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            Abstract
Recent reports of local extinctions of arthropod species1, and of massive declines in arthropod biomass2, point to land-use intensification as a major driver of decreasing biodiversity. However, to our knowledge, there are no multisite time series of arthropod occurrences across gradients of land-use intensity with which to confirm causal relationships. Moreover, it remains unclear which land-use types and arthropod groups are affected, and whether the observed declines in biomass and diversity are linked to one another. Here we analyse data from more than 1 million individual arthropods (about 2,700 species), from standardized inventories taken between 2008 and 2017 at 150 grassland and 140 forest sites in 3 regions of Germany. Overall gamma diversity in grasslands and forests decreased over time, indicating loss of species across sites and regions. In annually sampled grasslands, biomass, abundance and number of species declined by 67%, 78% and 34%, respectively. The decline was consistent across trophic levels and mainly affected rare species; its magnitude was independent of local land-use intensity. However, sites embedded in landscapes with a higher cover of agricultural land showed a stronger temporal decline. In 30 forest sites with annual inventories, biomass and species number—but not abundance—decreased by 41% and 36%, respectively. This was supported by analyses of all forest sites sampled in three-year intervals. The decline affected rare and abundant species, and trends differed across trophic levels. Our results show that there are widespread declines in arthropod biomass, abundance and the number of species across trophic levels. Arthropod declines in forests demonstrate that loss is not restricted to open habitats. Our results suggest that major drivers of arthropod decline act at larger spatial scales, and are (at least for grasslands) associated with agriculture at the landscape level. This implies that policies need to address the landscape scale to mitigate the negative effects of land-use practices.
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                    Fig. 1: Temporal trends in arthropod communities.[image: ]


Fig. 2: Changes in the dominance of species.[image: ]


Fig. 3: Landscape effects on arthropod decline in grasslands.[image: ]
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                Data availability

              
              This work is based on data from several projects of the Biodiversity Exploratories programme (DFG Priority Program 1374). All data used for analyses are publicly available from the Biodiversity Exploratories Information System (https://doi.org/10.17616/R32P9Q) at https://www.bexis.uni-jena.de/PublicData/PublicDataSet.aspx?DatasetId=25786. Raw data are publicly available from the same repository (with identifiers 21969, 22007, 22008, 19686 and 20366), or will become publicly available after an embargo period of five years from the end of data assembly to give the owners and collectors of the data time to perform their analysis. Any other relevant data are available from the corresponding author upon reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 Effects of weather variables on arthropod numbers.
Effects of mean winter temperature (November to February) and precipitation during the growing period (March to October) on biomass, abundance and number of species in arthropod communities in 30 forests (orange) and 150 grasslands (blue) across three regions of Germany. Dots represent raw data aggregated per site and year (n = 1,406 (grassland) or 266 (forest) independent samples). Dotted lines indicate non-significant (P ≥ 0.05) and solid lines indicate significant effects of weather variables (P < 0.05), based on linear mixed models that included year, local and landscape land-use intensity as covariates. Shaded areas represent confidence intervals. The effects of winter temperature and precipitation differed between forests and grasslands. In grasslands, arthropod numbers increased with increasing winter temperature and with increasing precipitation in the growing period; the effect of precipitation was weaker than the effect of winter temperature, and the effects of both weather variables were weaker than the effect of the year (Supplementary Table 1-1). In forests, arthropod numbers decreased with increasing winter temperature and with increasing precipitation in the growing period; the effects of the two weather variables were similarly strong, but slightly weaker than the effect of the year (Supplementary Table 1-1).


Extended Data Fig. 2 Contribution of individual years to overall trends.
a, To assess the contribution of individual years to the overall trend, we repeated the linear mixed models for overall biomass, abundance and number of species, and excluded one year each time. The distribution of t and z values for the effect of the year from subset models (white), and from the full models including all years (black), are shown (11 models for grasslands and 10 models for forests). Grey bars denote effect of the year 2008 (the year with the strongest effect on overall trend estimates). b, In addition, we tested whether the observed effect of year differed from a random expectation by randomizing the order of years 100× for forests and grasslands before modelling. The distribution of t and z values for the effect of the year from models with randomly ordered years (white) and models with the years ordered correctly (black) are shown (101 models each for grasslands and forests). Vertical dashed lines indicate levels of significance with P < 0.05. The results in a show that both weaker and stronger temporal trends could be detected when single years were excluded from the analysis, compared to the full model including all years. Results in b show that models with the years ordered randomly produced effects of the year that were normally distributed around zero, and only the models with years ordered correctly generated strong temporal trends. For a more detailed discussion, see Supplementary Information section 3.


Extended Data Fig. 3 Declines in gamma diversity of frequent species.
Estimated gamma diversity (total number of species across all grassland or forest sites) over time. Symbols and error bars shown mean and 95% confidence intervals for gamma diversity, calculated as incidence-based, bias-corrected diversity estimates (Chao’s BSS29, with 200 bootstrapping runs; Methods) for q = 1 and 2 (for q = 0, see Fig. 1). With increasing order q, the more-frequent species are more strongly weighted (q = 0 equals species richness, q = 1 equals the exponential of Shannon entropy and q = 2 equals the inverse of Simpson diversity; that is, only dominant species affect the diversity measure). This approach accounts for slight differences in site numbers between years caused by limited accessibility or failure of traps. Non-overlapping confidence intervals indicate a significant difference between two sampling years30. Figure 1 shows that gamma diversity declines in both forests and grasslands for q = 0. We find that in forests gamma diversity declines when only the more-common species are considered (q = 1 and q = 2), whereas in grasslands there is no overall decline when only the common species are considered. For a more detailed interpretation, see Supplementary Information section 4.


Extended Data Fig. 4 Effect of tree mortality on arthropod trends.
a, The relative change in the number of arthropod species between the first two and the final two study years was similar for managed (n = 19) and unmanaged (n = 9) forest sites (z = 0.648, P = 0.517, derived from a linear mixed model with relative difference in species number as response, harvesting category as fixed and region as random effect). Dots show raw data per site. Boxes represent data within the 25th and 75th percentile, black lines show medians, and whiskers show 1.5× the interquartile range. b, When considering actual tree mortality between forest inventories in 2009 and 2016, declines in the number of arthropod species were weaker at sites with higher tree mortality (z = 2.536, P = 0.011, derived from a linear mixed model with relative difference in species number as response, tree mortality as fixed and region as random effect). Dots show raw data per site. The blue line visualizes the significant relationship between the change in the number of arthropod species and tree mortality based on the linear mixed model, and the shaded area represents confidence intervals. This suggests that changes in habitat conditions and heterogeneity linked to tree mortality—such as increasing canopy openness, herb cover or deadwood availability—moderated declines in the number of arthropod species. More research is needed to identify mechanistic relationships. Tree mortality included both natural mortality and timber harvesting. Forest sites had a stand age of, on average, 116 years (minimum of 30 years and maximum of 180 years) and therefore did not include overmature stands. Owing to stand age and because management was abandoned 20 to 70 years before this study started, natural tree mortality was low even in unmanaged stands. We expect increasingly positive effects of natural tree mortality and associated increased structural diversity and heterogeneity40 on arthropod trends with increasing stand age, but further research is required. In Germany, harvesting is usually conducted as shelterwood cutting. In our sites, the harvested amount over the course of our study reached a maximum of 1% of the standing volume per year. More intense harvesting systems (such as clear cutting), which lead to less heterogeneous habitat conditions, may not have similar moderating effects on arthropod declines.


Extended Data Fig. 5 Distribution of landscape-level land-use variables.
Data distribution of the cover of arable fields, grassland and forest within 1,000 m surrounding each of the 150 grassland and 30 forest sites for each region, and for all regions in total. ALB, Schwäbische Alb; HAI, Hainich-Dün; SCH, Schorfheide-Chorin.


Extended Data Fig. 6 Correlations among weather and among land-use variables.
a, b, Coefficients of pairwise correlations and PCAs for weather variables (a) and land-use variables (b). Temperature-related data are based on observed air temperature by weather stations at each site. Precipitation is derived from gauge-corrected radar observations (RADOLAN, Deutscher Wetterdienst). For each site and year, we calculated mean temperature (T mean), number of frost days (daily minimum temperature <0 °C; n frost), number of warm days (daily mean temperature >20 °C; n warm days) and precipitation sum in mm (precipitation) for three different periods: winter (November of the previous year to February; win), growing period (March to October; grow) and year (November of the previous year to October; year). The number of independent observations for weather variables was n = 1,406 (grasslands) or 266 (forests). Land-use variables include local land-use intensity (local LU) and cover of arable fields (A), grassland (G) and forest (F) at different spatial scales (250, 500, 1,000, 1,500 and 2,000 m). The number of independent observations for land-use variables equalled the number of sites; n = 150 (grasslands) or n = 30 (forests). On the basis of correlations and PCA results, we chose mean winter temperature and precipitation during the growing period, as well as cover of arable fields and cover of grassland, as ecologically meaningful and the least-correlated explanatory variables for modelling arthropod data.


Extended Data Fig. 7 Temporal patterns in weather conditions.
Temporal patterns of the sum of precipitation during the growing period (March to October) and mean winter temperature (November of the previous year to February) for 150 grassland and 30 forest sites (n = 1,406 (grassland) or 266 (forest) independent observations). Boxes represent data within the 25th and 75th percentile, black lines show medians and whiskers show 1.5× the interquartile range. A linear mixed model for each response variable, with year as a fixed effect and the site nested in the region as a random effect, indicate that winter temperature increased (grassland, z = 10.90, P ≤ 0.001; forest, z = 8.24, P ≤ 0.001) and precipitation during the growing period decreased during our study period (grassland, z = −6.53, P ≤ 0.001; forest, z = −8.44, P ≤ 0.001). We are currently not able to quantify whether and how much the observed trends in arthropod numbers were affected by changes in climatic conditions (Supplementary Information section 2).


Extended Data Fig. 8 Results from multiscale analysis.
Mean and s.d. of Pearson’s coefficients of correlation between arthropod numbers (biomass, abundance and number of species) and landscape-level land-use variables (cover of arable fields and cover of grassland) for radii of 250–2,000 m around 150 grassland sites and 30 forest sites. Only data from a random subset of sites with non-overlapping buffers at the 2,000-m scale were used. The randomized subsampling of sites with non-overlapping buffers and the calculation of correlations was repeated 100 times (median number of sites per subsample was n = 18 (grassland) or 17 (forest)). The 1,000-m scale was used for modelling arthropod numbers for both grassland and forests because (i) the correlation coefficients appeared to plateau at this scale in grasslands, (ii) the range of landscape-level land-use variables at small spatial scales in forests was small and (iii) buffers of neighbouring plots overlapped more extensively at higher spatial scales.


Extended Data Table 1 Details on arthropod numbersFull size table
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