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            Abstract
Slower recovery from perturbations near a tipping point and its indirect signatures in fluctuation patterns have been suggested to foreshadow catastrophes in a wide variety of systems1,2. Recent studies of populations in the field and in the laboratory have used time-series data to confirm some of the theoretically predicted early warning indicators, such as an increase in recovery time or in the size and timescale of fluctuations3,4,5,6. However, the predictive power of temporal warning signals is limited by the demand for long-term observations. Large-scale spatial data are more accessible, but the performance of warning signals in spatially extended systems7,8,9,10 needs to be examined empirically3,11,12,13. Here we use spatially extended yeast populations, an experimental system with a fold bifurcation (tipping point)6, to evaluate early warning signals based on spatio-temporal fluctuations and to identify a novel spatial warning indicator. We found that two leading indicators based on fluctuations increased before collapse of connected populations; however, the magnitudes of the increases were smaller than those observed in isolated populations, possibly because local variation is reduced by dispersal. Furthermore, we propose a generic indicator based on deterministic spatial patterns, which we call â€˜recovery lengthâ€™. As the spatial counterpart of recovery time14, recovery length is the distance necessary for connected populations to recover from spatial perturbations. In our experiments, recovery length increased substantially before population collapse, suggesting that the spatial scale of recovery can provide a superior warning signal before tipping points in spatially extended systems.
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                    Figure 1: Yeast populations with a tipping point: an experimental system to study the collapse of connected populations.[image: ]


Figure 2: Early warning signals based on fluctuations show suppressed increase in connected populations.[image: ]


Figure 3: Early warning signals can be classified into four categories by the nature of perturbations and measurements.[image: ]


Figure 4: Recovery length provides a direct measure of critical slowing down in space.[image: ]
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Measuring distance to a tipping point
The behaviour of complex systems near tipping points, where a small change can lead to a large shift in the state of the system, is notoriously difficult to predict. Recent studies have identified temporal factors such as recovery time and changes in size and timescale of fluctuations that precede some tipping points. Lei Dai et al. grew populations of the budding yeast that were spatially connected through controlled dispersal between nearest neighbours, and looked for spatiotemporal patterns that anticipated population collapse after perturbation â€” the introduction of sucrose solution more highly diluted than its surroundings. As the distance from the diluted patch increased, yeast population density increased towards a steady state. The distance required for recovery by connected populations was much greater when populations were close to collapse. This work introduces the concept of 'recovery length' as a spatial counterpart to recovery time, and as boundaries between regions of different quality are ubiquitous in nature, many systems in the oceans and on land might be expected to be subject to such spatial instability.
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