regardless of this, the nutrient amounts were lower in
Lestijarvi compared to the other sites. Each plot consisted of 12
sampling spots located at varying distances (4.2-22.9 m) from the
drainage ditch (Fig. 1). This distance influences soil moisture, as
the water table level tends to be lower closer to the ditch.

For microbiological analyses, a total of 168 soil samples were
collected from the top 10 cm of soil, which typically contains the
highest microbial biomass, activity, and diversity, as well as the
strongest soil nutrient responses to ash fertilization. Samples were
collected below loose litter and green living vegetation using a
soil auger (63 mm x 41 mm). Soil samples were placed in individ-
ual bags and homogenized by hands before freezing. The samples
were collected at the end of the growing season in September 2021
(Ruukki and Pelso) and in September 2022 (rest of the sites), 8-43
years after the ash fertilization. All the sampling equipment were
sterilized between every sample using 70% ethanol. Samples were
put on ice on site, kept cool and stored frozen at —20°C within 48
h until DNA extraction.

Soil physicochemical analysis

For pH measurements, soil samples were collected from the top
10 cm at same locations as microbiological samples. The pH
was measured in water suspension (soil:water 15:25 v/v). Sepa-
rately from the microbiological samples, soil samples for other soil
physicochemical analyses were collected at each plot from the top
10 cm at even distances in five locations from the center of the
strip towards the ditch (Fig. 1, Tables S1 and S2). Concentrations of
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dwarf shrub drained

= Vaccinium vitis-idaea drained peatland forest type, and Vatkg =

Vaccinium myrtillus drained peatland forest type, Ptkg

Table 1 Description of the sampling sites and treatments. Mtkg

peatland forest type.

Caamount

K amount

P amount

Drainage

Ash amount

Fertilization

Peatland forest Peatland forest

type (control)

(kg ha™?) (kg ha™?)

Ash type (kg ha™?)

year(s) (kg ha™?) year(s)

type (fertilized)

Site

224 1414

135
43

Granulated wood ash

1961

5000
5000, 5000

1980
1978, 2002

Mtkg
Mtkg
Ptkg
Mtkg
Vatkg

Mtkg
Ptkg
Ptkg
Vatkg
Vatkg

Ropsajoki

1386
698
1440
465
698
441

171
117
225

Loose wood ash
Granulated wood ash

1977
1969, 2007

Ala-Akkunus
Ansasaari
Ruukki
Pelso

45

5000

2014

135
25

Loose wood ash
Granulated wood ash

5000 1929, 1981

1985
1997

85

1930, 1994

5000

117
42

45

Ptkg 2014 5000 1926,2006  Granulated wood ash

Vatkg

Ptkg
Vatkg

Nevajarvi

15

Loose bark ash

10000 1977

1979

Lestijarvi

nutrients were measured using inductively coupled plasma opti-
cal emission spectroscopy (iCAP 6000 series, Thermo Fisher). Soil
moisture was measured with LECO TGA-701 and soil carbon and
nitrogen content with LecoCN TruMac®-analyzer (Leco Corpora-
tion, USA). Soil organic matter content was measured as loss on
ignition.

Microbial DNA extraction and sequencing

From each soil sample, one 250 mg representative subsample was
collected for DNA extraction. Whole community DNA was extracted
from the soil samples (n = 168) using DNeasy PowerSoil Pro Kit (QI-
AGEN, Germany) and following the associated protocol (QIAGEN
2021). Sample homogenization was done with TissueLyser Il (QI-
AGEN). DNA concentrations were measured using the Qubit™ Flex
Fluorometer (Invitrogen). DNA samples were stored at —20°C un-
til sequencing. Metagenomic libraries were constructed using Nex-
tera XT DNA Library Preparation Kit (Illumina, USA) and sequenced
from all samples using Illumina NovaSeq 6000 with S4 flow cell by
Novogene (Cambridge, UK).

Read-based taxonomic profiling

The raw sequence data was filtered by Novogene by removing se-
quencing adapters, reads containing >10% undetermined bases
and reads containing >50% low quality bases (Q score < 5). The
quality of the sequence reads was assessed using fastQC v0.11.9
(Andrews 2010) and MultiQC v1.19 (Ewels et al. 2016). Following
a read-based approach, the sequence reads were assigned taxo-
nomic annotation using phyloFlash v3.4.2 (Gruber-Vodicka et al.
2020) with SILVA database release 138.2 (Quast et al. 2013).

Data analysis and statistics

Data analysis was done using R v. 4.4.2 (R Core Team 2024) fo-
cusing on archaeal and bacterial reads. Differences in commu-
nity structure between samples were visualized using principal
coordinate analysis (PCoA) based on Bray-Curtis distances cal-
culated from relative abundances of phyloFlash Nearest Taxo-
nomic Units, representing the lowest assignable taxonomic rank.
Pairwise differences in community composition between treat-
ments, between peatland forest types, and between sites were
tested using permutational multivariate analysis of variance (PER-
MANOVA) (function adonis2, R-package vegan v2.6-10; Oksanen
et al. 2001) on a Bray-Curtis dissimilarity matrix. Permutations
(n = 999) were restricted within blocks defined by the interac-
tion of site and treatment, the interaction of peatland forest type,
site and treatment or by treatment depending on the compari-
son, to account for the experimental design. Differences in com-
munity composition between sites among all samples were tested
using PERMANOVA (function adonis2) on a Bray-Curtis dissimilar-
ity matrix with permutations (n = 999) restricted within blocks de-
fined by treatment. The P-values were adjusted using Benjamini-
Hochberg method. Differences in community composition be-
tween treatments within each site were statistically tested using
pairwise PERMANOVA (function pairwise.adonis, R-package pair-
wiseAdonis; Martinez Arbizu 2020).

Differences in the relative abundances of reads assigned to indi-
vidual bacterial and archaeal families and phyla (later referred to
as relative abundance) between treatments were tested using lin-
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Figure 2 Soil pH in the 0—10 cm soil layer at the ash fertilized and control plots across sites (Mann-Whitney U test). Asterisks () indicate statistically

significant difference between control and ash fertilized plots.

ear mixed-effects model (function Ime, R-package nlme v3.1.166;
Pinheiro et al. 2025), with treatment as a fixed effect and random
intercepts for site and treatment nested within site. The P-values
were adjusted using Benjamini-Hochberg method. The relation-
ship between community structure and selected environmental
variables (pH and distance from ditch), which were measured at
all microbiological sampling locations (Kattilakoski et al. 2025),
was analysed using distance-based redundancy analysis (dbRDA,;
function dbrda, R-package vegan v2.6-10; Oksanen et al. 2001).
Other environmental variables were not included because they
were measured at different sampling locations than the microbio-
logical samples.

Differences in soil characteristics between treatments within
sites were tested using the Mann-Whitney U test. The P-values
were adjusted using Benjamini-Hochberg method. Differences in
soil characteristics between control plots among sites were tested
using one-way ANOVA. Then, linear mixed-effects models were
used to estimate temporal changes in ash fertilization effects on
soil physicochemical variables. Fixed effects included treatment
(ash fertilized vs. control; describing the initial impact of fertiliza-
tion) and an interaction between ash fertilization and years since
fertilization, describing the temporal development of the fertiliza-
tion impact. Site and treatment nested within site were included
as random intercepts. Variance components were estimated using
an intercept-only linear mixed-effects model, with site and treat-
ment nested within site as random effects.

Results

Soil physicochemical characteristics

Soil pH ranged from acidic (3.71) to mildly acidic (5.72) and was
significantly higher (P < .05, P-adj < .05) in samples from ash fer-
tilized plots compared to control plots at all sites except Pelso and
Ruukki (Fig. 2). Mean soil pH differed significantly among control
sites (one-way ANOVA, Fg 77 = 8.07, P < .001).

Soil carbon content varied between 42.3% and 55.9% while soil
nitrogen content ranged from 1.01% to 2.91% (Table S1). In Neva-
jarvi, soil carbon content was lower (P < .05, P-adj = .15) in sam-
ples from the ash fertilized plot compared to the control plot.

No other site showed a significant difference in soil carbon con-
tent between treatments. Mean soil carbon content differed sig-
nificantly among control sites (one-way ANOVA, Fg,s = 10.52, P
< .001). None of the sites showed significant differences in soil
nitrogen content between treatments (Table S1). Mean soil nitro-
gen content differed significantly among control sites (one-way
ANOVA, Fg 05 = 11.35, P < .001).

Soil organic matter content varied between 75.7% and 98.8%.
In Ansasaari, Nevajarvi and Ala-Akkunus it was slightly lower (P
< .05, P-adj = .06 for Nevajarvi and Ala-Akkunus, P-adj = .07 for
Ansasaari) in samples from the ash fertilized plot compared to con-
trol plot. Mean soil organic matter content differed significantly
among control sites (one-way ANOVA, Fg 55 = 7.19, P < .001).

Soil potassium concentration varied between 268 mg kg~ and
4760 mg kg~! and was higher in samples from ash fertilized plots
compared to control plots in Ala-Akkunus (P < .05, P-adj < .05),
Ansasaari (P < .05, P-adj < .05) and Ropsajoki (P < .05, P-adj <
.05). Soil phosphorus concentration varied between 493 mg kg™?
and 4100 mg kg~! and was higher in samples from ash fertilized
plots compared to control plots in Ala-Akkunus (P < .01, P-adj =
.06) and Ropsajoki (P < .05, P-adj =.11). Both mean soil potassium
(one-way ANOVA, Fg 5 = 2.96, P < .05) and mean soil phosphorus
(one-way ANOVA, Fg .5 = 11.51, P < .001) concentrations differed
significantly among control sites.

Temporal changes in fertilization effects varied among soil
variables (Table S3). Ash fertilization effects increased signifi-
cantly over time for soil carbon content and soil organic mat-
ter content, although the magnitude of these changes was
small (estimates 0.093 and 0.12, respectively). No significant
temporal trends were detected for other soil physicochemical
variables.

Across soil physicochemical parameters, the majority of esti-
mated variability occurred at the sample level. Site-level variabil-
ity was strongest for soil nitrogen content and soil moisture while
treatment-level variability was strong for pH, soil carbon content,
and soil organic matter content (Table S4). Treatment plot-level
variability exceeded site-level variability for soil carbon content,
soil organic matter, soil phosphorus and potassium concentra-
tions, and soil pH, indicating a meaningful effect of the treatment
on these variables.
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Figure 3 Relative abundances of the 10 most abundant bacterial phyla across peatland forest sites and treatments.

Bacterial and archaeal community
composition

The community composition of the ten most abundant bacte-
rial and archaeal phyla was similar between treatments and
sites (Fig. 3). The compositions were similar on order and fam-
ily level (Figs S1 and S2). Pseudomonadota, Acidobacteriota, and
Actinomycetota were the most abundant phyla. There were only
bacterial taxa within the ten most abundant phyla, orders, and
families.

When comparing the relative abundances of abundant phyla
(mean abundance twice the mean of all phyla or greater) be-
tween treatments and across all samples, we found that Pseu-
domonadota were marginally (P < .05, P-adj = .07) more abun-
dant in samples from control than from ash fertilized plots. Acti-
nomycetota were slightly (P < .05, P-adj = .06) more abundant
in samples from ash fertilized plots compared to samples from
control plots (Fig. 4a). No significant differences between treat-
ments were observed in the abundances of abundant archaeal
phyla.

There were minor differences in the relative abundances of
abundant bacterial families (mean abundance greater than two-
fold mean abundance of all families) between treatments (Fig. 4b).
Bryobacteraceae and Planctomycetaceae were marginally (P < .01
and P < .05, respectively) less abundant in ash fertilized plots. In
contrast, Pirellulaceae were slightly (P = .06) more abundant in
ash fertilized plots. None of these differences remained significant
after P-value adjustment. No significant differences between treat-
ments were observed in the abundances of abundant archaeal
families.

Treatment (control vs. fertilization) did not explain any of the
variation in bacterial and archaeal communities within all sam-
ples according to PERMANOVA (Fig. 5a). Based on PCoA, bacte-
rial and archaeal communities in different drained peatland forest
types appeared to differ from each other (Fig. 5b). However, PER-
MANOVA showed that none of the peatland forest type pairs signif-
icantly differed from each other based on their community compo-
sition. Bacterial and archaeal communities differed between peat-
land forest sites according to PERMANOVA (P < .01). While not sep-
arating from each other distinctly in a PCoA (Fig. 5¢), PERMANOVA

estimated that site explained 11%-39% of the variation in bac-
terial and archaeal community composition between two sites.
Treatment explained 0%-12% of the variation within the same site
pairs, always explaining less variation than site (Table S5). Among
all samples, site explained 9% of the variation in the community
composition according to PERMANOVA (P < .01). There was also a
clear gradient in pH along the horizontal axis (Fig. 5d).

Within individual sites, bacterial and archaeal communities dif-
fered significantly between ash fertilized and control plots, with
treatment explaining 8%-22% of the variation, except in Lestijarvi
(P=.1;Fig.6).

The relationship between community
structure and soil pH

The dbRDA model including soil pH and distance from ditch ex-
plained 9% of the variation in community composition (adjusted
R? =0.09, F = 9.58, P < .01, Fig. 7). Of the two variables, only
soil pH significantly explained the variation (F = 18.00, P < .01)
whereas distance from ditch was not significant (F = 1.16, P =.25).

Discussion

Our results show that soil pH remained higher at five of the seven
fertilized sites compared to their respective control sites, even 8-
43 years after ash application. This is consistent with previous
research on the long-term effects of ash fertilization (Huotari et
al. 2015). Given the widely recognized role of soil pH as one of
the main drivers of soil bacterial community structure (Fierer and
Jackson 2006, Lauber et al. 2009, Kaiser et al. 2016, Lladé et al.
2018), we expected to see a shift in the bacterial communities in
ash fertilized sites.

Overall, however, the relative abundances of the ten most abun-
dant bacterial phyla were similar across treatments and sites.
Pseudomonadota, Acidobacteriota, and Actinomycetota were the
most abundant phyla as commonly reported for soils globally
(Janssen 2006, Delgado-Baquerizo et al. 2018). Pseudomonadota
were more abundant in control samples with lower pH compared
to samples from ash fertilized plots with higher pH. Pseudomon-
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adota has been reported to have varying responses to increasing
soil pH by different taxa within the phylum (Lauber et al. 2009,
Bang-Andreasen etal. 2017, Lladé et al. 2018), suggesting that taxa
presentin oursamples are likely adapted to acidic conditions. Acti-
nomycetota on the other hand followed the trend of increasing
abundance with increasing pH reported for the phylum (Lauber et
al. 2009, Peltoniemi et al. 2016, Lladd et al. 2018).

In addition to pH, nutrientinputs, particularly phosphorus, may
have contributed to the observed shifts. Richy et al. (2024) re-
ported that phosphorus application together with nitrogen in-
creased Actinomycetota and decreased Pseudomonadota, which
aligns with our results. However, the overall differences in the
abundances between treatments in our study were not drastic.

PERMANOVA analyses showed that treatment did not explain
variation in archaeal and bacterial community composition when
all samples were analysed together. Site explained small but sta-
tistically significant proportion of variation (9%), indicating that
inter-site variability exceeded treatment-driven effects. Accord-

ingly, ash-induced changes in community composition became
more visible when sites were analysed individually, except in Lesti-
jarvi, where the low nutrient content and type of the applied ash
may have limited treatment effects. Thus, the high inter-site vari-
ability likely explains the lack of family-level differences when all
samples were analyzed together.

The strongest treatment-level responses were observed at Ala-
Akkunus, where the most recent application of loose ash had been
carried out. In addition, this site was fertilized twice, because the
nutrient content of the first application was low. This repeated fer-
tilization of loose ash may have contributed to the greater plot-
level differences in both soil physicochemical properties and mi-
crobial communities observed at this site.

In contrast, although soil pH was significantly elevated at
Ansasaari and Nevajarvi, fertilization at these sites was relatively
recent and granulated wood ash was applied. Granulated ash
releases nutrients more slowly than loose ash, delaying its ef-
fects on soil chemistry and biota (Hyténen and Hokka 2020).
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Figure 6 PCoA of soil archaeal and bacterial community composition between treatments within each site (pairwise PERMANOVA). The ellipses
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Figure 7 dbRDA showing the relationship between bacterial and archaeal community composition and the environmental variables included in the

model [soil pH and distance from ditch (DD)].

The ash type and fertilization time might explain the weaker re-
sponses in the soil properties and microbial communities at these
sites.

Microbial communities in peatlands are influenced by physico-
chemical and hydrological characteristics, as well as vegetation.
Because these factors interact and affect one another, it is diffi-
cult to isolate the impact of any single factor on microbial com-
munities (Andersen et al. 2013). Moreover, these characteristics
vary not only between peatland forest stands but also within in-
dividual stands. Differences among sites may originate from pre-
drainage variation in peat properties and hydrological conditions.
In addition, drainage and the following increase in tree growth al-

ter peat nutrient availability, C:N ratio and bulk density (Laiho et al.
1999). The time since drainage further contributes to differences
between sites as the drainage-induced succession in vegetation
and soil proceeds.

At two sites, the peatland forest type had shifted due to fertiliza-
tion, with more nutrient-rich forest types determined at ash fer-
tilized plots. Vegetation shifts are known to influence soil micro-
bial communities and may have contributed to the differences ob-
served between plots at these sites (Le Geay et al. 2024). However,
the vegetation shifts were observed between closely related peat-
land forest types and therefore represent relatively minor changes
in vegetation structure or function. Consistent with this, microbial
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community compositions were relatively similar between differ-
ent peatland forest types.

Due to the lack of pre-treatment data, our analyses rely on plot-
level comparisons at the time of sampling. As a result, we cannot
exclude the possibility that ash fertilized and control plots differed
before any treatment was applied. However, treatment plots were
located within the same peatland forest stand and shared a simi-
lar management history, with ash fertilization being the only man-
agement difference.

Overall, ash fertilization resulted in long-term increases in soil
pH, that were significantly associated with bacterial and archaeal
community composition. Spatial heterogeneity in site characteris-
tics as well as differences in fertilization time, ash type, ash dose,
and nutrient content likely explain the varying responses of soil
bacterial and archaeal communities to ash fertilization observed
among sites. Bacterial and archaeal community compositions did
not distinctly differ between control and fertilized treatments but
rather followed a gradient in pH. Community compositions var-
ied more between the seven studied peatland forest sites than be-
tween control and ash fertilized plots or the three different peat-
land forest types. Therefore, impacts of wood-ash on soil in peat-
land forest stands should be considered by taking into account
their site-specific factors and management history. Our results
suggest that ash doses commonly applied in forest management
do not lead to strong or persistent changes in soil bacterial and ar-
chaeal communities. Instead, substantial community overlap be-
tween treatments suggests that bacterial and archaeal communi-
ties stay relatively stable. Because peatland forests are important
in long-term carbon storage and greenhouse gas regulation, fur-
ther research is needed to understand how ash fertilization influ-
ences microbial functions in order to assess the broader climate
impacts of this management practice.

Acknowledgements

We thank Petri Salovaara for the assistance in field work and Tu-
ija Hytonen, Carita Karenius, Ilona Kerovuori, Susanna Laukkoski,
Katri Leino, Minna Oksanen, and Sara Turunen for the assistance in
laboratory work. We thank Juha-Pekka Hotanen for providing the
vegetation data. We thank Tommi Valikangas and Sirja Viitamaki
for assistance with the computational analysis. We thank Hannu
Hokka for assistance in selecting the study sites. We thank CSC—
IT Center for Science for the computational resources. Microsoft
copilot was used to troubleshoot the bash and R codes and au-
thors further reviewed and validated all the content.

Author contributions

Matilda Kattilakoski (Conceptualization, Data curation, Formal
Analysis, Funding acquisition, Investigation, Methodology, Soft-
ware, Validation, Visualization, Writing—original draft), Jenni
Hultman (Conceptualization, Funding acquisition, Methodology,
Project administration, Supervision, Writing—review & edit-
ing), Krista Peltoniemi (Conceptualization, Funding acquisition,
Methodology, Supervision, Writing—review & editing), Paavo
Ojanen (Conceptualization, Funding acquisition, Investigation,
Methodology, Validation, Writing—review & editing), and Paivi
Vaananen (Conceptualization, Data curation, Funding acquisition,

FEMS Microbiology Ecology, 2026, Volume 102, Issue 10

Investigation, Methodology, Project administration, Supervision,
Validation, Writing—review & editing)

Supplementary material

Supplementary material is available at FEMSEC online.

Conflicts of interest

None declared.

Funding

This work was supported by the Ministry of Agriculture and
Forestry (SuoHiTu, VN/28266/2021-MMM-3), University of Helsinki
(to M.K.), Research Council of Finland (354462 to J.H.), Natural Re-
sources Institute Finland (CAsh thematic project), and the Niemi
foundation (20230026 to M.K.). Open access funded by Helsinki
University Library.

Data availability

The sequences were deposited into European Nucleotide Archive
(ENA) under the accession number PRJEB102797. Environmental
data is available on Zenodo: https://doi.org/10.5281/zenodo.177
27949.

References

Andersen R, Chapman SJ, Artz RRE. Microbial communities in
natural and disturbed peatlands: a review. Soil Biol Biochem
2013;57:979-94. https://doi.org/10.1016/j.50ilbi0.2012.10.003

Andrews S. FastQC: A Quality Control Tool for High Throughput Se-
quence Data. Babraham Institute, 2010. https://www.bioinfor
matics.babraham.ac.uk/projects/fastqc/ (15 September 2026,
date last accessed).

Bang-Andreasen T, Anwar MZ, Lanzén A et al. Total RNA sequenc-
ing reveals multilevel microbial community changes and func-
tional responses to wood ash application in agricultural and
forest soil. FEMS Microbiol Ecol 2020;96. https://doi.org/10.109
3/femsec/fiaa016

Bang-Andreasen T, Nielsen JT, Voriskova J et al. Wood ash induced
pH changes strongly affect soil bacterial numbers and commu-
nity composition. Front Microbiol 2017;8. https://doi.org/10.3
389/fmicb.2017.01400

Bang-Andreasen T, Peltre M, Ellegaard-Jensen L et al. Application
of wood ash leads to strong vertical gradients in soil pH chang-
ing prokaryotic community structure in forest top soil. Sci Rep
2021;11. https://doi.org/10.1038/s41598-020-80732-0

Bjork RG, Ernfors M, Sikstrom U et al. Contrasting effects of
wood ash application on microbial community structure,
biomass and processes in drained forested peatlands: wood
ash effects on drained forested peatlands. FEMS Microbiol
Ecol 2010;73:550-62. https://doi.org/10.1111/j.1574-6941.20
10.00911.x

Delgado-Baquerizo M, Oliverio AM, Brewer TE et al. A global atlas
of the dominant bacteria found in soil. Science 2018;359:320-5.
https://doi.org/10.1126/science.aap9516

920z Jaquialdag gz uo Jasn (8yNnT) pue|uid 81nisu| $80Inosay [eineN Aq 62768/28/S0LBeI/0L/Z0 L /e[onie/oaswa)/wod dno oIWspese Woll papeojumMo(]


https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiag105#supplementary-data
https://doi.org/10.5281/zenodo.17727949
https://doi.org/10.1016/j.soilbio.2012.10.003
https://www.bioinformatics.babraham.ac.uk/projects/fastqc
https://doi.org/10.1093/femsec/fiaa016
https://doi.org/10.3389/fmicb.2017.01400
https://doi.org/10.1038/s41598-020-80732-0
https://doi.org/10.1111/j.1574-6941.2010.00911.x
https://doi.org/10.1126/science.aap9516

FEMS Microbiology Ecology, 2026, Volume 102, Issue 10

Ewels P, Magnusson M, Lundin S et al. MultiQC: summarize anal-
ysis results for multiple tools and samples in a single report.
Bioinformatics 2016;32:3047-8. https://doi.org/10.1093/bioinf
ormatics/btw354

Fierer N, Jackson RB. The diversity and biogeography of soil bac-
terial communities. Proc Natl Acad Sci USA 2006;103:626-31.
https://doi.org/https://doi.org/10.1073/pnas.0507535103

Fritze H, Perkiomaki J, Saarela U et al. Effect of Cd-containing
wood ash on the microflora of coniferous forest humus. FEMS
Microbiol Ecol 2000;32:43-51. https://doi.org/10.1111/j.1574-6
941.2000.tb00697.x

Gruber-Vodicka HR, Seah BKB, Pruesse E, phyloFlash: rapid
small-subunit rRNA profiling and targeted assembly from
metagenomes. mSystems 2020;5. https://doi.org/10.1128/ms
ystems.00920-20

Hokka H, Ahtikoski A, Sarkkola S et al. Ash fertilization increases
long-term timber production in drained nitrogen-poor Scots
pine peatlands. Can J For Res 2024;54:1142-54. https://doi.or
g/10.1139/cjfr-2024-0003

Hotanen JP. Tuhkalannoituksen vaikutus aluskasvillisuuteen met-
saojitetuilla rameilla [Effect of ash fertilization on the under-
storey vegetation in drained Scots pine mires]. Suo 2025;76:3-
19.

Huotari N, Tillman-Sutela E, Moilanen M et al. Recycling of ash—for
the good of the environment? Forest Ecol Manag 2015;348:226-
40. https://doi.org/10.1016/j.foreco.2015.03.008

Hytonen J, Hokka H. Comparison of granulated and loose ash in
fertilisation of Scots pine on peatland. Silva Fenn 2020;54. http
s://doi.org/10.14214/sf.10259

Janssen PH. Identifying the dominant soil bacterial taxa in li-
braries of 16S rRNA and 16S rRNA genes. Appl Environ Micro-
biol 2006;72:1719-28. https://doi.org/10.1128/AEM.72.3.1719-
1728.2006

Kaiser K, Wemheuer B, Korolkow V et al. Driving forces of soil bac-
terial community structure, diversity, and function in temper-
ate grasslands and forests. Sci Rep 2016;6. https://doi.org/10.1
038/srep33696

Kattilakoski M, Hultman J, Peltoniemi K et al. Environmental data
from ash-fertilized boreal peatland forest soils. Zenodo, 2025.
https://doi.org/10.5281/zenodo0.17727949

Korhonen KT, Haakana H, Heikkinen J et al. Forests of Fin-
land 2019-2023 and their development 1921-2023. Silva Fenn
2024;58. https://doi.org/10.14214/sf.24045

Laiho R, Sallantaus T, Laine J. The effect of forestry drainage on
vertical distributions of major plant nutrients in peat soils.
Plant Soil 1999;207:169-81. https://doi.org/10.1023/A:102647
0212735

Laine J, Vasander H, Hotanen JP et al. Suotyypit Ja Turvekankaat—
Opas Kasvupaikkojen Tunnistamiseen. Hameenlinna: Met-
sakustannus, 2012.

Lampela M, Minkkinen K, Strakova P et al. Responses of fine-
root biomass and production to drying depend on wetness
and site nutrient regime in boreal forested peatland. Front For
Glob Change 2023;6:1190893. https://doi.org/10.3389/ffgc.20
23.1190893

Lauber CL, Hamady M, Knight R et al. Pyrosequencing-based as-
sessment of soil pH as a predictor of soil bacterial commu-
nity structure at the continental scale. App! Environ Microbiol
2009;75:5111-20. https://doi.org/10.1128/AEM.00335-09

Le Geay M, Lauga B, Walcker R et al. A meta-analysis of peatland
microbial diversity and function responses to climate change.
Soil Biol Biochem 2024;189:109287. https://doi.org/10.1016/j.
s0ilbi0.2023.109287

Lehtonen A, Aro L, Haakana M et al. Maankdyttésektorin Il-
mastotoimenpiteet: arvio Pddstovdhennysmahdollisuuksista.
Luonnonvara- ja biotalouden tutkimus 2021;65:121.

Lladé S, Lépez-Mondéjar R, Baldrian P. Drivers of microbial com-
munity structure in forest soils. Appl Microbiol Biotechnol
2018;102:4331-8. https://doi.org/10.1007/s00253-018-8950-4

Martinez Arbizu P. pairwiseAdonis: pairwise Multilevel Compari-
son Using Adonis. R Package Version 0.4, 2020.

Nieminen M, Hokka H, Laiho R et al. Could continuous cover
forestry be an economically and environmentally feasible man-
agement option on drained boreal peatlands? Forest Ecol
Manag 2018;424:78-84. https://doi.org/10.1016/j.foreco.2018.
04.046

Noyce GL, Fulthorpe R, Gorgolewski A et al. Soil microbial re-
sponses to wood ash addition and forest fire in managed On-
tario forests. Appl Soil Ecol 2016;107:368-80. https://doi.org/10
.1016/j.aps0il.2016.07.006

Ojanen P, Minkkinen K, Penttila T. The current greenhouse gas im-
pact of forestry-drained boreal peatlands. Forest Ecol Manag
2013;289:201-8. https://doi.org/10.1016/j.foreco.2012.10.008

Ojanen P, Penttild T, Tolvanen A et al. Long-term effect of fertiliza-
tion on the greenhouse gas exchange of low-productive peat-
land forests. Forest Ecol Manag 2019;432:786-98. https://doi.or
£/10.1016/j.foreco.2018.10.015

Oksanen J, Simpson GL, Blanchet FG et al. vegan: Community
Ecology Package. CRAN, 2001. https://doi.org/10.32614/CRAN.
package.vegan

Peltoniemi K, Pyrhonen M, Laiho R et al. Microbial communities
after wood ash fertilization in a boreal drained peatland forest.
Eur J Soil Biol 2016;76:95-102. https://doi.org/10.1016/].ejsobi
.2016.08.004

Perkiomaki J, Fritze H. Short and long-term effects of wood ash
on the boreal forest humus microbial community. Soil Biol
Biochem 2002;34:1343-53. https://doi.org/10.1016/S0038-07
17(02)00079-2

Pinheiro J, Bates D, R Core Team. nlme: linear and nonlinear mixed
effects models. CRAN, 2025. https://doi.org/10.32614/CRAN.pa
ckage.nlme

QIAGEN. DNeasy® 96 PowerSoil® Pro Kit Handbook. 2021.

Quast C, Pruesse E, Yilmaz P et al. The SILVA ribosomal RNA gene
database project: improved data processing and web-based
tools. Nucleic Acids Res 2013;41:D590-6. https://doi.org/10.109
3/nar/gks1219

R Core Team. R: A Language and Environment for Statistical Com-
puting. Vienna: R Foundation for Statistical Computing, 2024.
https://www.R-project.org/ (15 September 2026, date last ac-
cessed).

Richy E, Fort T, Odriozola | et al. Phosphorus limitation promotes
soil carbon storage in a boreal forest exposed to long-term ni-
trogen fertilization. Global Change Biol 2024;30:e17516. https:
//doi.org/10.1111/gcb.17516

Smenderovac E, Emilson C, Porter T et al. Forest soil biotic commu-
nities show few responses to wood ash applications at multiple
sites across Canada. Sci Rep 2022;12. https://doi.org/10.1038/
$41598-022-07670-x

920z Jaquialdag gz uo Jasn (8yNnT) pue|uid 81nisu| $80Inosay [eineN Aq 62768/28/S0LBeI/0L/Z0 L /e[onie/oaswa)/wod dno oIWspese Woll papeojumMo(]


https://doi.org/10.1093/bioinformatics/btw354
https://doi.org/https://doi.org/10.1073/pnas.0507535103
https://doi.org/10.1111/j.1574-6941.2000.tb00697.x
https://doi.org/10.1128/msystems.00920-20
https://doi.org/10.1139/cjfr-2024-0003
https://doi.org/10.1016/j.foreco.2015.03.008
https://doi.org/10.14214/sf.10259
https://doi.org/10.1128/AEM.72.3.1719-1728.2006
https://doi.org/10.1038/srep33696
https://doi.org/10.5281/zenodo.17727949
https://doi.org/10.14214/sf.24045
https://doi.org/10.1023/A:1026470212735
https://doi.org/10.3389/ffgc.2023.1190893
https://doi.org/10.1128/AEM.00335-09
https://doi.org/10.1016/j.soilbio.2023.109287
https://doi.org/10.1007/s00253-018-8950-4
https://doi.org/10.1016/j.foreco.2018.04.046
https://doi.org/10.1016/j.apsoil.2016.07.006
https://doi.org/10.1016/j.foreco.2012.10.008
https://doi.org/10.1016/j.foreco.2018.10.015
https://doi.org/10.32614/CRAN.package.vegan
https://doi.org/10.1016/j.ejsobi.2016.08.004
https://doi.org/10.1016/S0038-0717(02)00079-2
https://doi.org/10.32614/CRAN.package.nlme
https://doi.org/10.1093/nar/gks1219
https://www.R-project.org
https://doi.org/10.1111/gcb.17516
https://doi.org/10.1038/s41598-022-07670-x

10

Smith E, Basiliko N, Eimers MC et al. Below ground chemi-
cal and microbial community responses of wood ash addi-
tion to a hardwood forest in central Ontario. Can J For Res
2024;54:1325-38. https://doi.org/10.1139/cjfr-2024-0075

Tong CHM, Noumonvi KD, Ratcliffe J et al. A drained nutrient-poor
peatland forest in boreal Sweden constitutes a net carbon sink
after integrating terrestrial and aquatic fluxes. Global Change
Biol 2024;30:e17246. https://doi.org/10.1111/gcb.17246

Received: 27 November 2025. Revised: 30 April 2026. Accepted: 29 August 2026

FEMS Microbiology Ecology, 2026, Volume 102, Issue 10

Turunen J, Tomppo E, Tolonen K et al. Estimating carbon accumu-
lation rates of undrained mires in Finland-application to bo-
real and subarctic regions. The Holocene 2002;12:69-80. https:
//doi.org/10.1191/0959683602h(522rp

Zimmermann S, Frey B. Soil respiration and microbial properties
in an acid forest soil: effects of wood ash. Soil Biol Biochem
2002;34:1727-37. https://doi.org/10.1016/s0038-0717(02)001
60-8

© The Author(s) 2026. Published by Oxford University Press on behalf of FEMS. This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

920z Jaquialdag gz uo Jasn (8yNnT) pue|uid 81nisu| $80Inosay [eineN Aq 62768/28/S0LBeI/0L/Z0 L /e[onie/oaswa)/wod dno oIWspese Woll papeojumMo(]


https://doi.org/10.1139/cjfr-2024-0075
https://doi.org/10.1111/gcb.17246
https://doi.org/10.1191/0959683602hl522rp
https://doi.org/10.1016/s0038-0717(02)00160-8
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Results
	Discussion
	Acknowledgements
	Author contributions
	Supplementary material
	Conflicts of interest
	Funding
	Data availability
	References

