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1. Introduction 
 

 
Soil microorganisms are essential for forest ecosystem functioning, as they drive nutrient 
cycling, organic matter decomposition, and greenhouse gas fluxes (Baldrian, 2017; Baldrian et 
al., 2023; Bardgett & Van Der Putten, 2014). Their diversity and ecological functions vary across 
Europe climatic and geographical gradients, as well as across land management types and 
intensities (Labouyrie et al., 2023). Mapping microbial diversity and guild composition 
provides a foundation for understanding biogeographical patterns of microbial functions and 
how they differ according to forest soil type and properties, and climate (Tedersoo et al., 2014; 
Větrovský et al., 2019).  

This deliverable presents maps of soil microbial diversity and functional guild composition 
across European forests. The maps combine data from multiple existing databases and 
HoliSoils sites to visualize spatial patterns of fungal and bacterial diversity and functional guild 
distributions.  

Furthermore, all sample data, microbial taxon data and sample metadata, made publicly 
available in a FAIR format in the form of an online database at https://forestmicrobes.org are 
also part of this deliverable.  
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2. Data and methodology 
The criteria of sample inclusion in the databases and maps are (1) the presence of sequencing 
data of bacterial partial 16S (positions 515-806) or fungal ITS1 or ITS2 molecular markers in 
a public repository, (2) GPS coordinates available, (3) geographically located in Europe, (4) 
forest or woodland biome, (5) sampled habitat soil or topsoil (combination of soil and litter 
into a composite sample). For more details on selection criteria, see Větrovský et al. (2020). 

For the maps, only samples with sufficient coverage of sequencing data were selected (≥ 
10 000 sequences of 16S or ≥ 5 000 sequences of fungal ITS2). To calculate the diversity of 
fungi and bacteria, fungal ecological guilds and bacterial phyla, and to calculate the share of 
fungal ecological guilds and bacterial phyla, the sequencing data of each sample were 
randomly subsampled to 10 000 sequences of 16S, and 5 000 sequences of fungal ITS2, 
respectively. Groups of sequences of each marker with similarity >97% were assigned into 
molecular operational taxonomical units (MOTU) corresponding to bacterial and fungal 
species. The number of such (MOTU) observed in a sample was designated “species richness” 
and the value of the Chao1 index were designated “predicted species richness”, an 
approximation of the total number of bacterial or fungal species that would be observed if 
sequences of the sample is complete (number of sequences corresponds to number of 
molecular marker molecules). 

The most abundant sequence was selected as representative for each MOTU, and their closest 
match at the genus or species level was identified using BLASTn against Silva v138 (Quast et 
al., 2013) for bacteria or the Dynamic release of UNITE v9.0 (Nilsson et al., 2019) for fungi. 
Fungal taxa were assigned to ecological guilds (ectomycorrhizal, saprotrophic, pathogenic, 
endophytic, etc.) based on the primary lifestyle retrieved from the FungalTraits database 
(Põlme et al., 2021), while bacterial taxa were grouped by phylum as proxies for broad 
functional traits (Lladó et al., 2017). 
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3. Maps 
Figure 1. Geographical distribution of samples of microbial communities in forest soils across 
Europe for (a) bacterial and (b) fungi. 

 

(a) 
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(b) 
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Figure 2. Predicted species richness of bacteria in European forest soils. The predicted 
species richness corresponds to the value of the Chao1 index in each sample. 
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Figure 3. Predicted species richness of fungi in European forest soils. The predicted species 
richness corresponds to the value of the Chao1 index in each sample. 
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Figure 4. Observed species richness of major bacterial phyla in European forest soils. Bacterial 
phyla: (a) Actinomycetota, (b) Pseudomonadota, (c) Bacteroidota, (d) Verrucomicrobiota, (e) 
Acidobacteriota, and (f) Chloroflexota. The observed species richness corresponds to the 
number of species-level MOTUs observed in a sample of which 10 000 randomly selected 
sequences were analysed. 

 

(a) 
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(b) 
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(c) 
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(d)  
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 (e) 
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 (f) 
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Figure 5. Fungal ecological guild richness (number of species) across Europe. Spatial 
distribution of dominant fungal ecological groups: (a) saprotrophs, (b) ectomycorrhizal fungi, 
(c) plant pathogens, and (d) root endophytes. 

 

(a) 
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(b) 
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(c) 

 

  



D1.6 Map and database of microbial diversity  
& guild composition in European forests 

www.holisoils.eu                17  

(d)
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Figure 6. Observed share of major bacterial phyla in European forest soils. Bacterial phyla: 
(a) Actinomycetota, (b) Pseudomonadota, (c) Bacteroidota, (d) Verrucomicrobiota, (e) 
Acidobacteriota, and (f) Chloroflexota. The values correspond to the share of sequences of 
the phylum in percents. 

(a) 
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(b) 
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(c) 
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(d) 
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(e) 
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(f) 
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Figure 7. Observed share of major fungal ecological groups in European forest soils. Fungal 
ecological groups: (a) saprotrophs, (b) ectomycorrhizal fungi, (c) plant pathogens, and (d) root 
endophytes. The values correspond to the share of sequences of the phylum in percents. 

(a) 
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(b) 
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(c) 
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(d) 
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4. Insights from the maps 
The database of European soil forest microbiome currently contains 3634 forest soil samples 
with bacterial sequencing data, and 8466 such samples with fungal sequencing data (Figure 
1). In total 3278 bacterial samples contained ≥ 10 000 sequences, and 2837 fungal samples 
contained ≥ 5 000 sequences.  

Across Europe predicted bacterial species richness had highest values in the Central and 
South Europe (e.g. Germany, France, Spain, Italy), with some hotspots also in south 
Scandinavia (Figure 2). In general, the richness was lower towards Nordic regions, suggesting 
higher diversity in regions with moderate temperature and moisture regimes.  

For fungi, high predicted species richness was observed in the Central and North Europe, 
especially in Finland and Estonia, while lower richness was typically observed in South Europe 
(Figure 3). The spatial variability seemed more profound in fungi, consistent with their overall 
stronger associations with vegetation (Urbanová et al., 2015).  

Bacterial phyla showed different ecological preferences: while Actinomycetota (Figure 4a) and 
Chloroflexota (Figure 4f) were most diverse in warm and dry Mediterranean regions, 
Acidobacteriota (Figure 4e) and Verrucomicrobiota (Figure 4d) dominated in cooler, acidic, 
and organic-rich boreal and temperate forests. Pseudomonadota (Figure 4b) and Bacteroidota 
(Figure 4c) peaked in temperate forests of Central and Western Europe. This aligns with the 
general oligotrophy of Acidobacteriota and Verrucomicrobia, for example, commonly found in 
nutrient poor soils, while Proteobacteria are rich in opportunistic fast-growing taxa (Lladó et 
al., 2017; Lladó & Baldrian, 2017) (Table 1). 

Among fungi, saprotrophs (Figure 5a) were most diverse in temperate forests of the Central 
and South Europe, where organic matter turnover is typically high (Crowther et al., 2019). 
Ectomycorrhizal fungal richness (Figure 5b) dominated in boreal and montane forests – often 
conifer dominated forests with cooler and more humid conditions, which reflects strong 
symbiotic association of ectomycorrhizal fungi with their host trees and their adaptation to 
nutrient-poor forest soils (Suz et al., 2014). Similar large-scale patterns of fungal guild 
distribution have been reported across Europe and globally (Bahram et al., 2018; Baldrian et 
al., 2022; Tedersoo et al., 2014). Plant pathogens (Figure 5c) and root endophytes (Figure 5d) 
showed generally low richness, but were both widespread with slight peaks in temperate 
forests (Table 2).  

The proportional representation of bacterial phyla and fungal guilds generally mirrored the 
species richness patterns. The regions with high bacterial or fungal richness showed also 
higher relative shares of the dominant groups, for example the Acidobacteriota and 
Verrucomicrobiota in boreal soils (Figure 6). Similarly, higher shares of the ectomycorrhizal 
fungi were observed in boreal and montane forests, while the sequences of saprottrophs 
showed higher dominance in temperate regions (Figure 7). Overall, relative proportions 
followed similar biogeographic patterns as richness.   
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Table 1. Summary of spatial diversity patterns for bacterial phyla (number of species) across 
European forest soils.  

 

Phylum Regions with high diversity Environment 

Actinomycetota 
 

Mediterranean (Spain, South Italy) Dry and warm areas, high pH 

Pseudomonadota 
(Proteobacteria) 
 

Widespread, some peaks in 
temperate forests (France, 
Germany, Czechia) 

Nutrient-rich soils 

Bacteroidota 
 

France, Spain, Italy Nutrient-rich soils 

Verrucomicrobiota 
 

Boreal forests (Finland, Estonia), 
few in France and Spain 

Acidic, oligotrophic soils in the 
boreal zone, drought-stressed 
soils in the Mediterranean 

Acidobacteriota 
 

Boreal, temperate forests Acidic, low N soils 

Chloroflexota 
 

Mediterranean (Portugal, France) Dry and warm areas, high pH 

 

 

Table 2. Summary of spatial diversity patterns for fungal ecological guilds (number of species) 
across European forest soils. 

 

Fungal ecology Regions with high diversity Environment 

Saprotrophs 
 

Central and South Europe (France, 
Germany, North Italy) 

No specific preference 

Ectomycorrhizal 
 

Boreal and montane forests (Finland, 
Italy-Alps, Croatia-Dinaric) 

Associated with the occurrence 
of conifers, cooler climates 

Plant pathogens 
 

Temperate forests in Central Europe 
– Czechia 

Forest stands with limited tree 
diversity 

Root 
endophytes 
 

Widespread, but low richness, some 
hotspots in temperate regions and 
Scandinavia 

Widespread 
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5. Future developments and maintenance  
The data and maps are publicly available at: https://forestmicrobes.org. It will be periodically 
updated as new versions of the forest microbiome database when new sufficient amount of 
new data becomes available. The data should serve as a source of both scientific exploration 
and forest soil management and protection practices, e.g., by presenting the benchmark of 
local biodiversity of microorganisms in forest soils. 
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