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            Abstract
Agriculture and the exploitation of natural resources have transformed tropical mountain ecosystems across the world, and the consequences of these transformations for biodiversity and ecosystem functioning are largely unknown1,2,3. Conclusions that are derived from studies in non-mountainous areas are not suitable for predicting the effects of land-use changes on tropical mountains because the climatic environment rapidly changes with elevation, which may mitigate or amplify the effects of land use4,5. It is of key importance to understand how the interplay of climate and land use constrains biodiversity and ecosystem functions to determine the consequences of global change for mountain ecosystems. Here we show that the interacting effects of climate and land use reshape elevational trends in biodiversity and ecosystem functions on Africa’s largest mountain, Mount Kilimanjaro (Tanzania). We find that increasing land-use intensity causes larger losses of plant and animal species richness in the arid lowlands than in humid submontane and montane zones. Increases in land-use intensity are associated with significant changes in the composition of plant, animal and microorganism communities; stronger modifications of plant and animal communities occur in arid and humid ecosystems, respectively. Temperature, precipitation and land use jointly modulate soil properties, nutrient turnover, greenhouse gas emissions, plant biomass and productivity, as well as animal interactions. Our data suggest that the response of ecosystem functions to land-use intensity depends strongly on climate; more-severe changes in ecosystem functioning occur in the arid lowlands and the cold montane zone. Interactions between climate and land use explained—on average—54% of the variation in species richness, species composition and ecosystem functions, whereas only 30% of variation was related to single drivers. Our study reveals that climate can modulate the effects of land use on biodiversity and ecosystem functioning, and points to a lowered resistance of ecosystems in climatically challenging environments to ongoing land-use changes in tropical mountainous regions.
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                    Fig. 1: Patterns of species richness and turnover along climate and land-use gradients at Mount Kilimanjaro.[image: ]


Fig. 2: Indicators of ecosystem function change with elevation and land use.[image: ]


Fig. 3: Effects of climate and land-use intensity on ecosystem functioning at Mount Kilimanjaro.[image: ]
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                Data availability

              
              The data that support the findings of this study are documented and archived in the central project database of the DFG-Research Unit FOR1246 (https://www.kilimanjaro.biozentrum.uni-wuerzburg.de), and are available from data owners upon reasonable request. Data will be published in September 2020 via GFBio (https://www.gfbio.org/), following the Rules of Procedure of the German Research Foundation (DFG) and the DFG-Research Unit FOR1246.
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Extended data figures and tables

Extended Data Fig. 1 Distribution and characteristics of study sites.
a, b, Five replicate study sites were selected for each of the six major natural habitat types (circles) and the six major anthropogenic habitat types (square, diamonds and triangles) found on Mount Kilimanjaro. The five study sites of each habitat type were distributed in such a way as to achieve a fine-scale within-habitat elevational gradient. #Study sites, number of study sites per habitat type.


Extended Data Fig. 2 Effects of land use on the composition of plant, animal and microorganism communities.
a–c, The influence of land-use intensity on the overall change in species communities in anthropogenic ecosystems relative to predictions for species communities in natural ecosystems (linear model, for all taxa P < 0.01) is shown. n = 60 study sites for all analyses. d–f, In plants and animals, land-use intensity had stronger effects on the turnover rates in the arid lowlands (ANOVA on residuals of models shown in a–c, P = 0.052) and in higher elevations (ANOVA, P < 0.01), respectively. Box plots show the median (solid line), 25% and 75% quantiles (boxes); whiskers extend to the minimum and maximum within 1.5 times the interquartile range; more-extreme data values are drawn by individual circles. n = 60 study sites for all analyses. g, Calculation of response variables in a–f. Three animals communities that each consist of four species (shown in different colours), which partly overlap, are shown. An increase in MAP is associated with a 25% increase in the dissimilarity (d) of species communities i and ii in natural habitats (di–ii). Community iii is situated in anthropogenic habitats. As communities ii and iii live in the same climate zone, a model that is based only on climate variables would predict the same composition for each species community; however, community iii shows a dissimilarity of 0.5 to community ii (shown in red). In a–c, we analysed the degree to which LUI can explain the difference between these climate-based predictions and the observed composition of species communities (that is, dii–iii as realized in the non-metric multidimensional scaling ordination space).


Extended Data Fig. 3 Effect of climate on ecosystem functions along the natural-habitat elevation gradient.
For soil- and plant-mediated ecosystem functions, the absolute effect strength values are—on average—higher for MAP, whereas animal-mediated ecosystem functions are more strongly influenced by MAT (linear mixed effect model, interaction term (type of ecosystem function × type of climate variable), n = 30 study sites, P < 0.05). The height of the bar shows the mean. Error bars show the standard errors of absolute effect strength values for each type of ecosystem function and climate variable. The bar graphs have been calculated from the data shown in Extended Data Table 3. ESF, ecosystem function.


Extended Data Fig. 4 Analyses of the support for climate and land-use models based on different land-use indices.
For each response variable, 500 different land-use indices were calculated by the random weighting of the four components of the LUI (percentage biomass removal, agricultural inputs, modification of vegetation structure and percentage agriculture in the surrounding landscape) between 0 and 1. For each of the calculated land-use indices, we calculated the support (model weights) for the five major model types (null model, climate model, land-use model, additive climate + land-use model, interactive climate × land-use model), and determined the mean and 90% confidence intervals across the 500 runs. In the majority of runs with differently weighted land-use components, we found similarly high support for the five different model types (as with the original LUI). The climate × land-use interaction model was the single best-supported type of model across response variables and different land-use indicators.


Extended Data Fig. 5 Effects of climate and land use on the multivariate index of multifunctionality.
Dissimilarity in ecosystem multifunctionality across study sites (dots) in natural (red) and anthropogenic (orange) habitats. The position in ordination space illustrates the functional characteristics of sites in relationship to other sites; sites closer to one another have a more-similar ecosystem multifunctionality. Lines in the background show contour lines of elevation.


Extended Data Fig. 6 Average change in ecosystem function with land-use intensity for soil-, plant- and animal-mediated ecosystem functions.
a–c, Average change in ecosystem function (compared to predictions for natural habitats, log-transformed) increased linearly with land-use intensity (linear model, P < 0.01) for soil- (a), plant- (b) and animal-mediated (c) ecosystem functions. n = 50 study sites. d–f, The effect (strength) of land-use intensity on the mean change in ecosystem functioning (grey bars) was, on average, highest for plant-mediated ecosystem functions. The effects of land-use intensity significantly differed among elevation zones in plant- and animal-mediated ecosystem functions (linear model, Pinteraction < 0.05), but did not differ in soil-mediated ecosystem functions. n = 50 study sites.


Extended Data Table 1 List of the indicators of ecosystem functions measured in the studyFull size table


Extended Data Table 2 Effects of climate and land use on biodiversity and ecosystem functionsFull size table


Extended Data Table 3 Effect of climate on ecosystem functions along the natural-habitat elevation gradientFull size table


Extended Data Table 4 Effects of climate and land use on multivariate index of multifunctionalityFull size table
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