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            Abstract
The reorganization of patterns of species diversity driven by anthropogenic climate change, and the consequences for humans1, are not yet fully understood or appreciated2,3. Nevertheless, changes in climate conditions are useful for predicting shifts in species distributions at global4 and local scales5. Here we use the velocity of climate change6,7 to derive spatial trajectories for climatic niches from 1960 to 2009 (ref. 7) and from 2006 to 2100, and use the properties of these trajectories to infer changes in species distributions. Coastlines act as barriers and locally cooler areas act as attractors for trajectories, creating source and sink areas for local climatic conditions. Climate source areas indicate where locally novel conditions are not connected to areas where similar climates previously occurred, and are thereby inaccessible to climate migrants tracking isotherms: 16% of global surface area for 1960 to 2009, and 34% of ocean for the ‘business as usual’ climate scenario (representative concentration pathway (RCP) 8.5)8 representing continued use of fossil fuels without mitigation. Climate sink areas are where climate conditions locally disappear, potentially blocking the movement of climate migrants. Sink areas comprise 1.0% of ocean area and 3.6% of land and are prevalent on coasts and high ground. Using this approach to infer shifts in species distributions gives global and regional maps of the expected direction and rate of shifts of climate migrants, and suggests areas of potential loss of species richness.
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                    Figure 1: Climate-change features emerging from the properties of climate velocity trajectories using the Australian landmass as an example.[image: ]


Figure 2: Global patterns of climate trajectory classes.[image: ]


Figure 3: Regional patterns of climate velocity trajectory classes for land and sea surface temperatures.[image: ]


Figure 4: Global and regional patterns of 50-year climate trajectory classes based on trends from ensembles of global climate models for 2006–2100.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Ternary plots containing the trajectory classes.
a–d, Plots are based on the proportions of trajectories starting from (Nst), ending in (Nend), and flowing through (NFT) a cell. In a ternary plot three-dimensional cell coordinates (adding up to a 100%) are projected in a two-dimensional space. The arrows by the axes indicate the direction in which each variable is projected into the trajectory space. Point clouds represent global 1° resolution cell coordinate projections into the trajectory space based on 50-year climate trajectory simulations for land (a) and sea surface temperature (b) (1960–2009), and 2006–2100 RCP 8.5 (c) and RCP 4.5 (d) climate scenarios for ocean temperatures. CON, convergence; DIV, divergence; SK, relative sink.


Extended Data Figure 2 Uncertainty associated with the proposed trajectory classification.
a, Mean standard error of the trend. b, Standard deviation in magnitude of spatial gradient. c, Angular deviation of the spatial gradient associated to bootstrapped (n = 500) mean annual surface temperature series. d, e, Bootstrap-derived uncertainty associated with the proposed trajectory classification (d) and after collapsing slow/non-moving and convergence/divergence areas into a single category each (e). rad, radians.


Extended Data Figure 3 Frequency distribution of the uncertainty associated with the trajectory-based classification of land and ocean.
a, Frequency histogram of the proportion of coincident categories between the proposed 1960–2009 trajectory classification and classifications resulting from 500 bootstrapped surface temperature climate series (see Methods for details). b, c, Cumulative frequency plots of the mean distribution of bootstrapped trajectory categories contained in each category of the proposed trajectory classification for land (b) and ocean regions (c).


Extended Data Figure 4 Global patterns of climate-velocity trajectory classes for ocean and land surface temperatures.
a–d, Ocean surface temperatures (a, c) and land surface temperatures (b, d). Uncertainty in classification of areas is shown by the cross hatching on areas of original global patterns with 500 bootstrap class maps that are classified as ‘very likely’ (a, b; <90% consistency) and ‘likely’ (c, d; <66% consistency).


Extended Data Figure 5 Regional maps for the North and South Atlantic showing 50-year trajectories for the period 1960–2009.
a, North Atlantic b, South Atlantic. Trajectories are overlaid on corresponding classes of trajectory behaviour (Fig. 1).


Extended Data Figure 6 Regional maps for the North and South Pacific showing 50-year trajectories for the period 1960–2009.
a, North Pacific. b, South Pacific. Trajectories are overlaid on corresponding classes of trajectory behaviour (Fig. 1).


Extended Data Figure 7 Regional map for the Coral Triangle showing 50-year trajectories for the period 1960–2009.
Trajectories are overlaid on corresponding classes of trajectory behaviour (Fig. 1).


Extended Data Figure 8 Regional maps for Eurasia, Africa and South America showing 50-year trajectories for the period 1960–2009.
a, Eurasia. b, Africa. c, South America. Trajectories are overlaid on corresponding trajectory classes of trajectory behaviour (Fig. 1).


Extended Data Figure 9 Regional maps for North and Central America, and southeast Asia and Oceania showing 50-year trajectories for the period 1960–2009.
a, North and Central America. b, Southeast Asia and Oceania. Trajectories overlaid on corresponding classes of trajectory behaviour (Fig. 1).


Extended Data Table 1 Summary of trajectory classes, with implications for species range shifts if species distributions track shifting climatic nichesFull size table
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