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A B S T R A C T

Soils harbor a vast diversity of microorganisms and play a crucial role in global carbon and nutrients cycles. Yet, 
the extent and drivers of variations in soil microbial diversity and functioning across environmental gradients at 
continental scales remain poorly understood. Here, we investigated the diversity and network complexity of 
prokaryotic and fungal communities and their relationships with soil multifunctionality (SMF) – an integrative 
index for C-, N- and P-cycling functions – along a 3,000-km latitudinal transect across Europe (37◦ to 62◦N), 
spanning biomes from Mediterranean drylands, temperate to boreal forests. We found that SMF followed a hump- 
shaped latitudinal pattern, peaking at mid-latitude temperate forests and declining toward the southern Medi
terranean drylands and northern boreal forests. Fungal alpha-diversity, together with mean annual precipitation 
(MAP), mean annual temperature (MAT), and soil pH and C/N ratio, were key contributors to SMF across lat
itudes, while prokaryotic alpha-diversity had little effect. Both prokaryotic and fungal communities were pre
dominantly structured by dispersal limitation, land cover, climate and soil properties, with fungal communities 
more strongly limited by spatial dispersion. Our study highlights the significant role of fungal diversity in sus
taining SMF along the European latitudinal gradient and demonstrates the importance of both large-scale cli
matic and biogeographical factors and local edaphic and land cover variables in shaping microbial diversity. Our 
findings offer valuable insights for the conservation of ecosystem functions.

1. Introduction

Soils harbor the largest diversity and abundance of microorganisms 
on Earth (Anthony et al., 2023). One gram of soil is calculated to contain 
1010 to 1011 bacterial cells, 6000–50,000 bacterial species, and ~200 m 
of fungal hyphae (Torsvik et al., 2002; van der Heijden et al., 2008). 
Soils are also estimated to contain roughly 25 % of global genetic di
versity (Tedersoo et al., 2014; Whitman et al., 1998). Due to their 
diverse metabolic capabilities, soil microorganisms are critical to key 
ecosystem functions, including organic carbon (OC) decomposition, 

nutrient cycling, greenhouse gas emissions, and primary production 
(Crowther et al., 2019; Schimel and Schaeffer, 2012; van der Heijden 
et al., 2008). However, how microbial diversity and interactions among 
taxa (e.g., network complexity) regulate soil multifunctionality (SMF, i. 
e. an integrative measure of functions including C-, nitrogen (N)-, and 
phosphorus (P)-cycling associated functions) across large-scale envi
ronmental gradients remains incompletely understood.

Soil microbial biodiversity (e.g., prokaryotic and fungal diversity) 
and their co-occurrence network associations (complexity) have been 
extensively studied in forests and drylands (Labouyrie et al., 2023; Liu 
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et al., 2024; Lladó et al., 2018; Makhalanyane et al., 2015). It has been 
well documented that soil microbial diversity is shaped by a range of 
factors, including climate (temperature and precipitation), land cover, 
space (latitude and longitude), and edaphic variables (pH, texture, nu
trients, organic matter, etc.) (Bahram et al., 2018; Labouyrie et al., 2023; 
Liu et al., 2020). In addition to their diversity, soil microbial commu
nities often maintain highly complex networks of co-occurrence asso
ciations between taxa (Barberán et al., 2012; Ma et al., 2016), which are 
closely related to microbial diversity and community structure 
(Barberán et al., 2012; Tu et al., 2020). Yet, links between soil biodi
versity, network complexity, and SMF, as well as the mechanisms 
driving these relationships across continental-scale environmental gra
dients, remain largely unexplored.

Over recent decades, research on the association between soil 
biodiversity and ecosystem functions (BEF) have expanded from local to 
global scales (Bardgett and van der Putten, 2014; Delgado-Baquerizo 
et al., 2017a; Fitter et al., 2005; Gonzalez et al., 2020; Graham et al., 
2016; Guerra et al., 2020; Nannipieri et al., 2003; Philippot et al., 2013). 
Field observations (Delgado-Baquerizo et al., 2016; van der Plas et al., 
2016; Zheng et al., 2019), controlled experiments (Osburn et al., 2023; 
Wagg et al., 2014; Wagg et al., 2019), or combinations of both (Delgado- 
Baquerizo et al., 2020; Delgado-Baquerizo et al., 2017b) have shown 
that microbial biodiversity is strongly linked to ecosystem functioning, 
with higher alpha diversity promoting ecosystem multifunctionality in 
diverse ecosystems, including drylands, grasslands, shrublands, crop
lands and forests. Meanwhile, several studies focusing on microbial 
complexity and ecosystem functions in soils undergoing disturbances, 
such as caused by erosion (Qiu et al., 2021), land-use change (Yang 
et al., 2023), and agricultural systems (Jiao et al., 2022), found that 
multifunctionality is positively correlated to soil microbial network 
complexity. Higher levels of microbial diversity and network complexity 
was proposed to promote functional complementarity by increasing 
resources use efficiency and niche differentiation (Delgado-Baquerizo 
et al., 2016; Wagg et al., 2014), and stability and resilience through 
network interactions and functional redundancy (Coyte et al., 2015; 
Loreau and de Mazancourt, 2013), and could also support beneficial 
plant–microbe relationships, such as mycorrhizal symbioses, thus pro
moting productivity (van der Heijden et al., 2008). However, knowledge 
is still lacking on how the diversity and network complexity of both 
prokaryotes and fungi jointly regulate SMF along large latitudinal and 
continental gradients.

In addition, climatic and edaphic variables also influence multi
functionality (Delgado-Baquerizo et al., 2016; Maestre et al., 2012). 
Climate (temperature and precipitation), land cover, and soil properties 
(pH, texture, nutrients, organic matter, etc.) have been shown to 
significantly affect soil microbial growth, respiration, carbon use effi
ciency, N mineralization, nitrification and denitrification through 
influencing microbial processes (Booth et al., 2005; Cookson et al., 
2007; Han et al., 2024; Zheng et al., 2019). Yet, the direct and indirect 
(via the influencing on the microbial diversity) effects of climatic and 
edaphic variables on SMF remain little explored across large scale, such 
as along the natural latitudinal gradient through different European 
ecosystems.

Here, we investigate soil microbial diversity, network complexity, 
and SMF across soils from different European ecosystems, spanning a 
3000 km latitudinal transect from southern Spain (37◦N) to central 
Sweden (62◦N). Specifically, we test how prokaryotic and fungal di
versity and network complexity, together with climatic and edaphic 
drivers, shape SMF at a continental scale. We hypothesize that (1) soil 
microbial diversity is an important driver of SMF along the transect, but 
microbial network complexity provides additional explanatory power 
by microbial interactions; (2) The relationship between microbial di
versity, network complexity and SMF vary across latitudes in response 
the changes in landcover, climates and soil properties. We further expect 
that, in extreme environments, such as the dry soils of southern Europe, 
aridity may exert an environmental filtration of soil resources and 

microbial functions, reducing the strength of the link between diversity 
and SMF.

2. Materials and methods

2.1. Sites description and soil collection

Fieldwork was conducted in August 2021 at 15 selected sites along a 
latitudinal gradient across Europe (>3000 km) from southern Spain to 
central Sweden (Table 1, Supplementary Fig. S1). Along the gradient, 
the mean annual temperature (MAT) ranged from 3.8 to 17.0 ◦C and the 
mean annual precipitation (MAP) from 265 to 1263 mm. Sampling sites 
spanned five different natural ecosystems with different vegetation 
types: Mediterranean desert (1 site, barren soils), Mediterranean 
shrubland (1 site), Mediterranean forests (2 sites), temperate forests (7 
sites), and boreal forests (4 sites). MAT and MAP were extracted from 
WorldClim version 2 (https://worldclim.org/data/worldclim21.html). 
Land cover, classified by International Geosphere-Biosphere Programme 
classification, was extracted for the year 2020 with the MODIS product 
MCD12Q1_LC1 (Friedl et al., 2010).

At each site, five replicated soil samples from the surface top 10 cm 
were randomly collected within an area of 25 m2. This resulted in the 
collection of a total number of 75 soil samples, which were treated 
independently. Soil samples were kept at 4 ◦C during transport to the 
lab. Back to the lab, the soil was immediately sieved at 4 mm mesh size, 
removing plants and roots material as thoroughly as possible. Upon 
sieving, a subsample was stored at 4 ◦C for enzymatic activities and 
microbial biomass, a second subsample was stored at − 20 ◦C for nutri
ents and DNA analyses, and a third subsample was dried at 60 ◦C for 
physicochemical properties. Plant litter was collected at each site from 
five replicated plots with an area of 30 × 30 cm2 and was dried at 60 ◦C 
for 48 h for biomass before being grinded for C and N analyses.

2.2. Soil physicochemical properties

Soil pH was measured by CaCl2 (0.01 M) soil solution using a pH 
meter (2:1 volume/weight, v/w). Soil texture was analyzed by the hy
drometer method. Soil water content (%) was determined by drying 
fresh soils at 105 ◦C for 24 h. Soil organic matter (SOM) was determined 
by loss-on-ignition, combusted at 450 ◦C for 4 h (Davies, 1974). Soil and 
litter total carbon (TC) and nitrogen (TN) were detected by an elemental 
analyzer (NC-2500; CE Instruments, Wigan, United Kingdom). Soil total 
organic carbon (TOC) was measured after HCl fumigation with an 
elemental analyzer (Walthert et al., 2010). Soil ammonium (NH4

+) was 
extracted by KCl solution (1 M KCl:soil 4:1 v/w), measured photomet
rically by a FIAS 300 flow injection system (Perkin-Elmer, Waltham, 
MA, USA). Available phosphorus (phosphate, PO4

3− ) was extracted with 
NaHCO3 solution (0.5 M NaHCO3:soil 60:1 v/w) and analyzed photo
metrically with Malachite Green in a Tecan plate reader (Life Sciences, 
USA) (Kuo, 1996).

2.3. Greenhouse gas fluxes, extracellular enzyme activities and microbial 
biomass

In situ CO2 and CH4 fluxes were measured at each site under dark 
conditions to avoid CO2 uptake by photosynthesis, by an ABB micro- 
portable gas analyzer (GLA131-GGA, Quebec, Canada) as described in 
Han et al. (2024). Gas samples for N2O content were additionally 
collected after 1, 10, 20 and 30 min and stored in pre-vacuumed 3-mL 
glass vials (Labco, Ceredigion, UK), and measured by gas 
chromatography.

The activity of eight microbial extracellular enzymes involved in the 
C, N, and phosphorus (P) cycling were assessed: cellulose degrading (1) 
β-glucosidase (BG) and (2) cellobiohydrolase (CEL); (3) starch degrading 
α-glucosidase (AG); (4) hemicellulose degrading β-xylosidase (BX); (5) 
N-acetyl-glucosaminidase (NAG, N-acquiring enzyme), involved in the 
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degradation of chitin and other β-1,4-linked glucosamine polymers; (6) 
peptides degrading Leucine aminopeptidase (LAP, N-acquiring enzyme); 
(7) Phosphatase (PHOS, including both alkaline phosphatase (ALP) and 
acid phosphatase (ACP)), breaking down phosphomonoesters and 
phosphodiesters; and (8) Phenol oxidase (POX), involved in polyphenol 
oxidation and lignin degradation. Hydrolytic enzyme activities were 
assessed by fluorescence with a microplate reader (TECAN 200 Infinite), 
by adding standards (0–100 µM for MUF: methylumbelliferyl, and AMC: 
7-amino-4-methylcoumarin) to samples and controls, which were 
expressed as the rate of MUF or AMC released per hour related to dry 
weight (DW) soil (nmol MUF or AMC g− 1 DW h− 1). Phenol oxidase ac
tivity was analyzed spectrophotometrically using L-DOPA (L-3,4-dihy
droxyphenylamine) as a model substrate, expressed in the unit of μmol 
2,3-dihydroindole-5,6-quinone-2-carboxylate (DIQC) per g DW soil per 
hour (μmol DIQC g− 1 DW h− 1).

2.4. DNA extraction, quantification of microbial genes, and amplicon 
sequencing

DNA was extracted from 250 mg soil with the DNeasy Powersoil Pro 
Kit (Qiagen, Hilden, Germany) according to the manufacturer’s in
structions. DNA was quantified by PicoGreen (ThermoFisher Scientific, 
USA), following the manufacturer’s protocol.

Copies of prokaryotic 16S rRNA gene, fungal ITS2 region, mcrA (CH4 
production: Methyl Coenzyme M Reductase A), pmoA (CH4 oxidation: 
particulate methane monooxygenase), nifH (nitrogen fixation: nitroge
nase reductase), bacterial and archaeal amoA (ammonia oxidation: 
ammonia monooxygenase), norB (N2O production: nitric oxide reduc
tase), nosZ (N2O consumption: nitrous oxide reductase), and phoD 
(organic P hydrolysis: alkaline phosphatase D (ALP)) were measured by 
quantitative polymerase chain reaction (qPCR) as described in Han et al. 
(2023).

Prokaryotic and fungal community structure and composition were 
assessed by amplicon sequencing with the same primer pairs used for 
qPCR, as described in Donhauser et al. (2024). Prokaryotic 16S rRNA 

gene (341F/806R: CCTAYGGGDBGCWSCAG/GGACTACNVGGGTHTC
TAAT, targeting V3-V4 region) and fungal ITS2 region (ITS3/ITS4: 
CAHCGATGAAGAACGYRG/TCCTSCGCTTATTGATATGC) were ampli
fied according to Frey et al. (2016). PCR amplification started with a 
denaturation at 95 ◦C for 10 min, followed by 36 (prokaryotic 16S rRNA 
gene) or 38 (fungal ITS2 region) cycles of denaturation at 95 ◦C for 40 s, 
annealing at 58 ◦C for 40 s and elongation at 72 ◦C for 1 min, and ended 
with a final elongation at 72 ◦C for 10 min. Barcoded amplicons using 
the Fluidigm Access Array technology (Fluidigm) and paired end (2 ×
300 bp) sequencing using the Illumina MiSeq v3 platform (Illumina Inc., 
San Diego, CA, USA) were done at the Genome Quebec Innovation 
Center (Montreal, Canada).

2.5. Sequencing data processing

Sequences were processed with DADA2 pipeline according to Don
hauser et al. (2024) and Doménech-Pascual et al. (2025). We conducted 
stringent quality filtering to avoid spurious ASVs. Primer sequences 
were removed with cutadapt with default settings and were subse
quently quality filtered and denoised with DADA2 (− -p-trunc-len-f 270, 
− -p-trunc-len-r 220, − -p-max-ee 5 for 16S rRNA gene fragment ampli
cons and − -p-trunc-len-f 270, − -p-trunc-len-r 230, − -p-max-ee 4 for 
ITS2 amplicons). Prokaryotic and fungal amplicon sequence variants 
(ASVs) were assigned against the SILVA v138 database (Quast et al., 
2013) and UNITE ITS database (Abarenkov et al., 2023; Köljalg et al., 
2013), respectively, using the scikit-learn multinomial naive Bayes 
classifier in QIIME2 (feature-classifier classify-sklearn) with default 
parameters. Contaminant sequences were removed by the isConta
minant() function (method = “prevalence”) in the R package decontam.

Samples were sequenced with enough depth. A total of 1′015′605 
high quality sequenced reads for 16S rRNA gene (13541 ± 2904 se
quences per sample on average) and 1′052′362 for ITS2 region (14031 ±
2373 on average) were recovered from the 75 samples. Reads were 
clustered into 5827 prokaryotic ASVs (mostly bacterial with only 45 
archaeal ASVs), and 4090 fungal ASVs, respectively. An overview of the 

Table 1 
Characteristics of the sampling sites. MAT: mean annual temperature, MAP: mean annual precipitation, Tsoil = in situ soil temperature.

Site Latitude 
(◦N)

Longitude 
(◦W (− ); ◦

E)

Ecosystem Land cover MAT 
(◦C)

MAP 
(mm)

In situ Tsoil 

(◦C)
Sand 
(%)

Silt 
(%)

Clay 
(%)

Tabernas, Spain 37.01 − 2.44 Mediterranean desert Barren 17.0 265.2 29.1 23.8 57.4 18.8
Coy, Spain 37.94 − 1.78 Mediterranean 

shrubland
Open shrubland 13.5 401.7 23.1 57.7 27.6 14.8

Gavarres, Spain 41.90 2.91 Mediterranean forest Evergreen needleleaf 
forests

13.9 719.5 25.9 72.8 21.4 5.9

Montpellier, France 43.73 3.60 Mediterranean forest Evergreen broadleaf 
forests

13.6 671.4 20.7 62.2 3.9 34.0

Grenoble, France 45.27 5.55 Temperate forest Deciduous broadleaf 
forests

10.2 1072.8 13.7 59.7 21.3 19.1

Lausanne, 
Switzerland

46.58 6.66 Temperate forest Deciduous broadleaf 
forests

8.2 1263.0 13.2 65.1 19.0 16.0

Muhlbach, 
Germany

47.60 8.09 Temperate forest Deciduous broadleaf 
forests

8.9 1190.7 14.3 47.9 39.0 13.2

Kohlerholz, 
Germany

51.88 10.66 Temperate forest Deciduous broadleaf 
forests

7.8 804.6 13.5 38.8 38.9 22.4

Linderöd, Sweden 55.93 13.78 Temperate forest Deciduous broadleaf 
forests

6.7 814.4 12.6 81.9 12.9 5.2

Gribskov, Denmark 56.01 12.36 Temperate forest Deciduous broadleaf 
forests

7.7 604.3 17.4 81.3 14.4 4.4

Långasjönäs, 
Sweden

56.25 14.85 Temperate forest Deciduous broadleaf 
forests

7.1 662.2 13.3 84.0 11.9 4.2

Dångamålaö, 
Sweden

56.52 15.15 Boreal forest Evergreen needleleaf 
forests

6.6 668.2 14.8 84.0 8.7 7.4

Boxholm, Sweden 58.17 15.08 Boreal forest Evergreen needleleaf 
forests

6.0 558.9 14.5 59.7 32.7 7.7

Gävle, Sweden 60.51 17.30 Boreal forest Evergreen needleleaf 
forests

5.4 627.7 11.9 68.4 11.3 20.4

Sundsvall, Sweden 62.30 17.20 Boreal forest Evergreen needleleaf 
forests

3.8 717.6 11.0 88.2 8.9 2.9
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number of reads in each soil sample is available in Supplementary 
Table S1. Rarefying (>6000 reads of each sample) was done for ASVs of 
both genes by iterative random subsampling by the function rar
efy_even_depth() in the R package phyloseq. Rarefaction curves are 
shown in Supplementary Fig. S2.

2.6. Soil multifunctionality

Integrating C-, N, and P-cycling associated microbial functions, 
multifunctionality indices have been widely applied as an indicator for 
multiple and simultaneous ecosystem functions (Delgado-Baquerizo 
et al., 2016; Lefcheck et al., 2015; Wagg et al., 2014). A soil multi
functionality (SMF) index, quantifying the contribution of multiple soil 
microbial functions to ecosystem functioning simultaneously, was 
calculated using a cluster analysis and a threshold method as described 
in Manning et al. (2018). Briefly, an agglomerative cluster analysis was 
performed on the Z-transformed microbial functions, and an optimal 
number of clusters was chosen, ideally as the lowest number of clusters 
with a reasonably low total sum of squares (additional number of clus
ters reduces further the sum of squares). Functions were subsequently 
standardized (variable maxima standardization) and the SMF index was 
quantified according to the threshold method (Byrnes et al., 2014; 
Gamfeldt et al., 2008), where each cluster was assigned an equal weight. 
The SMF index was calculated with functions related to C-, N- and P- 
cycling, including soil respiration (CO2 fluxes), CH4 fluxes, C-acquiring 
enzyme activities of AG, BG, BX, CEL and POX, N2O fluxes, N-acquiring 
enzyme activities of NAG and LAP, and P-cycling enzyme activity of 
PHOS. Here, CH4 fluxes were included as indicators of microbial activity 
associated with methanogenesis and methanotrophy. In addition, C- 
cycling gene abundances of mcrA and pmoA, N-cycling gene abundances 
of nifH, bacterial and archaeal amoA, norB and nosZ, and P-cycling phoD 
gene abundance, were also included in the calculation of SMF index as 
microbial functional potentials. The index represents the cycling rate of 
carbon and nutrients. As such, a higher value of multifunctionality index 
indicates higher microbial activities linked to soil carbon and nutrients 
cycling.

2.7. Data analyses

All analyses and plots were conducted in R v3.4.0 (http://R-project. 
org) using R Studio v1.1.442 (http://rstudio.com). Amplicon sequences 
were processed into amplicon sequence variants (ASVs) rather than 
operational taxonomic units (OTUs). ASVs provide single-nucleotide 
resolution and improve reproducibility by avoiding arbitrary clus
tering thresholds, in contrast to OTUs, in which closely related se
quences are clustered together according to a threshold (e.g., at 97 % 
similarity). Studies have shown that richness differed substantially be
tween OTUs and ASVs, but diversity patterns are usually reserved pro
portionally (Chiarello et al., 2022; Fasolo et al., 2024; Kerrigan and 
D’Hondt, 2022). In this study, ASVs were favored over OTUs because 
studies have shown that ASVs provide higher resolution, reproducibility, 
and biological accuracy than OTUs (Callahan et al., 2017; Fasolo et al., 
2024). ASVs count files, ASVs taxonomy files, and mapfiles with climate 
and biogeochemical data, were merged into a ‘phyloseq’ class object 
with the functions phyloseq() and merge_phyloseq(), both from the R 
package phyloseq (McMurdie and Holmes, 2013). Microbial alpha- 
diversity indices (Richness and Shannon indices) were estimated by 
the function estimate_richness() from the dataset normalized by the 
function rarefy_even_depth() from the R package phyloseq. Significance 
of alpha-diversity indices, network complexity, and multifunctionality 
indices, were assessed across the biomes by the function stat_compar
e_means() from the R package ggpubr (Global test method: Kruskal- 
Wallis; Pairwise Wilcoxon Rank Sum Tests between biomes: Wilcoxon 
test). Distance decay curves of prokaryotic and fungal diversity were 
calculated along geographical distance at the ASV level based on 
Bray–Curtis dissimilarities. To investigate the influence of geographical 

distance on microbial community structures, we calculated principal 
coordinates of geographical distances based on a neighborhood matrix 
(function pcnm() in vegan), which we used as independent variables in a 
constrained ordination of microbial community structures. Subse
quently, we applied variation partitioning to assess the contribution of 
environmental variables and geographical distance in structuring pro
karyotic and fungal community structures (function varpart() in the R 
package vegan). Constrained Analysis of Principal Coordinates (CAP) 
was carried out at the ASV level by the function ordinate() with the 
method “CAP” and was tested for significance by the function capscale() 
from the R package vegan using Bray–Curtis dissimilarities (Han et al., 
2020). The contributions of individual climatic and environmental 
variables, ecosystems, and land cover to both community structures 
were calculated by the function adonis2() from the R package vegan 
(PERMANOVA: permutational multivariate ANOVA; permutations: 
1000). Fungal taxonomic classification was parsed into trophic guilds by 
the function funguild_assign() against the FUNGuild database from the R 
package FUNGuildR (Nguyen et al., 2016).

Microbial network for each soil sample was created by creating a 
matrix of relative abundances for both prokaryotic and fungal ASV ta
bles with only the taxa present in each individual sample. Prokaryotic 
and fungal network for each soil sample was generated with the function 
make_network() from the R packages phyloseq and igraph, with the 
“bray” method calculating the distance between ASVs, type set as “taxa” 
and max.dist as 0.4. When the distance between two ASVs was less than 
0.4, it produced a sample-specific network representing ASV co- 
occurrence patterns in that individual sample. The number of associa
tions among ASVs was counted for each sample, and complexity was 
calculated as average associations per ASV (linkage density) (Wagg 
et al., 2019). This approach is conceptually similar to that was used by 
Wagg et al. (2019), who first inferred a global microbial association 
network from all samples combined using the SPIEC-EASI algorithm, 
and then derived sample-specific subnetworks by extracting only the 
taxa present in each individual sample. Network complexity was sub
sequently calculated for each sample-specific subnetwork.

Spearman correlations between alpha-diversity metrics, the SMF 
index, plant litter characteristics, climatic and edaphic variables were 
calculated by the function rcorr() and presented in a correlation plot 
visualized by the function corrplot() with the R package corrplot. 
Random forest (RF) regression (Breiman, 2001) was used to evaluate the 
importance of different variables, including microbial diversity and 
network complexity, space (latitude and longitude), climate (MAT and 
MAP), plant litter characteristics, and soil properties, in influencing SMF 
index by the rfPermute() function from the R package rfPermute, with 
5000 trees and 1000 permutations. To assess model robustness, we used 
10-fold cross-validation with by the function train() from the R package 
caret. RF models were tuned across a range of mtry values, with 5000 
trees grown for each model. Model performance was evaluated using 
root mean square error (RMSE), R2, and mean absolute error (MAE). The 
optimal model (mtry = 9) explained ~66–68 % of the variance in SMF 
with an RMSE of ~ 0.59, which confirms our RF model is reasonably 
predictive and robust (Supplementary Fig. S3). Multicollinearity of 
variables was tested by computing the variance inflation factor (VIF) 
with the function vif() from the R package caret; only variables with a 
VIF value below 10 were kept for RF regression. Furthermore, we 
applied piecewise structural equation model (piecewiseSEM) using the 
function psem() from the R package piecewiseSEM (Lefcheck, 2016), to 
evaluate the direct and indirect effects of latitude, climatic (MAT and 
MAP), plant litter characteristics, soil properties (pH, SOM, PO4

3− , NH4
+, 

C/N ratio), and microbial diversity and complexity on SMF based on 
expectations of a priori model (Supplementary Fig. S4). Based on 
Spearman correlation and RF regressions, prokaryotic alpha-diversity 
and network complexity, and fungal network complexity had little 
impact on SMF, thereby only fungal alpha-diversity was used for SEM. 
Moreover, a stronger linear relationship between fungal richness and 
SMF (R2 = 0.18) than between fungal Shannon index and SMF (R2 =
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0.06) was observed. Therefore, to reduce collinearity, we chose fungal 
richness as microbial diversity index together with spatial, climatic, 
litter and edaphic variables to best fit SEM. piecewiseSEM breaks the 
global model into a set of linear models, with each path estimated 
separately, which then combines through tests of directed separation 
and allows for moderate sample size. We established each equation with 
less than 5 predictors with no collinearity (VIF < 3), which provided 
more than 15 observations per predictor with 75 samples, meeting 
common SEM requirements. In total, 10 variables were included in SEM 
analysis based on the 75 individual samples. The best fitting model was 
the one agreeing with the null hypothesis (P > 0.05), with the highest P 
value.

3. Results

3.1. Climatic, edaphic and plant litter variables

Climatic, edaphic and plant litter variables showed clear patterns 
with latitude, regardless of the significant variance explained by site 
effect (Fig. 1). MAT, in situ soil temperature, pH, and litter biomass 
decreased significantly (P < 0.001) with latitude. In contrast, in situ soil 
water content, TC, TOC, SOM, TN, NH4

+, PO4
3− , and litter N content 

increased significantly (P < 0.05) with latitude, with the highest values 
observed around 60 ◦N in boreal forests. MAP and litter C content 
showed a hump-shaped pattern, peaking at 45–50◦N in mid-latitude 

Fig. 1. Variations of climatic, edaphic and plant litter variables along latitude. MAP, Soil C/N ratio and plant litter C content best fit with polynomial regressions 
with a degree of 2, and the rest of the variables best fit with linear mixed models with site as a random factor (black lines). The shaded areas represent 95 % 
confidence level. DW: dry weight. Litter was not available at the Dångamålaö, Sweden site at 56.5◦ latitude.
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temperate broadleaf forests. The C/N ratio displayed a U-shaped pattern 
along the latitudinal gradient, with the lowest values observed in 
temperate forests.

3.2. Microbial alpha-diversity and co-occurrence network complexity

The alpha-diversity (Richness and Shannon) indices and co- 
occurrence network complexity were highly correlated for both pro
karyotes and fungi (all P < 0.001, Spearman rho ≥0.7). Microbial alpha- 

diversity indices and network complexity showed distinct patterns for 
prokaryotes and fungi along latitude (Fig. 2). Prokaryotic richness and 
network complexity globally increased with latitude (P < 0.001), but the 
highest values were observed in northern temperate forest soils around 
55 ◦N and decreased along latitude across boreal forests. Prokaryotic 
richness and network complexity were significantly higher in temperate 
and boreal forest soils compared to Mediterranean forest and shrubland 
soils (P < 0.01; Supplementary Fig. S5). The prokaryotic Shannon index 
varied little with latitude (P > 0.05).

Fig. 2. Microbial alpha-diversity (Richness and Shannon) indices and co-occurrence network complexity (i.e. average network links per ASV) of prokaryotic and 
fungal communities along latitude. Patterns were modelled by mixed linear models linear mixed models to consider the site effect (black lines). The shaded areas 
represent 95 % confidence level.
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Contrastingly, fungal richness, Shannon index and network 
complexity decreased with latitude (P < 0.001) (Fig. 2), with higher 
values observed in Mediterranean drylands and temperate forests 
compared to boreal forests (Supplementary Fig. S5).

3.3. Microbial community structure and composition

Both prokaryotic and fungal community structures gradually shifted 
along the latitudinal gradient (R2 = 0.12 and 0.06 respectively, both P <
0.001, Fig. 3). In Mediterranean drylands, distinct differences were 
observed between communities in drylands, shrublands, and forests. 
Prokaryotic and fungal communities in temperate forests were more 
similar to those in boreal forests than to those in any of the three 
Mediterranean drylands, as indicated by a greater number of shared taxa 
between temperate and boreal forests (Fig. 3, Supplementary Fig. S6).

Both prokaryotic and fungal communities showed high homogeneity 
across the five replicates within each site (Supplementary Fig. S7). 
Community structure similarity for both communities decreased expo
nentially (linearly on a log scale) with increasing geographical distance 
beyond 3000 km (Supplementary Fig. S8). Variation partitioning ana
lyses showed that geographical distance significantly influenced both 
communities, with prokaryotes being less structured by distance than 
fungi (Prokaryotes: R2 = 11.7 %; Fungi: R2 = 19.3 %; both P < 0.001). 
Furthermore, fugal communities were more different than prokaryotes 
at relatively short distance (for instance less than 1000 km; Supple
mentary Fig. S8). Environmental variables (Prokaryotes: R2 = 28.2 %; 
Fungi: R2 = 27.0 %; both P < 0.001) explained a larger portion of the 
variation in community structure than geographical distance. Among 
the environmental variables, land cover (vegetation) explained the most 
variation, followed by latitude, climate (MAT and MAP), soil tempera
ture, soil texture, plant litter, and soil resources (pH, water content, 
phosphate, and SOM) (all P < 0.001, Fig. 3, Supplementary Table S2).

The dominant bacterial classes across all 75 samples were Alphap
roteobacteria (24.2 % relative abundance), Planctomycetes (15.8 %), 
Verrucomicrobiae (13.6 %), Acidobacteriae (8.3 %), Actinobacteria (7.2 %) 
and Gammaproteobacteria (4.8 %) (Supplementary Fig. S9A). Among 

those groups, the relative abundances of Alphaproteobacteria, Gammap
roteobacteria, Planctomycetes and Acidobacteriae increased significantly 
(P < 0.05) with latitude, while that of Verrucomicrobiae decreased (P <
0.05) (Supplementary Fig. S10A).

The fungal communities were dominated by the classes Agar
icomycetes (31.9 %), Leotiomycetes (12.8 %), Eurotiomycetes (12.7 %), 
Sordariomycetes (10.4 %), Dothideomycetes (7.4 %) and Mortier
ellomycetes (4.7 %) (Supplementary Fig. S9B). The relative abundances 
of Agaricomycetes and Leotiomycetes increased significantly (P < 0.05) 
with latitude, while those of Eurotiomycetes and Dothideomycetes 
decreased (P < 0.05) (Supplementary Fig. S10B). Additionally, Mor
tierellomycetes showed a hump-shaped relationship with latitude (poly
nomial relationship; P < 0.05), with the highest relative abundance 
observed in southern temperate forests (45◦–50◦ latitudes). Fungi were 
functionally composed of symbiotrophs (31.1 %), saprotrophs (23.9 %), 
saprotrophs-symbiotrophs (18.6 %), and pathotrophs-saprotrophs (6.8 
%), with symbiotrophs increasing linearly and significantly (R2 = 0.33, 
P < 0.01) with latitude (Supplementary Fig. S11).

3.4. Soil multifunctionality

Soil multifunctionality (SMF) – encompassing microbial functions 
related to C-, N- and P-cycling showed a hump-shaped pattern across 
latitude (Fig. 4). SMF was significantly (P < 0.05) higher in temperate 
forest soils compared to that in boreal forest soils, with similar values 
across the three Mediterranean drylands. SMF was also higher in Med
iterranean forest soils than in boreal forest soils (P < 0.05). Among all 
functions, SMF was most influenced by the activity of the Leucine 
aminopeptidase (hydrolysis of peptides and proteins), followed by CH4 
fluxes and N cycling functional genes (Supplementary Fig. S12).

3.5. Relationships between microbial diversity, network complexity, and 
soil multifunctionality along the European latitudinal gradient

The relationships between SMF and microbial alpha-diversity (rich
ness and Shannon index) and network complexity varied for prokaryotes 

Fig. 3. Constrained analyses of principle coordinates (CAP) on the influence of geographical distance (latitude and longitude), climate, landcover, and soil properties 
on prokaryotic (A) and fungal (B) community structures. Parameters were chosen by stepwise model selection with the function ordistep() (direction = “both”) from 
the R package vegan. Numbers in legend indicate latitudes at different sites. Total explanation of environmental variables was 60.0 % for prokaryotes and 49.0 % for 
fungi, respectively.
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and fungi along the latitudinal gradient (Fig. 5, Supplementary 
Fig. S13). While prokaryotic alpha-diversity and network complexity 
showed no significant correlation with SMF along the whole gradient 
(Fig. 5A), they were significantly associated with SMF in boreal forests, 
where they were decreasing towards higher latitudes (Supplementary 
Table S3, all P < 0.001). Fungal alpha-diversity and network complexity 
were also positively associated with SMF across latitudes (Fig. 5B, all P 
< 0.05). When looking at individual biomes, significant associations 
were only observed in temperate forests (all P < 0.01, Supplementary 
Table S3).

Random Forest regression analysis (Fig. 6A) identified similar 
contributing variables as Spearman’s rank correlation coefficients 
(Supplementary Fig. S13), with SMF predicted mostly by MAP, along 
with MAT, edaphic variables (C/N ratio, pH, NH4

+, PO4
3− , SOM), litter N 

content and biomass, fungal richness, and soil texture. Structural 

equation model explained 44.0 % of the variance in SMF when fungal 
richness was applied to the model (Fig. 6B). Across latitudes, SMF was 
directly driven by fungal richness, soil C/N ratio and NH4

+, and litter N 
content (all P < 0.05). Fungal richness was controlled by MAP and soil 
pH, which were both influenced by latitude and MAT. Interestingly, SMF 
was not directly determined by latitude, MAT and SOM.

4. Discussion

This study shows that microbial functional potentials across Euro
pean latitudes, reflected in the soil multifunctionality index (SMF), 
follow a hump-shape with latitude, forming a peak in the southern 
temperate forests (45–47 ◦N) and declining towards southern Mediter
ranean drylands and northern boreal forests. Similar hump-shape pat
terns have been reported for European forest multifunctionality (taking 

Fig. 4. Soil multifunctionality (SMF) index across latitudes (A) and ecosystems (B). Patterns of SMF along latitude were modelled by polynomial regressions with a 
degree of 2 (black lines). The shaded areas represent 95 % confidence level. Significance indicated by different letters were done between each two of the five 
ecosystems by using a pairwise Wilcoxon Rank Sum Test. Standard errors are shown in black.

Fig. 5. Linear relationships between SMF, and prokaryotic (A) and fungal (B) alpha-diversity (richness and Shannon) indices and network complexity. Relationships 
between SMF and microbial alpha-diversity and network complexity were modeled by linear regressions (black lines). The shaded areas represent 95% confi
dence level.
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into account mostly above ground functional parameters), where the 
highest multifunctionality was also found in temperate forests of central 
Europe (van der Plas et al., 2018), and suggesting that plant functioning 
diversity is reflected into soil microbial functions. The latitudinal 
changes in microbial functions indicate the variations of microbial 
communities along the latitudinal gradient. While this study includes a 
relatively limited number of sites per biome, with some biomes (e.g., 
Mediterranean desert, shrubland, and forest) represented by only one or 
two sites, the dataset included 75 independent soil samples across 15 
sites, which provided sufficient power for the statistical models. How
ever, the limited biome-level replication constrains the generalization of 
the output of this study to all European biomes. Therefore, the findings 
of this study should be understood as reflecting patterns and drivers 
observed along the European latitudinal transect, rather than as defin
itive representations of European biomes. Our findings further revealed 
that prokaryotic and fungal community structures followed similar 
patterns along the European latitudinal gradient. Both communities 
were shaped by geographical distance, land cover, climatic, and soil 
factors, as were found previously (He et al., 2017; Labouyrie et al., 2024; 
Powell et al., 2015; Ranjard et al., 2013). The significant influence of 
geographical distance on the prokaryotic and fungal community struc
tures along the 3000 km environmental gradient suggests a strong 
dispersal limitation, especially on the fungal communities. Over rela
tively short distances (i.e. less than 1000 km), fungal community 
structure was more dissimilar than prokaryotes. This limitation can be 
explained by the larger size of fungal cells, limiting fungal transport at 
short distances. Another explanation could be due to vegetation cover. 
About one third (31 %) of the fungal taxa were strict symbiotrophs, 
therefore potentially strongly associated with specific host plants, which 
varied greatly with distance and across latitudes (Tedersoo et al., 2012). 
Symbiotrophic fungi were more predominant in the northern European 
latitudes, with higher relative abundances in boreal (needleleaf) and 
temperate (broadleaf) forests in comparison to the three Mediterranean 
drylands. Furthermore, among the top 100 symbiotrophic taxa, we 
observed that the most predominant ones were ectomycorrhizal fungi, 
aligning with the known augmentation of symbiotic association of 
ectomycorrhizal fungi with plant roots in northern latitudes (Bahram 
et al., 2018; Tedersoo et al., 2012). In the southern part of the European 

gradient, we observed that the fungal community structure of the 
Mediterranean desert was more similar to the Mediterranean forests, 
than to the Mediterranean shrubland. One possible explanation is the 
high clay content in Mediterranean desert and Mediterranean forest 
soils, which might affect fungal communities more strongly. Clay- and 
silt-rich soils can form large aggregates, enhancing water retention and 
nutrient availability (Bach et al., 2010). Xia et al. (2020) found signifi
cant positive associations between Basidiomycota and Ascomycota and 
soil silt/clay content, suggesting preferences of the dominating fungal 
phyla for fine-textured soils. Yet, more controlled experiments would be 
needed to explore the impact of soil silt/clay content in shaping fungal 
community composition and structure in dry environments with 
different land cover.

By integrating microbial diversity, network complexity, and multiple 
functional dimensions along a 3000 km latitudinal transect, our study 
provides continental-scale evidence that fungal diversity is a key driver 
of soil multifunctionality across European latitudes. Fungal alpha- 
diversity (richness), along with climatic (MAP and MAT), edaphic 
(pH, C/N ratio, NH4

+, TN, and SOM), and plant litter biomass variables 
were significantly correlated to SMF across European latitudes, unlike 
prokaryotic diversity and network complexity. These findings align with 
previous studies showing that fungal diversity is a key predictor of 
ecosystem multifunctionality at local scales in Chinese boreal forests (Li 
et al., 2019a), agricultural soils (Li et al., 2019b; Xue et al., 2023), and 
grasslands (Li et al., 2022; Ma et al., 2022). Large-scale studies on dry
lands also found that soil fungal diversity was more strongly correlated 
to ecosystem multifunctionality than bacterial diversity (Delgado- 
Baquerizo et al., 2016; Hu et al., 2021). Additionally, soil biodiversity 
was found to support ecosystem functions in urban soils (Fan et al., 
2023) and to promote primary production in croplands (Romero et al., 
2024). However, in contrast to these studies, our work spanned over 
several natural ecosytems, including drylands, temperate and boreal 
forests, suggesting a high importance of fungal communities indepen
dently of the geo-climatic zone.

The intensity of the observed link between fungal diversity and SMF 
varied between Mediterranean drylands, temperate forests, and boreal 
forests, with the stronger positive association found in temperate forests 
and no significant correlation observed in Mediterranean drylands and 

Fig. 6. Random forest regressions (A) and structural equation model (B) showing the effects of different predictors on soil multifunctionality. %IncMSE: % of in
crease in the mean square error. In B: Numbers adjacent to arrows indicate the effect size of the relationship. R2 denotes the proportion of variance explained. MAT: 
mean annual temperature, MAP: mean annual precipitation, SOM: soil organic matter. Significance levels: ns: non-significant; *P < 0.05; **P < 0.01; ***P < 0.001.
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boreal forests. Although the uneven sampling across biomes (i.e. the 
greater number of sites in temperate forests compared to Mediterranean 
drylands and boreal forests) may have influenced the observed link 
between fungal diversity and SMF, several mechanisms could still 
explain the strong role of fungal alpha-diversity and environmental 
variables in shaping SMF.

Firstly, moderate increases in MAP and MAT have been shown to 
enhance soil respiration and microbial activity (Curiel Yuste et al., 2007; 
Zhang et al., 2023), and are also known to promote soil fungal alpha- 
diversity (Bahram et al., 2018; Tedersoo et al., 2014). This supports 
the observed rise in soil fungal alpha-diversity and SMF with increasing 
MAP and MAT from boreal to temperate forest. The higher aridity and 
temperature in Mediterranean drylands limited fungal alpha-diversity 
and activity, leading to a reduction of SMF, an effect further corrobo
rated by the negative impact of MAT on fungal richness revealed by SEM 
analysis. Secondly, increasing soil pH generally enhances soil fungal 
diversity, biomass, and respiration, stabilizing between pH 5 and 6 
(Pietri and Brookes, 2008; Rousk et al., 2009; Tedersoo et al., 2020). 
This aligns with our observed peak of fungal diversity and SMF in 
southern temperate forests (45–47 ◦N), where pH varied between 4.0 
and 5.7, and is supported by the positive effect of pH on fungal alpha- 
diversity shown in the SEM analysis. Thirdly, fungi are known to play 
a key role in N cycling during the decomposition of organic matter (Liu 
et al., 2023). The SMF index was predominantly influenced by leucine 
aminopeptidase, an enzyme central to the hydrolysis of organic N 
compounds, emphasizing the pivotal role of N cycling processes in 
sustaining soil multifunctionality. The positive associations between the 
SMF index and the relative abundances of fungal classes such as Sor
dariomycetes and Mortierellomycetes, which are established producers of 
leucine aminopeptidase (Nampoothiri et al., 2005; Yew et al., 2016; 
Zheng et al., 2020), suggest a fungal-driven proteolysis that may 
enhance nitrogen mineralization, thereby increasing inorganic nitrogen 
availability for both microbial and plant uptake. Furthermore, this 
process may facilitate other ecosystem functions such as plant produc
tivity, microbial biomass production, and enzymatic pathways involved 
in C and P cycling (Pellitier and Zak, 2018). Our results therefore sup
port the idea that several specific microbial groups, particularly fungi 
with specialized enzymatic capacities, may exert disproportionate in
fluence on ecosystem multifunctionality through their biochemical traits 
and activities. Another key driver of SMF is the soil C/N ratio, which 
showed a negative correlation with SMF, NH4

+ and litter N content along 
the whole gradient, based on Spearman correlation and SEM analysis. In 
temperate forests, low soil C/N ratio indicated nutrient-limited soils, 
that could potentially promote fungal alpha-diversity, as fungi are able 
to live under more oligotrophic conditions than prokaryotes (Liu et al., 
2020). However, higher C/N ratio at both ends of the gradient, i.e. in the 
boreal forests and in the Mediterranean drylands, indicated N limitation, 
likely restricting the activity of the microbial communities. This effect 
was especially pronounced in the drier southern soils, where N limita
tion might have severely weakened the fungal contribution to SMF. In 
contrast, prokaryotic alpha-diversity was unrelated to soil C/N ratio but 
depended considerably on soil PO4

3− content, which was limited in 
Mediterranean drylands, and probably insufficient to support SMF.

Fungal network complexity was also linked to SMF. Microbial co- 
occurrence networks help reveal interactions among taxa, demon
strating their role in supporting soil biodiversity (Barberán et al., 2012; 
Liu et al., 2024) and functions (Fuhrman, 2009; Wagg et al., 2019). 
However, the link between fungal network complexity and SMF was 
weaker than between fungal alpha-diversity and SMF. This is likely due 
to functional redundancy, where multiple species perform similar roles, 
reducing reliance on complex network associations (Banerjee et al., 
2016; Louca et al., 2018).

We included a large range of functions in the SMF, including both 
actual activities measurements (such as enzymes) and potential func
tions (such as gene abundances) to provide a more comprehensive 
perspective of SMF. This is the case for phoD gene abundance and the 

PHOS enzyme assays, which, although both assess a similar function, do 
not correlate. This can be partly attributed to the fact that the qPCR 
assay for the phoD gene quantified ALP genes, whereas the PHOS 
enzyme assay targeted both ALP and ACP enzyme activities. Moreover, 
functional genes are not always translated or expressed as active en
zymes, as their expression is influenced by environmental factors, such 
as resource availability and nutrient demand (Chen and Sinsabaugh, 
2021; Ouyang et al., 2018). Nevertheless, we considered it important to 
include gene abundance in the SMF index calculation, when gene 
abundance is not corelated to actual enzyme activity, as it represents a 
critical aspect of potential microbial contributions to P cycling that 
might not be fully captured by enzyme activity assays.

Furthermore, it is worth noting that the SMF index as calculated in 
this study is reflecting the soil multifunctionality from the point of view 
of microbial activities. As an example, CH4 fluxes, reflecting emission of 
CH4 from the soil to the atmosphere, were included as indicators of 
microbial activity related to C cycling, a product of methanogenesis and 
methanotrophy. From the climate mitigation perspective, however, 
since CH4 is a potent greenhouse gas, higher CH4 emissions would 
represent a reduced ecosystem multifunctionality.

The European continent will increasingly be affected by global 
changes (Schröter et al., 2005), especially in the Mediterranean regions, 
where precipitation will decrease and drought frequency and intensity 
will increase (Giorgi and Lionello, 2008). Mediterranean drylands are 
therefore expected to extend towards North (Seneviratne et al., 2006), 
replacing areas currently covered by forests. The replacement of forests 
by more arid-adapted ecosystems is expected to weaken the relationship 
between soil microbial communities and soil functions, driven by 
reduced availability of organic matter and nutrients. Accordingly, the 
association between fungal diversity and soil multifunctionality is likely 
to decline. In Mediterranean drylands, increasing aridity and desertifi
cation are already threatening plant productivity and diversity (Thuiller 
et al., 2005), leading the lower inputs of soil organic matter and nutri
ents (Albaladejo et al., 2013). Since fungal diversity, biomass and ac
tivities are strongly associated to plant diversity (Peay et al., 2013), they 
are also expected to decrease (Büntgen et al., 2015; Maestre et al., 2015), 
eventually leading to a reduction of the overall contribution of fungi to 
soil ecosystem functions in these regions. In central and northern 
Europe, while plant diversity is expected to decline in temperate and 
boreal forests due to global changes, losses are foreseen to be less severe 
than in Mediterranean drylands (Thuiller et al., 2005). Meanwhile, plant 
biomass and growth are likely to increase under warmer climate (Xu 
et al., 2024), strengthening the link between fungal diversity and soil 
functions in those areas, through greater plant biomass input. Enhanced 
fungal diversity and activities will thus contribute to the expected ac
celeration of organic matter decomposition in temperate and boreal 
forests under global warming (Baldrian et al., 2023; Treseder et al., 
2016), accelerating soil carbon and nutrients cycling.
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