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capturing currents: gaining energy from environmental flows

Overview

Energy captured from fluid flows in the environment can be used in many ways:

· locomotion: drifting, soaring (simple or dynamic), riding currents

· dispersal of gametes (sperm, eggs or gametes) or propagules (which can grow into entire organisms:  spiderlings, marine larvae, coconuts, dandelion seeds, pollen)

· collecting food (filter feeding or otherwise waiting for food to come to you)

· may be relatively passive

· may involve manipulation of flows: sand dollars on edge, vortices induced by black fly larvae (see Vogel, Life in Moving Fluids)

· ventilation of living structures

· burrows (prairie dogs, shrimp, clams)

· termite mounds

· human houses (both traditional and modern engineer-designed architecture)

· transmission of information, i.e. signals: primarily chemical


This topic is a biologically-motivated way to address one subset of important physics concepts related to fluids.  It falls near the end of the fluids section of our course; some of the clicker questions we provide (see separate document) are not specific to capturing currents, but rather ask students to relate several different concepts about fluids to the characteristic formulas that describe them, and think about when each formula might be useful.

What this is not about: internal fluid flows (circulatory systems); diffusion, except in contrast with convection; active locomotion in air or water; local/low-Re mechanisms of particle capture by filter feeders; continuity in filter feeders.  Aneurysms are another very interesting Bernoulli application, but they don’t fit in here.  (Many of these topics are, however, addressed in the more general references listed below.)


There are additional ways to capture energy from the environment, such as by absorbing thermal energy, or hitchhiking on or inside another organism (especially useful if you are tiny or not motile, and need to cover a substantial distance); here we are concerned only with energy from environmental flows of air or water.

Complementary resources:

	lecture/ppt slides
	clicker questions
	homework/exam questions

	Lecture slides about capturing currents: environmental flows as source of useful energy [3 slides, composed of text lists plus URL for Scott Turner’s excellent stuff on termite mounds]

	Follow-up questions about Vogel 1978 article on current capture [6 slides; 3 questions] 

Review/summary and clicker questions about key fluids equations and their applicability (not specific to capturing currents; Bernoulli, continuity, etc.) [13 slides; 4 questions]
	


Physics concepts


The overall context (at least for biologists) is energy: it is an advantage for organisms to use energy that is freely available in the environment, in the form of moving fluids, to accomplish specific useful tasks like staying up in the air, or ventilating a burrow – rather than burning their own hard-won calories to accomplish these tasks.

· Most of the specific examples focus on hydrodynamics:

· Bernoulli: connecting flow to energy transformations 

· Viscous entrainment: part of the explanation for passive burrow ventilation, along with Bernoulli.  Note that while Bernoulli explicitly ignores viscosity, this complementary mechanism (often used in concert) depends on it! 

· Bernoulli plus Poiseuille:  Biological fluids often have significant viscosity (e.g. blood flow in capillaries).  We found a great paper which generalizes Bernoulli to cover such situations:  C. E. Synolakis and H. S. Badeer, On combining the Bernoulli and Poiseuille equation – A plea to authors of college physics texts, AJP 57 (11), 1013-1019, 1989.  The authors are an engineer and a physiologist.
· Convection (bulk flow), in contrast to diffusion (which is only useful over very short distances)

· Flow microhabitats – i.e. the biological significance of very local variations in spatial and temporal characteristics of flows in different neighborhoods, especially very close to the substrate and/or to the organism itself, where the usual simplifications and assumptions that make the physics tractable at an introductory level may be severely compromised.

It’s also interesting to consider energy transfer between organisms and environmental flows in terms of transfer of momentum: see Vogel, Life in Moving Fluids, p. 76.

Biological background


Energy is the essential currency of life.  The more efficient organisms can be about gaining and expending energy, the more they can invest in the evolutionarily essential business of reproduction.  Thus, natural selection has favored all sorts of adaptations that let organisms make the most efficient use of their metabolic energy…but what’s even better is if you can capture additional energy from your environment for free – that is, obtain useful energy directly from sources other than your own metabolism. 


Most organisms live in environments characterized by some type of fluid flow – whether breezes over the prairie or savannah, or ocean currents.  Many have evolved strategies for capturing and using some of this energy to accomplish various biological functions.


Large and medium-sized animals often use this energy to assist locomotion (soaring; migrating via large-scale oceanic or atmospheric currents) by getting a free, or at least cheaper, ride.


Both large and small animals can use it to ventilate nests, burrows, or other domiciles (prairie dogs, termites, humans).  Note this application uses a combination of Bernoulli, and viscous entrainment.


Animals of various sizes that filter feed may rely on currents to bring and/or replenish food supplies within “reach” (especially if they themselves are sessile, i.e. anchored in one place).


Most plants are immobile, but many disperse gametes (pollen), seeds, or other propagules via wind or water (as well as via animal pollinators, to which they may pay taxi fare in the form of energy stored in the chemical bonds of carbohydrates).  [Examples: tree and flower pollen, seafaring coconuts, windblown dandelions, tumbleweeds, maple and poplar samaras]  Dispersal via environmental air or water currents is also an essential mechanism for tiny animal larvae such as many marine invertebrates, and orb-weaving spiders (which let out tiny parachutes to increase their drag).


Hart and Finelli (1999) provide extensive discussion and hundreds of references about the signfiicance of physical factors (and their coupling to biological factors) in streams, with some reference to marine environments as well.
References

Primary:

Vogel, S. 1978.  Organisms that capture currents.  Scientific American 239(2):128-139.


Level: Very accessible; highly suitable for assigning to students.


Notes: Excellent and useful in several ways: clearly explains and connects biology and physics, via multiple, diverse examples.  Offers some insight into how people go about investigating these kinds of questions, using a combination of comparative studies, fieldwork, models in flow tanks, etc.


Names investigators in the field, but lacks direct references to primary literature.  (However, the references should be readily available in the extensive bibliographies of his later books.)


Associated resources: Clicker questions based on this reading assignment (see separate document; 3 questions).

Vogel, S. 1994.  Life in Moving Fluids: the Physical Biology of Flow.  2nd edition.  Princeton University Press, Princeton NJ.  (fondly known as “LIMF”)


Level: Graduate-level, with some straightforward mathematical treatment of physics, especially used to interrelate different physics concepts and quantities.  Some biology background/vocabulary is assumed; physics concepts are very clearly organized and explained, though sometimes approached from a different angle than might be traditional in physics.


Format: As described on the back, this is “both a landmark text and reference book.”  It would be very hard to read straight through, but is easy to dip into (via the excellent index) to find out about, and get references to the literature for, a specific topic.


Notes:  This is a very detailed and exhaustively-referenced compendium – considered the classic reference work for biologists working and teaching in this area.  Many examples from the primary literature are cited throughout; in discussing particular mechanisms or phenomena, Vogel provides real numbers where they’re known, and indicates robustness of estimates where they’re not.  He consistently addresses the practicality and appropriateness of applying abstract physics ideas or equations to real-world situations.  The text is explicit about what’s left on the shelf, what’s assumed or estimated, what’s measured directly or indirectly (and how it has been or could be measured), and the potential significance of what we don’t know or can’t measure.  Vogel articulates when physics has great explanatory power, vs. when biology is so complex and/or diverged so far from physicists’ assumptions or simplifications that indirect physical analyses are no longer possible, useful, or applicable.  The overall organization can be a little idiosyncratic (especially compared to a physics textbook); however, the detailed appendix makes it possible to track down specific topics or examples of interest, even though they may not be in obvious places (e.g. thermal and dynamic soaring are in different chapters).


For capturing currents:


Chapter 4, “Pressure and momentum” includes discussion of underlying physics, predicted biological consequences, and how these align with real-world observations of biological diversity and adaptations.  The text is also good at interrelating physics ideas with one another, e.g. drag as the rate at which an attached object removes momentum from a passing stream (Fig. 4.13, p. 76).


Chapter 10, “Making and using vortices”  describes black fly larvae and other stream fauna (Figs. 10.7, 10.9), and thermal soaring (Fig. 10.10).  (Several primary sources for hydrodynamics of black fly larvae are listed below.)


Chapter 11, “Lift, airfoils, gliding, soaring”  includes several particularly useful figures: Fig. 11.8: Sand dollars on edge using lift to draw feeding currents closer to mouth.  Fig. 11.10: Immotile organisms (jellyfish, plant parts) gaining lift passively from airflow.  Pp. 259-261, Figs. 11.14 and 11.15: Slope and dynamic soaring (cf. thermal soaring in Fig. 10.10).

Denny, M.W. 1993.  Air and Water: the Biology and Physics of Life’s Media. Princeton University Press, Princeton NJ.


Level: Slightly more mathematical than an introductory-level algebra-based course, but entirely accessible to motivated undergraduates.  There are a fair number of equations, which are explained well; Denny does an excellent job of connecting the mathematics to its physical meaning and biological significance, and demonstrating its great utility without overwhelming readers with unmotivated formulas.


Notes: The organizing principle is essentially a comparison of how different biological processes work in, and are affected by the physics of, air and water.  The author’s expressed goals are to (1) “provide a compilation of the pertinent physical characteristics of air and water….[a] single source in which the biologically relevant facts are conveniently assembled,” and (2) “bring attention to how the physics of fluids influences and constrains life….Exploring the differences between air and water is also a useful exercise in thinking about biology in a physical context.”  (Introduction, p. 3)  He succeeds admirably in both, making this book an excellent source for information for writing quantitative physics questions about biological phenomena, as well as a quirky but effective alternative approach to learning many core physics concepts related to fluids.  Biological applications range from propulsion through sensory biology (including electroreception), organized by physical basis.  The particular areas of physics included (e.g. density and fluid-dynamic forces; diffusion; viscosity; thermal properties; surface tension; surface waves) overlap topics included in standard introductory texts and courses, but also diverge in significant ways.


The illustrations – black and white line drawings, as well as tables and graphs – are numerous and excellent.


Each chapter ends with a summary and a warning, in which Denny notes simplifications, omissions, and other cautionary points for readers.


Along with Vogel’s LIMF, this is a classic found on the bookshelves of most biologists interested in physical issues.  It is a particularly good source for information about and explanation of Reynolds number, a measure that is not necessarily covered in standard introductory physics textbooks, but is of critical importance to biologists.

Vogel, S. 2003.  Comparative Biomechanics: Life’s Physical World. Princeton University Press, Princeton NJ.


Level: Designed for undergraduates, though the organization can be hard to follow and the explanations are often somewhat discursive.  Presumes some biological background, but avoids technical terminology.  From the preface (p. ix): “…the book is intended to be used as a textbook for undergraduates in biology at any level beyond an introductory course – or undergraduates in any other area of science or engineering willing to refer from time to time to a basic textbook of biology, or graduate students or other scientists and engineers who need an entry point that gets them into the content and literature of biomechanics.”


Format: The volume is designed as a textbook, albeit with somewhat quirky organization (it will look weirder to physicists than to biologists, as the latter are likely to have few a priori expectations about how the material/topics ought to be organized).  Per the title, the focus is primarily biomechanics, rather than an attempt to cover all topics at the interface between physics and biology.  Broad coverage (vertebrates, invertebrates, plants) extends well beyond the human-centric treatment provided by texts designed for kinesiology, orthopedics, sports medicine, physical therapy, etc.  This is to my knowledge the only purpose-designed undergraduate-level comparative biomechanics text available.


Symbol conventions do not necessarily align with standard physics or engineering usage (though those don’t necessarily align with each other, either).  If using excerpts from this book alongside a standard physics text, it’s important to flag these discrepancies for students.


Notes:  The introductory chapters on “Setting the stage,” “Size and scale,” and “More tools” offer refreshingly concise introductions to basic (physical and mathematical) concepts, tools, and terminology, including a lucid presentation of dimensional analysis.


The preface and the final chapter (“Loose ends and perspectives”) offer a helpful and interesting overview of what is and is not covered in the book, and why.  These sections may not be directly useful to students, but are a useful guide for instructors, especially those unfamiliar with the field. 


The index and bibliography are excellent, and the bibliography has the added virtue of indicating where in the text each source is cited.


For capturing currents, pp. 145-150 cover capture of environmental flows for various purposes by aquatic insect larvae, termites, prairie dogs, et al.  Figs. 7.3-7.5.  (A few primary sources for burrow ventilation are listed below.)



Additional references:  Hundreds are cited by Vogel’s books and in reviews (such as the two listed below), or easily located by keyword searches.  Since Vogel’s 1994 LIMF remains most biologists’ entrée to the field of fluid mechanics, one can do reverse-engineered searches in biological databases (e.g. Biological Abstracts) to find recent publications that have cited it, limited by topic-specific keywords.

Stamhuis, E.J., Videler, J.J., van Duren, J.A., and Muller, U.K. 2002.  Applying digital particle image velocimetry to animal-generated flows: traps, hurdles and cures in mapping steady and unsteady flows in Re regimes between 10^-2 and 10^5.  Experiments in Fluids 33:801-813.


Level: Too technical for most undergraduates, but a wide-ranging compendium of examples that may be useful to instructors addressing the physics of flow in various biological situations (e.g. burrows, filter-feeding), and particularly at different Reynolds numbers.


Notes: A rich resource for techniques, data, and discussion of the complexities of measuring physical quantities effectively and appropriately in messy, wet, biological contexts involving live animals across a size range from tiny to huge.  The review addresses feeding currents, filter feeding, swimming wakes, burrow ventilation, with specific, quantitative as well as quantitative descriptions.  Reynolds number is a particular concern: Figure 1 offers a beautifully clear graphical representation of swimming velocity vs. Re for organisms across 15 orders of magnitude (bacteria to blue whales), with symbols indicating visually the relative importance of viscosity and inertia.  Values for Re for different organisms/behaviors, and consideration of its consequences, occur throughout the paper.  The bibliography cites original studies in a diversity of animal species.

Hart, D.D. and Finelli, C.M. 1999.  Physical-biological coupling in streams: the pervasive effects of flow on benthic organisms.  Annual Reviews of Ecology and Systematics 30:363-395.  


Level: Much too long and detailed to assign in toto, but one could potentially excerpt sections for students to read in association with specific topics (it would, however, be necessary to include the full bibliography, as the reference format uses only numbers for in-text citations).


Notes: Figure 1 (p. 366) diagrams five sets of ecological processes modified by flow near benthic (bottom dwelling) organisms: dispersal, habitat use, resource acquisition, competition, and predator-prey interactions.  This extended review describes specific examples in each category, and cites over 200 papers in the primary literature.  It also covers “sources and scales of spatial and temporal flow variation in streams,” and “evaluate[s] alternative methods for measuring the flow characteristics experience by benthic organisms, as well as for studying flow effects experimentally.”  (p. 364)


The authors stress that alternative causal pathways for the effects of flow on organismal functions are interlocked in complex ways, many of which are still poorly understood (and they warn that “ecologists will need considerable ingenuity to disentangle the multifarious causal pathways that link the biology and physics of stream ecosystems” – p. 366).  One take-home message of this paper is that really understanding the ecology of streams (as well as of benthic marine environments) requires “interdisciplinary approaches…increased collaboration between ecologists and experts in fluid mechanics and engineering is particularly desirable” (abstract). 


Physics concepts are discussed mainly in qualitative terms in this review, but thorough references to original sources provide access to quantitative data.  Among the 212 items in the bibliography are “several ecologically oriented introductions” to fluid mechanics 



Flows through burrows (additional references in Hart and Finelli, 1999 and other listed sources):

Vogel, S., Ellington, C.P. Jr., and Kilgore, D.L. Jr. 1973.  Wind-induced ventilation of the burrow of the prairie dog, Cynomys ludovicianus.  Journal of Comparative Physiology 85:1-14.


Level: Primary literature, though not highly technical.  Most useful as a resource for instructors; for most students, a better option is Vogel’s 1978 paper, which includes a summary of the work first reported here.


Notes: The authors combine field data (smoke flow through burrows, measurement of burrows and mounds, wind velocities) with measurements taken from a small burrow model in a wind tunnel, to establish wind-induced ventilation as the probable mechanism for air exchange in burrows.  They examine several other potential mechanisms, such as diffusion, via straightforward estimates and calculations based on alternative mechanisms such as diffusion, and decisively rule these out as significant on purely physical grounds.  This exercise is a nice illustration of using basic physics principles, plus a small quantity of approximate data, to usefully constrain hypotheses about biological functions.

Stamhuis, E.J. and Videler, J.J. 1998.  Burrow ventilation in the tube-dwelling shrimp Callianassa subterranea (Decapoda: thalassinidea). III. Hydrodynamic modelling and the energetics of pleopod pumping.  Journal of Experimental Biology 201:2171-2181.


Level: Detailed and quite technical; not suitable for most students (unless they are engineers…).


Notes: Perhaps most useful as an illustration of the complexity of biological systems, and the delicate process of determining how to construct appropriate physical (and mathematical) models to illuminate their function.  Excellent reference list.

Web site for termite mounds:  Scott Turner, SUNY Syracuse (also links to his publications)  http://www.esf.edu/EFB/turner/termite/gas%20exchange%20wind.html

The web site has lucid explanations of the physics of mound ventilation, as well as beautiful schematic diagrams illustrating mechanisms, and photographs of real nests (including casts of chamber morphology).



Black fly larvae and flow related to filter feeding and ecological interactions (additional references in Hart and Finelli, 1999):

Chance, M.M. and Craig, D.A. 1985.  Hydrodynamics and behavior of simuliidae larvae (Diptera).  Canadian Journal of Zoology 64(6):1295-1309


Level: Primary biological research literature; useful as a source of data, figures, and references for instructors, but probably not a good one to assign to students (unless they have interest and some background in invertebrate functional morphology, stream fauna, or other related areas).


Notes:  A beautiful paper examining and illustrating in detail local flows around black fly larvae, which was “…investigated using flow tanks, aluminium flakes, pigment, still photography, cinematography, and video recordings….Models and live larvae were used to demonstrate the basic hydrodynamic phenomenon of downstream paired vortices” (abstract). Valuable not only for the data, but also for the superb figures (both photos and diagrams), description of research techniques, extensive bibliography, and application of physics to understanding biology at levels from morphology and behavior, to ecology and spatial distribution.  Highly recommended.

Craig, D.A. and Chance, M.M. 1982.  Filter feeding in larvae of simuliidae (Diptera, culicomorpha) – aspects of functional morphology and hydrodynamics.  Canadian Journal of Zoology 60(4):712-724.


Level: Primary biological research literature; useful as a source of data, figures, and references for instructors, but probably not a good one to assign to students (unless they have interest and some background in invertebrate functional morphology, stream fauna, or other related areas).


Notes: Very detailed analyses of the structure, function, and hydrodynamics of filter feeding in black fly larvae; one key technique is cinephotography of small particles moving past the feeding fans.  The discussion of hydrodynamics on pp. 720-723 is excellent, both in itself and as a source of references to the literature; this section will be the most valuable to physics instructors.

Hart, D.D. and Merz, R.A. 1998.  Predator-prey interactions in a benthic stream community: a field test of flow-mediated refuges.  Oecologia 114:263-273


Level: A not too technical primary paper; the study consists of simple (but useful) field experiments such as placing tiles in streams and seeing what settles on them under different flow regimes.  Statistical analyses provide the basis for the main conclusions.  Most students would probably be able to read the paper, but in the context of a physics course it’s more useful as a background resource for instructors.  (In the context of an ecology or limnology class, it makes a great argument for the importance of physics.)


Notes: There is not much explicit physics in the paper; rather, it serves as a direct, accessible demonstration of the ecological significance of small-scale variation within stream flows.  Based on their observations of black fly larvae and flatworm predators, the authors conclude that “a consideration of biomechanical relationships suggests that microhabitats with high flows are likely to create prey refuges in a wide range of freshwater and marine benthic [bottom] environments” (quoted from the abstract).  The authors integrate the results of several different experiments to distinguish among alternative mechanisms by which flow may affect the abundance of predators and prey.

Hart, D.D., Merz, R.A., Genovese, S.J., and B.D. Clark.  1991.  Feeding postures of suspension-feeding larval black flies – the conflicting demands of drag and food acquisition. Oecologia 85(4):457-463.


Level: Primary literature, but not very technical – would be accessible to undergraduates.


Notes:  Useful as a concrete example of how the physical characteristics of flow (on a small scale) can constrain organisms’ behavior: “…results indicate that these suspension feeders actively control their feeding posture, and suggest that these varying postures represent a dynamic balance between the conflicting needs of minimizing drag and maximizing feeding” (abstract).
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