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            Abstract
Explaining the large-scale diversity of soil organisms that drive biogeochemical processes—and their responses to environmental change—is critical. However, identifying consistent drivers of belowground diversity and abundance for some soil organisms at large spatial scales remains problematic. Here we investigate a major guild, the ectomycorrhizal fungi, across European forests at a spatial scale and resolution that is—to our knowledge—unprecedented, to explore key biotic and abiotic predictors of ectomycorrhizal diversity and to identify dominant responses and thresholds for change across complex environmental gradients. We show the effect of 38 host, environment, climate and geographical variables on ectomycorrhizal diversity, and define thresholds of community change for key variables. We quantify host specificity and reveal plasticity in functional traits involved in soil foraging across gradients. We conclude that environmental and host factors explain most of the variation in ectomycorrhizal diversity, that the environmental thresholds used as major ecosystem assessment tools need adjustment and that the importance of belowground specificity and plasticity has previously been underappreciated.
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                    Fig. 1: Map of Europe showing sampled level II plots from the United Nations Economic Commission for Europe International Co-operative Programme on Assessment and Monitoring of Air Pollution Effects on Forests (UNECE ICP Forests).


Fig. 2: Krona chart of taxonomic affiliation of ectomycorrhizas and their relative abundance.


Fig. 3: Variation-partitioning Venn diagram.


Fig. 4: Threshold indicator taxa analyses.
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Extended data figures and tables

Extended Data Fig. 1 Global non-metric multidimensional scaling ordination of community composition.
Plots shown with host trees: brown squares, beech; blue circles, oak; green triangles, pine; yellow diamonds, spruce. Isoclines depict the forest-floor pH and arrows show the direction and strength of correlation of the most-influential environmental variables according to their R2 values (>0.4). A, MAT; B, mean minimum annual air temperature; C, growing season length; D, NH4 throughfall deposition; E, NTFD.


Extended Data Fig. 2 Threshold indicator taxa analyses.
a, c, e, g, Analyses of individual OTU abundances in response to N:PF (a), forest-floor pH (c), KTFD (e) and MAT (g). Black symbols correspond to taxa declining with the increasing variable (z−) and open symbols depict increasing taxa (z+). Symbol size is proportional to magnitude of response (z-score). Horizontal lines represent 5th and 95th quantiles of values resulting in the largest change in taxon z-scores among 1,000 bootstrap replicates. Tree shapes indicate host generalist, conifer- or broad-leaf-specific. b, d, f, h, Community-level output of accumulated z-scores per plot is shown in response to N:PF (b), forest-floor pH (d), KTFD (f) and MAT (h).


Extended Data Fig. 3 Threshold indicator taxa analysis at the genus level.
a, c, e, g, i, Analyses in response to NTFD (a), N:PF (c), forest-floor pH (e), KTFD (g) and MAT (i). Black symbols correspond to taxa that declined with the increasing variable (z−) and open symbols depict increasing taxa (z+). Symbol size is proportional to magnitude of response (z-score). Horizontal lines represent 5th and 95th quantiles of values resulting in the largest change in taxon z-scores among 1,000 bootstrap replicates. b, d, f, h, j, The community-level output of the accumulated z-scores per plot is shown in response to NTFD (b), N:PF (d), forest-floor pH (f), KTFD (h) and MAT (j).


Extended Data Table 1 Envfit results for the environmental variables used in the non-metric multi-dimensional scaling ordinationFull size table


Extended Data Table 2 Observed and expected frequencies of hyphae and rhizomorph presenceFull size table


Extended Data Table 3 Effects of key variables on hyphal plasticityFull size table


Extended Data Table 4 Effects of key variables on rhizomorph plasticityFull size table


Extended Data Table 5 Effects of key variables on hyphal and rhizomorph presence on the total ectomycorrhizal communityFull size table





Supplementary information
Supplementary Figure 1
This file contains an html5 file with an interactive version of the Krona chart in Figure 2.
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Supplementary Tables
This file contains Supplementary Tables 1-2. Supplementary Table 1 contains a summary of recent large scale biogeograhical ectomycorrhiza publications and Supplementary Table 2 contains a summary of the variables measured on the ICP Forests Level II plots, that were used in this study.
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