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            Abstract
The amount of carbon stored in deadwood is equivalent to about 8 per cent of the global forest carbon stocks1. The decomposition of deadwood is largely governed by climate2,3,4,5 with decomposer groups—such as microorganisms and insects—contributing to variations in the decomposition rates2,6,7. At the global scale, the contribution of insects to the decomposition of deadwood and carbon release remains poorly understood7. Here we present a field experiment of wood decomposition across 55 forest sites and 6 continents. We find that the deadwood decomposition rates increase with temperature, and the strongest temperature effect is found at high precipitation levels. Precipitation affects the decomposition rates negatively at low temperatures and positively at high temperatures. As a net effect—including the direct consumption by insects and indirect effects through interactions with microorganisms—insects accelerate the decomposition in tropical forests (3.9% median mass loss per year). In temperate and boreal forests, we find weak positive and negative effects with a median mass loss of 0.9 per cent and −0.1 per cent per year, respectively. Furthermore, we apply the experimentally derived decomposition function to a global map of deadwood carbon synthesized from empirical and remote-sensing data, obtaining an estimate of 10.9 ± 3.2 petagram of carbon per year released from deadwood globally, with 93 per cent originating from tropical forests. Globally, the net effect of insects may account for 29 per cent of the carbon flux from deadwood, which suggests a functional importance of insects in the decomposition of deadwood and the carbon cycle.
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                    Fig. 1: Decomposition rates and insect effects per biome.[image: ]


Fig. 2: Decomposition rates and net insect effects in climate space.[image: ]


Fig. 3: Global annual carbon release from deadwood and sensitivity analysis.[image: ]
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                Data availability

              
              Raw data from the global deadwood experiment, our global map of deadwood carbon and our map of predicted decomposition rates are publicly available from Figshare https://figshare.com/s/ffc39ee0724b11bf450c (https://doi.org/10.6084/m9.figshare.14545992).

            

Code availability

              
              An annotated R code including the data needed to reproduce the statistical analyses, global estimates and sensitivity analysis is publicly available from Figshare https://figshare.com/s/ffc39ee0724b11bf450c (https://doi.org/10.6084/m9.figshare.14545992).
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Extended data figures and tables

Extended Data Fig. 1 Arrangement of installations per site and per treatment.
a, Each site received three installations of three treatments randomly assigned to a 3 × 3 grid. b–d, Treatments included closed cages to exclude insects (b), open cages providing similar microclimatic conditions as closed cages but giving access to insects (c) and uncaged bundles of logs (d). Cages measured 40 cm × 40 cm × 60 cm and were made of white polyester with honeycomb-shaped meshes with a side length of approximately 0.5 mm. Open cages had four rectangular openings measuring 3 cm × 12 cm at both front sides and four rectangular openings measuring 10 cm × 15 cm at the bottom representing in total 6% of the surface area of the cage as well as a total of ten 12-cm slits at the top and long sides. All cages were placed on a stainless-steel mesh (0.5 mm mesh width), which had the same openings as the bottom side of the cages in the open-cage treatment. Photographs show the site in the Bavarian Forest National Park, Germany.


Extended Data Fig. 2 Effects of treatments on wood decomposition and insect colonization.
a, b, Coefficients and confidence intervals from post hoc tests assessing all three pairwise comparisons between the uncaged, closed-cage and open-cage treatments for annual mass loss (a; same structure as the model shown in Table 1 based on 3,578 logs) and insect colonization (b; binomial model for insect presence and absence based on 3,430 logs) of wood of native tree species. The 95% confidence intervals that do not intersect the zero line (dashed) indicate significant differences. c, Pairwise comparison of fitted annual mass loss (%) between each of the three treatments in the global deadwood decomposition experiment. Points represent the predicted values for angiosperm species at 55 sites and gymnosperm species at 21 sites based on three Gaussian generalized linear mixed log-link models for 3,758 logs with site-specific random effects and temperature, precipitation, treatment (closed cage versus uncaged, open cage versus uncaged and closed cage versus open cage), host division, as well as their interactions, as fixed effects. In a and b, the largest differences in both response variables were observed between uncaged and closed-cage treatments. Annual mass loss was higher in the uncaged than open-cage treatment and higher in the open-cage than in closed-cage treatment, although the latter was not significant. This indicates that the open cage, despite its openings for insects, has a clearly reduced decomposition rate compared with the uncaged treatment. Insect colonization for the open cage differed significantly from both uncaged and closed-cage treatment, but was more similar to the uncaged than closed-cage treatment. This indicates that open cages were colonized by insects, but not as frequently as the uncaged treatment. Open cages thus excluded parts of the wood-decomposing insect community, which may explain the rather small difference in annual mass loss between closed cages and open cages. These results suggest that the comparison of uncaged wood versus closed cages provides a more reliable estimate of the net effect of insects on wood decomposition than the comparison of closed-cage versus open-cage treatments, which is likely to underestimate the net effect of insects. In c, the difference between annual mass loss in closed-cage and both treatments with insect access (uncaged and open cage) increased from boreal to tropical biomes, whereas the difference between uncaged wood and open cages hardly deviated from the 1:1 line. This indicates that the reported mass loss differences between closed-cage and uncaged treatments, as well as the accelerating effect of temperature and precipitation (Table 1), can be attributed to insects and are not an artefact of potential microclimatic effects of the cages (Supplementary Information section 1).


Extended Data Fig. 3 Interaction effects of temperature and precipitation on wood decomposition.
a, b, Predictions based on the model presented in Table 1 for annual mass loss of deadwood of native tree species (2,533 logs at 55 sites), considering all possible groups of decomposers (uncaged treatment) (a), and annual mass loss attributed to insects (difference in mass loss between uncaged and closed-cage treatments) (b), relative to temperature and precipitation. The length of the lines is limited to the gradients in precipitation covered by the sites.


Extended Data Fig. 4 Model evaluation against independent data.
Comparison of 157 independent observations of annual deadwood decomposition rates measured for larger diameter wood in previous deadwood surveys27 (red dots) with the predictions from our model for the same locations (blue triangles). Lines indicate the relationship between the decomposition rate and mean annual temperature from Harmon et al.27 (red dashed line; k = 0.0184e0.0787×temperature) and for our model (blue line; k = 0.0171e0.0812×temperature). Good correspondence of both curves indicates that our models of global carbon release from deadwood provide robust estimates despite being based on experimental deadwood with a diameter of around 3 cm (for detailed discussion, see Supplementary Information section 1).


Extended Data Fig. 5 Global deadwood carbon fluxes.
a, b, Total annual release of deadwood carbon from decomposition including all decomposers (a) and annual release of deadwood carbon due to the net effect of insects (b). Light grey areas indicate values of ±0.1 Mg C ha−1 yr−1 and white areas are non-forest systems. c, Latitudinal distribution of global deadwood carbon fluxes per hectare.


Extended Data Fig. 6 Processing steps for the global deadwood carbon map.
a, Aboveground forest biomass (Mg ha−1) aggregated to 5′ from the GlobBiom dataset. b, Total live carbon (Mg ha−1) by extending a with root biomass55 and conversion to carbon. c, Proportion of gymnosperm forests derived from the GLCNMO201359 dataset. The proportion of angiosperm cover is 1 − gymnosperm cover. White indicates non-forested area.


Extended Data Fig. 7 Bioclimatic space for robust predictions.
a, b, Climate conditions outside of the range of prediction models for angiosperm (a) and gymnosperm (b) species in climate space (left) and mapped (right). Left, dark blue points are outside of the range defined by a convex hull around the experimental sites (black triangles). Right, the colours on the maps indicate the absolute difference between the local climate and the climate used for prediction for temperature (red colour channel) and precipitation (blue colour channel) with black indicating no difference. White areas indicate that no gymnosperm or angiosperm forest, respectively, occurs there. Experimental sites are indicated by yellow dots. Temperatures outside of the range are mainly located in northeastern Siberia and northern Canada, whereas offsets in precipitation are stronger for gymnosperms in southeastern Asia, Indonesia and in the Amazon region. The land surface area not covered by our experimental data is 23.5% for gymnosperms and 17.7% for angiosperms, representing together 13.2% of the carbon stored in deadwood. These areas were included in our upscaling by mapping them to the nearest point at the convex hull in climate space.


Extended Data Table 1 Supporting analyses of drivers of wood decompositionFull size table


Extended Data Table 2 Uncertainty in global carbon fluxes from the decomposition of deadwood, determined in a global sensitivity analysisFull size table


Extended Data Table 3 Comparison of global carbon stock estimates and results for each biomeFull size table
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