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            Abstract
Understanding how ecological communities are organized and how they change through time is critical to predicting the effects of climate change1. Recent work documenting the co-occurrence structure of modern communities found that most significant species pairs co-occur less frequently than would be expected by chance2,3. However, little is known about how co-occurrence structure changes through time. Here we evaluate changes in plant and animal community organization over geological time by quantifying the co-occurrence structure of 359,896 unique taxon pairs in 80 assemblages spanning the past 300 million years. Co-occurrences of most taxon pairs were statistically random, but a significant fraction were spatially aggregated or segregated. Aggregated pairs dominated from the Carboniferous period (307 million years ago) to the early Holocene epoch (11,700 years before present), when there was a pronounced shift to more segregated pairs, a trend that continues in modern assemblages. The shift began during the Holocene and coincided with increasing human population size4,5 and the spread of agriculture in North America6,7. Before the shift, an average of 64% of significant pairs were aggregated; after the shift, the average dropped to 37%. The organization of modern and late Holocene plant and animal assemblages differs fundamentally from that of assemblages over the past 300 million years that predate the large-scale impacts of humans. Our results suggest that the rules governing the assembly of communities have recently been changed by human activity.
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                    Figure 1: Proportion of aggregated pairs over the past 300 Myr.


Figure 2: Relationship between scale and proportion of aggregated pairs.


Figure 3: Tests of possible mechanisms for decreasing spatial aggregation through time.
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Extended data figures and tables

Extended Data Figure 1 Map showing distribution of fossil data sets.
Polygons enclose the localities for each fossil data set included in our analyses. Mammals are in blue, plants are in green. Dark colours represent data sets that are older. This map was created using ArcGIS software by Esri and can be found at http://www.arcgis.com/home/item.html?id=c61ad8ab017d49e1a82f580ee1298931. ArcGIS and ArcMap are the intellectual property of Esri and are used herein under license. Copyright © Esri. All rights reserved. For more information about Esri software, please visit http://www.esri.com.


Extended Data Figure 2 Breakpoint analysis of the composite data.
The analysis was performed on all data including the islands (see Fig. 3 main text), showing the mean estimate (red point; 103.778 years) and 95% confidence interval (error bar at base of plot; 101.606, 105.951 years) of the initiation of reduced percentage of aggregated species pairs, as well as the mean and confidence intervals around the change in slope of the two resulting linear models. The breakpoint analysis was run using all the data resolved to the best possible dates to allow for the greatest amount of power in detecting where the switch occurred. However, the results were similar when island data were excluded.


Extended Data Figure 3 Weighted Loess curve with and without modern data.
Loess curve weighted by number of sites with shaded 95% confidence intervals illustrates the reduction in the proportion of aggregated species pairs towards the present. Data are analysed with (black line and shading) and without (red line and shading) the modern data. Colours indicate continent: North America (green), Eurasia (purple), Australia (dark grey), South America (dark blue), Africa (orange). Point shapes indicate type of data: pollen (square), mammals (triangle), macroplants (circle). Data on terrestrial communities from ref. 2 are diamonds. Only mainland assemblages were included in the calculation for the weighted Loess curve and the density plots here and in Fig. 1.


Extended Data Figure 4 Results of PAIRS analyses of two Pleistocene–Holocene fossil data sets.
a, Mammal data for three periods: late Pleistocene (40,000–10,000 years ago), Holocene (10,000–500 years ago), and modern (present, literature survey data). Note the switch from >50% aggregated pairs to <50% aggregated pairs occurs in the Pleistocene versus Holocene data sets. b, Results for large and small mammals separately. There is a significant difference (P < 0.001) between the Holocene and the Pleistocene for all mammals (blue bars) and for large mammals (purple bars) only (P = 0.015). However, the direction of the shift was different. For all mammals, there were fewer positive associations in the Holocene, whereas, for large mammals only, there were more positive associations in the Holocene. c, North American pollen data from the past 21,000 years (modified from ref. 20). Data are from cores resolved into 1,000-year time slices. The size of the circle is related to the number of sites in the data set. The point at 0 represents a period from the present to 1,000 years ago, but is sampled from the top of the pollen cores using the same methodology as the older time slices. Note the trend of decreasing percentage of aggregations towards the present, especially in times with the largest numbers of sites (after 14,000 years). A weighted regression that takes into account the number of sites in each time slice is significant (dashed green line; P = 0.04, adjusted R2 = 0.15). The final time slice at 0 records a shift from a dominance of aggregated pairs to a dominance of segregated pairs. The sampling methods and data structure are the same for all time slices. Grey dashed line is at 50% in each panel.


Extended Data Figure 5 Relationship between the proportion of aggregated pairs and scale.
The proportion of significant pairs that are aggregated is not the result of temporal or spatial scale of data. Arcsine transformation of the proportion of significant pairs that are aggregated plotted as a function of spatial (a, b) or temporal (c, d) grain (b, d) or extent (a, c). Linear regressions are non-significant and adjusted R2 values are extremely low.


Extended Data Figure 6 Climate variability measured during the temporal extents of the fossil data sets.
Proportion of significant pairs that are aggregated shows no relationship with climate variability within a time interval. a, b, Climate variability was quantified as the standard deviation of all climate proxy data for that time interval (a), or the standard deviation of the first differences in climate across the interval (b). c, d, Climate variability (standard deviation of first differences) and age of data sets show no relationship (c), suggesting no trend in climate variability sampled by the fossil data sets across the Phanerozoic. There is a significant, but weak, positive relationship (d, dashed line) between climate variability and decreasing age of the data sets when the linear model is weighted by sample size of climate proxy data enveloped by the temporal window of the fossil data sets (P = 0.007, adjusted R2 = 0.0998).


Extended Data Figure 7 Relationship between proportion of aggregated pairs and fixed-width time intervals.
High-amplitude Pleistocene climate variability oscillating between glacial and interglacial cycles may have imposed its own novel pressures on floral and faunal communities. Furthermore, ecological impacts may lag behind climate episodes themselves, complicating efforts to quantify climatic links to changes in the proportion of aggregated species pairs over time. Thus, limiting our measure of climate variability to the temporal span of the data sets themselves may potentially not account for important (and possibly ecologically significant) climatic variability from the previous millennia. To incorporate this possibility, we re-analysed the relationship between the proportion of aggregated species pairs and climate variability of each data set, but included climate across the preceding 100,000 years, 10,000 years (not shown), and 1,000 years (not shown). As in the more restrictive analysis (Fig. 3a), there is consistently no relationship between climate variability and the proportion of aggregated species pairs.


Extended Data Table 1 Raw data for Fig. 1Full size table


Extended Data Table 2 Effect of taxonomic resolutionFull size table


Extended Data Table 3 Proportion of aggregated pairs across critical intervalsFull size table
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