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1. Introduction

Soil microorganisms are the key drivers of biogeochemical processes in forest ecosystems,
regulating greenhouse gas (GHG) emissions, nutrient cycling, and organic matter
decomposition. They directly influence carbon dioxide (CO,) and methane (CH,) fluxes
through respiration, methanogenesis and methanotrophy, while nitrification and denitrification
drive the nitrous oxide (N,O) fluxes. The production of extracellular enzymes drives the
breakdown of complex organic matter, linking microbial metabolism with carbon turnover and
nutrient release. Identifying the microbial processes that most strongly influence GHG and
nutrient fluxes is therefore crucial for understanding and predicting ecosystem responses to
environmental change and forest disturbance.

This deliverable summarizes results from HoliSoils experimental sites that illustrate how
forest soil microorganisms mediate greenhouse gas emissions, nutrient transformations, and
decomposition under different management and disturbance regimes across Europe.
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2. Processes affecting GHG fluxes
2.1 Carbon-dioxide (CO)

Forest soil microorganisms regulate carbon cycling through heterotrophic respiration (RH), the
microbial release of CO, during decomposition of litter and soil organic matter. RH constitutes
a major part of total soil respiration and represents one of the largest CO, fluxes in terrestrial
ecosystems (Méki et al., 2022). Microbial activity is stimulated by root exudates that trigger
the rhizosphere priming effect, while the composition of fungal guilds further modulates
decomposition: ectomycorrhizal fungi may suppress or promote saprotrophic activity
depending on their competition for nutrients, while ericoid mycorrhizal fungi often promote
carbon accumulation (Clemmensen et al., 2024; Fernandez & Kennedy, 2016; Lindahl & Tunlid,
2015). Furthermore, fungal biomass and necromass comprise considerable portions of stable
soil organic carbon (Adamczyk et al., 2025).

To assess heterotrophic respiration, trenching is commonly used to exclude their contribution
to total respiration (e.g., DeLancey et al., 2024; Mielke et al., 2022; Sterkenburg et al., 2018).
Although the method may temporarily overestimate RH due to decomposition of root litter, it
remains a robust approach for assessing belowground CO, fluxes. Across sites, RH typically
contributes 40-60% of total soil respiration (Bond-Lamberty et al., 2004, 2018).

In our HoliSoils trenching experiment (Figure 1) across 14 European forests, RH seemed to
account for approximately 40-50% of total CO, efflux (Figure 2). These results highlight the
central role of roots and their fungal symbionts in sustaining soil microbial activity and carbon
turnover across forest types and management regimes.

Figure 1. Photo of one of the trenching sites in Karstula, Finland
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Figure 2. Heterotrophic respiration (left) and its proportion of total soil respiration (right) from
HoliSoils study sites.

2.2 Methane (CH4)

Methane (CH,) is a potent greenhouse gas with a global warming potential about 28 times
greater than CO, over a 100-year period ((IPCC), 2023). In forest soils, CH, dynamics depends
on the balance between methanogenesis, the microbial production of CH, under anoxic
conditions, and methanotrophy, its oxidation by aerobic bacteria. Soils can therefore act as
either CH, sources or sinks depending on redox status, substrate availability, and microbial
community composition.

In forested peatlands and other waterlogged forest soils, CH, cycling is stratified along oxygen
gradient. Oxic surface layers are typically dominated by methane-oxidizing bacteria (e.g.
Methylobacter, Methylococcus), which convert CH, to CO, and maintain the soil as a net
methane sink (Jaatinen et al., 2005; Zhang et al., 2021). Disturbances can disrupt this balance
by altering soil aeration and carbon supply.

At the Ranskalankorpi site, located in a boreal drained peatland forest, a large-scale
experiment was established in 2021 to study how forest management and windthrow
disturbance affect greenhouse gas fluxes. The site was divided into clearcut, non-harvested
control and selection harvesting (CCF) blocks, each containing 4 replicated plots with
simulated windthrow disturbance scenario: topsoil removal, residue cover, and undisturbed
control soil treatments. Greenhouse gas fluxes were measured biweekly during growing
season from September 2021, while soil sampling (conducted in three consecutive years,
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starting with the experiment establishment) provided data on microbial biomass (PLFA),
community composition (ITS2, 16S rRNA), and soil chemistry.

Topsoil removal significantly reduced the CH, sink capacity in forested areas (non-harvested
control and CCF) while it turned clearcut soils into a CH, sources (Figure 3). Methanotrophic
taxa were consistently more abundant in undisturbed control plots, confirming their central
role in regulating CH, emissions. These results demonstrate that even small-scale
disturbances in peatland forest soils can shift microbial activity from methane oxidation

toward net production, emphasizing the sensitivity of CH, fluxes to both management and soil
structure.
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Figure 3. Composition and relative abundance of methane-oxidizing bacterial taxa within total
bacterial communities in the Ranskalankorpi peatland forest in 2023 (left); Annual mean CH,
fluxes (+SE) measured from 2021 to 2023 (right) in different soil disturbance treatments:
Control (undisturbed surface), Residual (branches and needles cover), and Removal (20 cm
topsoil removed) under clearcut and forest canopy conditions were performed in 2021.

2.3 Nitrous-oxide (N20)

Nitrous oxide (N,0) is produced primarily through nitrification and denitrification — microbial
processes that convert ammonium (NH,*) to nitrate (NO,-) under oxic conditions and NO;~ to
N, under anoxic conditions (Bahram et al., 2022; Richy et al., 2024). Because these pathways
often appear simultaneously, and many of the microorganisms involved remain uncultivable,
quantifying their relative contributions to N,O emissions remains challenging. N,O production
is regulated by soil nitrogen availability, moisture, pH, C:N ratio, and temperature, with highest
fluxes typically observed in warm, drained, and disturbed peatlands (Ojanen et al., 2013; Truu
et al., 2020). Temporal variability in emissions often reflects fluctuations in the oxic—anoxic
boundary, with pulse events following snowmelt or heavy rainfall (Rautakoski et al., 2024).

At the Ranskalankorpi drained peatland forest site, established in 2021, where forest
harvesting treatment sites included clear-cutting (CC), continuous-cover forestry by selection
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harvesting (CCF), and non-harvested control, N,O has been monitored regularly (alongside CO,
and CH,). Chamber-based N,O fluxes exhibited high spatial and temporal variability across
sites. Soil fertility, bulk density, soil water content, and water table were identified as key
spatio-temporal drivers of N,O emissions. The control site remained near neutral, whereas the
CC and CCF sites showed greater variability and more frequent emission peaks, particularly at
the CC site, likely due to increased soil disturbance and altered environmental conditions.
Short-term N,0 emissions increased with harvesting intensity in the order: control-CCF—-CC.
Results also revealed that inherent spatial variability and potential emission hotspots may
exert a stronger influence on N,O fluxes than harvesting itself during the early stages of
ecosystem recovery.

Soil sampling across depth profiles (up to Tm depth) was performed in 2021 and 2022 for
microbial community and chemical analyses. Management-induced differences in water table
level (mean -62 cm in control, -58 cm in CCF, and -30 cm in clearcut) significantly affected
soil redox conditions and N,O dynamics.

Metagenomic analyses of soil and peat layers, using Oxford Nanopore sequencing, yielded
over 800 high-quality metagenome-assembled genomes (MAGs) of bacteria and archaea.
Genes associated with N,O production (norB) were detected across multiple phyla (Figure 4)
found in surface peat layers. Variations in water table depth and oxygen availability associated
with forest management likely influence the activity of norB taxa and the occurrence of
periodic N,O peaks.
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Figure 4. Phylogenetic tree of >800 high quality metagenome-assembled genomes from the
Ranskalankorpi peatland forest. The presence of selected key genes participating in GHG
fluxes is indicated by coloured bars: mcrA (methanogenesis) green, pmoA/amoA
(methanotrophy) blue, norB (N,O production) brown

In addition to driving greenhouse gas fluxes, microbial communities drive nutrient
transformations that maintain soil fertility and influence carbon balance.

3. Processes driving nutrient fluxes

Microorganisms regulate the cycling of carbon (C), nitrogen (N), and phosphorus (P), elements
essential for forest productivity and soil carbon storage. In boreal forests, low temperatures,
acidity, and slow decomposition constrain nutrient availability, particularly of N and P, which
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limits tree growth and microbial activity (Jarvis & Linder, 2000; Richy et al., 2024). These
nutrient constraints promote carbon accumulation but also make boreal soils highly sensitive
to nutrient enrichment (Sigurdsson et al., 2013).

To assess how nutrient availability influences microbial processes and carbon storage, we
analysed soils from a long-term fertilization experiment in the nutrient-poor boreal forest in
Karstula, central Finland, established in 1959 in a Scots pine forest. The experiment included
factorial additions of N, P, and Ca (for details see Richy et al., 2024). After 62 years, detailed
soil sampling was performed. Analyses included soil chemistry (C, N, P fractions), microbial
biomass (PLFA), extracellular enzyme activities, and fungal and bacterial community
composition (amplicon sequencing of the ITS2 and 16S rRNA molecular markers), as
described in Richy et al. (2024).

Nitrogen fertilization, alone or combined with other nutrients, significantly increased tree
biomass production (by up to 50%). However, the effects on carbon storage differed
depending on whether phosphorus was added. Combined N and P fertilization accelerated
microbial decomposition, resulting in no measurable increase in soil carbon stocks, whereas
nitrogen addition alone enhanced soil carbon accumulation by up to 65% relative to unfertilized
plots. Phosphorus addition stimulated microbial metabolism, reflected in nearly threefold
higher phosphatase activity compared with controls.

These results demonstrate that microbial processes regulate the balance between nutrient
cycling and soil carbon sequestration. Phosphorus limitation constrains microbial turnover
and promotes long-term carbon storage, whereas alleviation of this limitation accelerates
decomposition and nutrient fluxes (Figure 5).
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Figure 5. Conceptual diagram illustrating the interconnections of cycling of carbon (C),
nitrogen (N), and phosphorus (P) in a nutrient-poor boreal forest soil.
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4. Processes controlling decomposition

Decomposition of organic matter is driven by extracellular enzymes secreted by soil
microorganisms, primarily fungi and bacteria (Andersson et al., 2004; Baldrian, 2017). These
enzymes catalyse the depolymerization of complex biopolymers such as cellulose, chitin, and
lignin into soluble substrates that can be assimilated and mineralized. Enzyme activities thus
integrate carbon (C), nitrogen (N), and phosphorus (P) turnover, linking microbial metabolism
with soil nutrient cycling and carbon dynamics (Baldrian, 2009; Btoriska et al., 2021).

Fungi dominate the decomposition of plant litter due to their filamentous growth and
enzymatic machinery capable of degrading structurally complex substrates (Baldrian, 2017).
Bacteria contribute mainly to the later stages of decomposition and the turnover of microbial
residues, particularly within the nitrogen cycle (Andersson et al., 2004).The activity of these
key enzymes (e.g., B-glucosidase, cellobiohydrolase, chitinase etc.) provides sensitive
indicators of microbial functioning and organic matter transformation rates (Btoriska et al.,
2021).

For all soil samples collected within the HoliSoils network, extracellular enzyme activities were
quantified using fluorescent methylumbelliferol-based substrates. Enzymes were selected to
represent major pathways of C, N, and P cycling. Fluorescence was measured after incubation
with substrate solutions under standardized conditions, and activities were expressed per
gram of dry soil.

Here, as an example we present results from three Quercus-dominated sites located in France
(Q. pubescens), Romania (Q. robur), and Spain (Q. faginea), all sharing a common experimental
design with three canopy treatments: control, thinning, and clearcutting, combined with the
presence or absence of slash (chipped leaves and twigs) as a post-disturbance management
option. Soils were sampled one, two, and three years after disturbance, and mean values
across years are reported (Figure 6).

Clearcutting consistently reduced enzyme activities (Figure 6), indicating lower microbial
decomposition potential following complete canopy removal. However, the addition of slash
partly buffered this decline, likely by supplying additional organic substrates and moderating
soil microclimate. In contrast, enzyme activities in thinned plots were comparable to controls,
suggesting that moderate canopy opening maintains microbial functioning and supports
decomposition processes without substantial C loss.

These results demonstrate that microbial processes, expressed through extracellular enzyme
activities, mediate the response of decomposition to forest disturbance and management.
Enzyme patterns thus provide a functional indicator of how soil microbial communities
regulate organic matter turnover and nutrient recycling in post-disturbance forest ecosystems.

www.holisoils.eu 10




Working together for forest soils

;.."'..—
ﬁ I ‘s 'I D1.5 Identification of microbial processes that most
@ I |0 I OI s affect GHG and nutrient fluxes and decomposition

clear_cut inni clear_cut 2500 innil clear_cut
8000 26000
] B i
£ ] =]
E 6000 gzouou E 2000 ;" 1500
z £ H E
e g 15000 £ 1500 s
E 4000 g § < 1000
g 5 10000 g 1000 g
=
5 2000 % = 500
9 5 5000 il 500 5
: g
0 0 0 0
3
E s 3 5 £ 5 3 5 E s § 5 §f 5 § 5
w = % = w = w = w = W = 5 = ™ =
g N g " g * 2 I g * g ° g " g °
ico clear_cut clear_cut clear_cut
1000
i 5 1500 - 80000
: E £
,EE_ 1500 § § 750 3 60000
E -;- 1000 L E
é 1000 ] é 500 £ 40000
£ ™ g i
L o -
% 500 - B 250 = 20000
! i {
Q o
0 0 0 0
G G ] G % ] ] G
5 § 5 g 5 § 5 § 8 5 5 5 s £ &8 %
w 8 @ & w 8 w 8 a &8 “ = @ &8 w 8
) L o L o L [} L o @ o - Q @ [} L
c [ [ c c c c c

Figure 6. Activities of extracellular enzymes involved in carbon (B-glucosidase, B-xylosidase,
cellobiosidase, a-glucosidase), nitrogen (chitinase, B-galactosidase), and phosphorus (acid
phosphatase) cycling measured across three Quercus-dominated HoliSoils sites (France,
Romania, Spain) one to three years after disturbance.
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5. Key functional groups for monitoring

Identifying the microbial groups that directly mediate greenhouse gas exchange and nutrient
fluxes is essential for assessing soil functional resilience and predicting ecosystem responses
to disturbance. Across the processes examined in this deliverable, four major functional
groups emerge as key indicators of soil biogeochemical functioning.

Methanotrophic bacteria are key components of the biological CH, sink in terrestrial
ecosystems, particularly in oxic layers of peat and forest soils. Their abundance and activity
determine whether soils act as CH, sinks or sources, making them critical for monitoring under
changing water table conditions.

Nitrifiers and denitrifiers regulate N,O dynamics. Ammonia-oxidizing archaea and bacteria
are responsible for nitrification, while denitrifying taxa control N,O reduction. Shifts in their
relative abundance and expression of specific genes reflect oxygen and nitrogen availability
making them likely key predictors of (periodic) N,O emissions.

Saprotrophic fungi are the dominant decomposers of plant-derived organic matter, producing
a wide range of extracellular enzymes that mediate CO, release from soil carbon pools. Their
abundance and activity also reflect the effects of disturbance, substrate quality, and
microclimate on heterotrophic respiration.

Ectomycorrhizal fungi regulate carbon inputs belowground and mediate plant access to
nitrogen and phosphorus. They link tree productivity with soil carbon and nutrient cycling.

Together, these functional groups form the core of microbial indicators for monitoring soil
processes that regulate greenhouse gas fluxes, nutrient turnover, and decomposition.
Tracking their diversity, relative abundance and functional potential across spatial and
temporal scales will enable a better understanding of how forest management and
disturbance shape soil biogeochemistry. Such monitoring should rely on metabarcoding
approaches to identify key microbial taxa, calculate their relative abundance, and interpret their
ecological roles. For fungi, functional traits are largely conserved at genus level and can be
obtained from ecological guild classifications (e.g. using the FungalTraits database from
(Pdlme et al., 2020)), while for bacteria, functional interpretation is typically based on the
known ecology of specific groups, such as methane-oxidizing bacteria in peatlands, or other
context-depended traits described in the literature (Algora et al., 2022; Lladé et al., 2017,2019).
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