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            Abstract
Land use changeâ€”for example, the conversion of natural habitats to agricultural or urban ecosystemsâ€”is widely recognized to influence the risk and emergence of zoonotic disease in humans1,2. However, whether such changes in risk are underpinned by predictable ecological changes remains unclear. It has been suggested that habitat disturbance might cause predictable changes in the local diversity and taxonomic composition of potential reservoir hosts, owing to systematic, trait-mediated differences in species resilience to human pressures3,4. Here we analyse 6,801 ecological assemblages and 376 host species worldwide, controlling for research effort, and show that land use has global and systematic effects on local zoonotic host communities. Known wildlife hosts of human-shared pathogens and parasites overall comprise a greater proportion of local species richness (18â€“72% higher) and total abundance (21â€“144% higher) in sites under substantial human use (secondary, agricultural and urban ecosystems) compared with nearby undisturbed habitats. The magnitude of this effect varies taxonomically and is strongest for rodent, bat and passerine bird zoonotic host species, which may be one factor that underpins the global importance of these taxa as zoonotic reservoirs. We further show that mammal species that harbour more pathogens overall (either human-shared or non-human-shared) are more likely to occur in human-managed ecosystems, suggesting that these trends may be mediated by ecological or life-history traits that influence both host status and tolerance to human disturbance5,6. Our results suggest that global changes in the mode and the intensity of land use are creating expanding hazardous interfaces between people, livestock and wildlife reservoirs of zoonotic disease.
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                    Fig. 1: Dataset of ecological communities and zoonotic host species.[image: ]


Fig. 2: Effects of land use on site-level host species richness and total abundance.[image: ]


Fig. 3: Effects of land use on species abundance of mammalian and avian zoonotic hosts and non-hosts.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Conceptual framework for the effects of land use change on zoonotic disease transmission.
Pathogen transmission between potential hosts is shown as black arrows. Land use change (green driver) acts on ecological community composition and human populations (white boxes), and on environmental features that influence contact and transmission both locally (light blue box) and at broader geographical scales (dark blue box). These processes occur within a broader socio-ecological system context also influenced by additional environmental (for example, climatic), socioeconomic and demographic factors. Unpicking the relative influence of these different processes on disease outcomes is challenging in local disease system studies, in which multiple processes may be acting on pathogen prevalence and transmission intensity. The aim of this analysis was therefore to specifically examine, at a global scale, the effects of land use change on the composition of the potential host community (excluding domestic species), denoted by the red box.


Extended Data Fig. 2 Approximating research effort bias for non-host species within the PREDICTS dataset.
For all non-host species, we approximated the likelihood of false classification given research effort (that is, probability of being a host, but not detected), based on the distribution of publication effort across known zoonotic hosts within the same taxonomic order (Supplementary MethodsÂ 1). a, b, Line graphs show, for several orders, the cumulative curve of publication counts for known zoonotic hosts (a; shown on log-scale), and approximated false classification probability, which declines and asymptotes with increasing levels of research effort (b) (line colours denote taxonomic order). câ€“e, Points and box plots show the distribution of PubMed publications for all host and non-host species in PREDICTS (c; total nÂ =Â 6,921), and false classification probabilities (used as bootstrap transition rates) for all non-host species per taxonomic class in PREDICTS (d; total nÂ =Â 3,665), and per key mammalian and avian order (e; total nÂ =Â 2,927) (bracketed numbers denote number of species per group; boxes show median and interquartile range, whiskers show values within 1.5Ã— IQR from quartile). f, The histogram shows the number of non-host species transitioned to host status for each of 1,000 bootstrapped models of the full dataset (median 121, 95% quantile range 102â€“142).


Extended Data Fig. 3 Random (study-level) and geographical cross-validation of community models (full dataset).
We tested the sensitivity of fixed effects estimates to both random and geographically structured (biome-level) subsampling. a, For random tests we fitted 8 hold-out models, excluding all sites from 12.5% of studies at a time (mean 12.5% of total sites excluded per model, range 4â€“19%). b, For geographical tests we fitted 14 hold-out models, with each excluding all sites from one biome (mean 7% of sites excluded per model, range 0.07â€“32%). Points and error bars show posterior marginal parameter distributions for each hold-out model (median and 95% quantile range, with colour denoting hold-out group or biome), calculated across samples from 500 bootstrap iterations per-model to account for variable research effort across species. Directionality and evidence for fixed-effects estimates are robust to both tests, suggesting that our results are not driven by data from any particular subset of studies or regions. Urban parameters are, however, the most sensitive to exclusion of data, probably owing to the relatively sparse representation of urban vertebrate diversity in the PREDICTS database (17 studies in our full dataset).


Extended Data Fig. 4 Effects of land use on site-level mammalian reservoir host species richness and total abundance.
aâ€“d, Points, wide and narrow error bars show differences in diversity metrics from primary minimal use baseline (posterior marginal median, 67% and 95% quantile ranges respectively, across 1,000 bootstrap models). Models are of species richness (a) and total abundance (b) of reservoir host and all other (non-host) species, and of hosts as a proportion of site-level richness (c) and total abundance (d). For managed and urban sites, use intensities were combined to improve evenness of sampling (nÂ =Â 2,026 sites from 63 studies: primary (589 and 572 for minimal and substantial use respectively), secondary (144, 257), managed (348) and urban (116)). Posterior estimates were calculated across an ensemble of 1,000 bootstrapped models (median 51, range 38â€“62 non-hosts transitioned to host status, that is, increasing host number by 28â€“46%) (Methods). Results from urban sites show the same trend as the full dataset (Fig. 2), but are not visualized owing to wide uncertainty: 88.7% (âˆ’2.1, 252.3) proportion richness, 307% (78.8, 500.7) proportion abundance (posterior median and 95% quantile range; see Supplementary Table 4). Point shape indicates use intensity (minimal, substantial or both combined) and colour indicates host (brown) or non-host (green). Reservoir species are listed in Supplementary Table 1 (mammal species listed as â€˜Detection/reservoirâ€™ in the â€˜Evidence of host statusâ€™ column).


Extended Data Fig. 5 Effects of land use on occurrence and zero-truncated abundance (abundance given presence) of mammalian and avian hosts and non-hosts of zoonotic agents.
Each row of three plots shows the results of species-level modelling for each of five mammalian and two avian orders, and for mammals overall. Points, wide and narrow error bars show average difference in species occurrence probability (left column) and ZTA (middle column) (posterior median, 67% and 95% quantile ranges across 500 and 750 bootstrap iterations, for each order and all mammals respectively). Differences are shown in secondary (Sec), managed and urban sites relative to a primary land baseline (dashed line), across all host (brown) and non-host (green) species. Histograms show, for each taxonomic group, the distribution of host species counts across all bootstrap models (that is, after reclassifying non-hosts) compared to current number of known hosts (red vertical line), and the total number of species included in models (brackets in plot title). Estimates from occupancy and ZTA models (Supplementary Table 6) were combined, assuming independence of processes, to give the hurdle predictions in Fig. 3. Mammal reservoir status was defined on the basis of strict criteria (pathogen detection or isolation), and the full list of host species included in these estimates is provided in Supplementary Table 1 (scored â€˜1â€™ in theâ€™ zoonotic agent hostâ€™ column). Silhouettes obtained from PhyloPic (http://phylopic.org/).


Extended Data Fig. 6 Residual human-shared and non-human-shared pathogen richness across mammals.
aâ€“c, Distribution of human-shared and non-human-shared pathogen richness (a) and relationship to publication counts (b, c) are shown for mammals in our hostâ€“pathogen association dataset (nÂ =Â 780 species; points represent species shaded by order, associations defined on serological or stronger evidence). d, e, Observed versus fitted plots show where observed deviates from expected pathogen richness given log-publications and taxonomic group (Poisson likelihood with random intercepts and slopes for order and family; slope estimates for log-publications are similar for both human and non-human-shared pathogens, Î² of 0.298 and 0.248 respectively). f, Fitted models were used to predict expected pathogen richness for mammals in PREDICTS (nÂ =Â 546) and derive residuals from observed values, which were used in land use models (Extended Data Fig. 7). g, h, Calculating per-species residual quantile ranges across 2,500 posterior parameter samples shows that within-species residual variance is generally small relative to residual size, points and error-bars show posterior median, 67% and 95% intervals, scaled to unit variance), and land use model results are robust to including this uncertainty (Methods, Supplementary Table 7).


Extended Data Fig. 7 Effects of land use on the relationship between mammal species pathogen richness and occurrence probability.
aâ€“d, Points and error bars show intercept (a, b) and slope parameters (c, d) of the relationship between residual pathogen richness (scaled to mean 0 and unit variance) and mammal species occurrence probability (on the log odds scale; median and 95% credible interval). Model was fitted to occurrence data for all mammals in the database (nÂ =Â 29,569 records of 546 species, 1,950 sites, 66 studies). Intercept parameters represent the average occurrence probability of a species with residual pathogen richness of 0 (that is, with average pathogen richness given research effort and taxonomy), and slope parameters represent the change in occurrence probability for one scaled unit (s.d.) increase in residual pathogen richness (Extended Data Fig. 6g, h). Intercept and slope parameters for primary and secondary land measure the differences relative to managed land (that is, delta-intercept or delta-slope; b, d). e, f, Plotted lines show these relationships on the probability scale, showing the median (black line), 67% (dark shading) and 95% (light shading) quantile range, based on 3,000 samples from the joint posterior distribution. For both human-shared and non-human-shared pathogens, there is a positive relationship between the residual pathogen richness of a species and its probability of occurrence in human-managed land. For human-shared pathogens, the strength of this relationship (slope parameter) is significantly larger in managed sites than in both primary and secondary land, and for non-human-shared pathogens significantly larger in managed than in primary land (d; slopes for primary land not significantly different from 0). Full model summaries and results of sensitivity analyses are in Supplementary Table 7.


Extended Data Fig. 8 Differences in human population density between land use types, for all sites within the full dataset.
Points and boxplots show the distributions of log-transformed human population density by land use type and intensity, across all sites included in community models (nÂ =Â 6,801). Boxes show median and interquartile range with whiskers showing values within 1.5Â Ã—Â IQR from quartile, and are coloured by land use type, and numbers denote the number of sites in each category. Human population density estimates were extracted from CIESIN Gridded Population of the World 4, for 2005, the median year of studies included in the dataset. Per-site log human density estimates were considered as fixed effects in community models of host diversity, because human-tolerant or synanthropic species might respond to human population change independently of land use (Methods).


Extended Data Fig. 9 Diagnostic plots for all community models (full dataset and mammal reservoirs subset).
Species richness counts were modelled with a Poisson likelihood, and abundance (adjusted counts) were log-transformed and modelled with a Gaussian likelihood (seeÂ Methods). Plot titles refer to model response variables: species richness (SR), total abundance (Abundance), for hosts, non-hosts, and for hosts as a proportion of the community (Prop). a, b, Observed data against model-fitted values are shown in a. The red line shows the expectation if observed equals fitted (nÂ =Â 6,801 for full SR; nÂ =Â 6,093 for full abundance; nÂ =Â 2,026 for mammals SR; nÂ =Â 1,963 for mammals abundance). We also tested for spatial autocorrelation of residuals across all sites within each study, with histograms (b) showing the distribution of per-study Moranâ€™s I P values (indicating significance of spatial autocorrelation among sites within that study) for each model (nÂ =Â 184 for full SR; nÂ =Â 164 for full abundance; nÂ =Â 63 for mammals SR; nÂ =Â 60 for mammals abundance). Numbers in brackets are the percentage of studies that contained significant spatial autocorrelation (PÂ <Â 0.05, shown as a red line). Overall, spatial autocorrelation was fairly low across the dataset (statistically significant in 14â€“34% of studies, with maximum 26% for models with host metrics as response variables). Residuals and statistics were derived from a single fitted model including community mean false classification probability as a linear covariate to account for research effort (with known hosts given a false classification probability of 0), rather than the full bootstrap ensemble.
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