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            Abstract
Recent observations of biologically generated turbulence in the ocean have led to conflicting conclusions regarding the significance of the contribution of animal swimming to ocean mixing. Measurements indicate elevated turbulent dissipationâ€”comparable with levels caused by winds and tidesâ€”in the vicinity of large populations of planktonic animals swimming together1. However, it has also been noted that elevated turbulent dissipation is by itself insufficient proof of substantial biogenic mixing, because much of the turbulent kinetic energy of small animals is injected below the Ozmidov buoyancy length scale, where it is primarily dissipated as heat by the fluid viscosity before it can affect ocean mixing2. Ongoing debate regarding biogenic mixing has focused on comparisons between animal wake turbulence and ocean turbulence3,4. Here, we show that a second, previously neglected mechanism of fluid mixingâ€”first described over 50â€‰years ago by Charles Darwin5â€” is the dominant mechanism of mixing by swimming animals. The efficiency of mixing by Darwinâ€™s mechanism is dependent on animal shape rather than fluid length scale and, unlike turbulent wake mixing, is enhanced by fluid viscosity. Therefore, it provides a means of biogenic mixing that can be equally effective in small zooplankton and large mammals. A theoretical model for the relative contributions of Darwinian mixing and turbulent wake mixing is created and validated by in situ field measurements of swimming jellyfish using a newly developed scuba-based laser velocimetry device6. Extrapolation of these results to other animals is straightforward given knowledge of the animal shape and orientation during vertical migration. On the basis of calculations of a broad range of aquatic animal species, we conclude that biogenic mixing via Darwinâ€™s mechanism can be a significant contributor to ocean mixing and nutrient transport.
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                    Figure 1: 
                        Numerical simulations of induced vertical drift of initially horizontal layers in the presence of fluid viscosity.
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Figure 2: 
                        Field measurements of induced drift during jellyfish swimming.
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Figure 3: 
                        Analysis of planar laser-induced fluorescence images.
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        Editorial Summary
Marine animals cause a stir
An all-but forgotten contribution of Sir Charles Darwin â€” physicist grandson of the Charles Darwin â€” has resolved a long-standing debate about ocean mixing. He suggested, in 1953, a mechanism that enables swimming animals to contribute significantly to the mixing of water in the ocean. The debate about the biogenic mixing in the oceans today focuses on comparisons between animal wake turbulence and ocean turbulence. 'Darwinian' mixing is different, and occurs when a solid body travelling in a fluid sets a portion of the surrounding fluid into motion so that it propagates along with the body. Kakani Katija and John Dabiri used field measurements of jellyfish swimming in a remote island lake, combined with a new theoretical model, to demonstrate that the contribution of living organisms to ocean mixing via this mechanism is substantial â€” of the same order of magnitude as winds and tides.
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