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ABSTRACT

Mixed-species forests have emerged as a promising approach to mitigate climate change impacts through
enhanced carbon (C) sequestration while maintaining productivity, biodiversity, and other ecosystem services.
However, we still have a poor understanding of the context-dependency of soil C sequestration in tree mixtures,
particularly how it is influenced by plant-soil-microbe interactions and environmental conditions.

Using soil samples collected from nine European sites within the global network of tree diversity experiments,
TreeDivNet, we examined how tree species richness is associated with topsoil C stocks, fungal community
composition and diversity, and their interactions. We further investigated the influence of biotic, edaphic, and
climatic factors on the relationship between tree richness and topsoil C stocks. We hypothesised that increased
tree species richness leads to increased topsoil C stocks and fungal diversity, and that this effect is modulated by
site-specific interactions between biotic and abiotic factors.

Overall, we found topsoil C stocks in stands with high tree diversity to be greater than in monocultures across
the study sites. Lower soil fertility, cooler mean annual temperatures, and lower interannual variability of
temperature and precipitation were found to correlate with positive effects of tree diversity on soil C stocks.
While tree diversity did not directly influence fungal diversity, topsoil C stocks were positively correlated to
fungal species richness. In addition, fungal richness showed a positive correlation with the net diversity effect of
tree mixtures on topsoil C, suggesting that fungal diversity may be one of several factors contributing to the
context-dependency of tree diversity effects on soil C stocks.

Our study shows that tree species diversity can increase topsoil C storage across Europe, influenced both
directly and indirectly by fungal diversity and environmental conditions. The mediation of direct and indirect
linkages between tree diversity, fungal diversity and topsoil C stocks by local abiotic context highlights the need
to improve our mechanistic understanding for site-specific management of soil C sequestration in tree mixtures to
promote climate change mitigation in European forests.

1. Introduction

Soils harbour the largest terrestrial pool of organic carbon (C;
Scharlemann et al. 2014) and support around 59 % of global biodiver-
sity, including 90 % of fungal biodiversity (Anthony et al. 2023).
Globally, forest soils constitute one of the largest terrestrial C pools, and
while regional contributions vary, they are increasingly threatened by
land-use change and forest degradation (Dixon et al. 1994; Lal 2005; Hu
et al. 2021). To combat this, afforestation, reforestation and restoration
programmes are being implemented globally. In the last decades, there
has been a growing focus on mixed-species forests (Messier et al. 2022)
to enhance productivity (Pretzsch & Schiitze 2016; Urgoiti et al., 2023),
biodiversity (Carnus et al. 2006), and resilience (Jactel et al. 2017)
through increased complementarity, substrate and habitat diversity and
the spreading of risks from both biotic agents (e.g., specialist pests) and
abiotic disturbances (e.g., windthrow; Forrester, 2019; Jactel et al.,
2017). Restoration efforts significantly affect soil, as land-use changes
such as changing tree species or planting trees on former agricultural
lands alter soil chemistry (Guo & Gifford 2002; Foster et al. 2003),
impact soil C stocks (Guo & Gifford 2002; Rytter & Rytter 2020; Zang
et al. 2024), and influence the diversity and composition of microbial
communities (Szoboszlay et al. 2017; Balami et al. 2020). Tree species
identity plays a key role in influencing soil organic carbon (SOC) dy-
namics, as different species influence litter input, root turnover, and
microbial activity in distinct ways (Vesterdal et al. 2008; Angst et al.
2019). For example, Dawud et al. (2017) found that conifer presence
increased topsoil SOC more than species richness, and Osei et al. (2021)
showed that species identity had a greater effect on SOC storage than
species mixing per se in common European two-species mixtures. Simi-
larly, Jandl et al. (2007) emphasize species-specific effects on carbon
inputs and soil organic matter (SOM) decomposition, while also noting
that mixed-species forests may enhance forest stability and help mitigate
SOM losses. Accordingly, while some studies report positive effects of
tree diversity on SOC levels (Gamfeldt et al. 2013; Chen et al. 2018;
Mayer et al. 2020; Chen et al. 2024), others suggest that SOC stocks in
mixed stands often fall between those of the corresponding mono-
cultures (Wiesmeier et al. 2013; Cremer et al. 2016). Tree mixtures
producing more biomass than equivalent monocultures (i.e., over-
yielding), has been found to increase SOM (Augusto & Boca 2022) and is

attributed to complementary resource use and facilitative species in-
teractions (Leuschner et al. 2001; Pretzsch 2014; Williams et al. 2017;
Mayer et al. 2020). However, despite this potential mechanism, empir-
ical findings on diversity effects on SOC remain highly variable across
studies, suggesting that additional processes are involved. These may
include biomass quantity (Viana et al. 2014), quality (Angst et al. 2019;
Desie et al. 2023), frequency of litter inputs (Zhou et al., 2022), soil
chemical properties (Cesarz et al. 2022), climatic factors like tempera-
ture and moisture (Berg & McClaugherty 2020), and historical land-use
(Guo & Gifford 2002; Deng et al. 2016). For example, Ratcliffe et al.
(2017) found that tree diversity increased soil C under conditions of
lower water availability and longer growing seasons, while Pretzsch
et al. (2014) and Toigo et al. (2015) noted that positive tree diversity
effects on soil C increased with decreasing soil fertility. The
stress-gradient hypothesis (Bertness & Callaway 1994) suggests that
species interactions become more complementary under harsher con-
ditions, as competition decreases for limited resources like nitrogen,
water, or light, with facilitative interactions becoming more important
(Forrester 2014; Ratcliffe et al. 2017). On the other hand, Chen et al.
(2024) found that the positive relationship between tree functional di-
versity and soil C accumulation was more pronounced at sites with
greater water and nutrient availability. Climatic variability, expected to
rise with climate change, can also affect species interactions (Kitzberger
et al. 2000; Kikvidze et al. 2006; Carnwath & Nelson 2016). Greater
biomass in diverse stands can also reduce surface evaporation,
increasing soil moisture during droughts (Wright et al. 2015). Conse-
quently, tree diversity effects depend heavily on species interactions and
environmental conditions in  which they coexist (i.e.,
context-dependency), including resource availability and heterogeneity
(Ratcliffe et al. 2017). Although crucial, this environmental
context-dependency remains understudied (Depauw et al. 2024), yet a
deeper understanding could directly inform climate change mitigation
and adaptation strategies.

Fungal biodiversity in forest ecosystems is vital, as soil fungi play key
roles in litter decomposition, C turnover, and the formation of mineral-
stabilized SOM (Zak et al. 2019; Zang et al. 2024). In addition to their
role in decomposition, fungi also contribute to long-term C sequestration
through producing recalcitrant fungal necromass. The recalcitrance of
hyphal structures, for example, contributes to the accumulation of SOM
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(Godbold et al. 2006; Ekblad et al. 2013). Thus, the diversity and
composition of soil fungal communities significantly impact soil C
stocks, as different fungal groups vary in their contribution to decom-
position and necromass accumulation. Higher tree diversity has been
linked to higher soil microbial diversity (Weilbecker et al. 2018; Liu
et al. 2020), through both direct and indirect effects. Recent studies
further suggest that higher fungal functional diversity in mixed tree
stands amplifies the tree diversity-productivity relationship (Luo et al.
2024) and enhances forest resilience to stress, boosting productivity
(Sachsenmaier et al. 2024). Additionally, positive correlations between
fungal diversity and soil organic C (Yang et al. 2017; Zang et al. 2024)
suggest a triangular relationship between tree and fungal diversity and
soil C. However, tree species identity can also strongly influence fungal
and bacterial communities (Gunina et al., 2017), potentially modifying
the effects of tree diversity on fungal diversity and soil C stocks. Direct
effects have been observed for ectomycorrhizal (EM) fungi, where a
wider range of host species leads to greater EM fungal diversity
(Singavarapu et al. 2023). Indirect effects on fungal diversity occur via
changes in litter, exudates, and soil chemistry (Nguyen et al. 2016;
Gillespie et al. 2021) or through increases in SOM (Bending et al. 2002),
which can alter resource availability and habitat conditions. Yet, the
response of fungal communities to changes in tree diversity varies
strongly by fungal functional guilds (Tedersoo et al. 2016). For example,
Griffin et al. (2019) reported decreased fungal richness for endophytes,
pathogens, and saprotrophs with higher tree species richness, while
Tedersoo et al. (2016) found positive effects on EM richness in Finland
and fungal richness, especially for saprotrophic fungi, in Estonia. It has
been found that tree species identity and composition, rather than spe-
cies richness alone, are the key drivers of fungal diversity and compo-
sition (Waldrop et al. 2006; Tedersoo et al. 2016; Gillespie et al. 2021),
but in addition to plant variables there are also other important drivers
commonly identified such as land-use history, climatic, spatial and
edaphic variables (Tedersoo et al. 2014; Djemiel et al. 2024).

Research examining the combined effects of tree diversity on both
soil fungal diversity and topsoil C stocks remains limited (e.g., see Chen
et al. 2018 for tree diversity-soil C relationships and Gunina et al. 2017
for tree diversity-soil microbial interactions). While the mechanistic
context-dependency of diversity effects on ecosystem functions has been
highlighted in previous research (Wardle & Zackrisson 2005; Ratcliffe
et al. 2017), it remains poorly understood. This study investigates the
complex relationships among tree species diversity, fungal diversity, and
topsoil C stocks in young European forest plantations, and examines how
edaphic, vegetation and climatic conditions influence these interactions.
We hypothesize that:

L. increased tree species diversity increases topsoil C stocks and
fungal diversity,

II. the increase in soil carbon stocks with tree species diversity is
stronger under harsher edaphic and climatic conditions, i.e.,
context-dependent

III. soil fungal diversity correlates positively with the positive effect
of tree diversity on topsoil C stocks.

2. Materials and Methods
2.1. Study sites and experimental set-up

This study was conducted within the MixForChange project as part of
the global Tree Diversity Network (TreeDivNet, http://www.treedivnet.
ugent.be/; Verheyen et al. 2016), designed to investigate the effects of
tree diversity on ecosystem functions. Sampling was conducted on 198
plots at nine experiments (sites) across Europe, covering various soil
types, climates, and land-use histories, with 25 deciduous and conif-
erous tree species or varieties (Table 1). The experimental design in-
cludes species richness gradients from one to six species per site. Sites
feature monocultures, 2-species mixtures, and higher richness mixtures
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of 4-6 species. For standardization, richness levels were categorized as
‘mono’ (monocultures), ‘low’ (2-3 species), and ‘high’ (4 + species).
Species composition refers to the specific admixture of tree species
present within a stand, i.e., encompassing the identity of the tree species.
At the ECOLINK-Salix Uppsala site, Salix varieties were used, which
have been shown to significantly differ in their effects on soil biology
and properties such as soil C accumulation (Baum et al. 2020). One
additional site in Brazil (MataDIV; Table 1) with monocultures, 3 and 4-
species mixtures was sampled (22 plots), but omitted from the main
analyses due to its unique environmental conditions, though it was
included in a supplementary analysis to test hypothesis (I) regarding C
stocks.

In 2022, the year of sampling, stand ages ranged from 8 to 23 years,
with stand densities between 2,500 and 49,400 trees per hectare. Mean
annual temperature (MAT) since establishment varied between + 6.0 °C
and + 13.4 °C and mean annual precipitation (MAP) ranged from 511
mm and 1168 mm across sites (Table 1). Climate data were collected
from nearby climate stations for five sites while national data triangu-
lation was used for the three FORBIO sites and ECOLNIK-Salix Rostock.
To capture climatic variability, we calculated the interannual coefficient
of variation (CV) for both temperature and precipitation based annual
averages.

2.2. Basal area inventories

Values for tree standing stock, expressed as basal area per hectare
(BA ha’l), were obtained from stem inventories for all sites, except
Satakunta, where a single angle-count sample using a relascope was
taken from the of each plot. Inventories were conducted between 2020
and 2023.

2.3. Soil sampling and physicochemical analysis

Soil sampling was conducted in spring 2022 across 198 plots, with
each tree species composition (i.e., plot) replicated twice per site in a
block design. Additionally, 22 plots were sampled at the tropical site.
Ten subsamples were taken per plot (0-10 cm depth, after removing
surface litter) to cover all tree species combinations while avoiding plot
borders. The sampled depth represents the uppermost soil layer and may
include both organic and mineral horizons, depending on site-specific
conditions. Subsamples were pooled and homogenized, dried at 40 °C
for 24 to 48 h, sieved (2 mm), and stored dry until further analysis. A
subset was taken for fungal community analysis (see below). Sampling
was limited to the top 10 cm due to its typically high fine-root biomass,
fungal activity, and sensitivity to tree richness effects (Spohn et al. 2016;
Wambsganss et al. 2021; Prescott & Grayston 2013).

Chemical soil analysis was performed on all samples, further dried at
105 °C for 24 h. Soil pH (logarithmic scale) was measured in 0.1
mol CaCl, at a 1:2.5 soil-to-solution ratio. Carbon and nitrogen con-
centrations were analyzed using a CN analyzer (Vario EL III, Elementar
Analysensysteme, Hanau, Germany). Throughout the manuscript, we
present organic carbon content, subtracting carbonate-C from total C in
carbonate-containing soils to determine organic C. C stocks were
calculated by multiplying soil organic C content (g 100 g~ %), bulk
density (g cm™3), and sampling depth (cm).

Bulk density (BD) of the top 0-10 cm mineral soil was measured at
each site using three randomly distributed, non-compressed soil cores,
expressed in g dry soil em 3 (Grossman & Reinsch, 2002). Soil texture
was determined using the sieve and pipette method (Hartge & Horn,
1999).

To quantify tree richness effects on soil C stocks, we calculated the
net diversity effect on soil C stocks (NDE C) by comparing observed soil
C stocks in mixtures with expected values derived from monocultures at
each site. This metric represents the relative difference between
observed and expected values (Wardle & Nicholson 1996; Hector et al.
2002; Scherer-Lorenzen et al. 2007; Dawud et al. 2016). Relative basal
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Table 1
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Site characteristics, planting design, tree species and varieties, richness gradient and climate data since site establishment.

Site Country  Planting Plot size Planting MAT MAP Soil type Former Richness Planted tree species and
year [m?] density [° Cl [mm] land-use gradient varieties
[trees ha™!]
B-Tree Austria 2013 170-300 12,500 +11.5 657.0 Chernozem  pasture 1,2, 4 Acer platanoides, Carpinus betulus,
Quercus robur, Tilia cordata
ECOLINK- Germany 2014 92 15,625 +10.5 584.0 Cambisol crop 1,2 Salix varieties:’Tora’ (SW 910007,
Salix S. schwerinii x S. viminalis),’Loden’
Rostock (SW 890,129 S. dasyclados)
ECOLINK- Sweden 2014 92 15,625 +7.6 511.0 Cambisol crop 1,2,3,4 Salix varieties:’Tora’ (SW 910007,
Salix S. schwerinii x S. viminalis), Bjorn’
Uppsala (SW 910006, S. schwerinii x
S. viminalis),’Jorr’ (SW 880013,
S. viminalis),’Loden’ (SW 890129,
S. dasyclados)
FORBIO Belgium 2010 1,575-1,764 4,444 +8.6 1168.0  Cambisol plantation 1,2,4 Acer pseudoplatanus, Fagus
Gedinne sylvatica, Larix x marschlinsii,
Pseudotsuga mengiesii, Quercus
petraea
FORBIO Belgium 2012 1,296 4,444 +11.2 1058.5 Podzol plantation 1,2,4 Betula pendula, Larix kaempferi,
Hechtel- Pinus sylvestris, Pseudotsuga
Eksel mengziesii, Quercus petraea
FORBIO Belgium 2009 1,764 4,444 +11.1 1022.0 Cambisol crop 1,2,4 Betula pendula, Fagus sylvatica,
Zedelgem Pinus sylvestris, Quercus robur, Tilia
cordata
IDENT Germany 2013 10 49,438 +11.6  839.5 Cambisol pasture 1,2,6 Acer platanoides, A. saccharum,
Freiburg Betula papyrifera, B. pendula,
Quercus robur, Q. rubra
ORPHEE France 2008 400 2,500 +13.4  985.5 Podzol plantation 1,2, 4 Betula pendula, Quercus pyrenaica,
Q. robur, Q. ilex, Pinus pinaster
Satakunta Finland 1999 400 4,444 +6.0 693.5 Podzol plantation 1,2,5 Alnus glutinosa, Betula pendula,
Larix sibirica, Picea abies, Pinus
sylvestris
MataDIV* Brazil 2019 460 1,887 +19.8 1070 Ferralsol plantation 1,3,6 Cariniana estrellensis, Cecropia

pachystachya, Guazuma ulmifolia,
Hymenaea courbaril, Handroanthus
impetigionosus, Syagrus
romanzoffiana

* = not included in main analyses.

areas of species were used as weights to prevent dominance by high-
performing species. For statistical analyses, NDE C was modelled as a
ratio, but values are presented as percentage change for interpretability.
The NDE C was logarithmically transformed for linear statistical ana-
lyses due to its non-linear nature.

2.4. DNA extraction and high-throughput sequencing

DNA extraction and community analyses were performed on a subset
of 152 samples (Table S1), prioritizing sites with at least three richness
levels and excluding species compositions/stands unique to a single site.
This approach was done to balance downstream processing effort and
sequencing cost and allowing us to retain the full dataset for broader
analyses of soil C stocks and environmental drivers, thereby maintaining
statistical power for context-dependency testing.

DNA was extracted from 250-350 mg soil using Qiagen DNeasy
PowerSoil Pro Kit (Qiagen, Hilden, Germany) according to manufac-
turer’s recommendations and confirmed via 1 % agarose gel electro-
phoresis. The fungal internal transcribed spacer (ITS) region (hereafter
ITS2) was amplified for high-throughput sequencing using primers with
[llumina adapter overhangs (Tedersoo et al., 2015; supplementary
Table S2). We focused on ectomycorrhizal (EM) fungi, as most trees in
the study form EM associations, while arbuscular fungi, associated with
both trees and understory plants, are likely driven by understory
composition and light availability.

PCR for fungal amplicons was performed in triplicates in 25 ul re-
action with 2 ul DNA template (10 ngul™1), 5 pl 5X Buffer with 1.5
mM MgCl, (Promega, Charbonnieres-les-Bains, France), 2 ul BSA at 10
mg ml~! (Promega), 0.5 pl of 10 mM dNTPs, 0.3 pl of Promega Go Taq
G2 (5Uml™), 1.25 pl of 5 pmol ITS3 tagmix forward primer (equally

mixed ITS3-Mix1 to 5), 1.25 ul of 5 pmol ITS4 tagmix reverse primer
(equally mixed ITS4-Mix1 to 4), 12.7 ul of ultrapure distilled water
(Invitrogen). PCR conditions were 2 min at 95 °C, 30 cycles [30 s at
95 °C, 30 sat50°C, 60 sat72°C], 45 sat50°Cand 10 min at 72 °C.
PCR triplicates were quality checked, pooled, and purified (for details
see Supplementary Information). The indexing PCR was performed in a
total volume of 18 pl (5 pL of ITS-PCR products, 9 ul Phusion High-
Fidelity PCR Master Mix (NEB, France), 2 ul I5 index-adapter, 2 ul I7
index-adapter). Cycling conditions were 3 min at 95 °C, 8 cycles [30 s
at 95 °C, 30 s at 55 °C, 30 s at 72 °C] and 5 min at 72 °C. After final
purification, products were sequenced on a MiSeq Illumina sequencer
using a v3 Kit (Illumina, San Diego, CA, USA). Full details are in Sup-
plementary Information.

2.5. Bioinformatical processing of fungal ITS2 data

FASTQ files from the Illumina MiSeq system were processed using
the default setting of PIPITS 3.0 (Gweon et al. 2015), involving read pair
joining, quality filtering, and ITS2 extraction with ITSx (Bengtsson-
Palme et al. 2013). Operational taxonomical units (OTUs) were assigned
at 97 % identity (Gweon et al. 2015) using VSEARCH (Rognes et al.
2016), with chimeras removed via the UNITE v9.0 UCHIME database
(Abarenkov et al. 2022). Taxonomic classification was done using the
RDP classifier (Wang et al. 2007) against the UNITE fungal ITS database
(v 27.10.2022; Koljalg et al. 2013), resulting in 8,123,021 sequences
categorized into 5,100 fungal OTUs, mostly from Ascomycota (75.6 %)
and Basidiomycota (17.7 %; Supplementary Fig. S1), with minor frac-
tions from Rozellomycota, Mucoromycota, and others (see Supplemen-
tary Information). After excluding low-read samples (<20,000 reads),
data were rarefied with 1,000 repetitions to 22,730 sequences per
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sample using R (v 4.3.2; R Core Team 2022) with RStudio (2023.09.1
Build 494; Rstudio Team 2023) and the R package ‘GUniFrac’ (Chen
et al., 2023).

FungalTraits database (Polme et al. 2020) was used to categorize
OTUs at the species level or, where species data was unavailable, at the
genus level (primary lifestyle only), classifying 48 % of the OTUs, with 7
% identified as EM fungi and 30 % as saprotrophic fungi. Full method-
ology and soil characteristics are provided in Supplementary Informa-
tion and Table S2.

2.6. Statistical analyses

Data was analysed using R with RStudio and graphs were generated
using the ‘ggplot2’ package (Wickham et al. 2023). Estimated marginal
means were used to account for unbalanced sample sizes between sites.
Where applicable, model assumptions of normality, homoscedasticity
and multicollinearity were assessed visually. A mixed effects linear
regression model (function Ime() in package ‘nlme’; Pinheiro & Bates
2023) was used to assess the response of C stocks and fungal diversity to
tree species richness, with log-transformed topsoil C stocks or fungal
diversity as response variables and tree species richness as the main
predictor. C:N ratios and pH (with a quadratic term to capture its non-
linear effect) were included as fixed covariates. Random effects for
site and block, i.e., replicates within sites, were added to account for
non-independence, and group-specific variance weights were applied to
account for heteroscedasticity across sites (Zuur, 2009), ensuring that
differences in residual variance between sites did not disproportionately
affect model estimates. ANOVA (type III) using the function Anova() in
the package ‘car’ (Fox et al. 2012) was used to test for effects in an
unbalanced design and Tukey-adjusted pairwise comparisons of esti-
mated marginal means (function emmeans() in package ‘emmeans’;
Lenth, 2016) were used to assess differences between richness levels.
Marginal and conditional R? values were calculated with r.squar-
edGLMM() in package ‘MuMIn’ (Barton 2015), representing the vari-
ance explained by fixed factors and by both fixed and random factors,
respectively (Nakagawa & Schielzeth 2013).

To investigate the context-dependency of the NDE C, we used a
mixed-effects multiple linear regression model with standardized pre-
dictors (z-transformation). The z-transformation standardizes variables
by centering them around a mean of zero and scaling them by their
standard deviation. This process enables direct comparability of effect
sizes across variables measured on different scales, preventing variables
with larger absolute ranges from disproportionately influencing the re-
sults. Random effects for site and block (nested within sites) were
included to account for the hierarchical structure, and group-specific
variance weights were applied to address heteroscedasticity, which
was observed as varying residual variances across sites. The model
included fixed environmental variables such as climatic factors (MAT,
MAP) and edaphic factors (clay content) at site level (n = 9), along with
plot-level variables (fertility index, standing stock as BA ha~!,n=110).
MAT and MAP indicated overall growing conditions (King et al. 2006;
Wiesmeier et al. 2019; Kohyama et al. 2023), while variability in tem-
perature and precipitation represented climatic stress, with greater
variability suggesting higher stress on plants (Mearns et al. 1996;
Goulden et al. 1996; Fay et al. 2011). Soil clay content was included to
reflect soil air permeability (Niu et al. 2012) and soil water and nutrient
retention capacity (Brady et al. 2008), while soil pH, and C:N ratios were
included to reflect nutrient availability (Brady et al. 2008). Due to
collinearity, pH and C:N ratios were combined into a fertility index using
principal component analysis (Fertility index; Supplementary Fig. S2).
Standing stock (BA ha™!) was included as a proxy for accumulated
aboveground biomass and potential organic matter inputs (Viana et al.
2014), while acknowledging it does not directly reflect productivity.

For fungal diversity analysis, we calculated Bray-Curtis dissimilar-
ities for the fungal community and the Jaccard Index for the tree com-
munity, alongside indices for a-diversity, specifically Shannon index,

Geoderma 464 (2025) 117591

OTU (i.e., species) richness, and evenness, using the package ‘vegan’
(Oksanen 2022). We prioritized fungal OTU richness for its direct bio-
logical relevance and simplicity (Chiarucci et al. 2011) and as it
demonstrated the strongest correlations with soil C stocks across fungal
groups (Supplementary Fig. S3). Multivariate analyses, including non-
metric multidimensional scaling (NMDS) for visualization, permuta-
tional multivariate analysis of variance (PERMANOVA), and Mantel test
(using Spearman’s rank correlation to account for non-linearity), were
based on Bray-Curtis and Jaccard dissimilarity matrices, and were also
performed with package ‘vegan’. Since ‘site’ showed a strong effect on
fungal community composition, this factor was subsequently decom-
posed into a series of descriptive variables, namely former land-use,
edaphic, and climatic conditions (i.e., ‘global model’). To account for
the nested experimental design, PERMANOVA was performed with
1,000 permutations, stratified by site using the strata argument within
the adonis2() function of the ‘vegan’ package to ensure that permuta-
tions occurred within sites rather than across them. All statistical ana-
lyses involving fungal data were conducted on the subsetted dataset of
152 samples, as described in the ‘DNA extraction and high-throughput
sequencing’ section.

We used a Random Forest regression model to assess the relative
importance of variables in explaining topsoil C stocks across nine study
sites. This analysis helped to identify the primary drivers of topsoil C
stocks and guided the selection of variables for evaluating the context-
dependency of tree diversity effects. Our dataset included a range of
variables relevant to soil C storage, and related to climatic factors (MAT,
MAP, interannual temperature variability (CV), and interannual pre-
cipitation variability (CV)), edaphic factors (pH, C:N ratio, and clay
content), site characteristics (plantation age, former land-use, species
composition, planting densities and tree species richness levels), and
vegetation (BA ha™!). For a more detailed methodology see Supple-
mentary Information.

3. Results
3.1. Effects of tree species richness on topsoil C stocks and fungal diversity

There was a significant overall positive effect of tree species richness
on topsoil C stocks (Fig. 1A). Specifically, C stocks in stands with high
tree richness were significantly higher (23.7 MgCha™}; p = 0.028)
compared with monocultures (21.7 Mg Cha™1), corresponding to an
increase of 9.2 % (Supplementary Table S3). C stocks in low tree richness
stands (21.9 Mg Cha™!) were not found to significantly differ from
either high tree richness stands or monocultures (p > 0.05). Incorpo-
rating our additional tropical site into the analysis confirmed the trend
of higher topsoil C stocks in high tree richness stands compared to
monocultures (p = 0.022) and revealed a significant difference between
high and low richness stands across sites (p = 0.049; Supplementary
Table S4). Tree species richness did not significantly affect overall fungal
OTU richness (Fig. 1B; Supplementary Table S5) or other a-diversity
measures for the total or saprotrophic communities (Supplementary
Fig. S3), with the notable exception of Shannon index and evenness in
the EM fungal communities, which were higher in low tree richness
stands compared to high tree richness stands (Shannon: p = 0.045;
evenness: p = 0.029; Fig. 1C, Supplementary Fig. S3D).

3.2. Effects of sites and tree communities on fungal community
composition

The NMDS analysis showed that site-specific factors, including
former land-use type, predominantly shaped fungal community
composition. Specifically, samples were clustering strongly by site and
were grouped by land-use history along the x axis (Fig. 2A). Site, when
used as a single predictor, accounted for 53 % of the variation in fungal
community composition (PERMANOVA R%2=0.53,F =227, p < 0.001).
While the effect of site was predominant, in a global model excluding
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Fig. 1. Estimated marginal means of A) topsoil C stocks, B) total fungal OTU richness, and C) Shannon index for the ectomycorrhizal fungi (EM) subgroup across tree
richness levels categorized as monoculture (‘mono’), low (2-3 species), and high (4-6 species) diversity. Each point represents an individual sample and is color-
coded according to experiment (site). Letters denote significant differences (LMM with Tukey’s post-hoc test; p < 0.05;n, = 189 [mono = 88, low = 85, high =
25], nB,C = 147 [mono = 73, low = 53, high = 21]). Black circles with error bars indicate mean + SE for each diversity level.

site, former land-use also emerged as a significant predictor, explaining 3.3. Drivers and environmental context-dependency of richness effects on
c. 21 % of the variance in fungal community composition. While other C stocks
factors (namely pH, interannual temperature and precipitation vari-
ability, MAP, and C:N ratio) significantly influenced community To identify the key drivers of topsoil C stocks and to guide variable
composition as well, their influences were less pronounced (Fig. 2A, selection for the NDE C analyses, we used a Random Forest regression
Table 2). model (Supplementary Fig. S4). Variables with the highest relative
Although PERMANOVA detected no significant variation in fungal importance (>10 %) were pH, MAP, interannual temperature variability
community composition across different levels of tree diversity, a posi- (CV) and C:N ratio. Variables of lower relative importance (<10 %)
tive correlation was observed between tree and fungal community included standing stock (BA ha™?), interannual precipitation variability
compositions (Fig. 2B), i.e. plots that were more similar in their tree (CV), species composition, MAT, clay content, former land-use, planta-
species composition were also more similar in their fungal community tion age, tree species richness level, and planting densities.
composition. Using these variables, we examined how edaphic, climatic, and

vegetation factors modulated the net diversity effect on topsoil C stocks
(NDE C). The NDE C was significantly influenced by both edaphic and
climatic factors (Fig. 3; Table 3). Specifically, a negative relationship
was observed between soil fertility (Fertility index; Supplementary
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Fig. 2. A) Non-metric Multidimensional Scaling (NMDS) ordination plot illustrating fungal community compositions across different sites. Each point represents one
sample, with shape corresponding to former land-use type (circle = pasture, square = plantation, triangle = crop). Samples closer together indicate higher similarity
than those further apart. Arrows indicate the direction and strength of environmental variables correlated with community composition (temp CV = interannual
temperature variability, C = soil C stocks). Abbreviated site names: ECOLINK = ECOLINK-Salix Uppsala, FORBIO G. = FORBIO Gedinne, FORBIO H.E. = FORBIO
Hechtel-Eksel, FORBIO Z. = FORBIO Zedelgem, IDENT = IDENT Freiburg; n = 147. B) Relationship between tree and fungal community composition. Each point
represents a pair of plots, comparing the dissimilarity of their tree and fungal communities. Dissimilarity values range from 0, indicating identical species com-
positions between samples, to 1, denoting completely distinct species assemblages. The line represents a linear regression fit to the data. Mantel test r = 0.268, p
= 0.001.
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Table 2

Summary of PERMANOVA results for fungal community composition by pre-
dictor variables (e.g. tree species richness level, soil pH, climatic variables),
including degrees of freedom (df), R?, F statistics and associated p values. As-
terisks denote the level of significance (*** = p < 0.001, ** =p < 0.01, * =p <
0.05, n.s. = not significant).

Variable df R? F p value
statistic
Site only
Site 7 0.533 22.652 0.001
Global Model

Former land-use 2 0.206  30.61 0.001 el

pH 1 0.077 22.90 0.049 *

Interannual temperature 1 0.071 21.19 0.001 *

variability (CV)

Interannual precipitation 1 0.060 17.88 0.041 *

variability (CV)

MAT 1 0.054  16.02 0.056 n.
s.

MAP 1 0.055 16.32 0.030 *

Topsoil C stocks 1 0.009 2.59 0.104 n.
s.

C:N ratio 1 0.006 1.85 0.001 o

Tree species richness level 2 0.008 1.23 0.063 n.
s.

Residual 135  0.454

Total 146 1

Fig. S2) and NDE C (p = 0.005). Interannual variability in both tem-
perature and precipitation (CV), showed a negative correlation with
NDE C (p = 0.003 and p = 0.043, respectively). Mean annual temper-
ature (MAT) correlated negatively with NDE C (p = 0.031), while mean
annual precipitation (MAP) and NDE C showed no significant relation-
ship. Neither standing stock (BA ha™'), mean annual precipitation
(MAP) nor clay content were found to significantly correlate with NDE C
(p > 0.05). The fixed effects explained 66 % of the variance in the model
(Rzmarginal = 0.66), while the fixed and random effects together explained
88 % of the variance (RZnditional = 0.88).

3.4. Linking soil C stocks with fungal biodiversity

We observed a significant positive relationship between topsoil C
stocks and fungal OTU richness (Fig. 4, Supplementary Fig. S5). Mixed-
effects models confirmed a positive correlation with the total and the
saprotrophic community (Fig. 4A, B), with higher soil C stocks corre-
sponding to higher OTU richness (total fungi: ngnarginal = 0.07, Rgondi_
tional = 0.29; saprotrophic fungi: ernarginal = 0.05, Rgonditional = 0.42).

Furthermore, we observed a significant relationship between total
fungal OTU richness and the NDE C (Fig. 4C). Based on mixed-effects
model predictions, a higher fungal OTU richness modulated the NDE C
weakly but positively (RZarginal = 0-01, R2nditional = 0-15).

4. Discussion

Our study investigated interactions between tree species richness,
soil fungal diversity, and topsoil C stocks in mixed forest plantations
across Europe. We found that higher tree species richness was associated
with higher topsoil C stocks compared to monocultures, but not to
greater fungal diversity. Tree species richness influenced fungal guilds
differently: EM fungal diversity decreased with higher tree species
richness, while saprotrophic fungi taxa richness was indirectly linked to
tree species richness through its positive correlation with topsoil C
stocks. We also showed that low soil fertility, stable interannual climatic
conditions as well as low temperatures positively correlated with a net
tree diversity effect on topsoil C stocks.
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Fig. 3. Standardized effects of climatic, edaphic, and vegetation variables on
the net diversity effect on topsoil C stocks (NDE C) across nine sites (n = 110)
on a logarithmic scale (first y-axis; left) and natural scale (second y-axis; right).
Error bars denote standard errors. Climatic variables include mean annual
temperature (MAT), mean annual precipitation (MAP), as well as variability in
temperature and precipitation (interannual CV). Edaphic variables include the
inverted first principal component axis for soil pH and C:N ratio (Fertility
index) as well as soil texture (based on clay content). Effects of standing stock is
represented by basal area per hectare (BA ha-1). Significant effects on NDE C
are indicated as *** = p 0.05, n.s. = not significant. Values below 0 indicate
negative correlation between NDE C and predictors.

Table 3

Summary of multiple linear regression analysis results for context-dependency
of the net diversity effect on topsoil C stocks (NDE C) of climatic and edaphic
variables, including variable coefficients, standard error (SE), degrees of
freedom (df), t-value and associated p-values. Asterisks denote significant cor-
relations with NDE C for each variable (*** = p < 0.001, ** =p < 0.01, * =p <
0.05, n.s. = not significant).

Predictor Coefficient  SE df  t- p-value
value
Intercept —-0.2 3.3 88 —0.07 0.943 n.
s.
MAT —20.2 9.7 3 —2.08 0.031 *
MAP 6.3 6.0 3 1.06 0.271 n.
Interannual temperature —26.1 9.1 3 —2.90 0.003  **
variability (CV)
Interannual precipitation —-8.3 43 3 -1.95 0.043 *
variability (CV)
Fertility index (pH + C:N) -14.7 5.4 88 —-2.72 0.005 *E
Clay content -2.3 68 3 —0.34 0.722 n.
s.
Standing stock (BA ha™ 1) 3.7 5.4 88 —0.68 0.478 n.
s.

4.1. Higher tree species richness increases topsoil C stocks

Our analysis revealed a significant increase in topsoil C stocks un-
derstands with high tree species richness compared to monocultures
stands, supporting our hypothesis (I) and aligning with previous
research linking diverse forests to increased soil C storage (Chen et al.
2018; Augusto & Boca 2022). Such increases in soil C storage have been
linked to increases in biomass production and litter inputs in mixtures,
often attributed to more efficient use of available canopy and rooting
space (Leuschner et al. 2001; Williams et al. 2017; Forrester et al. 2013;
Barry et al. 2019). Beyond biomass quantity, several mechanisms may
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Fig. 4. Relationships between topsoil carbon (C) stocks and OTU richness for A) total fungi, and B) saprotrophic (SAP) fungi. C) Correlation between the log-scaled
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linear fit to the model. nA & B = 147, nC = 71.

contribute to diversity effects on soil C accumulation. Evidence from
grassland biodiversity experiments shows that higher plant diversity can
stimulate microbial activity and contribute to greater soil C stocks
through increased microbial necromass contributions to the soil (Lange
et al. 2015; Steinbeiss et al. 2008). However, tree species mixing may
also reduce the rate of soil organic matter decomposition by lowering
microbial efficiency (Manzoni et al. 2008; Zhang et al. 2008), for
example through increased soil C:N ratios (Spohn et al. 2023), thereby
promoting soil C accumulation (Tipping et al. 2016; Lehmann et al.
2020). Similarly, EI Moujahid et al. (2017) found a positive relationship
between the diversity of soil organic compounds and plant species
richness, potentially lowering decomposability of SOM in tree species
mixtures due to a higher cost of consumption for decomposers (Lehmann
et al. 2020; Nunan et al. 2015; Spohn et al. 2023). Although we did not
have the means to investigate decomposition mechanisms in our study,
reduced decomposition rates in mixed stands, as reported in other
studies, could explain the observed diversity effects on soil C stocks.
Notably, we observed significant differences only between high tree
species richness levels and monocultures, while low tree species richness
showed no clear difference to either group. Potentially, significant in-
fluences of tree species richness on topsoil C stocks may manifest earlier
in stands with a higher species richness. Moreover, our Random Forest
model identified climatic and edaphic conditions, such as soil pH and
MAP, not tree species richness, as the primary predictors of soil C stocks.
While these more fundamental drivers exert stronger influence soil C
accumulation, the fact that tree species richness still explained variation
after accounting for them provides evidence of its importance. Never-
theless, it is important to recognize that although climatic and edaphic
conditions are largely beyond human control, species mixing remains a
critical management strategy. Given that effects of tree diversity on soil
C often increase over time (Chen et al. 2020) and that the stands of the
experimental network are relatively young, it is plausible that this effect
will increase as the stands mature. Furthermore, consistent with other
studies, species composition was found to be more influential on topsoil
C stocks than species richness per se (Dawud et al. 2016; Mayer et al.
2020).

4.2. Effects of tree species richness on soil C stocks are modulated by
environmental factors

The reported influence of tree diversity on soil C stocks varies be-
tween studies (Gamfeldt et al. 2013; Dawud et al. 2016; Chen et al.

2018), reflecting context-dependency that may be contingent on abiotic
factors (Ratcliffe et al. 2017). Our analyses also indicate that the effect of
tree species richness on soil C stocks can be influenced by both climatic
and edaphic factors, specifically soil fertility, mean annual temperature,
and the interannual variability (CV) of temperature and precipitation,
thus partially aligning with our hypothesis (II) that positive effects of
tree diversity on soil C stocks are stronger under harsher environmental
conditions.

If greater biomass inputs were solely responsible for the increase in
soil C stocks, we would expect the effects of tree species richness on soil
C stocks to positively correlate with standing stock, which we used as a
proxy for stand biomass and organic inputs (Viana et al. 2014), but this
was not observed. Similarly, Bryant et al. (2024) reported no link be-
tween aboveground biomass accumulation and soil C stocks in a 12-spe-
cies diversity experiment, despite large differences in biomass. Such
discrepancies may derive from temporal lags between aboveground
growth and soil C accumulation or altered above- to belowground C
allocation patterns in mixtures (Forrester et al. 2006; Martin-Guay et al.
2020). Additionally, species-rich stands may have higher fine root
turnover due to increased belowground competition for resources or
higher fine root density (Jacob et al., 2014; Lei et al., 2012; Wambsganss
et al., 2021). Such belowground inputs, which were not captured in our
aboveground biomass measurements, could contribute to a greater
accumulation of organic matter in the soil and help explain why we did
not detect a direct relationship between standing stock and the effects of
tree species richness on soil C stocks. Moreover, changes in soil C stocks
result not only from C inputs, but also from C losses due to decompo-
sition of SOM. A higher biomass input in mixed stands compared to
monocultures, for example due to niche complementarity or increased
fine root turnover in mixtures, would lead to a significant difference in
soil C stocks more quickly if the decomposition rate is slower. There is
evidence to suggest that increased soil C stocks due to tree species
mixing is more common in colder and less fertile conditions (Augusto &
Boca, 2022; Bertness & Callaway, 1994; He et al., 2013). Microbial ac-
tivity and therefore decomposition rates tend to decrease under drought,
low temperatures, low pH, and high C:N ratios (Gabarron-Galeote et al.,
2015; Gonzalez-Dominguez et al., 2019; Kirschbaum, 1995; Le Roux
et al., 2013). Thus, even if the relative increase in C inputs from tree
diversity does not rise under harsher conditions, the decreased decom-
position rates in these conditions may result in larger carbon stocks in
mixed stands compared to monocultures. In contrast, under more
favorable conditions with faster decomposition rates, this difference
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may be less pronounced. The negative relationship between NDE C and
climatic variability might result from species-specific responses favoring
more adaptable tree species (Reyer et al. 2013; Hipler et al. 2020;
Giberti et al. 2022), potentially leading to the domination of certain
species, diminishing associated benefits of tree diversity on soil C stocks.
Further research is needed to investigate the specific species dynamics
within each stand.

4.3. Tree species richness affects EM diversity and saprotrophic fungal
richness, but not total fungal richness

We found a positive correlation in p-diversity between tree and
fungal communities, suggesting that tree species identity in mixtures
influences fungal community composition. Species-specific traits, such
as litter quality, root exudates, and root architecture may create
ecological niches, supporting the resource diversity and niche differen-
tiation hypothesis (see Yang et al. 2017). Unexpectedly, tree a-diversity
(tree species richness) did not significantly affect fungal richness con-
tradicting our hypothesis (I) and the common assumption that increased
tree species richness translates to increased microbial diversity (Liu et al.
2020). Our findings support evidence that tree-fungi diversity re-
lationships can be neutral or even negative (Waldrop et al. 2006; Griffin
et al. 2019). For example, Griffin et al. (2019) proposed that higher tree
species richness may promote competitive generalist fungi, reducing
overall fungal diversity. Instead, tree species identity (broadleaf vs co-
nifers) and functional traits, rather than richness, strongly influence
fungal community composition and diversity (Nguyen et al. 2016;
Sanaei et al. 2022). Additionally, site-specific differences in fungal
richness, consistent with Weillbecker et al. (2018), highlight the
importance of special variables and soil properties in driving soil fungal
a- and p-diversity. In addition, tree-fungi diversity relationships vary by
fungal guild (Tedersoo et al. 2016). In our study, EM fungal richness was
unaffected by tree species richness, possibly due to a dilution effect
when mixing non-EM and EM host species (Singavarapu et al. 2024).
However, EM fungal evenness decreased in high-richness stands, sug-
gesting more low-abundance, narrow-host taxa and fewer dominant,
broad-host taxa, likely due to an increase in shared EM communities
(Ferlian et al. 2021). Other factors, such as forest age (Lim & Berbee
2013) and land-use history, which we found to be the second most
influencing factor, may mask effects of tree diversity on fungal com-
munities. The limited richness gradient and young stand age in our study
may have also constrained detectability of effects on fungal diversity
(Nguyen et al. 2016).

4.4. Tree diversity, fungal richness, and topsoil C stocks are positively
correlated

While we did not find direct links between tree species richness and
fungal diversity, we observed a positive correlation between total and
saprotrophic fungal richness with topsoil C stocks, aligning with the role
of saprotrophs as primary decomposers driving SOM turnover (Bodeker
et al. 2016). In contrast, EM fungi may influence soil C dynamics more
indirectly through necromass accumulation due to high hyphal biomass
(Godbold et al. 2006; See et al. 2022), alterations in root exudation
patterns (e.g., Meier et al. 2013; Liese et al. 2018), or potential in-
teractions with saprotrophs that may either suppress or enhance their
activity, depending on site conditions (Fernandez & Kennedy 2016;
Mayer et al. 2021; Fanin et al. 2022). Although we found fungal richness
to correlate with topsoil C stocks, causality remains difficult to infer:
fungal communities influence SOM dynamics, but they also respond to
SOM quantity and quality (see, e.g., Feng & Wang, 2023; See et al.,
2022; Zak et al., 2019). The generally positive relationship between
fungal diversity and soil C (Bastida et al. 2021) may reflect increased
heterogeneity in organic matter inputs that can provide a broader range
of ecological niches. This is supported by findings that soils with higher
humus content tend to have higher total C stocks (Bonifacio et al. 2011)
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and also support greater fungal diversity (Trap et al. 2011), as well as
evidence that variation in the molecular composition of soil carbon is
shaped by the functional potential of soil microbial communities
(Davenport et al. 2025). However, it is important to note that our
sampling was restricted to the upper 10 cm of soil, which represents a
more labile carbon pool compared to deeper mineral horizons where
long-term C stabilization occurs (Vormstein et al. 2020).

We found a positive correlation between NDE C and total fungal
richness, which, despite the high variability typical of such complex
ecological data, supports our hypothesis (III). Additionally, the NDE C
was negatively correlated with soil fertility and MAT, indicating higher
NDE C under conditions that promote slower decomposition (Berg &
McClaugherty 2020). Slower decomposition leads to humus accumula-
tion, potentially increasing organic matter in the top 10 cm of the soil
(Getino-Alvarez et al. 2023). Sites with slower decomposition and
diverse litter input from mixed stands (Bonifacio et al., 2011; Trap et al.,
2011; Queiroz et al., 2021) may develop a more heterogeneous soil
layer, creating niches for greater fungal richness. A more diverse fungal
community, in turn, can promote soil aggregate stability (Lehmann
et al., 2020; Sae-Tun et al., 2022), ensuring a sustained C accumulation.

5. Conclusion

Our study sheds light on the complex relationships between tree
species richness, fungal diversity, and topsoil C stocks in European
mixed forests. We show that higher tree species richness can potentially
enhance topsoil C stocks, and that this effect is modified by climatic and
edaphic conditions. Specifically, the positive effects of species mixing on
soil C stocks may diminish under high temperatures, high soil fertility
and climatic variability. This suggests that the potential for climate
change mitigation through diverse forest plantations may be particu-
larly pronounced in less fertile and more climatically stable environ-
ments, while under changing or extreme conditions, expected benefits
could be reduced. Future research should investigate whether the
contribution of tree species richness to topsoil C stocks in young plan-
tations increases over time, as well as the efficacy of specific species
mixtures in relation to a changing climate. Although tree species rich-
ness did not directly affect fungal diversity, we found a positive corre-
lation between fungal richness and NDE C. This suggests that fungal
diversity may be one of several factors influencing the variability in NDE
C, and that tree species richness, fungal diversity, and topsoil C stocks
are interconnected through both direct and indirect pathways.

CRediT authorship contribution statement

Ramona Werner: Writing — review & editing, Writing — original
draft, Visualization, Validation, Investigation, Formal analysis, Data
curation, Conceptualization. Joel Jensen: Writing — review & editing,
Writing - original draft, Visualization, Validation, Investigation, Formal
analysis, Data curation, Conceptualization. Petra Fransson: Writing —
review & editing, Supervision, Data curation, Conceptualization.
Christel Baum: Writing — review & editing, Supervision, Methodology,
Formal analysis, Data curation, Conceptualization. Hans Sandén:
Writing — review & editing, Supervision, Methodology, Data curation,
Conceptualization. Boris Rewald: Writing — review & editing, Visuali-
zation, Methodology, Data curation, Conceptualization. Douglas L.
Godbold: Writing — review & editing, Supervision, Methodology, Data
curation, Conceptualization. Mathias Mayer: Writing — review & edit-
ing, Supervision, Methodology, Investigation, Data curation, Concep-
tualization. Joannes Guillemot: Writing - review & editing, Data
curation. Agnes Robin: Writing — review & editing, Methodology, Data
curation. Pedro H.S. Brancalion: . Julia Koricheva: Writing — review
& editing, Data curation. Quentin Ponette: Writing — review & editing,
Data curation. Bart Muys: Writing — review & editing, Data curation.
Kris Verheyen: Writing — review & editing, Data curation. Michael
Scherer-Lorenzen: Writing — review & editing, Data curation. Jiirgen



R. Werner et al.

Bauhus: Writing — review & editing, Data curation. Friderike Beyer:
Writing — review & editing, Data curation. Peter Hajek: Writing — re-
view & editing, Data curation. Hervé Jactel: Writing — review & editing,
Data curation. Martin Weih: Writing — review & editing, Supervision,
Data curation, Conceptualization.

Funding

This research was funded through the 2019-2020 BiodivERSA joint
call for research proposals, under the BiodivClim ERA-Net COFUND
program (MixForChange project), and with the funding organizations
ANR [ANR-20-EBI5-0003], BELSPO, DFG [project number 451394862],
FAPESP [2019/24318-6] and FORMAS [2020-02339]. PF was sup-
ported by the Swedish Research Council FORMAS (2020-01100). This
research was funded in part by the Austrian Science Fund (FWF) [15086-
B]. For open access purposes, the author has applied a CC BY public
copyright license to any author accepted manuscript version arising
from this submission. BR and DLG were funded by the EU Horizon
project EXCELLENTIA [grant number 101087262] at Mendel University
in Brno during the manuscript preparation phase. FB acknowledges
funding by the Margarete-von-Wrangell Fellowship of the Ministry of
Science, Research and the Arts Baden-Wiirttemberg and European Social
Fund. PB and JG were supported by WeForest [102946], FAPESP [2014/
50279-4; 2020/15230-5], and Shell Brazil [22047-5]. MM was sup-
ported by an Erwin Schrodinger Fellowship from the Austrian Science
Fund FWF [project number J-4369]. The maintenance of the FORBIO-
Gedinne site is partly supported by the Walloon forest service (SPW —
DNF) in the frame of the 5-yr research program ‘Plan quinquennal de
recherche et de vulgarisation forestieres’.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

We thank Mark Bakker for help with soil sampling at the ORPHEE
site, Ilkka Jussila at Satakunta, Olivier Bouchez and Francois Plume at
FORBIO Gedinne, Haben Blondeel and Kris Ceunen at FORBIO Zedelgem
and Eric Van Beek for FORBIO Hechtel-Eksel. We also thank Fabian
Weikl for assistance with and feedback on ITS sequence processing and
bioinformatics analysis, Karin Pritsch for guidance on fungal guild
assignment, and Elena Heilmann for technical assistance during chem-
ical soil analyses. Data used in this work were partly produced through
the GenSeq technical facilities of the Institut des Sciences de I’Evolution
de Montpellier, with the support of LabEx CeMEB, an ANR Investisse-
ments d’avenir program (ANR-10-LABX-04-01). Open access funding
provided by BOKU University.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.geoderma.2025.117591.

Data availability
Soil and tree data, fungal diversity metrics, and site metadata at

Zenodo (DOL 10.5281/zenodo.17514655). ITS2 amplicon sequence
data at Zenodo (DOI: 10.5281/zenodo.17496974).

References

Abarenkov K, Zirk A, Piirmann T, Pohonen R, Ivanov F, Nilsson RH, Koljalg U UCHIME
reference dataset.

10

Geoderma 464 (2025) 117591

Angst, G., Mueller, K.E., Eissenstat, D.M., Trumbore, S., Freeman, K.H., Hobbie, S.E.,
Chorover, J., Oleksyn, J., Reich, P.B., Mueller, C.W., 2019. Soil organic carbon
stability in forests: Distinct effects of tree species identity and traits. Glob. Chang.
Biol. 25 (4), 1529-1546. https://doi.org/10.1111/gcb.14548.

Anthony, M.A., Bender, S.F., van der Heijden, M.G., 2023. Enumerating soil biodiversity.
PNAS 120, e2304663120.

Augusto, L., Boca, A., 2022. Tree functional traits, forest biomass, and tree species
diversity interact with site properties to drive forest soil carbon. Nat. Commun.
1097.

Balami, S., Vasutovd, M., Godbold, D., Kotas, P., Cudlin, P., 2020. Soil fungal
communities across land use types. iForest - Biogeosc. For. 13, 548-558.

Barry, K.E., Weigelt, A., van Ruijven, J., de Kroon, H., Ebeling, A., Eisenhauer, N.,
Gessler, A., Ravenek, J.M., Scherer-Lorenzen, M., Oram, N.J., Vogel, A., Wagg, C.,
Mommer, L., 2019. Chapter Two—Above- and belowground overyielding are related
at the community and species level in a grassland biodiversity experiment. In:
Eisenhauer, N., Bohan, D.A., Dumbrell, A.J. (Eds.), Advances in Ecological Research,
Vol. 61. Academic Press, pp. 55-89. https://doi.org/10.1016/bs.aecr.2019.05.001.

Barton, K., 2015. Multi-Model Inference. R package version 1 (15), 1.

Bastida, F., Eldridge, D.J., Garcia, C., Kenny Png, G., Bardgett, R.D., Delgado-
Baquerizo, M., 2021. Soil microbial diversity-biomass relationships are driven by
soil carbon content across global biomes. ISME J. 15 (7), 2081-2091. https://doi.
org/10.1038/541396-021-00906-0.

Baum, C., Amm, T., Kahle, P., Weih, M., 2020. Fertilization effects on soil ecology
strongly depend on the genotype in a willow (Salix spp.) plantation. For. Ecol.
Manage. 466 (118126). https://doi.org/10.1016/j.foreco.2020.118126.

Bending, G.D., Turner, M.K., Jones, J.E., 2002. Interactions between crop residue and
soil organic matter quality and the functional diversity of soil microbial
communities. Soil Biol. Biochem. 34 (8), 1073-1082. https://doi.org/10.1016/
$0038-0717(02)00040-8.

Bengtsson-Palme, J., Ryberg, M., Hartmann, M., et al., 2013. Improved software
detection and extraction of ITS1 and ITS 2 from ribosomal ITS sequences of fungi and
other eukaryotes for analysis of environmental sequencing data. Methods Ecol. Evol.
4, 914-919.

Berg, B., McClaugherty, C., 2020. Plant Litter: Decomposition, Humus Formation. Carbon
Sequestration, Springer Nature.

Bertness, M.D., Callaway, R., 1994. Positive interactions in communities. Trends Ecol.
Evol. 9 (5), 191-193. https://doi.org/10.1016/0169-5347(94)90088-4.

Brady, N.C., Weil, R.R., Weil, R.R., 2008. The nature and properties of soils, Vol. 13.
Prentice Hall Upper Saddle River, NJ.

Bryant, R.L., Kothari, S., Cavender-Bares, J., et al., 2024. Independent effects of tree
diversity on aboveground and soil carbon pools after six years of experimental
afforestation. Ecological applications: a publication of the Ecological Society of
America 34, e3042.

Bonifacio, E., Falsone, G., Petrillo, M., 2011. Humus forms, organic matter stocks and
carbon fractions in forest soils of northwestern Italy. Biol. Fertil. Soils 47 (5),
555-566.

Bodeker, 1.T.M., Lindahl, B.D., Olson, A., Clemmensen, K.E., 2016. Mycorrhizal and
saprotrophic fungal guilds compete for the same organic substrates but affect
decomposition differently. Funct. Ecol. 30, 1967-1978.

Carnus, J.-M., Parrotta, J., Brockerhoff, E., Arbez, M., Jactel, H., Kremer, A., Lamb, D.,
O’Hara, K., Walters, B., 2006. Planted Forests and Biodiversity. J. For. 104 (2),
65-77. https://doi.org/10.1093/jof/104.2.65.

Carnwath, G.C., Nelson, C.R., 2016. The effect of competition on responses to drought
and interannual climate variability of a dominant conifer tree of western North
America. J. Ecol. 104 (5), 1421-1431. https://doi.org/10.1111/1365-2745.12604.

Cesarz, S., Craven, D., Auge, H., Bruelheide, H., Castagneyrol, B., Gutknecht, J.,
Hector, A., Jactel, H., Koricheva, J., Messier, C., Muys, B., O'Brien, M.J.,

Paquette, A., Ponette, Q., Potvin, C., Reich, P.B., Scherer-Lorenzen, M., Smith, A.R.,
Verheyen, K., Eisenhauer, N., 2022. Tree diversity effects on soil microbial biomass
and respiration are context dependent across forest diversity experiments. Glob.
Ecol. Biogeogr. 31 (5), 872-885. https://doi.org/10.1111/geb.13461.

Chiarucci, Alessandro; Bacaro, Giovanni; Scheiner, Samuel M. (2011): Old and new
challenges in using species diversity for assessing biodiversity. In Philosophical
transactions of the Royal Society of London. Series B, Biological sciences 366 (1576),
Pp. 2426-2437. DOI: 10.1098/1rs5tb.2011.0065.

Chen J, Zhang X, Yang L, Zhang L (2023) GUniFrac: Generalized UniFrac Distances,
Distance-Based Multivariate Methods and Feature-Based Univariate Methods for
Microbiome Data Analysis, https://CRAN.R-project.org/package=GUniFrac.

Chen, S., Wang, W., Xu, W., Wang, Y., Wan, H., Chen, D., Tang, Z., Tang, X., Zhou, G.,
Xie, Z., Zhou, D., Shangguan, Z., Huang, J., He, J.-S., Wang, Y., Sheng, J., Tang, L.,
Li, X., Dong, M., Bai, Y., 2018. Plant diversity enhances productivity and soil carbon
storage. Proc. Natl. Acad. Sci. 115 (16), 4027-4032. https://doi.org/10.1073/
pnas.1700298114.

Chen, X., Chen, H.Y.H., Chen, C., Ma, Z., Searle, E.B., Yu, Z., Huang, Z., 2020. Effects of
plant diversity on soil carbon in diverse ecosystems: A global meta-analysis. Biol.
Rev. 95 (1), 167-183. https://doi.org/10.1111/brv.12554.

Chen, X., Reich, P.B., Taylor, A.R., et al., 2024. Resource availability enhances positive
tree functional diversity effects on carbon and nitrogen accrual in natural forests.
Nat. Commun. 15, 8615.

Cremer, M., Kern, N.V., Prietzel, J., 2016. Soil organic carbon and nitrogen stocks under
pure and mixed stands of European beech, Douglas fir and Norway spruce. For. Ecol.
Manage. 367, 30-40. https://doi.org/10.1016/j.foreco.2016.02.020.

Davenport, R.E., Lynch, L.M., Wattenburger, C.J., Buckley, D.H., Lehmann, J., 2025.
Functional molecular diversity of dissolved organic matter explained by predicted
genome size of soil microbial communities. Soil Biol. Biochem. 210, 109933.

—

3,


https://doi.org/10.1016/j.geoderma.2025.117591
https://doi.org/10.1016/j.geoderma.2025.117591
https://doi.org/10.1111/gcb.14548
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0025
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0025
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0030
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0030
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0030
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0035
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0035
https://doi.org/10.1016/bs.aecr.2019.05.001
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0045
https://doi.org/10.1038/s41396-021-00906-0
https://doi.org/10.1038/s41396-021-00906-0
https://doi.org/10.1016/j.foreco.2020.118126
https://doi.org/10.1016/S0038-0717(02)00040-8
https://doi.org/10.1016/S0038-0717(02)00040-8
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0070
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0070
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0070
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0070
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0075
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0075
https://doi.org/10.1016/0169-5347(94)90088-4
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0085
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0085
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0090
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0090
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0090
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0090
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0095
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0095
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0095
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0100
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0100
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0100
https://doi.org/10.1093/jof/104.2.65
https://doi.org/10.1111/1365-2745.12604
https://doi.org/10.1111/geb.13461
https://doi.org/10.1073/pnas.1700298114
https://doi.org/10.1073/pnas.1700298114
https://doi.org/10.1111/brv.12554
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0140
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0140
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0140
https://doi.org/10.1016/j.foreco.2016.02.020
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0150
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0150
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0150

R. Werner et al.

Dawud, S.M., Raulund-Rasmussen, K., Domisch, T., Finér, L., Jaroszewicz, B.,
Vesterdal, L., 2016. Is Tree Species Diversity or Species Identity the More Important
Driver of Soil Carbon Stocks, C/N Ratio, and pH? Ecosystems 19, 645-660.

Dawud, S.M., Raulund-Rasmussen, K., Ratcliffe, S., Domisch, T., Finér, L., Joly, F.-X.,
Hattenschwiler, S., Vesterdal, L., 2017. Tree species functional group is a more
important driver of soil properties than tree species diversity across major European
forest types. Funct. Ecol. 31, 1153-1162. https://doi.org/10.1111/1365-
2435.12821.

Deng, L., Zhu, G., Tang, Z., Shangguan, Z., 2016. Global patterns of the effects of land-use
changes on soil carbon stocks. Global Ecol. Conserv. 5, 127-138. https://www.scienc
edirect.com/science/article/pii/$2351989415300226.

Desie, E., Zuo, J., Verheyen, K., Djukic, I., Van Meerbeek, K., Auge, H., Barsoum, N.,
Baum, C., Bruelheide, H., Eisenhauer, N., Feldhaar, H., Ferlian, O., Gravel, D.,
Jactel, H., Schmidt, LK., Kepfer-Rojas, S., Meredieu, C., Mereu, S., Messier, C.,
Muys, B., 2023. Disentangling drivers of litter decomposition in a multi-continent
network of tree diversity experiments. Sci. Total Environ. 857, 159717. https://doi.
org/10.1016/j.scitotenv.2022.159717.

Depauw, L., De Lombaerde, E., Dhiedt, E., Blondeel, H., Abdala-Roberts, L., Auge, H.,
Baeten, L., 2024. Enhancing tree performance through species mixing: Review of a
quarter-century of TreeDivNet experiments reveals research gaps and practical
insights. Curr. For. Rep. 10 (1), 1-20.

Dixon RK, Solomon AM, Brown S, Houghton RA, Trexier MC, Wisniewski J (1994)
Carbon pools and flux of global forest ecosystems. Science (New York, N.Y.), 263,
185-190.

Djemiel, C., Dequiedt, S., Horrigue, W., et al., 2024. (2024) Unraveling biogeographical
patterns and environmental drivers of soil fungal diversity at the French national
scale. Soil 10, 251-273. https://doi.org/10.5194/50il-10-251-2024.

Ekblad, A., Wallander, H., Godbold, D.L., et al., 2013. The production and turnover of
extramatrical mycelium of ectomycorrhizal fungi in forest soils: role in carbon
cycling. Plant and Soil 366, 1-27.

El Moujahid, L., Le Roux, X., Michalet, S., Bellvert, F., Weigelt, A., Poly, F., 2017. Effect
of plant diversity on the diversity of soil organic compounds. PLoS One 12,
€0170494.

Fanin, N., Clemmensen, K.E., Lindahl, B.D., Farrell, M., Nilsson, M.-C., Gundale, M.J.,
Kardol, P., Wardle, D.A., 2022. Ericoid shrubs shape fungal communities and
suppress organic matter decomposition in boreal forests. New Phytol. 236, 684-697.
https://doi.org/10.1111/nph.18353.

Fay, P.A., Blair, J.M., Smith, M.D., Nippert, J.B., Carlisle, J.D., Knapp, A.K., 2011.
Relative effects of precipitation variability and warming on tallgrass prairie
ecosystem function. Biogeosciences 8 (10), 3053-3068. https://doi.org/10.5194/bg-
8-3053-2011.

Feng, X., Wang, S., 2023. Plant influences on soil microbial carbon pump efficiency.
Glob. Chang. Biol. 29, 3854-3856. https://doi.org/10.1111/gcb.16728.

Fernandez, C.W., Kennedy, P.G., 2016. Revisiting the ‘Gadgil effect’: do interguild fungal
interactions control carbon cycling in forest soils? New Phytol. 209, 1382-1394.
https://doi.org/10.1111/nph.13648.

Ferlian, O., Goldmann, K., Eisenhauer, N., Tarkka, M.T., Buscot, F., Heintz-Buschart, A.,
2021. Distinct effects of host and neighbour tree identity on arbuscular and
ectomycorrhizal fungi along a tree diversity gradient. ISME Commun. 1, 40.

Forrester, D.1., 2014. The spatial and temporal dynamics of species interactions in mixed-
species forests: From pattern to process. For. Ecol. Manage. 312, 282-292. https://
doi.org/10.1016/j.foreco.2013.10.003.

Forrester, D.I., 2019. Linking forest growth with stand structure: Tree size inequality,
tree growth or resource partitioning and the asymmetry of competition. For. Ecol.
Manage. 447, 139-157. https://doi.org/10.1016/j.foreco.2019.05.053.

Forrester, D.I., Bauhus, J., Cowie, A.L., 2006. Carbon allocation in a mixed-species
plantation of Eucalyptus globulus and Acacia mearnsii. For. Ecol. Manage. 233 (2),
275-284. https://doi.org/10.1016/j.foreco.2006.05.018.

Forrester, D.I., Pares, A., O'Hara, C., Khanna, P.K., Bauhus, J., 2013. Soil Organic Carbon
is Increased in Mixed-Species Plantations of Eucalyptus and Nitrogen-Fixing Acacia.
Ecosystems 16 (1), 123-132. https://doi.org/10.1007/510021-012-9600-9.

Foster, D., Swanson, F., Aber, J., Burke, 1., Brokaw, N., Tilman, D., Knapp, A., 2003. The
Importance of Land-Use Legacies to Ecology and Conservation. Bioscience 53, 77.

Fox, J., Weisberg, S., Adler, D., Bates, D., Baud-Bovy, G., Ellison, S., Firth, D.,
Friendly, M., Gorjanc, G., Graves, S., 2012. Package ‘car. R Foundation for Statistical
Computing, Vienna, p. 16.

Gabarron-Galeote, M.A., Trigalet, S., van Wesemael, B., 2015. Soil organic carbon
evolution after land abandonment along a precipitation gradient in southern Spain.
Agr Ecosyst Environ 199, 114-123. https://doi.org/10.1016/j.agee.2014.08.027.

Gamfeldt, L., Snall, T., Bagchi, R., Jonsson, M., Gustafsson, L., Kjellander, P., Ruiz-
Jaen, M.C., Fréberg, M., Stendahl, J., Philipson, C.D., Mikusinski, G., Andersson, E.,
Westerlund, B., Andrén, H., Moberg, F., Moen, J., Bengtsson, J., 2013. Higher levels
of multiple ecosystem services are found in forests with more tree species. Nat.
Commun. 4 (1), 1340. https://doi.org/10.1038/ncomms2328.

Getino-Alvarez, M., San-Martin, R., Pretzsch, H., Pach, M., Bravo, F., Turrién, M.-B.,
2023. Assessing soil C stock and C to N ratio of soil organic matter under mixed pine-
beech forests at different scales. Eur. J. For. Res. 142, 1081-1098.

Giberti, G.S., Wellstein, C., Giovannelli, A., Bielak, K., Uhl, E., Aguirre-Raquira, W.,
Giammarchi, F., Tonon, G., 2022. Annual Carbon Sequestration Patterns in Trees: A
Case Study from Scots Pine Monospecific Stands and Mixed Stands with Sessile Oak
in Central Poland. Forests 13 (4), 4. https://doi.org/10.3390/f13040582.

Gillespie, L.M., Hattenschwiler, S., Milcu, A., Wambsganss, J., Shihan, A., Fromin, N.,
2021. Tree species mixing affects soil microbial functioning indirectly via root and
litter traits and soil parameters in European forests. Funct. Ecol. 35, 2190-2204.

11

Geoderma 464 (2025) 117591

Godbold, D.L., Hoosbeek, M.R., Lukac, M., et al., 2006. Mycorrhizal Hyphal Turnover as
a Dominant Process for Carbon Input into Soil Organic Matter. Plant and Soil 281,
15-24.

Gonzalez-Dominguez, B., Niklaus, P.A., Studer, M.S., Hagedorn, F., Wacker, L.,
Haghipour, N., Zimmermann, S., Walthert, L., McIntyre, C., Abiven, S., 2019.
Temperature and moisture are minor drivers of regional-scale soil organic carbon
dynamics. Sci. Rep. 9 (1), 1. https://doi.org/10.1038/541598-019-42629-5.

Goulden, M.L., Munger, J.W., Fan, S.-M., Daube, B.C., Wofsy, S.C., 1996. Exchange of
Carbon Dioxide by a Deciduous Forest: Response to Interannual Climate Variability.
Science 271 (5255), 1576-1578.

Griffin, E.A., Harrison, J.G., McCormick, M.K., Burghardt, K.T., Parker, J.D., 2019. Tree
Diversity Reduces Fungal Endophyte Richness and Diversity in a Large-Scale
Temperate Forest Experiment. Diversity 11, 234.

Grossman, R. B., & Reinsch, T. G. (2002). Bulk Density and Linear Extensibility. In J. H.
Dane, & G. C. Topp (Eds.), Methods of Soil Analysis, Part 4. Physical Methods (pp.
201-228). Soil Science, Soc. Am Book Series No. 5, Madison, WI: ASA and SSSA.
https://doi.org/10.2136/sssabookser5.4.c9.

Gunina, A., Smith, A.R., Godbold, D.L., et al., 2017. Response of soil microbial
community to afforestation with pure and mixed species. Plant Soil 412, 357-368.
https://doi.org/10.1007/5s11104-016-3073-0.

Guo, L.B., Gifford, R.M., 2002. Soil carbon stocks and land use change: a meta analysis.
Glob. Chang. Biol. 8, 345-360.

Gweon, H.S., Oliver, A., Taylor, J., Booth, T., Gibbs, M., Read, D.S., Griffiths, R.I.,
Schonrogge, K., 2015. PIPITS: an automated pipeline for analyses of fungal internal
transcribed spacer sequences from the Illumina sequencing platform. Methods Ecol.
Evol. 6, 973-980. https://besjournals.onlinelibrary.wiley.com/doi/full/10.1111/2
041-210X.12399.

Hartge, K.H. & Horn, R. (1999). Die physikalische Untersuchung von Boden. Enke
Stuttgart.

He, Q., Bertness, M.D., Altieri, A.H., 2013. Global shifts towards positive species
interactions with increasing environmental stress. Ecology letters 16 (5), 695-706.

Hector, A., Bazeley-White, E., Loreau, M., Otway, S., Schmid, B., 2002. Overyielding in
grassland communities: Testing the sampling effect hypothesis with replicated
biodiversity experiments. Ecol. Lett. 5 (4), 502-511. https://doi.org/10.1046/
j.1461-0248.2002.00337.x.

Hipler, S.-M., Speicher, B., Sprengel, L., Kahle, H.-P., Spiecker, H., Wu, S., 2020. Impact
of Precipitation and Temperature Variability of the East Asian Summer Monsoon
(EASM) on Annual Radial Increment of Selected Tree Species in Northeast China.
Forests 11 (10), 10. https://doi.org/10.3390/f11101093.

Hu, X., Neess, J.S., lordan, C.M., Huang, B., Zhao, W., Cherubini, F., 2021. Recent global
land cover dynamics and implications for soil erosion and carbon losses from
deforestation. Anthropocene 34, 100291. https://www.sciencedirect.com/science/
article/pii/$221330542100014X.

Jacob, A., Hertel, D., Leuschner, C., 2014. Diversity and species identity effects on fine
root productivity and turnover in a species-rich temperate broad-leaved forest.
Functional Plant Biology 41 (7), 678-689.

Jactel, H., Bauhus, J., Boberg, J., et al., 2017. Tree Diversity Drives Forest Stand
Resistance to Natural Disturbances. Curr. For. Rep. 3, 223-243.

Jandl, R., Lindner, M., Vesterdal, L., Bauwens, B., Baritz, R., Hagedorn, F., Johnson, D.
W., Minkkinen, K., Byrne, K.A., 2007. How strongly can forest management
influence soil carbon sequestration? Geoderma 137 (3), 253-268. https://doi.org/
10.1016/j.geoderma.2006.09.003.

Kikvidze, Z., Khetsuriani, L., Kikodze, D., Callaway, R.M., 2006. Seasonal shifts in
competition and facilitation in subalpine plant communities of the central Caucasus.
J. Veg. Sci. 17 (1), 77-82.

Kitzberger, T., Steinaker, D.F., Veblen, T.T., 2000. Effects of Climatic Variability on
Facilitation of Tree Establishment in Northern Patagonia. Ecology 81 (7),
1914-1924. https://doi.org/10.1890,/0012-9658(2000)081[1914:EOCVOF]2.0.CO;
2.

King, D.A., Wright, S.J., Connell, J.H., 2006. The contribution of interspecific variation
in maximum tree height to tropical and temperate diversity. J. Trop. Ecol. 22 (1),
11-24. https://doi.org/10.1017/50266467405002774.

Kirschbaum, M.U.F., 1995. The temperature dependence of soil organic matter
decomposition, and the effect of global warming on soil organic C storage. Soil Biol.
Biochem. 27 (6), 753-760. https://doi.org/10.1016,/0038-0717(94)00242-S.

Kohyama, T.I., Sheil, D., Sun, I.-F., Niiyama, K., Suzuki, E., Hiura, T., Nishimura, N.,
Hoshizaki, K., Wu, S.-H., Chao, W.-C., Nur Hajar, Z.S., Rahajoe, J.S., Kohyama, T.S.,
2023. Contribution of tree community structure to forest productivity across a
thermal gradient in eastern Asia. Nat. Commun. 14 (1), 1. https://doi.org/10.1038/
541467-023-36671-1.

Koljalg, U., Nilsson, R.H., Abarenkov, K., et al., 2013. Towards a unified paradigm for
sequence-based identification of fungi. Mol. Ecol. 22, 5271-5277.

Lal, R., 2005. Forest soils and carbon sequestration. For. Ecol. Manage. 220, 242-258.
https://www.sciencedirect.com/science/article/pii/S0378112705004834.

Lange, M., Eisenhauer, N., Sierra, C., et al., 2015. Plant diversity increases soil microbial
activity and soil carbon storage. Nat. Commun. 6, 6707. https://doi.org/10.1038/
ncomms7707.

Le Roux, X., Schmid, B., Poly, F., Barnard, R.L., Niklaus, P.A., Guillaumaud, N.,
Weigelt, A., 2013. Soil environmental conditions and microbial build-up mediate the
effect of plant diversity on soil nitrifying and denitrifying enzyme activities in
temperate grasslands. PLoS One 8 (4), e61069.

Lehmann, J., Hansel, C.M., Kaiser, C., Kleber, M., Maher, K., Manzoni, S., Nunan, N.,
Reichstein, M., Schimel, J.P., Torn, M.S., Wieder, W.R., Kogel-Knabner, 1., 2020.
Persistence of soil organic carbon caused by functional complexity. Nat. Geosci. 13
(8), 8. https://doi.org/10.1038/s41561-020-0612-3.


http://refhub.elsevier.com/S0016-7061(25)00432-X/h0155
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0155
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0155
https://doi.org/10.1111/1365-2435.12821
https://doi.org/10.1111/1365-2435.12821
https://www.sciencedirect.com/science/article/pii/S2351989415300226
https://www.sciencedirect.com/science/article/pii/S2351989415300226
https://doi.org/10.1016/j.scitotenv.2022.159717
https://doi.org/10.1016/j.scitotenv.2022.159717
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0175
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0175
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0175
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0175
https://doi.org/10.5194/soil-10-251-2024
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0190
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0190
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0190
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0195
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0195
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0195
https://doi.org/10.1111/nph.18353
https://doi.org/10.5194/bg-8-3053-2011
https://doi.org/10.5194/bg-8-3053-2011
https://doi.org/10.1111/gcb.16728
https://doi.org/10.1111/nph.13648
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0220
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0220
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0220
https://doi.org/10.1016/j.foreco.2013.10.003
https://doi.org/10.1016/j.foreco.2013.10.003
https://doi.org/10.1016/j.foreco.2019.05.053
https://doi.org/10.1016/j.foreco.2006.05.018
https://doi.org/10.1007/s10021-012-9600-9
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0245
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0245
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0250
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0250
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0250
https://doi.org/10.1016/j.agee.2014.08.027
https://doi.org/10.1038/ncomms2328
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0265
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0265
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0265
https://doi.org/10.3390/f13040582
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0275
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0275
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0275
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0280
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0280
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0280
https://doi.org/10.1038/s41598-019-42629-5
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0290
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0290
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0290
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0295
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0295
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0295
https://doi.org/10.1007/s11104-016-3073-0
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0310
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0310
https://besjournals.onlinelibrary.wiley.com/doi/full/10.1111/2041-210X.12399
https://besjournals.onlinelibrary.wiley.com/doi/full/10.1111/2041-210X.12399
http://refhub.elsevier.com/S0016-7061(25)00432-X/optM9Y24zbH8v
http://refhub.elsevier.com/S0016-7061(25)00432-X/optM9Y24zbH8v
https://doi.org/10.1046/j.1461-0248.2002.00337.x
https://doi.org/10.1046/j.1461-0248.2002.00337.x
https://doi.org/10.3390/f11101093
https://www.sciencedirect.com/science/article/pii/S221330542100014X
https://www.sciencedirect.com/science/article/pii/S221330542100014X
http://refhub.elsevier.com/S0016-7061(25)00432-X/optWSSblgRz6y
http://refhub.elsevier.com/S0016-7061(25)00432-X/optWSSblgRz6y
http://refhub.elsevier.com/S0016-7061(25)00432-X/optWSSblgRz6y
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0340
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0340
https://doi.org/10.1016/j.geoderma.2006.09.003
https://doi.org/10.1016/j.geoderma.2006.09.003
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0350
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0350
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0350
https://doi.org/10.1890/0012-9658(2000)081[1914:EOCVOF]2.0.CO;2
https://doi.org/10.1890/0012-9658(2000)081[1914:EOCVOF]2.0.CO;2
https://doi.org/10.1017/S0266467405002774
https://doi.org/10.1016/0038-0717(94)00242-S
https://doi.org/10.1038/s41467-023-36671-1
https://doi.org/10.1038/s41467-023-36671-1
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0375
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0375
https://www.sciencedirect.com/science/article/pii/S0378112705004834
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
http://refhub.elsevier.com/S0016-7061(25)00432-X/opt5xCl580Ngq
http://refhub.elsevier.com/S0016-7061(25)00432-X/opt5xCl580Ngq
http://refhub.elsevier.com/S0016-7061(25)00432-X/opt5xCl580Ngq
http://refhub.elsevier.com/S0016-7061(25)00432-X/opt5xCl580Ngq
https://doi.org/10.1038/s41561-020-0612-3

R. Werner et al.

Lei, P., Scherer-Lorenzen, M., Bauhus, J., 2012. The effect of tree species diversity on
fine-root production in a young temperate forest. Oecologia 169 (4), 1105-1115.
https://doi.org/10.1007/500442-012-2259-2.

Lenth, R.V., 2016. Least-Squares Means: The R Package Ismeans. J. Stat. Softw. 69, 1-33.
https://www.jstatsoft.org/article/view/v069i01.

Leuschner, C., Hertel, D., Coners, H., Biittner, V., 2001. Root competition between beech
and oak: A hypothesis. Oecologia 126 (2), 276-284. https://doi.org/10.1007/
s004420000507.

Liese, R., Liibbe, T., Albers, N.W., Meier, 1.C., 2018. The mycorrhizal type governs root
exudation and nitrogen uptake of temperate tree species. Tree Physiol. 38, 83-95.

Lim, S., Berbee, M.L., 2013. Phylogenetic structure of ectomycorrhizal fungal
communities of western hemlock changes with forest age and stand type. Mycorrhiza
23, 473-486.

Liu, J., Liu, X., Song, Q., Compson, Z.G., LeRoy, C.J., Luan, F., Wang, H., Hu, Y., Yang, Q.,
2020. Synergistic effects: A common theme in mixed-species litter decomposition.
New Phytol. 227 (3), 757-765. https://doi.org/10.1111/nph.16556.

Luo, S., Schmid, B., Hector, A., et al., 2024. Mycorrhizal associations modify tree
diversity-productivity relationships across experimental tree plantations. New
Phytol. 243, 1205-1219.

Manzoni, S., Jackson, R.B., Trofymow, J.A., Porporato, A., 2008. The Global
Stoichiometry of Litter Nitrogen Mineralization. Science 321 (5889), 684-686.
https://doi.org/10.1126/science.1159792.

Martin-Guay, M.-O., Paquette, A., Reich, P.B., Messier, C., 2020. Implications of
contrasted above- and below-ground biomass responses in a diversity experiment
with trees. J. Ecol. 108 (2), 405-414. https://doi.org/10.1111/1365-2745.13265.

Mayer, M., Prescott, C.E., Abaker, W.E.A., Augusto, L., Cécillon, L., Ferreira, G.W.D.,
James, J., Jandl, R., Katzensteiner, K., Laclau, J.-P., Laganiere, J., Nouvellon, Y.,
Paré, D., Stanturf, J.A., Vanguelova, E.I, Vesterdal, L., 2020. Tamm Review:
Influence of forest management activities on soil organic carbon stocks: A knowledge
synthesis. For. Ecol. Manage. 466, 118127. https://doi.org/10.1016/j.
foreco.2020.118127.

Mayer, M., Rewald, B., Matthews, B., Sandén, H., Rosinger, C., Katzensteiner, K.,
Gorfer, M., Berger, H., Tallian, C., Berger, T.W., Godbold, D.L., 2021. Soil fertility
relates to fungal-mediated decomposition and organic matter turnover in a
temperate mountain forest. New Phytol. 231, 777-790. https://doi.org/10.1111/
nph.17421.

Mearns, L.O., Rosenzweig, C., Goldberg, R., 1996. The effect of changes in daily and
interannual climatic variability on CERES-Wheat: A sensitivity study. Clim. Change
32 (3), 257-292. https://doi.org/10.1007/BF00142465.

Meier, I.C., Avis, P.G., Phillips, R.P., 2013. Fungal communities influence root exudation
rates in pine seedlings. FEMS Microbiol. Ecol. 83, 585-595.

Messier, C., Bauhus, J., Sousa-Silva, R., et al., 2022. For the sake of resilience and
multifunctionality, let’s diversify planted forests! Conserv. Lett. 15.

Nakagawa, S., Schielzeth, H., 2013. A general and simple method for obtaining R2 from
generalized linear mixed-effects models. Methods Ecol. Evol. 4 (2), 133-142.

Nguyen, N.H., Williams, L.J., Vincent, J.B., et al., 2016. Ectomycorrhizal fungal diversity
and saprotrophic fungal diversity are linked to different tree community attributes in
a field-based tree experiment. Mol. Ecol. 25, 4032-4046.

Niu, W., Guo, Q., Zhou, X., Helmers, M.J., 2012. Effect of Aeration and Soil Water
Redistribution on the Air Permeability under Subsurface Drip Irrigation. Soil Sci.
Soc. Am. J. 76, 815-820.

Nunan, N., Lerch, T.Z., Pouteau, V., Mora, P., Changey, F., Kitterer, T., Giusti-Miller, S.,
Herrmann, A.M., 2015. Metabolising old soil carbon: Simply a matter of simple
organic matter? Soil Biol. Biochem. 88, 128-136. https://doi.org/10.1016/].
s0ilbi0.2015.05.018.

Oksanen J (2022) vegan: Community Ecology Package, https://CRAN.R-project.org/
package=vegan.

Osei, R., Titeux, H., Bielak, K., Bravo, F., Collet, C., Cools, C., Cornelis, J.-T., Heym, M.,
Korboulewsky, N., Lof, M., Muys, B., Najib, Y., Nothdurft, A., Pach, M., Pretzsch, H.,
del Rio, M., Ruiz-Peinado, R., Ponette, Q., 2021. Tree species identity drives soil
organic carbon storage more than species mixing in major two-species mixtures
(pine, oak, beech) in Europe. For. Ecol. Manage. 481, 118752. https://doi.org/
10.1016/j.foreco.2020.118752.

Pinheiro J, Bates D (2023) nlme. Linear and Nonlinear Mixed Effects Models.
Comprehensive R Archive Network (CRAN).

Polme, S., Abarenkov, K., Henrik Nilsson, R., et al., 2020. FungalTraits: a user-friendly
traits database of fungi and fungus-like stramenopiles. Fungal Divers. 105, 1-16.

Prescott, C.E., Grayston, S.J., 2013. Tree species influence on microbial communities in
litter and soil: Current knowledge and research needs. For. Ecol. Manage. 309,
19-27. https://www.sciencedirect.com/science/article/pii/S037811271300128X.

Pretzsch, H., 2014. Canopy space filling and tree crown morphology in mixed-species
stands compared with monocultures. For. Ecol. Manage. 327, 251-264. https://doi.
org/10.1016/j.foreco.2014.04.027.

de Queiroz, M.E.F., Monteiro, J.S., Viana-Junior, A.B., de Praxedes, C., P. Lavelle, L.B,
Vasconcelos, S.S, 2021. Litter thickness and soil pH influence the diversity of
saprotrophic fungi in primary forest fragments in the Amazon. Pedobiologia (Jena)
89, 150771.

R Core Team, 2022. R: A language and environment for statistical. R Foundation for
Statistical Computing.

Ratcliffe, S., Wirth, C., Jucker, T., et al., 2017. Biodiversity and ecosystem functioning
relations in European forests depend on environmental context. Ecol. Lett. 20,
1414-1426.

Reyer, C.P.O., Leuzinger, S., Rammig, A., Wolf, A., Bartholomeus, R.P., Bonfante, A., de
Lorenzi, F., Dury, M., Gloning, P., Abou Jaoudé, R., Klein, T., Kuster, T.M.,
Martins, M., Niedrist, G., Riccardi, M., Wohlfahrt, G., de Angelis, P., de Dato, G.,
Frangois, L., Pereira, M., 2013. A plant’s perspective of extremes: Terrestrial plant

12

Geoderma 464 (2025) 117591

responses to changing climatic variability. Glob. Chang. Biol. 19 (1), 75-89. https://
doi.org/10.1111/gcb.12023.

Rognes, T., Flouri, T., Nichols, B., Quince, C., Mahé, F., 2016. VSEARCH: a versatile open
source tool for metagenomics. PeerJ 4, e2584.

RStudio Team (2023) RStudio. Integrated Development Environment for R.

Rytter, R.-M., Rytter, L., 2020. Carbon sequestration at land use conversion — Early
changes in total carbon stocks for six tree species grown on former agricultural land.
For. Ecol. Manage. 466, 118129.

Sachsenmaier L, Schnabel F, Dietrich P, Eisenhauer N, Ferlian O, Quosh J, Richter R,
Wirth C (2024) Forest growth resistance and resilience to the 2018-2020 drought
depend on tree diversity and mycorrhizal type. https://doi.org/10.1101/
2024.01.23.576797.

Sae-Tun, O., Bodner, G., Rosinger, C., Zechmeister-Boltenstern, S., Mentler, A.,
Keiblinger, K., 2022. Fungal biomass and microbial necromass facilitate soil carbon
sequestration and aggregate stability under different soil tillage intensities. Appl.
Soil Ecol. 179, 104599. https://www.sciencedirect.com/science/article/pii/S0929
139322002153.

Sanaei, A., Sayer, E.J., Yuan, Z., et al., 2022. Soil Stoichiometry Mediates Links Between
Tree Functional Diversity and Soil Microbial Diversity in a Temperate Forest.
Ecosystems 25, 291-307. https://link.springer.com/article/10.1007/s10021-02
1-00655-3.

Scharlemann, J.P., Tanner, E.V., Hiederer, R., Kapos, V., 2014. Global soil carbon:
understanding and managing the largest terrestrial carbon pool. Carbon Manage. 5,
81-91.

Scherer-Lorenzen, M., Schulze, E.-D., Don, A., Schumacher, J., Weller, E., 2007.
Exploring the functional significance of forest diversity: A new long-term experiment
with temperate tree species (BIOTREE). Perspect. Plant Ecol. Evol. Syst. 9 (2), 53-70.
https://doi.org/10.1016/j.ppees.2007.08.002.

See, C.R., Keller, A.B., Hobbie, S.E., Kennedy, P.G., Weber, P.K., Pett-Ridge, J., 2022.
Hyphae move matter and microbes to mineral microsites: Integrating the
hyphosphere into conceptual models of soil organic matter stabilization. Glob.
Chang. Biol. 28, 2527-2540.

Singavarapu, B., Du, J., Beugnon, R., Cesarz, S., Eisenhauer, N., Xue, K., Wang, Y.,
Bruelheide, H., Wubet, T., 2023. Functional Potential of Soil Microbial Communities
and Their Subcommunities Varies with Tree Mycorrhizal Type and Tree Diversity.
Microbiol. Spectrum e04578-e4622. https://doi.org/10.1128/spectrum.04578-22.

Singavarapu, B., Ul Haq, H., Darnstaedt, F., et al., 2024. Influence of tree mycorrhizal
type, tree species identity, and diversity on forest root-associated mycobiomes. New
Phytol. 242, 1691-1703. https://nph.onlinelibrary.wiley.com/doi/10.1111/nph
.19722.

Spohn, M., Klaus, K., Wanek, W., Richter, A., 2016. Microbial carbon use efficiency and
biomass turnover times depending on soil depth — Implications for carbon cycling.
Soil Biol. Biochem. 96, 74-81. https://www.sciencedirect.com/science/article/pii/
S0038071716000316.

Spohn, M., Bagchi, S., Biederman, L.A., Borer, E.T., Brathen, K.A., Bugalho, M.N.,
Caldeira, M.C., Catford, J.A., Collins, S.L., Eisenhauer, N., Hagenah, N., Haider, S.,
Hautier, Y., Knops, J.M.H., Koerner, S.E., Laanisto, L., Lekberg, Y., Martina, J.P.,
Martinson, H., Yahdjian, L., 2023. The positive effect of plant diversity on soil
carbon depends on climate. Nat. Commun. 14 (1), 6624. https://doi.org/10.1038/
541467-023-42340-0.

Steinbeiss, S., Temperton, V.M., Gleixner, G., 2008. Mechanisms of short-term soil
carbon storage in experimental grasslands. Soil Biol. Biochem. 40 (10), 2634-2642.

Szoboszlay, M., Dohrmann, A.B., Poeplau, C., Don, A., Tebbe, C.C., 2017. Impact of land-
use change and soil organic carbon quality on microbial diversity in soils across
Europe. FEMS Microbiol. Ecol. 93. https://academic.oup.com/femsec/article/9
3/12/fix146/4566515.

Tedersoo, L., Bahram, M., Polme, S., et al., 2014. Global diversity and geography of soil
fungi. Science 346, 1256688.

Tedersoo, L., Anslan, S., Bahram, M., et al., 2015. Shotgun metagenomes and multiple
primer pair-barcode combinations of amplicons reveal biases in metabarcoding
analyses of fungi. MycoKeys 10, 1-43.

Tedersoo, L., Bahram, M., Cajthaml, T., et al., 2016. Tree diversity and species identity
effects on soil fungi, protists and animals are context dependent. ISME J. 10,
346-362.

Tipping, E., Somerville, C.J., Luster, J., 2016. The C:N:P:S stoichiometry of soil organic
matter. Biogeochemistry 130 (1), 117-131. https://doi.org/10.1007/510533-016-
0247-z.

Toigo, M., Vallet, P., Perot, T., Bontemps, J.-D., Piedallu, C., Courbaud, B., 2015.
Overyielding in mixed forests decreases with site productivity. J. Ecol. 103,
502-512.

Trap, J., Laval, K., Akpa-Vinceslas, M., Gangneux, C., Bureau, F., Decaéns, T., Aubert, M.,
2011. Humus macro-morphology and soil microbial community changes along a
130-yr-old Fagus sylvatica chronosequence. Soil Biol. Biochem. 43 (7), 1553-1562.

Urgoiti, J., Messier, C., Keeton, W.S., Paquette, A., 2023. Tree community overyielding
during early stand development is explained by asymmetric species-specific
responses to diversity. Functional Ecology 37 (10), 2621-2633.

Verheyen, K., Vanhellemont, M., Auge, H., et al., 2016. Contributions of a global network
of tree diversity experiments to sustainable forest plantations. Ambio 45, 29-41.
https://link.springer.com/article/10.1007/s13280-015-0685-1.

Vesterdal, L., Schmidt, LK., Callesen, I., Nilsson, L.O., Gundersen, P., 2008. Carbon and
nitrogen in forest floor and mineral soil under six common European tree species.
For. Ecol. Manage. 255 (1), 35-48. https://doi.org/10.1016/j.foreco.2007.08.015.

Viana, R.M., Ferraz, J.B., Neves Jr, A.F., Vieira, G., Pereira, B.F., 2014. Soil quality
indicators for different restoration stages on Amazon rainforest. Soil Tillage Res.
140, 1-7.


https://doi.org/10.1007/s00442-012-2259-2
https://www.jstatsoft.org/article/view/v069i01
https://doi.org/10.1007/s004420000507
https://doi.org/10.1007/s004420000507
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0420
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0420
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0425
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0425
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0425
https://doi.org/10.1111/nph.16556
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0440
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0440
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0440
https://doi.org/10.1126/science.1159792
https://doi.org/10.1111/1365-2745.13265
https://doi.org/10.1016/j.foreco.2020.118127
https://doi.org/10.1016/j.foreco.2020.118127
https://doi.org/10.1111/nph.17421
https://doi.org/10.1111/nph.17421
https://doi.org/10.1007/BF00142465
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0475
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0475
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0480
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0480
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0485
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0485
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0490
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0490
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0490
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0495
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0495
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0495
https://doi.org/10.1016/j.soilbio.2015.05.018
https://doi.org/10.1016/j.soilbio.2015.05.018
https://doi.org/10.1016/j.foreco.2020.118752
https://doi.org/10.1016/j.foreco.2020.118752
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0520
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0520
https://www.sciencedirect.com/science/article/pii/S037811271300128X
https://doi.org/10.1016/j.foreco.2014.04.027
https://doi.org/10.1016/j.foreco.2014.04.027
http://refhub.elsevier.com/S0016-7061(25)00432-X/h9000
http://refhub.elsevier.com/S0016-7061(25)00432-X/h9000
http://refhub.elsevier.com/S0016-7061(25)00432-X/h9000
http://refhub.elsevier.com/S0016-7061(25)00432-X/h9000
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0540
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0540
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0545
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0545
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0545
https://doi.org/10.1111/gcb.12023
https://doi.org/10.1111/gcb.12023
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0555
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0555
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0565
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0565
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0565
https://www.sciencedirect.com/science/article/pii/S0929139322002153
https://www.sciencedirect.com/science/article/pii/S0929139322002153
https://link.springer.com/article/10.1007/s10021-021-00655-3
https://link.springer.com/article/10.1007/s10021-021-00655-3
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0585
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0585
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0585
https://doi.org/10.1016/j.ppees.2007.08.002
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0595
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0595
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0595
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0595
https://doi.org/10.1128/spectrum.04578-22
https://nph.onlinelibrary.wiley.com/doi/10.1111/nph.19722
https://nph.onlinelibrary.wiley.com/doi/10.1111/nph.19722
https://www.sciencedirect.com/science/article/pii/S0038071716000316
https://www.sciencedirect.com/science/article/pii/S0038071716000316
https://doi.org/10.1038/s41467-023-42340-0
https://doi.org/10.1038/s41467-023-42340-0
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0625
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0625
https://academic.oup.com/femsec/article/93/12/fix146/4566515
https://academic.oup.com/femsec/article/93/12/fix146/4566515
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0635
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0635
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0640
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0640
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0640
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0645
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0645
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0645
https://doi.org/10.1007/s10533-016-0247-z
https://doi.org/10.1007/s10533-016-0247-z
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0655
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0655
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0655
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0660
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0660
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0660
http://refhub.elsevier.com/S0016-7061(25)00432-X/optxhCU8a04tO
http://refhub.elsevier.com/S0016-7061(25)00432-X/optxhCU8a04tO
http://refhub.elsevier.com/S0016-7061(25)00432-X/optxhCU8a04tO
https://link.springer.com/article/10.1007/s13280-015-0685-1
https://doi.org/10.1016/j.foreco.2007.08.015
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0675
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0675
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0675

R. Werner et al.

Vormstein, S., Kaiser, M., Piepho, H.P., et al., 2020. Aggregate formation and organo-
mineral association affect characteristics of soil organic matter across soil horizons
and parent materials in temperate broadleaf forest. Biogeochemistry 148, 169-189.
https://doi.org/10.1007/510533-020-00652-z.

Waldrop, M.P., Zak, D.R., Blackwood, C.B., Curtis, C.D., Tilman, D., 2006. Resource
availability controls fungal diversity across a plant diversity gradient. Ecol. Lett. 9,
1127-1135.

Wambsganss, J., Beyer, F., Freschet, G.T., Scherer-Lorenzen, M., Bauhus, J., 2021. Tree
species mixing reduces biomass but increases length of absorptive fine roots in
European forests. J. Ecol. 109, 2678-2691. https://besjournals.onlinelibrary.wiley.
com/doi/full/10.1111/1365-2745.13675.

Wang, Q., Garrity, G.M., Tiedje, J.M., Cole, J.R., 2007. Naive Bayesian classifier for rapid
assignment of rRNA sequences into the new bacterial taxonomy. Appl. Environ.
Microbiol. 73, 5261-5267.

Wardle, D., Nicholson, K., 1996. Synergistic effects of grassland plant spcies on soil
microbial biomass and activity: Implications for ecosystem-level effects of enriched
plant diversity. Funct. Ecol. 410-416. https://doi.org/10.2307/2390291.

Wardle, D.A., Zackrisson, O., 2005. Effects of species and functional group loss on island
ecosystem properties. Nature 435, 806-810.

WeiBbecker, C., Wubet, T., Lentendu, G., Kiihn, P., Scholten, T., Bruelheide, H.,

Buscot, F., 2018. Experimental Evidence of Functional Group-Dependent Effects of
Tree Diversity on Soil Fungi in Subtropical Forests. Front. Microbiol. 9, 2312.
Wickham H, Chang W, Henry L et al. (2023) ggplot2. Create Elegant Data Visualisations
Using the Grammar of Graphics, https://CRAN.R-project.org/package=ggplot2.
Wiesmeier, M., Prietzel, J., Barthold, F., Sporlein, P., Geu8, U., Hangen, E., Reischl, A.,

Schilling, B., von Liitzow, M., Kégel-Knabner, 1., 2013. Storage and drivers of organic
carbon in forest soils of southeast Germany (Bavaria) — Implications for carbon
sequestration. For. Ecol. Manage. 295, 162-172. https://doi.org/10.1016/j.
foreco.2013.01.025.

Wiesmeier, M., Urbanski, L., Hobley, E., Lang, B., von Liitzow, M., Marin-Spiotta, E., van
Wesemael, B., Rabot, E., Lief, M., Garcia-Franco, N., Wollschlager, U., Vogel, H.-J.,

13

Geoderma 464 (2025) 117591

Kogel-Knabner, 1., 2019. Soil organic carbon storage as a key function of soils—A
review of drivers and indicators at various scales. Geoderma 333, 149-162. https://
doi.org/10.1016/j.geoderma.2018.07.026.

Williams, L.J., Paquette, A., Cavender-Bares, J., Messier, C., Reich, P.B., 2017. Spatial
complementarity in tree crowns explains overyielding in species mixtures. Nat. Ecol.
Evol. 1 (4), 1-7. https://doi.org/10.1038/s41559-016-0063.

Wright, A., Schnitzer, S.A., Reich, P.B., 2015. Daily environmental conditions determine
the competition—facilitation balance for plant water status. J. Ecol. 103 (3),
648-656. https://doi.org/10.1111/1365-2745.12397.

Yang, T., Adams, J.M., Shi, Y., He, J.-S., Jing, X., Chen, L., Tedersoo, L., Chu, H., 2017.
Soil fungal diversity in natural grasslands of the Tibetan Plateau: associations with
plant diversity and productivity. New Phytol. 215, 756-765.

Zak, D.R., Pellitier, P.T., Argiroff, W., et al., 2019. Exploring the role of ectomycorrhizal
fungi in soil carbon dynamics. New Phytol. 223, 33-39.

Zang, Z., Li, Y., Wang, Y., Zhang, Y., Deng, S., Guo, X., Yang, K., Zhao, W., 2024.
Contrasting roles of plant, bacterial, and fungal diversity in soil organic carbon
accrual during ecosystem restoration: A meta-analysis. Sci. Total Environ. 930,
172767. https://www.sciencedirect.com/science/article/pii/S0048969724029140.

Zhang, D., Hui, D., Luo, Y., & Zhou, G. (2008). Rates of litter decomposition in terrestrial
ecosystems: global patterns and controlling factors. Journal of Plant Ecology, 1(2),
85-93. https://doi.org/10.1093/jpe/rtn002Zhou, J., Guillaume, T., Wen, Y.,
Blagodatskaya, E., Shahbaz, M., Zeng, Z., Peixoto, L., Zang, H., & Kuzyakov, Y.
(2022). Frequent carbon input primes decomposition of decadal soil organic matter.
Soil Biology and Biochemistry, 175, 108850. https://doi.org/10.1016/j.
s0ilbio.2022.108850.

Zhou, J., Guillaume, T., Wen, Y., Blagodatskaya, E., Shahbaz, M., Zeng, Z., Peixoto, L.,
Zang, H., Kuzyakov, Y., 2022. Frequent carbon input primes decomposition of
decadal soil organic matter. Soil Biology and Biochemistry 175, 108850. https://doi.
org/10.1016/j.s0ilbio.2022.108850.

Zuur, A.F., 2009. Mixed effects models and extensions in ecology with R. Springer, New
York NY, xxii, p. 574.


https://doi.org/10.1007/s10533-020-00652-z
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0685
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0685
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0685
https://besjournals.onlinelibrary.wiley.com/doi/full/10.1111/1365-2745.13675
https://besjournals.onlinelibrary.wiley.com/doi/full/10.1111/1365-2745.13675
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0695
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0695
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0695
https://doi.org/10.2307/2390291
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0705
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0705
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0710
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0710
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0710
https://doi.org/10.1016/j.foreco.2013.01.025
https://doi.org/10.1016/j.foreco.2013.01.025
https://doi.org/10.1016/j.geoderma.2018.07.026
https://doi.org/10.1016/j.geoderma.2018.07.026
https://doi.org/10.1038/s41559-016-0063
https://doi.org/10.1111/1365-2745.12397
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0740
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0740
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0740
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0745
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0745
https://www.sciencedirect.com/science/article/pii/S0048969724029140
https://doi.org/10.1016/j.soilbio.2022.108850
https://doi.org/10.1016/j.soilbio.2022.108850
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0760
http://refhub.elsevier.com/S0016-7061(25)00432-X/h0760

	Effects of tree species richness on topsoil carbon and fungal diversity in European planted mixed forests are modulated by  ...
	1 Introduction
	2 Materials and Methods
	2.1 Study sites and experimental set-up
	2.2 Basal area inventories
	2.3 Soil sampling and physicochemical analysis
	2.4 DNA extraction and high-throughput sequencing
	2.5 Bioinformatical processing of fungal ITS2 data
	2.6 Statistical analyses

	3 Results
	3.1 Effects of tree species richness on topsoil C stocks and fungal diversity
	3.2 Effects of sites and tree communities on fungal community composition
	3.3 Drivers and environmental context-dependency of richness effects on C stocks
	3.4 Linking soil C stocks with fungal biodiversity

	4 Discussion
	4.1 Higher tree species richness increases topsoil C stocks
	4.2 Effects of tree species richness on soil C stocks are modulated by environmental factors
	4.3 Tree species richness affects EM diversity and saprotrophic fungal richness, but not total fungal richness
	4.4 Tree diversity, fungal richness, and topsoil C stocks are positively correlated

	5 Conclusion
	CRediT authorship contribution statement
	Funding
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	Data availability
	References


