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Summary

� Tree growth in boreal forests is driven by ectomycorrhizal fungal mobilisation of organic

nitrogen and mineral nutrients in soils with discrete organic and mineral horizons. However,

there are no studies of how ectomycorrhizal mineral weathering and organic nitrogen mobili-

sation processes are integrated across the soil profile.
� We studied effects of organic matter (OM) availability on ectomycorrhizal functioning by

altering the proportions of natural organic and mineral soil in reconstructed podzol profiles

containing Pinus sylvestris plants, using 13CO2 pulse labelling, patterns of naturally occurring

stable isotopes (26Mg and 15N) and high-throughput DNA sequencing of fungal amplicons.
� Reduction in OM resulted in nitrogen limitation of plant growth and decreased allocation of

photosynthetically derived carbon and mycelial growth in mineral horizons. Fractionation pat-

terns of 26Mg indicated that magnesium mobilisation and uptake occurred primarily in the

deeper mineral horizon and was driven by carbon allocation to ectomycorrhizal mycelium. In

this horizon, relative abundance of ectomycorrhizal fungi, carbon allocation and base cation

mobilisation all increased with increased OM availability.
� Allocation of carbon through ectomycorrhizal fungi integrates organic nitrogen mobilisation

and mineral weathering across soil horizons, improving the efficiency of plant nutrient acquisi-

tion. Our findings have fundamental implications for sustainable forest management and

belowground carbon sequestration.

Introduction

Forests are large and persistent sinks for atmospheric carbon
dioxide (CO2; Pan et al., 2011) and large-scale afforestation and
reforestation have been suggested as methods for mitigating cli-
mate change through carbon sequestration (Law et al., 2018;
Nave et al., 2018; Bastin et al., 2019; Pugh et al., 2019; Domke
et al., 2020). However, intensification of forestry (Kastner
et al., 2021), including removal of organic residues for bioenergy
(Daiogloua et al., 2019), has led to concern about sustainability
of base-cation supply (Achat et al., 2018; Akselsson et al., 2019),
and better understanding of the ecological and biogeochemical
consequences of different management practices is needed
(Palmer, 2021).

In forests, symbiotic and decomposer fungi play pivotal roles
in sequestration and release of carbon (C; Jones et al., 2009;
Clemmensen et al., 2013). The flow of photosynthetically
derived C through ectomycorrhizal fungi is important in mobilis-
ing nitrogen (N) from organic matter (OM), as well as

weathering of mineral substrates (Finlay et al., 2020). There is
conflicting evidence concerning whether mobilisation of organic
N is linked to net mobilisation or net sequestration of C (Averill
et al., 2014; Zak et al., 2019; Clemmensen et al., 2021; Lindahl
et al., 2021), but in an evolutionary perspective, there is consen-
sus that ectomycorrhizal symbiosis has intensified mineral weath-
ering and driven drawdown of global CO2 by enhancing land to
ocean calcium (Ca) export and C sequestration into marine car-
bonates (Quirk et al., 2012, 2014). Enhanced weathering of
added silicate rocks has been suggested as a method to mitigate
climate change by sequestering C from the atmosphere (Beerling
et al., 2020; Kantzas et al., 2022).

In boreal forests, tree growth is driven by mobilisation of (pre-
dominantly) organic N and mineral nutrients from vertically stra-
tified soils consisting of an organic (O) horizon overlying an
eluvial (E) and a deeper illuvial (B) mineral horizon. Decomposi-
tion and weathering in these distinct, but contiguous, soil hori-
zons have been studied, in detail, within essentially separate
research traditions by different groups of researchers. This has
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hindered mechanistic understanding of how the processes of N
mobilisation and biological mineral weathering influence
each other, and how these processes are related to patterns of C
allocation.

Many studies of ectomycorrhizal fungi have been conducted in
the upper, organic horizon, concentrating on fungal mobilisation
of nutrients and diversity of fungal communities (Clemmensen
et al., 2013, 2015, 2021; N€asholm et al., 2013; Lindahl
et al., 2021). Extensive use has been made of stable isotopes of N
(H€ogberg, 1997; N€asholm et al., 2013) to improve understand-
ing of N acquisition and cycling and there is now a broad consen-
sus that, during evolution from saprotrophic ancestors, certain
ectomycorrhizal fungi have retained the genetic potential to
mobilise N from recalcitrant OM (Lindahl & Tunlid, 2015).
Comparatively, few studies have been conducted in the deeper
mineral soil horizons, although there are reports that two thirds
of mycorrhizal root tips and half of the ectomycorrhizal taxa
(Rosling et al., 2003), and half or more of the mycelial biomass
(Ekblad et al., 2013) occur in the mineral horizons. Since it was
proposed that ectomycorrhizal fungi might weather mineral sub-
strates (Jongmans et al., 1997), there has been increased interest
in biological weathering, in particular the role of ectomycorrhizal
fungi. The subject has been reviewed from an evolutionary per-
spective and regarding different spatial scales (Leake &
Read, 2017; Finlay et al., 2020). Allocation of C to fungal myce-
lia results in weathering leading to mobilisation of the base
cations and phosphorus (P) essential for plant growth, but exist-
ing studies of fungal weathering (see Finlay et al., 2020) are
mostly based on individual species inoculated into laboratory
microcosms containing artificial substrates. Little mechanistic
information is available from natural forest soils, with fungal
communities identified in situ.

The aim of the present study was to investigate the effects of
changes in OM availability in the surface horizon on: (1) plant
and fungal mycelial biomass, (2) spatial allocation patterns of
plant assimilated C, (3) fungal community composition and the
relative abundance and spatial distribution of different functional
fungal guilds in soil, and (4) mobilisation and uptake of base
cations, P and N. We used microcosms containing different pro-
portions of naturally occurring organic and mineral layers from a
boreal forest podzol, creating a gradient of OM availability
(Fig. 1a). Pinus sylvestris plants were grown in the reconstructed
podzol profiles for 14 months. Plants were pulse labelled with
13CO2 to study C allocation to different soil horizons and mobi-
lisation of base cations was studied by examining patterns of frac-
tionation of naturally occurring stable isotopes of magnesium
(Mg). The composition of fungal communities in different soil
horizons was studied using high-throughput DNA sequencing.
We hypothesized (1) that the higher availability of OM would
increase the amount of N mobilised by ectomycorrhizal fungi
and supplied to their plant hosts, and (2) that this would increase
plant growth and the supply of photosynthetically derived C allo-
cated to ectomycorrhizal fungi. We further hypothesized (3)
that increased allocation of C to ectomycorrhizal fungi would
improve their ability to mobilise base cations and P from mineral
substrates. Based on evidence that ectomycorrhizal fungi appear

to discriminate against uptake of heavy 26Mg (Fahad et al.,
2016), we expected (4) that greater uptake of Mg would lead to
enrichment of d26Mg signatures in soil solution in environments
where ectomycorrhizal fungi proliferate, supported by C directly
from their host plants.

Materials and Methods

Plant and soil preparation

Pinus sylvestris L. seeds were surface sterilised with 33% hydrogen
peroxide for 30 min, rinsed thoroughly with milliQ water, air
dried and dispersed into a plant propagator (309 209 20 cm)
filled with 2 l of nonsterile vermiculite. The propagators were
incubated in a phytotron with a 250 lmol m�2 s�1 photosynthe-
tically active radiation (PAR) 18 h : 6 h, light : dark cycle and
day : night temperature of 18°C : 16°C. The germinating seed-
lings were incubated under these parameters for c. 4 months
before use. The seedlings were irrigated weekly with deionised
water.

Soil was collected from the organic (O), eluvial (E) and illuvial
(B) horizons of a podzol under a well-documented forest at
Ivantj€arnsheden, J€adra�as, central Sweden (60°490N, 16°300E,
altitude 185 m), located at the border between the Swedish boreal
and boreo-nemoral zones (Persson, 1980; Mielke et al., 2022).
The forest consists of a homogenous, evenly aged (160 yr) stand
of Pinus sylvestris L. with a few scattered Picea abies (L.) Karst.
The understorey consists of the ericaceous dwarf shrubs Vacci-
nium vitis-idaea L. and Calluna vulgaris (L.) Hull, with a lower
cover of Empetrum nigrum L. and Vaccinium myrtillus L. and
feather moss Pleurozium schreberi (Brid.) Mitt. (Br�akenhielm &
Persson, 1980). The soil profile consists of a glacifluvial sand
podzol, a mor layer (pH 3.0) and a pale eluvial horizon overlying
a rust-red illuvial horizon of the mineral soil (pH 4.4–4.8; Bring-
mark, 1980). The bedrock is composed of granites, sediments
and volcanic rocks, which are widespread in Fennoscandia.
Organic and mineral horizon soils were homogenised using 5
and 3 mm mesh sieves, respectively. Freshly fallen tree litter,
stones, roots and lichens were all removed. Details of the elemen-
tal composition of O, E and B horizon soils (Marupakula
et al., 2017) are given in Supporting Information Table S1.

Two-compartment mesh bag preparation

To enable harvesting of clean mycelium, free of adhering soil
particles (for analysis of elemental and isotopic composition), a
two-compartment mesh bag system was developed (see Fig. 1a).
The bags consisted of 50 lm nylon mesh with an inner com-
partment (59 4 cm) containing homogenised soil from the sub-
strate the bag was embedded in (6 and 10 g for organic and
mineral horizon soils respectively) and surrounded by an outer
mesh bag (69 5 cm) containing 14 g of 1 mm borosilicate
beads (Sigma-Aldrich Co.). These beads were washed with 1M
HCl overnight to eliminate any contamination occurring during
manufacturing, rinsed with deionised water until the pH was
neutral and dried at 100°C for 48 h. The two mesh bags were
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(a)

(b)

Fig. 1 Schematic representation showing the design of the microcosm system and experimental treatments. (a) Pinus sylvestris plants were grown in
acrylic containers with a reconstructed boreal podzol profile using organic (O) and mineral (E and B) horizon soils from a boreal forest in Sweden. A
gradient of organic matter (OM) availability was created by manipulating the relative amount of O horizon material: HOM, high organic matter; MOM,
medium organic matter; LOM, low organic matter; NOL, no organic layer (n = 3). Control microcosms without plants were also set up. The O, E and B
horizons were separated by 2.0 mm nylon mesh (to facilitate destructive sampling of roots and soils from each horizon at harvest). Lysimeters were inserted
in each horizon for soil solution sampling. For harvesting of clean mycelium free of adhering soil particles, two-compartment mycelial in-growth mesh bags
were designed – the inner mesh bag contained soil, and the outer ‘mycelial compartment’ contained glass beads allowing harvesting of clean mycelium.
Two mesh bags were embedded in each soil horizon. There were drainage/aeration holes at the base of microcosms and two nylon mesh sheets were
placed to prevent loss of soil through the holes. (b) Actual plant growth following 14months of incubation in phytotron, showing the positive influence of
increased amounts of OM.
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heat-sealed, and the total weight was recorded. The rationale
behind designing the two-compartment mesh bag system was
that hyphae/mycelium, after entering the outer mesh bag com-
partment (containing glass beads), would continue growing
towards the central mesh bag (containing soil) to capture nutri-
ents. This approach is expected to result in mycelium with ele-
mental concentrations/composition comparable to mycelium
growing in contact with natural soil. Obviously, recovery of
clean mycelium from the glass bead-compartment (without con-
taminating, adhering soil particles) is much easier and harvested
mycelium can reliably be used for any downstream chemical/
isotopic or molecular analyses.

Microcosms with reconstructed podzol horizons

Freshly sieved soil from the different horizons was transferred
into 40 2.1 l (2009 1009 142 mm (L9W9H)) transparent
acrylic containers. Two to three 5 mm holes were drilled in the
narrow end of each container to allow for soil solution sampling
– the number and orientation depending on treatment. Addi-
tional holes were drilled in the base for aeration and drainage.
Four treatments were designed to create a gradient of OM avail-
ability with high, medium and low amounts of OM (HOM,
MOM and LOM respectively). No organic layer (NOL) was pre-
sent in the fourth treatment (see Fig. 1a). This was done by alter-
ing the volume of the O horizon. Eight microcosms were
constructed per treatment, four containing six Pinus sylvestris
plants each, and four controls without plants. Before the addition
of soil, two nylon mesh sheets (0.5 mm thick, 0.6 mm pore size)
were placed at the base of each microcosm to prevent soil loss
through drainage holes and to aid harvesting. B horizon soil was
then added in variable quantities to keep the overall soil volume
constant, 250 g in HOM, 650 g in MOM, 1050 g in LOM and
1450 g in NOL treatments. A nylon mesh sheet (1.0 mm thick,
2.0 mm pore size) was placed on the surface of the B soil main-
taining stratification and aiding harvesting (of roots and soil), fol-
lowed by 800 g E horizon soil regardless of treatment. A second
nylon mesh (1.0 mm thick, 2.0 mm pore size) was placed
between the E and O horizon soil, which was added in variable
quantities depending on treatment (600 g in HOM, 400 g in
MOM, 200 g in LOM and 0 g in NOM). The combined total
volume of O, E and B horizon soils was the same in every treat-
ment. Two mesh bags and a Rhizon® pore water sampler (Rhizo-
sphere Research Products, the Netherlands) were embedded in
each soil layer, facilitating extraction of root/soil-free mycelium
and soil solution respectively. Pine seedlings were planted at a
standard depth (2–3 cm) either in O horizon (HOM, MOM,
LOM treatments) or in E horizon (in the NOL treatment). In
Fig. 1(a), the distribution of roots and shoots is schematic, show-
ing that roots were able to grow through the mesh partitions, but
does not show differences in growth or distribution related to
treatments. Each microcosm was wrapped in aluminium foil and
the soil surface was covered with a thick black plastic sheet to pre-
vent exposure of developing mycelia to light and to prevent
growth of algae and mosses. The water-holding capacity of each
treatment combination of organic and mineral soil was estimated

by the construction of four plant-free microcosms before the
experiment. Microcosms were incubated in a phytotron for
14 months with a 250 lmol m�2 s�1 PAR 18 h : 6 h, light : dark
cycle and day : night temperature of 18°C : 16°C. Soil moisture
was kept constant by gravimetric watering with deionised water.
Air moisture was maintained through natural evaporation from
randomly placed plastic cups filled with deionised water. The
positions of the microcosms were randomised on a weekly basis
to reduce the impact of environmental differences within the
phytotron.

13CO2 pulse labelling of plants

In the final month of incubation, three replicate microcosms of
each treatment were randomly selected for 13CO2 pulse labelling,
and the remaining microcosms were moved to a separate plant
growth room for d13C natural abundance measurements. The
microcosms were placed in a transparent, airtight acrylic chamber
and subjected to 13CO2 pulse labelling. The chamber was
equipped with fans to promote air circulation, and additional
lights to support photosynthesis. Continuous exposure of plants
to 99 atom% 13CO2 (Cambridge Isotope Laboratories Inc., And-
over, MA, USA) occurred in 8 h episodes over the course of 3 d,
coinciding with the peak photoperiod. During these 8 h periods,
total CO2 concentration was maintained at an average 480 ppm
– measured by an infra-red gas analyser (IRGA; EMG-4; PP Sys-
tems, Hitchin, UK). Upon depletion to 300 ppm, additional
13CO2 gas was added by manual injection using an airtight syr-
inge. Before the initial pulse of 13CO2, plants were allowed to
deplete the CO2 to 200 ppm to promote a higher concentration
of 13CO2 within the chamber for the duration of the 13CO2

exposure. The average rate of 13CO2 assimilation by plants was
124 ml h�1, determined by IRGA. Following the 3-d course of
13CO2 pulse exposure, microcosms were incubated in a phyto-
tron under normal conditions for a further week – a chase period
– allowing assimilated 13C to migrate through the plant to micro-
bial associates in the soil in the form of photoassimilates. After
this chase period, microcosms were harvested.

Harvesting of microcosms

Microcosms were harvested destructively. Details on sampling
of plant, soil and mycelial compartments, and processing of
materials for different analyses are provided in Methods S1. Soil
solutions were extracted by centrifugation using modified 60-ml
syringe barrels that had been acid washed. Soil samples were
centrifuged at 10 000 g for 1 h at 4°C, and the extracted solu-
tions were filtered with 0.45 lm sterile syringe filters before
storing at �20°C. Rhizon® pore water samplers were also used
for in situ sampling of solutions, but for the final destructive
sampling, we used centrifugation. This decision was based on
the rationale that ectomycorrhizal hyphae can grow into micro-
pores of mineral particles and microsites of soil aggregates –
these sites are generally inaccessible to roots – and are assumed
to create hotspots of biogeochemical activity due to allocation
of plant host derived C.
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Chemical analysis of plants, soils, soil solutions and
mycelium

Milled solid samples were digested in concentrated HNO3, and
concentrations of Ca, K, Mg, P, Mn and Sr were determined by
inductively coupled plasma mass spectroscopy (ICP-AES). Soil
solution pH was also measured.

Stable isotope analysis of 13C, 15N and 26Mg

13C isotope enrichment (or natural abundance), 15N natural
abundance, and C and N concentrations were measured in sam-
ples of shoots and roots (1.0 and 2.0 mg respectively), organic
and mineral soils (1.0 and 6.0 mg respectively) following encap-
sulation of the materials in tin capsules (Elemental Microanalysis,
Devon, UK). Soil solution samples from organic and mineral
soils (100 and 500 ll respectively) were dried in tin capsules at
80°C for 2 d. Measurements were performed using an elemental
analyzer (EuroEA3024; Eurovector, Milan, Italy) connected to a
continuous flow Isoprime isotope ratio mass spectrometer (GV-
Instruments, Manchester, UK).

Soil solutions were used for Mg isotope measurements. In
brief, aliquots of soil solutions were analysed for pH and major
cations (Ca, Mg, K and Na) by ICP-AES, and the remaining
solution was evaporated to dryness. Residues were dissolved with
3 ml of concentrated HNO3 and stored at 4°C until Mg isotope
purification. Purified Mg (25–50 lg) samples from soil solution
were obtained by ion chromatography using a combination of
AGMP1-X8 anion-exchange resin (to eliminate trace elements
Fe, Cu, Zn, etc.) with 7M HCl and AG50W-X12 cation
exchange resin (to eliminate major cations) with 1M HNO3

(Bolou-Bi et al., 2016). The purified Mg solutions were evapo-
rated to dryness and dried samples were diluted with 0.05 N
HNO3 at 200 ppb before analysis using multicollector-
inductively coupled plasma mass spectroscopy (MC-ICP MS).
Magnesium isotope ratios were measured using the standard-
sample bracketing technique with DSM3 standard solution to
correct for the instrument mass bias (Galy et al., 2003).

DNA extraction, PCR amplification and high-throughput
sequencing

DNA was co-extracted with RNA from soil samples using RNA
PowerSoil Total RNA Isolation Kit and RNA PowerSoil DNA
Elution Accessory Kit (MoBio Laboratories, Carlsbad, CA,
USA), following the manufacturer’s protocol. DNA from myce-
lium samples was extracted using DNeasy Plant Mini Kit
(Qiagen) according to the manufacturer’s recommendations.
Mycelium was freeze-dried and homogenized by milling in 2 ml
tubes, before DNA extraction. DNA concentration was measured
by NanoDrop (ND-1000 NanoDrop Technologies, USA) and
stored in PCR grade H2O at �80°C until further processing.

The fungal ITS region was PCR amplified using the primers
fITS9 (50-GAACGCAGCRAAIIGYGA-30; Ihrmark et al., 2012)
and ITS4 (50-TCCTCCGCTTATTGATATGC-30; White et al.,
1990). The ITS4 primer contained an 8-base barcode sequence

unique for each sample. Details on PCR reagents and amplification
conditions are described in Methods S1. The triplicate PCR pro-
ducts from each sample were pooled and cleaned with Agencourt
AMPure Kit (Beckman Coulter, Beverly, MA, USA) according to
the manufacturer’s recommendations. DNA concentration was
determined in each sample by Qubit dsDNA HS Assay using a
Qubit Fluorometer (Invitrogen). All the PCR products from dif-
ferently barcoded samples were pooled in equal concentrations and
purified using the EZNA Cycle Pure Kit (Omega Bio-Tek, Nor-
cross, GA, USA) and then eluted twice with 50 ll EB. The quality
of the resulting pool and fragment size distribution were analysed
using 50 Agilent DNA 7500 Kit with the Agilent 2100 Bioanaly-
zer system (Agilent Technologies, Santa Clara, CA, USA). The
pooled sample was sequenced at SciLifeLab, NGI-Uppsala, Swe-
den, and underwent high throughput sequencing, using 3 SMRT
cells of PacBio Sequel System (Pacific Biosciences, San Diego, CA,
USA) according to the manufacturer’s recommendations. The
library preparation and adaptor ligation were also carried out at
SciLifeLab, NGI-Uppsala, Sweden.

Bioinformatic and fungal functional guild analyses

In total, 1010 556 reads were obtained from PacBio sequencing of
DNA from soil and mycelial samples, and after initial quality filter-
ing and removal of chimaeras 516 998 reads remained. After
removal of nonfungal sequences and singletons, 263 435 and
235 355 sequences were obtained from soil and mycelial samples
respectively for downstream analysis. The sequencing data were
analysed using the QIIME pipeline (Caporaso et al., 2010). In brief,
the command ‘demultiplex_fasta.py’ was used to demultiplex
sequences based on barcodes and ‘adjust_seq_orientation.py’ to
reverse complement sequences that remained unassigned. After
combining both forward and reverse complemented reads in one
file, the command ‘split_libraries.py’ was used to split libraries
according to sample barcodes as listed in the mapping file. Chi-
meric sequences were identified using VSEARCH (Rognes et al.,
2016) in MOTHUR (Schloss et al., 2009) and a UCHIME reference
dataset (Nilsson et al., 2015). The sequences were clustered into
operational taxonomic units (OTUs) by UCLUST (Edgar, 2010)
using the command ‘pick_otus.py’ with the denovo option, as
implemented in QIIME, using a 97% sequence similarity criterion.
The representative sequences of all OTUs were chosen with com-
mand ‘pick_rep_sets.py’ and an OTU table was constructed with
command ‘make_otu_table.py’. Individual sequences were classi-
fied taxonomically using the ‘classify.seqs’ command in MOTHUR

(Schloss et al., 2009; confidence threshold 80) using the UNITE
fungal ITS reference database (K~oljalg et al., 2013). Nonfungal
OTUs were removed manually from the OTU table, and the sin-
gletons were removed in QIIME using command ‘filter_otus_fro-
m_otu_table.py’. The filtered OTU table was rarefied using
command ‘single_rarefaction.py’ and from this rarefaction curves
were generated using command ‘multiple_rarefactions.py’. All sam-
ples were rarefied to an equal number of sequences (4493) before
further analysis. Taxa summary tables for downstream analyses of
sequences were generated using ‘summarize_taxa.py’, and taxa plots
were generated using ‘summarize_taxa_through_plots.py’. For
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functional guild-based annotation of the OTUs, all OTUs were
parsed using FUNGUILD tools (Nguyen et al., 2016). The resulting
data set contained the following dominant functional guilds: ecto-
mycorrhizal, saprotroph, ericoid mycorrhizal, pathogen and some
fungi were assigned to multiple guilds (e.g. ectomycorrhizal-ericoid
mycorrhizal, ectomycorrhizal-saprotroph and pathogen-
saprotroph). Fungi that could not be classified to any known guild
(due to lack of sufficient ecological and/or taxonomic characterisa-
tion) were grouped as ‘unassigned’ and less abundant guilds were
grouped as ‘others’. All annotations were checked manually against
published information on taxonomy, ecology and habitat of differ-
ent fungal species.

Data analysis and statistics

Effects due to treatments on each parameter were evaluated by
analysis of variance (ANOVA), linear regression analysis was used
to assess relationship between pairs of selected parameters, and
principal component analysis (PCA) was used to assess correla-
tion among several parameters (JMP PRO 15 statistical package).
Using rarefied abundance data, beta diversity patterns were ana-
lysed by nonmetric multidimensional scaling (NMDS) ordina-
tions with Bray–Curtis dissimilarity measure. The differences in
fungal community composition in O, E and B horizon soils (or
mycelial samples from each horizon) within a reconstructed pod-
zol microcosm or in a particular horizon soil across the treat-
ments were estimated using nonparametric analysis of similarity
(ANOSIM) and permutational multivariate analysis of variance
(PERMANOVA) with 9999 permutations (PAST v.4.03 statistical
package). The fungal taxa that differed significantly (P < 0.05) in
relative abundance across the treatments were identified using the
command ‘group_significance.py’ with ANOVA implementation
in QIIME (Caporaso et al., 2010).

Results

Increasing availability of OM significantly increased root, shoot
and mycelial biomass (Figs 1b, 2a,b), with the largest and statisti-
cally strongest effect on mycelial biomass occurring in the
mineral B horizon (Fig. 2b,c). There was a 121% increase in
mycelial biomass in the treatment with high amounts of OM
(HOM) compared with the treatment containing medium
amounts of OM (MOM) and 45% of the total mycelial biomass
was found in the B horizon. This total increase occurred although
the volume of B horizon soil was only 38% of that in the MOM
treatment, resulting in a mycelial density in the B horizon
(mg cm�3) that was 3.64 times higher in the HOM treatment
than in the MOM treatment (Fig. S1a). Plant N content
increased significantly in response to increased amounts of OM
(Fig. 2d), suggesting that improved supply of N was driving plant
growth. Apart from the fact that the O horizon contained 16
times as much N as the E and B horizons (Table S1), additional
support for the idea that the O horizon was the source of the
mobilised N is provided by differences in stable isotope signa-
tures. Plants in HOM systems had more depleted d15N
signatures, which were more like those of soil from the O

horizons than those of the mineral horizons (Fig. S1b–d). Inter-
estingly, the plant N use efficiency (shoot biomass production
per unit N taken up) was positively related to the mycelial bio-
mass (Fig. 2e), suggesting that plants with access to greater
amounts of OM, in addition to more N, also had increased access
to other growth-limiting nutrients (essentially base cations
and P).

Pulse labelling of ectomycorrhizal Pinus sylvestris plants with
13CO2 allowed us to monitor the effects of different OM avail-
ability on the allocation of recently photosynthetically derived C
to plant roots, soil (mycelial biomass) and soil solution (Fig. 3).
Increased amounts of 13C were assimilated by the shoots of larger
plants (Fig. 3a) and 13C allocation to the soil and soil solution in
the B horizon was significantly higher in the HOM systems
(Fig. 3b,c). 13C allocation was positively related to the higher
mycelial biomass in the B horizon, but not in the O and E hori-
zons (Fig. 3d,e). Moreover, a PCA showed that N use efficiency
was strongly correlated with the amount of 13C allocated to O
and B horizon soil and soil solutions, with the patterns mainly
driven by the HOM systems (Fig. 3f,g).

Correlations between plant base cation content (Fig. 4a) and P
content (Fig. 4b) and mycelial biomass were highly significant
for the B horizon, significant for the E horizon but not statisti-
cally significant for the O horizon. Similar relationships were
obtained for the individual base cations Ca, K and Mg (Fig. S2),
suggesting that the increased mycelial biomass produced in the
mineral horizons, especially the B horizon, played a functional
role in mobilising base cations and P that were supplied to the
plants. The strong association of plant acquisition of Ca, K, Mg
and P with both the mycelial biomass in, and 13C allocation to,
the B horizon (as depicted in the PCA; Fig. 4c,d) indicates the
importance of C allocation to fungal mycelium for mineral
weathering in deeper soil.

Further evidence that mobilisation in the B horizon contri-
butes to improved acquisition of base cations, and Mg in parti-
cular, is provided by analyses of d26Mg (&) signatures in the
soil solution (Fig. 5). Ectomycorrhizal fungi have been reported
to discriminate against heavier isotopes of Mg, such as 26Mg,
during Mg2+ uptake (Fahad et al., 2016). Accumulation of
26Mg in soil solution (increased d26Mg signature) is therefore a
sign of active uptake of Mg2+. In the B horizon, we found a sig-
nificant positive relationship between soil solution d26Mg signa-
ture and plant/root biomass, plant Mg content and total 13C in
soil and soil solution (mycelial biomass was marginally non-
significant), but no significant relationships in the O and E hor-
izons (Fig. 5a–e). The higher amounts of 13C and larger
amounts of mycelium in the B horizon of HOM systems,
coupled with the enrichment of 26Mg in the B horizon soil
solution, suggest that plants with access to greater amounts of
OM could allocate more C to enhance mobilisation and uptake
of Mg in the B horizon. Clear negative relationships between
the d26Mg signature in soil solution and contents of Ca, Mg,
Mn and Sr (Fig. S3a–f) indicated that accumulation of 26Mg in
solution was related to higher uptake of not only Mg, but also
other elements. In systems without plants (Fig. S3g–l), there
were no treatment effects in the B horizon, but some evidence
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(a) (b) (c)

(d)

(e)

Fig. 2 Effects of organic matter (OM) availability on Pinus sylvestris growth and mycelial biomass distribution in podzol profiles. Root, shoot and mycelial
biomass (a, b) increase significantly with increasing availability of OM, with the statistically strongest effect occurring in the mineral B horizon (c). Similar
significant increases in plant nitrogen (N) content occur in response to increased amounts of OM (d). Nitrogen use efficiency (production of plant biomass
per unit N taken up) is improved in plants with adequate access to OM since improved mycelial growth in mineral soil horizons enables access to additional
resources (e) in the form of base cations and phosphorus. A gradient of OM availability was created by manipulating the relative amount of O horizon
material: HOM, high organic matter; MOM, medium organic matter; LOM, low organic matter; NOL, no organic layer (n = 3). Error bars are �SE and
different letters denote differences among means (P < 0.05; ANOVA). Dotted lines (c, e) indicate 95% confidence intervals; ns indicates not significant.
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(a) (b) (c)

(d) (e) (f)

(g)

µ
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Fig. 3 Allocation of photosynthetically derived carbon to different plant and soil compartments and its relationship with mycelial biomass and nitrogen use
efficiency. Ectomycorrhizal Pinus sylvestris plants (growing in podzol profiles with varying amounts of O horizon organic matter (OM)) were pulse labelled
with 13CO2. (a) Allocation of 13C to plant shoots and roots in different soil horizons. (b) Allocation of 13C to organic and mineral soil horizons colonised by
mycelium. (c) Allocation of 13C to soil solution in each soil horizon (containing 13C-labelled mycelial and root exudates). (d, e) Linear regression relationships
between 13C allocated to soil and soil solution in each soil horizon and mycelial biomass (per cm3), respectively. (f, g) Principal component analyses illustrate
the association of treatment effects with variation in nitrogen use efficiency and 13C content in soil (f) and soil solution (g) in organic and mineral soil hori-
zons. A gradient of OM availability was created by manipulating the relative amount of O horizon material: HOM, high organic matter; MOM, medium
organic matter; LOM, low organic matter; NOL, no organic layer (n = 3). Histograms (a–c) show mean values (error bars are �SE), and different letters
denote significant treatment differences within compartments (P < 0.05; ANOVA). Dotted lines (d, e) indicate 95% confidence intervals; ns indicates not
significant.
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of nutrient mobilisation by saprotrophic fungi in the O horizon
that was proportional to the amount of OM. Elemental analysis
of soil samples (Table S1) suggests that significant pools of base
cations (in particular Ca) and P exist in the O horizon. How-
ever, the d26Mg signatures in soil solution (Figs 5, S3a–f) and
the proportional distribution of the solubilised elements
(Table S2), suggest that it is the elements efficiently removed
from the solution in the B horizon, not the O horizon, that
accumulated in the plant biomass.

Overall, 704 fungal taxa were distinguished. Nonmetric multi-
dimensional scaling ordinations of fungal community composi-
tion in the O, E and B horizons (Figs 6, S4a) illustrate strongly
significant statistical differences between soil horizons, as well as

significant treatment effects in both the O and B horizons. The
changed community composition in the B horizon was particu-
larly strongly associated with variation in plant contents of Ca,
Mg, K, N and P, as indicated by the lengths of the vectors
(Fig. 6a). Linear regression analyses showed a significant positive
relation between total plant biomass and the relative abundance
of the ectomycorrhizal guild (Fig. 6b) in the B horizon, while the
saprotrophic guild in the same horizon (Fig. 6c) showed a nega-
tive relation with plant biomass. The occurrence of fungal guilds
in other horizons showed no relation to plant biomass. The con-
trasting relationships of plant biomass with the relative abun-
dance of ectomycorrhizal and saprotrophic fungi in the B
horizon are most likely explained by competition between the

(a) (b)

(c) (d)

Fig. 4 Positive effects of increasing organic
matter (OM) availability on mycelial biomass,
carbon allocation and acquisition of base
cations and phosphorus by ectomycorrhizal
Pinus sylvestris plants growing in podzol
profiles with varying amounts of O horizon
OM. Acquisition of base cations
(Ca + K +Mg) (a) and phosphorus (b).
Dotted lines (a, b) indicate 95% confidence
intervals; ns indicates not significant. Effects
are highly significant in the mineral B
horizon, less significant in the mineral E
horizon but not statistically significant in the
O horizon. Principal component analyses
show highly significant treatment variation in
mycelial biomass (c) and 13C in soil plus soil
solution (d) in the B horizon, associated with
changes in plant content of Ca, Mg, K and P.
A gradient of OM availability was created by
manipulating the relative amount of O
horizon material: HOM, high organic matter;
MOM, medium organic matter; LOM, low
organic matter; NOL, no organic layer
(n = 3).
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two guilds, since available C in OM is low in the B horizon, but
ectomycorrhizal fungi can receive C allocated from their plant
hosts. The high relative abundance of ectomycorrhizal fungi in
the B horizon, particularly in the HOM treatment where C allo-
cation is increased, suggests that the base cation and P mobilisa-
tion is driven primarily by ectomycorrhizal fungi. The 25 most
abundant taxa in soil accounted for c. 90% of all sequences, and
the impact of OM reduction in the O horizon was strongest on
relative abundance of these taxa in the mineral soil, in which 14
and 7 taxa were significantly impacted in the B and E horizons
respectively, and only three taxa were significantly influenced in
the O horizon (Fig. S5). This suggests that fungi in deeper
mineral soil are more sensitive to changes in OM than taxa in the
top organic horizon. The ectomycorrhizal species Piloderma
sphaerosporum was the most abundant species in the O horizon,
while Suillus bovinus was the most abundant in the E and B hori-
zons (Fig. S5). Two-compartment mesh in-growth bags were
inserted into each soil horizon for mycelial biomass

determination. These were intensively colonised by 441 fungal
taxa in total, dominated by P. sphaerosporum and S. bovinus, with
the ectomycorrhizal fungal guild accounting for over 80% of the
analysed amplicons (Fig. S6). Total plant contents of Ca, K, Mg
and P were positively correlated with the proportional abundance
of ectomycorrhizal amplicons in the B horizon (Fig. S7). The
proportional abundance of ectomycorrhizal amplicons in the B
horizon was also negatively correlated with the soil solution pH
(Fig. S8).

Discussion

Human appropriation of net primary production is increasingly
being driven by changes in land use intensity rather than changes
in land use area (Kastner et al., 2021) and intensification of for-
estry is no exception to this trend. Soil OM is generally assumed
to be important to forest productivity, but its direct influence has
been difficult to demonstrate because it is both a cause and effect

(a) (b) (c) (d) (e)

Fig. 5 Increase in d26Mg isotopic ratio of B horizon soil solution with increasing organic matter (OM) availability. Linear regression relationships between
the d26Mg signature of pooled soil solution samples (n = 3) from organic (O) and mineral (E and B) horizons and plant biomass (a), root biomass (b),
mycelial biomass (c), Mg content in plant biomass (d) and 13C content in soil and soil solution (e) demonstrate statistically significant positive relationships
for all parameters in the B horizon, except mycelial biomass, which was marginally nonsignificant (P < 0.061). The data suggest that the positive effects of
increasing OM availability on the parameters caused increased plant growth, carbon allocation and mineral weathering, leading to increased Mg uptake.
The relationships are not significant in the O and E horizons. Ectomycorrhizal Pinus sylvestris plants were grown in podzol profiles with a gradient of OM
availability that was created by manipulating the relative amount of O horizon material: HOM, high organic matter; MOM, medium organic matter; LOM,
low organic matter; NOL, no organic layer. Dotted lines indicate 95% confidence intervals; ns indicates not significant.
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of productivity and the relationship is complex and site-specific
(Grigal & Vance, 2000). The present study provides novel evi-
dence, based on fractionation of stable isotopes, of ectomycorrhi-
zal weathering and uptake of naturally occurring base cations
from mineral forest soil by indigenous fungal communities. This
weathering is driven by sinks generated by ectomycorrhizal mobi-
lisation of N from the organic horizon, and our experiments
show clearly how changes in OM availability in the O horizon

influence fungal C allocation to deeper mineral horizons, as well
as the abundance of different functional fungal guilds. Ectomy-
corrhizal fungi play an important role in mobilising N from
organic substrates and our results support the well-established
idea that photosynthetically derived C transferred to the ectomy-
corrhizal fungal symbionts drives this process (Bending &
Read, 1995; Rineau et al., 2013; Shah et al., 2016; Nicol�as et al.,
2018).

(a) (b) (c)

Fig. 6 Influence of changed availability of organic matter (OM) on soil fungal community composition and relative abundance of different functional
guilds. (a) Nonmetric multidimensional scaling ordinations of fungal community composition in the organic (O), and mineral (E and B) horizons of podzol
profiles in relation to changes in OM availability from high organic matter (HOM) to medium organic matter (MOM) to low organic matter (LOM) to no
organic layer (NOL) (n = 3). Significant treatment differences (P < 0.05) occur in the O and B horizons, and the arrow lengths indicate the strength of the
contribution of different elements to the overall treatment differences (strongest in the B horizon). (b, c) Linear regression relationships between total plant
biomass and the relative abundance of the ectomycorrhizal and saprotrophic fungal guilds, respectively. There is a highly significant positive relationship for
the ectomycorrhizal guild and a highly significant negative relationship for saprotrophs in the B horizon, but no significant relationships in other horizons.
Dotted lines indicate 95% confidence intervals; ns indicates not significant.
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Selective allocation of photosynthetically derived C through
ectomycorrhizal fungal networks to patches of added minerals
has been shown in experimental microcosms inoculated with sin-
gle fungal species (Rosling et al., 2004; Smits et al., 2012) and
shown to increase the weathering of apatite and subsequent
uptake of P by plants (Smits et al., 2012). However, there are few
mechanistic studies of mycorrhizal weathering in natural soils.
Uptake and transport of Mg through fungal hyphae to Picea abies
seedlings inoculated with the mycorrhizal fungus Paxillus involu-
tus have been shown in sand-filled microcosms supplied with
25Mg-labelled nutrient solution (Jentschke et al., 2000), but the
present experiment demonstrates the capacity of indigenous fun-
gal communities to mobilise naturally occurring Mg from
mineral soil and transport it to tree seedlings. The higher relative
proportion of base cations and P remaining in the O horizon
solution (Table S2) are consistent with previous studies in which
accumulation of organic P has been reported in O horizon/
humus layer of boreal forests (Giesler et al., 2002, 2004; Vincent
et al., 2022), and different geochemical explanations have been
proposed. Both Al and Fe appear to have a stabilising effect that
protects organic P from microbial degradation (Vincent et al.,
2012), and this could be one effect slowing mycelial uptake from
this horizon. We speculate that even though the base cations and
P are in a dissolved state in the O horizon solution, they may be
bound in relatively recalcitrant organic complexes requiring more

intensive enzymatic degradation of dissolved OM. High competi-
tion with saprotrophs in the O horizon may also restrict success-
ful competition for, and removal of P from soil solution by
ectomycorrhizal fungi. In the present study, the soil solution pH
was negatively correlated with the proportional abundance of
ectomycorrhizal amplicons in the B horizon to the (Fig. S8) sug-
gesting that the mobilisation and uptake of base cations and P
may have been associated with acidification due to secretion of
organic acids by the predominantly ectomycorrhizal fungi colo-
nising that horizon (Van Hees et al., 2005). This result is also
consistent with pure culture studies demonstrating the superior
ability of ectomycorrhizal fungi, compared with saprotrophic
species, to mobilise Mg from granite particles (Fahad et al.,
2016). The improved access to base cations and P, enabled by the
increased mycelial colonisation of the B horizon soil may explain
the improved N use efficiency of plants in treatments with greater
OM availability.

The way in which C allocation through ectomycorrhizal myce-
lial networks integrates N mobilisation in the uppermost O hori-
zon and mineral weathering in the deeper B horizon is
summarised in Fig. 7. Our results demonstrate that weathering of
base cations in the B horizon can be upregulated in response to
demand induced by improved N supply from the O horizon. In
both processes, C allocation from the host plant to mycorrhizal
fungi plays an essential role. Conversely, it is apparent that, where

Fig. 7 Conceptual illustration of the integrating role of ectomycorrhizal fungi in organic N mobilisation and mineral weathering in boreal forest soil.
Depletion of organic matter (OM) reduces N supply, leading to reduced plant growth and lower C allocation to ectomycorrhizal fungi, restricting their
ability to mobilise base cations from the mineral soil (1). Increased availability of OM improves N supply (2), increasing plant growth and C allocation to
ectomycorrhizal fungi (3, 4), enabling them to mobilise increased amounts of Mg from the B horizon soil (5). The increased supply of Mg (and other base
cations and P) improves the N use efficiency of the plants (6) – demonstrating how ectomycorrhizal fungi integrate N mobilisation and weathering across
soil horizons to improve plant growth (7). The pie charts (8) indicate the proportional abundance of fungal amplicons in different categories and their
diameter is proportional to total fungal biomass, demonstrating that, when there is abundant OM, the increased mycelial biomass in the B horizon is
primarily due to the ectomycorrhizal guild (indicated by the asterisk).
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N supply is limited by low availability of OM, supply of base
cations may be more limited by reduced weathering of minerals
from deeper horizons rather than by the reduced stocks of base
cation containing organic residues per se. Measured amounts of
Mg in litterfall are small in relation to tree uptake (Helmisaari,
1995) and suggest that the mineral soil weathering potential
demonstrated in the present study is crucial for Mg availability.
This is underlined by the rapid uptake of Mg from soil solution
in the B horizon (Table S2).

Terrestrial weathering of silicates, leading to production of
marine carbonates, is thought to have driven long-term sequestra-
tion of C, leading to drawdown of global CO2 levels (Ber-
ner, 1997) and enhanced rock weathering (ERW) has been
suggested as a possible method to increase sequestration of atmo-
spheric C as part of an integrated strategy to mitigate climate
change through CO2 reduction (Taylor et al., 2016; Beerling
et al., 2018, 2020). Our results suggest that enhanced weathering
will require adequate N supply from organic substrates, or some
other source that does not reduce belowground C allocation,
since N fertilization with inorganic fertilisers can reduce the
belowground flux of C to soil biota, including ectomycorrhizal
fungi (H€ogberg et al., 2010). Repeated harvesting of organic resi-
dues from forests as biofuel may reduce the density of mycorrhi-
zal roots (Mahmood et al., 1999) and the results of the present
study suggest that colonisation of deeper mineral soils may also
be disrupted, with concomitant effects on base cation supply.
Such negative effects may be counteracted by site preparation
methods that increase the amount of OM around the roots and
have been shown to have long-term (30 yr) positive effects on
plant survival and tree production (Hjelm et al., 2019).

Ectomycorrhizal fungi have been postulated to play an impor-
tant part in weathering, and even in pedogenesis (Leake &
Read, 2017), but there are few detailed studies of mycorrhizal
weathering using natural soils. Microcosm studies with added
minerals and microscopic investigation of mineral surfaces sug-
gest that ectomycorrhizal fungi can modify mineral surfaces
(Quirk et al., 2012) and that allocation of C to the fungal myce-
lium colonising in-growth cores filled with basalt is related to the
rate of calcium silicate dissolution from the basalt (Quirk
et al., 2014). The fungi in the latter experiment were not identi-
fied but enhanced weathering of added apatite patches and
uptake of mobilised P have been shown in microcosms using P.
sylvestris seedlings inoculated with the ectomycorrhizal fungus
Paxillus involutus and growing under axenic conditions (Smits
et al., 2012). In our study, we found that high availability of N
from OM increased plant C allocation to mycorrhizal mycelial
biomass in deeper mineral horizons, resulting in increased mobi-
lisation of Mg, Ca, K and P, and we identified the fungal com-
munities involved, but we did not quantify long-term C
sequestration. The ectomycorrhizal taxa P. sphaerosporum and S.
bovinus that were dominant in organic and mineral horizons
respectively, are common in boreal forest soils (Marupakula
et al., 2017, 2021). Some Suillus spp. have been found to play a
role in weathering of apatite, biotite or granite (Wallander
et al., 2003; Balogh-Brunstad et al., 2008; Fahad et al., 2016)
while Piloderma spp. have been reported to produce extracellular

proteases and can improve the ability of Pinus sylvestris to utilise
N from organic sources such as proteins (Heinonsalo
et al., 2015) and can also mobilise base cations and P from gran-
ite (Fahad et al., 2016). However, many of these studies are based
on pure culture systems, and generalisations about the functional
role of individual species should be made with caution, since a
high degree of phenotypic plasticity can be exhibited under dif-
ferent environmental conditions.

The climate mitigation effects of enhanced weathering of sili-
cates are likely to be influenced by different biological processes
(Vicca et al., 2022). Symbiotic N fixation has been demonstrated
to drive mobilisation of rock-derived nutrients (Perakis & Pett-
Ridge, 2019), and it is likely that the effect we demonstrate here
involving N mobilisation by ectomycorrhizal fungi will be even
bigger since the mobilisation of N from organic substrates by
ectomycorrhizal fungi is a fundamental and well-documented
process driving tree growth (Lindahl & Tunlid, 2015). Interest-
ingly, the short-term changes in availability of OM in our study
appear to have the same effect as the long-term changes, includ-
ing the evolution of larger, better developed mycelial systems and
build-up of OM, that have been postulated to drive the develop-
ment of biological weathering over evolutionary time (Leake &
Read, 2017; Finlay et al., 2020). Belowground C allocation to
the rhizosphere leads to formation of stable soil C more effi-
ciently than aboveground inputs of C (Sokol & Bradford, 2019),
and associations between microbially derived OM and minerals
form a large pool of slowly cycling C (See et al., 2022). See
et al. (2022) argue that there is a need for more spatially explicit
information on environmental drivers of fungal mycelial explora-
tion since fungi have a strong influence on the amounts and type
of C deposited on minerals. The present study demonstrates
increased mycelial C allocation to deeper mineral soil, and inter-
actions between plant-derived C compounds and mineral soil
leading to mobilisation of base cations, but further studies are
required to examine the precise mechanisms involved, and the
long-term stability of C ultimately associated with the minerals.
Although weathering of minerals, not stabilisation of OM, was
the primary focus of the present study, our results do provide
new, spatially explicit information on the distribution, species
composition and patterns of C distribution in ectomycorrhizal
fungal mycelia colonising boreal forest soils, as well as new infor-
mation on factors that drive C allocation, mycelial growth, fungal
mobilisation- and plant uptake of mineral nutrients.
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