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            Abstract
Increasing soil carbon and nitrogen storage can help mitigate climate change and sustain soil fertility1,2. A large number of biodiversity-manipulation experiments collectively suggest that high plant diversity increases soil carbon and nitrogen stocks3,4. It remains debated, however, whether such conclusions hold in natural ecosystems5,6,7,8,9,10,11,12. Here we analyse Canadaâ€™s National Forest Inventory (NFI) database with the help of structural equation modelling (SEM) to explore the relationship between tree diversity and soil carbon and nitrogen accumulation in natural forests. We find that greater tree diversity is associated with higher soil carbon and nitrogen accumulation, validating inferences from biodiversity-manipulation experiments. Specifically, on a decadal scale, increasing species evenness from its minimum to maximum value increases soil carbon and nitrogen in the organic horizon by 30% and 42%, whereas increasing functional diversity enhances soil carbon and nitrogen in the mineral horizon by 32% and 50%, respectively. Our results highlight that conserving and promoting functionally diverse forests could promote soil carbon and nitrogen storage, enhancing both carbon sink capacity and soil nitrogen fertility.
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                    Fig. 1: Suggested causal pathways of direct and indirect effects of tree diversity, identity, stand age, climate and background soil condition on tree productivity and changes in soil C and N stocks.[image: ]


Fig. 2: Structural equation model showing the effects of tree diversity and climatic and soil conditions on decadal changes in soil C and N stocks in the organic soil horizon (Nâ€‰=â€‰361).[image: ]


Fig. 3: Structural equation model showing the effects of tree diversity and climatic and soil conditions on decadal changes in soil C and N stocks in the mineral soil horizon (Nâ€‰=â€‰245).[image: ]
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Extended data figures and tables

Extended Data Fig. 1 The result of PCA showing permanent sampling plots and each functional identity.
CWM, community-weighted mean of trait value; CWMNmass, CWM of nitrogen content per leaf mass; CWMPmass, CWM of phosphorus content per leaf mass; CWMSLA, CWM of specific leaf area; CWMWD, CWM of wood density; CWMMH, CWM of maximum height. The first axis (PC1) represents traits associated with acquisitive versus conservative strategies, whereas the second axis (PC2) refers to traits associated with wood density (WD) versus the maximum height (MH) of trees.


Extended Data Fig. 2 The distributions of 406 ground plots from the Canadian NFI with climate and plant community characteristics information.
a, Long-term averages of mean annual temperature (MAT). b, Long-term averages of mean annual climate moisture index (CMI). c, Species richness. d, Species evenness. e, Functional diversity (FDis). f,g, CWM of trait value (CWMPC1, CWMPC2). h, Schematic diagram of the NFI ground plot.


Extended Data Fig. 3 The bivariate relationships between decadal changes in soil C and N stocks in the organic horizon (Î”Soilâ€‰COrganic stock and Î”Soil NOrganic stock) and explanatory variables (nâ€‰=â€‰361) for all proposed causal paths in the structural equation model.
MAT, the long-term average of mean annual temperature; CMI, the long-term average of mean annual climate moisture index; FDis, functional diversity; Horizon thickness, initial organic horizon thickness; Î”Thickness, decadal organic horizon soil thickness change. Higher CWMPC1 values indicate traits associated with acquisitive strategy, whereas lower values indicate conservative strategy. Higher CWMPC2 values indicate traits associated with lower tree maximum height (see Extended Data Fig. 1).


Extended Data Fig. 4 The bivariate relationships between decadal changes in soil thickness in the organic horizon (Î”Thickness) and explanatory variables (nâ€‰=â€‰361) for all proposed causal paths in the structural equation model.
All fitted regressions are significant at Pâ€‰<â€‰0.05. MAT, the long-term average of mean annual temperature; CMI, the long-term average of mean annual climate moisture index; FDis, functional diversity; Horizon thickness, initial organic horizon thickness. Higher CWMPC1 values indicate traits associated with acquisitive strategy, whereas lower values indicate conservative strategy. Higher CWMPC2 values indicate traits associated with lower tree maximum height (see Extended Data Fig. 1).


Extended Data Fig. 5 The bivariate relationships between decadal changes in soil C and N stocks in the mineral horizon (Î”Soilâ€‰CMineral stock and Î”Soil NMineral stock) and explanatory variables (nâ€‰=â€‰245) for all proposed causal paths in the structural equation model.
All fitted regressions are significant at Pâ€‰<â€‰0.05. MAT, the long-term average of mean annual temperature; CMI, the long-term average of mean annual climate moisture index; FDis, functional diversity. Higher CWMPC1 values indicate traits associated with acquisitive strategy, whereas lower values indicate conservative strategy. Higher CWMPC2 values indicate traits associated with lower tree maximum height (see Extended Data Fig. 1).


Extended Data Fig. 6 The bivariate relationships between decadal aboveground primary productivity and explanatory variables for all proposed causal paths in the structural equation model.
All fitted regressions are significant at Pâ€‰<â€‰0.05. MAT, the long-term average of mean annual temperature; CMI, the long-term average of mean annual climate moisture index; FDis, functional diversity. Higher CWMPC1 values indicate traits associated with acquisitive strategy, whereas lower values indicate conservative strategy. Higher CWMPC2 values indicate traits associated with lower tree maximum height (see Extended Data Fig. 1).


Extended Data Fig. 7 The bivariate relationships between decadal relative changes in soil C and N stocks in the mineral horizon and mineral horizon soil C and N content, respectively.
All fitted regressions are significant at Pâ€‰<â€‰0.05. Dotted vertical line represents the soil C or N content when relative changes in soil C and N stocks began to shift from positive to negative.


Extended Data Fig. 8 Structural equation models showing the effects of tree diversity, alternative climatic factors and soil conditions on decadal changes in soil C and N stocks.
a,b, Path diagrams of factors influencing changes in soil C and N stocks in the organic horizon (nâ€‰=â€‰361). b,d Path diagrams of factors influencing changes in soil C and N stocks in the mineral horizon (nâ€‰=â€‰245). Numbers adjacent to arrows are standardized path coefficients, analogous to relative regression weights. Solid and dashed arrows represent positive and negative relationships, respectively. Different colours represent different types of explanatory variable (see Fig. 1). Only significant pathways are shown (Pâ€‰<â€‰0.05). The goodness-of-fit statistics for panels aâ€“d are: GFIâ€‰= 0.988, SRMRâ€‰=â€‰0.032, Pâ€‰=â€‰0.249; GFIâ€‰=â€‰0.991, SRMRâ€‰=â€‰0.029, Pâ€‰=â€‰0.477; GFIâ€‰= 0.987, SRMRâ€‰=â€‰0.033, Pâ€‰=â€‰0.367; and GFIâ€‰=â€‰0.986, SRMRâ€‰=â€‰0.038, Pâ€‰=â€‰0.391, respectively, indicating close model-data fit. Î”Soilâ€‰COrganic and Î”Soilâ€‰NOrganic represent decadal changes in soil C and N stocks of the organic soil horizons, respectively. Î”Soil CMineral and Î”Soilâ€‰NMineral represent decadal changes in soil C and N stocks of the mineral soil horizons, respectively. GDD, mean annual growing degree-days; AGP, mean annual precipitation at the growing season; FDis, functional diversity; Î”Thickness, decadal changes in soil organic horizon thickness; CWMPC2, community-weighted mean of trait values; Horizon thickness, initial organic horizon thickness. Higher CWMPC2 values indicate traits associated with lower tree maximum height (see Extended Data Fig. 1).


Extended Data Table 1 Summary statistics (mean, s.d. and range) of the permanent sample plots across Canada (2002â€“2018)Full size table


Extended Data Table 2 Functional trait values of major tree genus (>5% of the total basal area across all plots during the entire census) occurred from all the provincesFull size table
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