
REFERENCES

Adler, F. R. (2012). Modeling the Dynamics of Life: Calculus and Probability for Life Scientists. Brooks/Cole Cengage 
Learning, Boston.

Aguilar, J., Zhang, T., Qian, F., Kingsbury, M., McInroe, B., Mazouchova, N., Li, C., Maladen, R., Gong, C., Travers,
M., et al. (2016). A review on locomotion robophysics: The study of movement at the intersection of robotics, 
soft matter and dynamical systems. Reports on Progress in Physics, 79(11):110001.

Alexander, K. A., Sanderson, C. E., Marathe, M., Lewis, B. L., Rivers, C. M., Shaman, J., Drake, J. M., Lofgren, E., 
Dato, V. M., Eisenberg, M. C., et al., (2015). What factors might have led to the emergence of Ebola in West 
Africa? PLoS Neglected Tropical Diseases, 9(6):e0003652.

Allen, R. C., Popat, R., Diggle, S. P., and Brown, S. P. (2014). Targeting virulence: Can we make evolution-proof 
drugs? Nature Reviews Microbiology, 12(4):300-308.

Allen, S. M., and Cahn, J. W. (1972). Ground state structures in ordered binary alloys with second neighbor 
interactions. Acta Metallurgica, 20(3):423-433.

Allesina, S., and Tang, S. (2012). Stability criteria for complex ecosystems. Nature, 483:205-208.
Alon, U. (2006). An Introduction to Systems Biology: Design Principles of Biological Circuits. Chapman and 

Hall/CRC, Boca Raton, FL.
Alon, U., Surette, M. G., Barkai, N., and Leibler, S. (1999). Robustness in bacterial chemotaxis. Nature, 

397(6715):168-171.
Alroy, J. (2014). Accurate and precise estimates of origination and extinction rates. Paleobiology, 40(3):374-397.
Anderson, P. W. (1972). More is different. Science, 177(4047):393-396.
Aranson, 1. S., and Tsimring, L. S. (2006). Patterns and collective behavior in granular media: Theoretical concepts. 

Reviews of Modern Physics, 78(2):641.
Aristotle (ca.350). De Motu Animalium.
Armstrong, R. A., and McGehee, R. (1980). Competitive exclusion. American Naturalist, 115:151-170.
Arnold, L., Jones, C., Mischaikow, K., and Raugel, G. (1995). Geometric singular perturbation theory. In 

Dynamical Systems, 1609:44-118. Springer, Berlin.
Arnscheidt, C. W., and Rothman, D. H. (2022). The balance of nature: A global marine perspective. Annual Review 

of Marine Science, 14:49-73.
Astley, H., Abbott, E., Azizi, E., Marsh, R., and Roberts, T. (2013). Chasing maximal performance: A cautionary 

tale from the celebrated jumping frogs of Calaveras County. Journal of Experimental Biology, 216:3947-3953.
Astley, H., and Roberts, T. (2012). Evidence for a vertebrate catapult: Elastic energy storage in the plantaris tendon 

during frog jumping. Biology Letters, 8:386-389.
Astley, H. C., Mendelson, J. R., III, Dai, J., Gong, C., Chong, B., Rieser, J. M., Schiebel, P. E., Sharpe, S. S., Hatton, 

R. L., Choset, H., et al., (2020). Surprising simplicities and syntheses in limbless self-propulsion in sand. 
Journal of Experimental Biology, 223(5):jeb103564.

Balazsi, G., Van Oudenaarden, A., and Collins, J. J. (2011). Cellular decision making and biological noise: From 
microbes to mammals. Cell, 144(6):910-925.

Ballerini, M., Cabibbo, N., Candelier, R., Cavagna, A., Cisbani, E., Giardina, I., Lecomte, V., Orlandi, A., Parisi, G., 
Procaccini, A., et al. (2008). Interaction ruling animal collective behavior depends on topological rather than 
metric distance: Evidence from a field study. Proceedings of the National Academy of Sciences, 105(4):1232- 
1237.

Barenblatt, G. I. (2003). Scaling. Cambridge University Press, Cambridge, UK.
Barkai, N., and Leibler, S. (1997). Robustness in simple biochemical networks. Nature, 387(6636):913-917.
Barrangou, R., Fremaux, C., Deveau, H., Richards, M., Boyaval, P., Moineau, S., Romero, D. A., and Horvath, P. 

(2007). CRISPR provides acquired resistance against viruses in prokaryotes. Science, 315:1709-1712.
Basler, M., and Mekalanos, J. (2012). Type 6 secretion dynamics within and between bacterial cells. Science, 

337(6096):815.
Bauch, C. T., and Earn, D. J. (2004). Vaccination and the theory of games. Proceedings of the National Academy of 

Sciences, 10l(36):13391-13394.



358 References

Beisner, B. E., Haydon, D. T., and Cuddington, K. (2003). Alternative stable states in ecology. Frontiers in Ecology 
and the Environment, 1(7):376-382.

Benedek, G. B., and Villars, F. M. (2000a). Physics with Illustrative Examples from Medicine and Biology: Electricity 
and Magnetism. Springer-Verlag, New York.

Benedek, G. B., and Villars, F. M. (2000b). Physics with Illustrative Examples from Medicine and Biology: Mechanics. 
Springer-Verlag, New York.

Benedek, G. B., and Villars, F. M. (2000c). Physics with Illustrative Examples from Medicine and Biology: Statistical 
Physics. Springer-Verlag, New York.

Berestycki, H., Desjardins, B., Heintz, B., and Oury, J.-M. (2021). Plateaus, rebounds and the effects of individual 
behaviours in epidemics. Scientific Reports, 11:18339.

Berg, H. C. (1993). Random Walks in Biology. Princeton University Press, Princeton, NJ.
Berg, H. C. (2006). Marvels of bacterial behavior. Proceedings of the American Philosophical Society, 150: 

428-442.
Berg, H. C., and Anderson, R. A. (1973). Bacteria swim by rotating their flagellar filaments. Nature, 245(5425):380- 

382.
Berg, H. C., and Brown, D. A. (1972). Chemotaxis in Eschericia coli analyzed by 3-dimensional tracking. Nature, 

239:500-504.
Berg, H. C., and Purcell, E. M. (1977). Physics of chemoreception. Biophysical Journal, 20:193-219.
Bialek, W., Cavagna, A., Giardina, l., Mora, T., Silvestri, E., Viale, M., and Walczak, A. M. (2012). Statistical 

mechanics for natural flocks of birds. Proceedings of the National Academy of Sciences, 109(13):4786-4791.
Blickhan, R. (1989). The spring-mass model for running and hopping. Journal of Biomechanics, 22(11-12):1217- 

1227.
Blickhan, R. and Full, R. (1993). Similarity in multilegged locomotion: Bouncing like a monopode. Journal of 

Comparative Physiology A, 173(5):509-517.
Blount, Z. D., Barrick, J. E., Davidson, C. J., and Lenski, R. E. (2012). Genomic analysis of a key innovation in an 

experimental Escherichia coli population. Nature, 489(7417):513-518.
Blount, Z. D., Borland, C. Z., and Lenski, R. E. (2008). Historical contingency and the evolution of a key inno

vation in an experimental population of Escherichia coli. Proceedings of the National Academy of Sciences, 
105(23):7899-7906.

Blount, Z. D., Lenski, R. E., and Losos, J. B. (2018). Contingency and determinism in evolution: Replaying life’s 
tape. Science, 362(6415).

Bodine, E. N., Lenhart, S., and Gross, L. J. (2014). Mathematics for the Life Sciences. Princeton University Press, 
Princeton, NJ.

Borisyuk, A., Ermentrout, G. B., Friedman, A., and Terman, D. H. (2005). Tutorials in Mathematical Biosciences I: 
Mathematical Neuroscience. Springer, New York.

Box, G. E. (1976). Science and statistics. Journal of the American Statistical Association, 71(356):791-799.
Bray, D. (2002). Bacterial chemotaxis and the question of gain. Proceedings of the National Academy of Sciences, 

99:7-9.
Breitbart, M., Bonnain, C., Malki, K., and Sawaya, N. A. (2018). Phage puppet masters of the marine microbial 

realm. Nature Microbiology, 3(7):754-766.
Britton, T., Ball, F., and Trapman, P. (2020). A mathematical model reveals the influence of population 

heterogeneity on herd immunity to SARS-CoV-2. Science, 369(6505):846-849.
Brockmann, H. J. and Barnard, C. (1979). Kleptoparasitism in birds. Animal Behaviour, 27:487-514.
Brown, J. H., Gillooly, J. F., Allen, A. P., Savage, V. M., and West, G. B. (2004). Toward a metabolic theory of ecology. 

Ecology, 85(7):1771-1789.
Buhl, J., Sumpter, D. J. T., Couzin, I. D., Hale, J. J., Despland, E., Miller, E. R., and Simpson, S. J. (2006). From 

disorder to order in marching locusts. Science, 312(5778):1402-1406.
Burmeister, A. R., Hansen, E., Cunningham, J. J., Rego, E. H., Turner, P. E., Weitz, J. S., and Hochberg, M. E. 

(2021). Fighting microbial pathogens by integrating host ecosystem interactions and evolution. BioEssays, 
43(3):2000272.

Cahn, J. W. (1961). On spinodal decomposition. Acta Metallurgica, 9(9):795-801.
Cahn, J. W., and Hilliard, J. E. (1958). Free energy of a nonuniform system. I. Interfacial free energy. Journal of 

Chemical Physics, 28(2):258-267.
Cai, L., Friedman, N., and Xie, X. S. (2006). Stochastic protein expression in individual cells at the single molecule 

level. Nature, 440(7082):358-362.
Canton, B., Labno, A., and Endy, D. (2008). Refinement and standardization of synthetic biological parts and 

devices. Nature Biotechnology, 26(7):787-793.



References 359

Carpenter, S. R., Cole, J. J., Pace, M. L., Batt, R., Brock, W. A., Cline, T., Coloso, J., Hodgson, J. R., Kitchell, 
J. F., Seekell, D. A., et al. (2011). Early warnings of regime shifts: A whole-ecosystem experiment. Science, 
332(6033):1079-1082.

Carpenter, S. R., Ludwig, D., and Brock, W. A. (1999). Management of eutrophication for lakes subject to 
potentially irreversible change. Ecological Applications, 9(3):751-771.

Cassidy, C. K., Himes, B. A., Sun, D., Ma, J., Zhao, G., Parkinson, J. S., Stansfeld, P. J., Luthey-Schulten, Z., and 
Zhang, P. (2020). Structure and dynamics of the E. coli chemotaxis core signaling complex by cryo-electron 
tomography and molecular simulations. Communications Biology, 3(1):1-10.

Cavagna, A., Cimarelli, A., Giardina, I., Parisi, G., Santagati, R., Stefanini, E. and Viale, M. (2010). Scale-free 
correlations in starling flocks. Proceedings of the National Academy of Sciences, 107(26):l1865-11870.

Cavagna, A., Giardina, I., and Grigera, T. S. (2018). The physics of flocking: Correlation as a compass from 
experiments to theory. Physics Reports, 728:1-62.

Changeux, J.-P., and Edelstein, S. J. (2005). Allosteric mechanisms of signal transduction. Science, 308(5727):1424- 
1428.

Chen, D., and Arkin, A. P. (2012). Sequestration-based bistability enables tuning of the switching boundaries and 
design of a latch. Molecular Systems Biology, 8:620.

Cherry, E. M., and Fenton, F. H. (2008). Visualization of spiral and scroll waves in simulated and experimental 
cardiac tissue. New Journal of Physics, 10(12):125016.

Cherry, J. L., and Adler, F. R. (2000). How to make a biological switch. Journal of Theoretical Biology, 203:117-133.
Chisholm, S. W. (2017). Prochlorococcus. Current Biology, 27(11):R447-R448.
Chisholm, S. W., Olson, R. J., Zettler, E. R., Goericke, R., Waterbury, J. B., and Welschmeyer, N. A. (1988). A novel 

free-living prochlorophyte abundant in the oceanic euphotic zone. Nature, 334(6180):340-343.
Chou, T., Mallick, K., and Zia, R. K. (2011). Non-equilibrium statistical mechanics: From a paradigmatic model 

to biological transport. Reports on Progress in Physics, 74(11):116601.
Chowell, G., and Nishiura, H. (2014). Transmission dynamics and control of Ebola virus disease (EVD): A review. 

BMC Medicine, 12(1):1-17.
Clutton-Brock, T. H., and Albon, S. D. (1979). The roaring of red deer and the evolution of honest advertisement. 

Behaviour, 69(3-4):145-170.
Cohen, J. E. (1978). Food Webs and Niche Space. Princeton University Press, Princeton, NJ.
Cohen, J. E. (1995). Population growth and earth’s human carrying capacity. Science, 269(5222):341-346.
Cole, K. S., and Curtis, H. J. (1939). Electric impedance of the squid giant axon during activity. Journal of General 

Physiology, 22(5):649-670.
Collins, S., Ruina, A., Tedrake, R., and Wisse, M. (2005). Efficient bipedal robots based on passive-dynamic 

walkers. Science, 307(5712):1082-1085.
Constantino, R. F., Desharnais, R. A., Cushing, J. M., and Dennis, B. (1997). Chaotic dynamics in an insect 

population. Science, 275(5298):389-391.
Cortez, M. H. (2018). Genetic variation determines which feedbacks drive and alter predator-prey eco- 

evolutionary cycles. Ecological Monographs, 88(3):353-371.
Cortez, M. H., and Ellner, S. P. (2010). Understanding rapid evolution in predator-prey interactions using the 

theory of fast-slow dynamical systems. American Naturalist, 176:E109-E127.
Cortez, M. H., and Weitz, J. S. (2014). Coevolution can reverse predator-prey cycles. Proceedings of the National 

Academy of Sciences, lll(20):7486-7491.
Cull, P. (2007). The mathematical biophysics of Nicolas Rashevsky. BioSystems, 88(3):178-184.
Darnton, N. C., Turner, L., Rojevsky, S., and Berg, H. C. (2007). On torque and tumbling in swimming Escherichia 

coli. Journal of Bacteriology, 189(5):1756-1764.
Darwin, C. (1859). On the Origin of Species. John Murray, London.
Davies, N. G., Abbott, S., Barnard, R. C., Jarvis, C. I., Kucharski, A. J., Munday, J. D., Pearson, C. A. B., Russell, 

T. W., Tully, D. C., Washburne, A. D., et al. (2021). Estimated transmissibility and impact of SARS-CoV-2 
lineage B.1.1.7 in England. Science, 372(6538): eabg3055.

Desroches, M., and Jeffrey, M. R. (2011). Canards and curvature: The “smallness of €" in slow-fast dynamics. 
Proceedings of the Royal Society A: Mathematical, Physical and Engineering Sciences, 467(2132):2404-2421.

d'Herelle, F. (1917). Sur un microbe invisible antagoniste des bacilles dysenteriques. Comptes rendus de l'Academie 
des Sciences Paris, 165.

Diaz-Munoz, S. I.., Sanjuan, R., and West, S. (2017). Sociovirology: Conflict, cooperation, and communication 
among viruses. Cell Host and Microbe, 22(4):437-441.

Diekmann, O., and Heesterbeek, J. A. P. (2000). Mathematical Epidemiology of Infectious Diseases: (%5

Analysis and Interpretation, volume 5. Wiley, Chichester, UK.



360 References

Diekmann, O., Heesterbeek, J. A. P., and Metz, J. A. (1990). On the definition and the computation of the basic 
reproduction ratio Ro in models for infectious diseases in heterogeneous populations. Journal of Mathematical 
Biology, 28(4):365-382.

Dill, L. M. (1974a). The escape response of the zebra danio (Brachydanio rerio) I. The stimulus for escape. Animal 
Behaviour, 22(3):711-722.

Dill, L. M. (1974b). The escape response of the zebra danio (Brachydanio rerio) II. The effect of experience. Animal 
Behaviour, 22(3):723-730.

Dill, L. M., and Fraser, A. H. G. (1997). The worm re-turns: Hiding behavior of a tube-dwelling marine polychaete, 
Serpula vermicularis. Behavioral Ecology, 8(2):186-193.

Dobzhansky, T. (1973). Nothing in biology makes sense except in light of evolution. American Biology Teacher, 
35:125-129.

Dodds, P. S., Rothman, D. H., and Weitz, J. S. (2001). Re-examination of the "3/4-law" of metabolism. Journal of 
Theoretical Biology, 209(l):9-27.

Doebeli, M., and Hauert, C. (2005). Models of cooperation based on the prisoners dilemma and the snowdrift 
game. Ecology Letters, 8(7):748-766.

Du, Z., Xu, X., Wu, Y., Wang, L., Cowling, B. J., and Meyers, L. A. (2020). Serial interval of COVID-19 among 
publicly reported confirmed cases. Emerging Infectious Diseases, 26(6):1341.

Duffy, M. A., and Sivars-Becker, L. (2007). Rapid evolution and ecological host-parasite dynamics. Ecology Letters, 
10:44-53.

Ehrlich, P. R. (1968). The Population Bomb. Ballantine Books, New York.
Einstein, A. (1956). Investigations on the Theory of the Brownian Movement. Dover, Mineola, NY.
Eksin, C., Paarporn, K., and Weitz, J. S. (2019). Systematic biases in disease forecasting: The role of behavior 

change. Epidemics, 27:96-105.
Elena, S. E, Cooper, V. S., and Lenski, R. E. (1996). Punctuated evolution caused by selection of rare beneficial 

mutations. Science, 272(5269):1802-1804.
Elena, S. F., and I.enski, R. E. (2003). Microbial genetics: Evolution experiments with microorganisms: The 

dynamics and genetic bases of adaptation. Nature Reviews Genetics, 4(6):457.
Eling, N., Morgan, M. D., and Marioni, J. C. (2019). Challenges in measuring and understanding biological noise. 

Nature Reviews Genetics, 20(9):536-548.
Elowitz, M. B., Levine, A. J., Siggia, E. D., and Swain, P. S. (2002). Stochastic gene expression in a single cell. Science, 

297:1183-1186.
Elser, M. M., Elser, J. J., and Carpenter, S. R. (1986). Paul and Peter Lakes: A liming experiment revisited. American 

Midland Naturalist, 116(2):282-295.
Evans, M. R. (2000). Phase transitions in one-dimensional nonequilibrium systems. Brazilian Journal of Physics, 

30(l):42-57.
Evans, M. R., and Hanney, T. (2005). Nonequilibrium statistical mechanics of the zero-range process and related 

models. Journal of Physics A: Mathematical and General, 38(19):R195.
Farley, C. T., Glasheen, J., and McMahon, T. A. (1993). Running springs: Speed and animal size. Journal of 

Experimental Biology, 185(1):71-86.
Feigenbaum, M. J. (1978). Quantitative universality for a class of nonlinear transformations. Journal of Statistical 

Physics, 19(1):25-52.
Feigenbaum, M. J. (1984). Universal behavior in nonlinear systems. In Universality in Chaos, pages 49-84. Adam 

Hilger, Bristol, UK.
Feller, W. (1971). An Introduction to Probability Theory and Its Applications, volume 2. Wiley, New York, 2nd 

edition.
Fenton, F., and Karma, A. (1998). Vortex dynamics in three-dimensional continuous myocardium with fiber rota

tion: Filament instability and fibrillation. Chaos: Interdisciplinary Journal of Nonlinear Science, 8(1):20-47.
Fenton, F. H., Cherry, E. M., Hastings, H. M., and Evans, S. J. (2002). Multiple mechanisms of spiral wave breakup 

in a model of cardiac electrical activity. Chaos: Interdisciplinary Journal of Nonlinear Science, 12(3):852-892.
Ferguson, N., Laydon, D., Nedjati Gilani, G., Imai, N., Ainslie, K., Baguelin, M., Bhatia, S., Boonyasiri, A., 

Cucunuba Perez, Z., Cuomo-Dannenburg, G., et al. (2020). Report 9: Impact of non-pharmaceutical inter
ventions (NPIs) to reduce COVID-19 mortality and healthcare demand. Imperial College London Report, 
March 16, 2020.

Fidler, I. J., and Kripke, M. L. (1977). Metastasis results from preexisting variant cells within a malignant tumor. 
Science, 197(4306):893-895.

Fisher, R. A. (1930). The Genetical Theory of Natural Selection. Oxford University Press, Oxford, UK.
FitzHugh, R. (1961). Impulses and physiological states in theoretical models of nerve membrane. Biophysical 

Journal, l(6):445-466.



References 361

Follows, M. J., Dutkiewicz, S., Grant, S., and Chisholm, S. W. (2007). Emergent biogeography of microbial 
communities in a model ocean. Science, 315:1843-1846.

Fox, J. W., and Lenski, R. E. (2015). From here to eternity—the theory and practice of a really long experiment. 
PLoS Biology, 13(6):e1002185.

Friedman, N., Cai, L., and Xie, X. S. (2006). Linking stochastic dynamics to population distribution: An analytical 
framework of gene expression. Physical review letters, 97(16):168302.

Full, R. J., and Koditschek, D. E. (1999). Templates and anchors: Neuromechanical hypotheses of legged 
locomotion on land. Journal of Experimental Biology, 202(23):3325-3332.

Funk, S., Salathe, M., and Jansen, V. A. (2010). Modelling the influence of human behaviour on the spread of 
infectious diseases: A review. Journal of the Royal Society Interface, 7(50):1247-1256.

Gandhi, R. T., Lynch, J. B., and Del Rio, C. (2020). Mild or moderate COVID-19. New England Journal of Medicine, 
383(18):1757-1766.

Gardner, T. S., Cantor, C. R., and Collins, J. J. (2000). Construction of a genetic toggle switch in Escherichia coli. 
Nature, 403:339-342.

Gell-Mann, M. (1994a). Complex adaptive systems. In Complexity: Metaphors, Models, and Reality, pages 17-45. 
Addison-Wesley, Reading, MA.

Gell-Mann, M. (1994b). The Quark and the Jaguar: Adventures in the Simple and the Complex. W. H. Freeman, 
New York.

Gillespie, D. T. (1977). Exact stochastic simulation of coupled chemical reactions. Journal of Physical Chemistry, 
82(25):2340-2361.

Gillooly, J. F., Brown, J. H., West, G. B., Savage, V. M., and Charnov, E. L. (2001). Effects of size and temperature 
on metabolic rate. Science, 293(5538):2248-2251.

Goldberger, A. L., Amaral, L. A. N., Hausdorff, J. M., Ivanov, P. C., Peng, C. K., and Stanley, H. E. (2002). Fractal 
dynamics in physiology: Alterations with disease and aging. Proceedings of the National Academy of Sciences, 
99(3, suppl l):2466-2472.

Golding, I., and Cox, E. C. (2004). RNA dynamics in live Escherichia coli cells. Proceedings of the National Academy 
of Sciences, 101(31):11310-11315.

Golding, I., Paulsson, J., Zawilski, S. M., and Cox, E. C. (2005). Real-time kinetics of gene activity in individual 
bacteria. Cell, 123(6):1025-1036.

Goldstein, R. E. (2018). Point of view: Are theoretical results “results”? Elife, 7:e40018.
Good, B. H., McDonald, M. J., Barrick, J. E., Lenski, R. E., and Desai, M. M. (2017). The dynamics of molecular 

evolution over 60,000 generations. Nature, 551(7678):45.
Gould, S., and Eldredge, N. (1993). Punctuated equilibrium comes of age. Nature, 366(6452):223-227.
Graham, M. D. (2018). Microhydrodynamics, Brownian Motion, and Complex Fluids. Cambridge University Press, 

Oxford, UK.
Grant, P. R., and Grant, B. R. (2014). 40 Years of Evolution: Darwins Finches on Daphne Major Island. Princeton 

University Press, Princeton, NJ.
Gray, J., and Hancock, G. (1955). The propulsion of sea-urchin spermatozoa. Journal of Experimental Biology, 

32(4):802-814.
GroBkinsky, S., Schutz, G. M., and Spohn, H. (2003). Condensation in the zero range process: Stationary and 

dynamical properties. Journal of Statistical Physics, 113(3):389-410.
Guckenheimer, J. (1980). Dynamics of the van der Pol equation. IEEE Transactions on Circuits and Systems, 

27(11):983-989.
Guerra, F. M., Bolotin, S., Lim, G., Heffernan, J., Deeks, S. L., Li, Y., and Crowcroft, N. S. (2017). The basic 

reproduction number (R0) of measles: A systematic review. Lancet Infectious Diseases, 17(12):e420-e428.
Hadfield, J., Megill, C., Bell, S. M., Huddleston, J., Potter, B., Callender, C., Sagulenko, P., Bedford, T., and 

Neher, R. A. (2018). Nextstrain: Real-time tracking of pathogen evolution. Bioinformatics, 34(23):4121- 
4123.

Hairston, N. G., Ellner, S. P., Geber, M. A., Yoshida, T., and Fox, J. A. (2005). Rapid evolution and the convergence 
of ecological and evolutionary time. Ecology Letters, 8:1114-1127.

Hastings, A. (1997). Population Biology: Concepts and Models. Springer-Verlag, New York.
Hatton, R. L., and Choset, H. (2013). Geometric Swimming at Low and High Reynolds Numbers. IEEE 

Transactions on Robotics, 29(3):615-624.
Hauert, C., and Doebeli, M. (2004). Spatial structure often inhibits the evolution of cooperation in the snowdrift 

game. Nature, 428(6983):643-646.
Hebert-Dufresne, L., Althouse, B. M., Scarpino, S. V., and Allard, A. (2020). Beyond Ro: Heterogeneity 

in secondary infections and probabilistic epidemic forecasting. Journal of the Royal Society Interface, 
17(172):20200393.



362 References

Helbing, D., Szolnoki, A., Perc, M., and Szabo, G. (2010). Punish, but not too hard: How costly punishment spreads 
in the spatial public goods game. New Journal of Physics, 12(8):083005.

Henrich, J., Boyd, R., Bowles, S., Camerer, C., Fehr, E., Gintis, H., and McElreath, R. (2001). In search of 
Homo economicus: Behavioral experiments in 15 small-scale societies. American Economic Review, 91(2): 
73-78.

Hiltunen, T., Hairston, N. G., Hooker, G., Jones, L. E., and Ellner, S. P. (2014). A newly discovered role of evolution 
in previously published consumer-resource dynamics. Ecology Letters, 17:915-23.

Hodgkin, A. L., and Huxley, A. F. (1952). A quantitative description of membrane current and its application to 
conduction and excitation in nerve. Journal of Physiology, 117:500-544.

Hofbauer, J., and Sigmund, K. (1998). Evolutionary Games and Population Dynamics. Cambridge University Press, 
Cambridge, UK.

Holland, J. H. (1992). Complex adaptive systems. Daedalus, 121(1):17-30.
Holling, C. S. (1973). Resilience and stability of ecological systems. Annual Review of Ecology and Systematics, 

4(1):1-23.
Holt, R. D. (2009). Bringing the Hutchinsonian niche into the 21st century: Ecological and evolutionary 

perspectives. Proceedings of the National Academy of Sciences, 106(Supplement 2):19659-19665.
Huang, A. S. (1973). Defective interfering viruses. Annual Reviews in Microbiology, 27(1):101-118.
Hublin, J.-J., Ben-Ncer, A., Bailey, S. E., Freidline, S. E., Neubauer, S., Skinner, M. M., Bergmann, l., Le Cabec, A., 

Benazzi, S., Harvati, K., et al., (2017). New fossils from Jebel Irhoud, Morocco and the pan-African origin of 
Homo sapiens. Nature, 546(7657):289-292.

Huisman, J., and Weissing, F. J. (1999). Biodiversity of plankton by species oscillations and chaos. Nature, 
402(6760):407-410.

Hutchinson, G. E. (1957). Concluding remarks. In Population Studies: Animal Ecology and Demography, volume 22 
of Cold Spring Harbor Symposia on Quantitative Biology, pages 415-427.

Hutchinson, G. E. (1959). Homage to Santa Rosalia, or why are there so many kinds of animals? American 
Naturalist, 93:254-259.

Ijspeert, A. J., Nakanishi, J., and Schaal, S. (2002). Movement imitation with nonlinear dynamical systems in
humanoid robots. Proceedings of the 2002 IEEE International Conference on Robotics and Automation, 2:1398
1403.

Israel, G., and Gasca, A. (2002). The Biology of Numbers: The Correspondence of Vito Volterra on Mathematical 
Biology. Birkhauser, Basel.

Izhikevich, E. M. (2007). Dynamical Systems in Neuroscience. MIT Press, Cambridge, MA.
Judson, H. F. (1979). Vie Eighth Day of Creation: Makers of the Revolution in Biology. Simon & Schuster, 

New York.
Karma, A. (1994). Electrical alternans and spiral wave breakup in cardiac tissue. Chaos: Interdisciplinary Journal 

of Nonlinear Science, 4(3):461-472.
Kawecki, T. J., Lenski, R. E., Ebert, D., Hollis, B., Olivieri, I., and Whitlock, M. C. (2012). Experimental evolution. 

Trends in Ecology & Evolution, 27(10):547-560.
Kessler, D. A., and Levine, H. (2013). Large population solution of the stochastic Luria-Delbruck evolution model. 

Proceedings of the National Academy of Sciences, 110(29):11682-11687.
Kim, K., Spieler, P., Lupu, E.-S., Ramezani, A., and Chung, S.-J. (2021). A bipedal walking robot that can fly, 

slackline, and skateboard. Science Robotics, 6(59):eabf8136.
Kim, S., Laschi, C., and Trimmer, B. (2013). Soft robotics: A bioinspired evolution in robotics. Trends in 

Biotechnology, 31(5):287-294.
King, A. A., Nguyen, D., and lonides, E. L. (2016). Statistical inference for partially observed Markov processes 

via the R package pomp. Journal of Statistical Software, 69(12):1-43.
Klausmeier, C. A. (1999). Regular and irregular patterns in semiarid vegetation. Science, 284(5421):1826-1828.
Kleiber, M. (1932). Body size and metabolism. Hilgardia, 6:315-353.
Kleiber, M. (1947). Body size and metabolic rate. Physiological Reviews, 27:511-541.
Kleiber, M. (1961). The Fire of Life. An Introduction to Animal Energetics. Wiley, New York.
Koonin, E. V., and Wolf, Y. I. (2009). Is evolution Darwinian or/and Lamarckian? Biology Direct, 4(1):42.
Kouzy, R., Abi Jaoude, J., Kraitem, A., El Alam, M. B., Karam, B., Adib, E., Zarka, J., Traboulsi, C., Akl, E. W., 

and Baddour, K. (2020). Coronavirus goes viral: Quantifying the COVID-19 misinformation epidemic on 
Twitter. Cureus, 12(3):e7255.

Krotkov, E., Hackett, D., Jackel, L., Perschbacher, M., Pippine, J., Strauss, J., Pratt, G., and Orlowski, C. (2017). The 
DARPA robotics challenge finals: Results and perspectives. Journal of Field Robotics, 34(2):229-240.

Labrie, S. J., Samson, J. E., and Moineau, S. (2010). Bacteriophage resistance mechanisms. Nature Reviews 
Microbiology, 8:317-327.



References 363

Lang, G. I., Rice, D. P., Hickman, M. J., Sodergren, E., Weinstock, G. M., Botstein, D., and Desai, M. M.
(2013). Pervasive genetic hitchhiking and clonal interference in forty evolving yeast populations. Nature, 
500(7464):571.

Lauga, E., and Powers, T. R. (2009). The hydrodynamics of swimming microorganisms. Reports on Progress in 
Physics, 72(9):096601.

Lea, D. E., and Coulson, C. A. (1949). The distribution of the numbers of mutants in bacterial populations. Journal 
of Genetics, 49(3):264-285.

Lederberg, J., and Lederberg, E. M. (1952). Replica plating and indirect selection of bacterial mutants. Journal of 
Bacteriology, 63(3):399-406.

Legrand, J., Grais, R. E, Boelle, P.-Y., Valleron, A.-J., and Flahault, A. (2007). Understanding the dynamics of Ebola 
epidemics. Epidemiology & Infection, 135(4):610-621.

Lenski, R. E., Rose, M. R., Simpson, S. C., and Tadler, S. C. (1991). Long-term experimental evolution in
Escherichia coli. I. Adaptation and divergence during 2,000 generations. American Naturalist, 138(6):1315- 
1341.

Lenski, R. E., and Travisano, M. (1994). Dynamics of adaptation and diversification: A 10,000-generation 
experiment with bacterial populations. Proceedings of the National Academy of Sciences, 91(15):6808-6814.

Levin, B. R., Stewart, F. M., and Chao, L. (1977). Resource-limited growth, competition, and predation: A model 
and experimental studies with bacteria and bacteriophage. American Naturalist, 111:3-24.

Levin, S. A. (1992). The problem of pattern and scale in ecology. Ecology, 73:1943-1967.
Levin, S. A. (2003). Complex adaptive systems: Exploring the known, the unknown, and the unknowable. Bulletin 

of the American Mathematical Society, 40(1):3-19.
Lin, Y.-H., and Weitz, J. S. (2019). Spatial interactions and oscillatory tragedies of the commons. Physical Review 

Letters, 122(14):148102.
Lofgren, E. T., Halloran, M. E., Rivers, C. M., Drake, J. M., Porco, T. C., Lewis, B., Yang, W., Vespignani, A., 

Shaman, J., Eisenberg, J. N., et al., (2014). Opinion: Mathematical models: A key tool for outbreak response. 
Proceedings of the National Academy of Sciences, 111(51):18095-18096.

Lorenz, E. N. (1963). Deterministic nonperiodic flow. Journal of Atmospheric Sciences, 20(2):130-141.
Lotka, A. (1925). Elements of Physical Biology. Dover, New York, reprinted 1956 edition.
Lubchenco, J. (1980). Algal zonation in the New England rocky intertidal community: An experimental analysis. 

Ecology, 61(2):333-344.
Luo, L. (2015). Principles of Neurobiology. Garland Science, New York.
Luria, S. E. (1984). A Slot Machine, a Broken Test Tube: An Autobiography. Alfred P. Sloan Foundation series. 

Harper & Row, New York, 1st edition.
Luria, S. E., and Delbruck, M. (1943). Mutations of bacteria from virus sensitivity to virus resistance. Genetics, 

28:491-511.
Luther, S., Fenton, F. H., Kornreich, B. G., Squires, A., Bittihn, P., Hornung, D., Zabel, M., Flanders, J., Gladuli, A.,

Campoy, L., et al. (2011). Low-energy control of electrical turbulence in the heart. Nature, 475(7355):235-239.
Madigan, M., Martinko, J. M., Dunlap, P. V., and Clark, D. V. (2009). Brock Biology of Microorganisms. Pearson 

Benjamin Cummings, San Francisco.
Makarova, K. S., Haft, D. H., Barrangou, R., Brouns, S. J., Charpentier, E., Horvath, P., Moineau, S., Mojica, F. J., 

Wolf, Y. I., Yakunin, A. F., et al. (2011). Evolution and classification of the CRISPR-Cas systems. Nature 
Reviews Microbiology, 9(6):467-477.

Maladen, R. D., Ding, Y., Li, C., and Goldman, D. 1. (2009). Undulatory swimming in sand: Subsurface locomotion 
of the sandfish lizard. Science, 325(5938):314-318.

Maladen, R. D., Ding, Y., Umbanhowar, P. B., Kamor, A., and Goldman, D. 1. (2011). Mechanical models of 
sandfish locomotion reveal principles of high performance subsurface sand-swimming. Journal of the Royal 
Society Interface, 8(62):1332-1345.

Malthus, T. R. (1970). An Essay on the Principle of Population; and a Summary View of the Principle of Population.
A. Flew, ed. Penguin Books, London.

May, R. M. (1979). Simple mathematical models with complicated dynamics. Nature, 261(10):3.
McGeer, T. (1990). Passive dynamic walking. International Journal of Robotics Research, 9(2):62-82.
McMahon, T. A. (1973). Size and shape in biology. Science, 179:1201-1204.
McNally, L., Bernardy, E., Thomas, J., Kalziqi, A., Pentz, J., Brown, S. P., Hammer, B. K., Yunker, P. J., and Rat

cliff, W. C. (2017). Killing by type VI secretion drives genetic phase separation and correlates with increased 
cooperation. Nature Communications, 8(1):14371.

Meltzer, M. I., Atkins, C. Y., Santibanez, S., Knust, B., Petersen, B. W., Ervin, E. D., Nichol, S. T., Damon, I. K., and 
Washington, M. L. (2014). Estimating the future number of cases in the Ebola epidemic—Liberia and Sierra 
Leone, 2014-2015. Morbidity and Mortality Weekly Report, 63(3):1-14.



364 References

Mezard, M., Parisi, G., and Virasoro, M. A. (1987). Spin Glass Theory and Beyond: An Introduction to the Replica 
Method and Its Applications, volume 9. World Scientific, Singapore.

Milo, R., Jorgensen, P., Moran, U., Weber, G., and Springer, M. (2010). BioNumbers-the database of key numbers 
in molecular and cell biology. Nucleic Acids Research, 38:D750-D753.

Milo, R., Shen-Orr, S., Itzkovitz, S., Kashtan, N., Chklovskii, D., and Alon, U. (2002). Network motifs: Simple 
building blocks of complex networks. Science, 298:824-827.

Moghadas, S. M., Fitzpatrick, M. C., Sah, P., Pandey, A., Shoukat, A., Singer, B. H., and Galvani, A. P. (2020). 
The implications of silent transmission for the control of COVID-19 outbreaks. Proceedings of the National 
Academy of Sciences, 117(30):17513-17515.

Moore, L. R., Rocap, G., and Chisholm, S. W. (1998). Physiology and molecular phylogeny of coexisting 
Prochlorococcus ecotypes. Nature, 393(6684):464-467.

Morris, D. H., Rossine, E W, Plotkin, J. B., and Levin, S. A. (2021). Optimal, near-optimal, and robust epidemic 
control. Communications Physics, 4(1):1-8.

Munch, S. B., Rogers, T. L., Johnson, B. J., Bhat, U., and Tsai, C.-H. (2022). Rethinking the prevalence and relevance 
of chaos in ecology. Annual Review of Ecology, Evolution, and Systematics, 53(l):227-249.

Nadell, C. D., Xavier, J. B., and Foster, K. R. (2008). The sociobiology of biofilms. FEMS Microbiology Reviews, 
33(1):206-224.

Nagumo, J., Arimoto, S., and Yoshizawa, S. (1962). An active pulse transmission line simulating nerve axon. 
Proceedings of the IRE, 50(10):2061-2070.

Nash, J. F. (1950). Equilibrium points in n-person games. Proceedings of the National Academy of Sciences, 36(1): 
48-49.

Nelson, G., Saunders, A., and Playter, R. (2019). The PETMAN and Atlas robots at Boston Dynamics. Humanoid 
Robotics: A Reference, 169:186.

Nelson, P. (2021). Physical Models of Living Systems. Chiliagon Science, Philadelphia.
Neuhauser, C. (2011). Calculus for Biology and Medicine. Prentice Hall, Upper Saddle River, NJ.
Nevozhay, D., Adams, R. M., Van Itallie, E., Bennett, M. R., and Balazsi, G. (2012). Mapping the environmental 

fitness landscape of a synthetic gene circuit. PLoS Computational Biology, 8(4):el002480-el002480.
Nielsen, C. E, Kidd, S., Sillah, A. R., Davis, E., Mermin, J., and Kilmarx, P. H. (2015). Improving burial prac

tices and cemetery management during an Ebola virus disease epidemic—Sierra Leone, 2014. Morbidity and 
Mortality Weekly Report, 64(l):20.

Niklas, K. J. (1994). Size-dependent variations in plant-growth rates and the 3/4-power rules. American Journal of 
Botany, 81:134-144.

Noble, D. (1962). A modification of the Hodgkin-Huxley equations applicable to Purkinje fibre action and 
pacemaker potentials. Journal of Physiology, 160(2):317-352.

Novick-Cohen, A., and Segel, L. A. (1984). Nonlinear aspects of the Cahn-Hilliard equation. Physica I): Nonlinear 
Phenomena, 10(3):277-298.

Nowak, M. A. (2006). Evolutionary Dynamics: Exploring the Equations of Life. Belknap Press of Harvard University 
Press, Cambridge, MA.

Nowak, M. A., and May, R. M. (1992). Evolutionary games and spatial chaos. Nature, 359(6398):826-829.
Odling-Smee, F. J., Laland, K. N., and Feldman, M. W. (1996). Niche construction. American Naturalist, 

147(4):641-648.
Ozbudak, E. M., Thattai, M., Kurtser, l., Grossman, A. D., and Van Oudenaarden, A. (2002). Regulation of noise 

in the expression of a single gene. Nature Genetics, 31(l):69-73.
Ozbudak, E. M., Thattai, M., Lim, H. N., Shraiman, B. I., and Van Oudenaarden, A. (2004). Multistability in the 

lactose utilization network of Escherichia coli. Nature, 427(6976):737-740.
Paine, R. T. (1974). Intertidal community structure. Oecologia, 15(2):93-120.
Paine, R. T., and Levin, S. A. (1981). Intertidal landscapes: Disturbance and the dynamics of pattern. Ecological 

Monographs, 51(2):145-178.
Pandey, A., Atkins, K. E., Medlock, J., Wenzel, N., Townsend, J. P., Childs, J. E., Nyenswah, T. G., Ndeffo- 

Mbah, M. L., and Galvani, A. P. (2014). Strategies for containing Ebola in West Africa. Science, 346(6212): 
991-995.

Parisi, G. (1988). Statistical Field Theory. Addison-Wesley, Redwood City, CA.
Park, S. W., Bolker, B. M., Champredon, D., Earn, D. J., Li, M., Weitz, J. S., Grenfell, B. T., and Dushoff, J. 

(2020). Reconciling early-outbreak estimates of the basic reproductive number and its uncertainty: Frame
work and applications to the novel coronavirus (SARS-CoV-2) outbreak. Journal of the Royal Society Interface, 
17(168):20200144.

Park, S. W., Champredon, D., Weitz, J. S., and Dushoff, J. (2019). A practical generation-interval-based approach 
to inferring the strength of epidemics from their speed. Epidemics, 27:12-18.



References 365

Park, S. W., Cornforth, D. M., Dushoff, J., and Weitz, J. S. (2020). The time scale of asymptomatic transmission 
affects estimates of epidemic potential in the covid-19 outbreak. Epidemics, 31:100392.

Parkinson, J. S., Hazelbauer, G. L., and Falke, J. J. (2015). Signaling and sensory adaptation in Escherichia coli 
chemoreceptors: 2015 update. Trends in Microbiology, 23(5):257-266.

Paulsson, J. (2004). Summing up the noise in gene networks. Nature, 427(6973):415-418.
Peebles, J. (2019). Nobel Prize telephone interview with Prof. James Peebles, December 2019. https://www 

.nobelprize.org/prizes/physics/2019/peebles/interview/.
Peters, R. H. (1983). Ihe Ecological Implications of Body Size. Cambridge University Press, Cambridge, UK.
Phillips, R., Kondev, J., and Theriot, J. (2009). Physical Biology of the Cell. Garland Science, New York.
Platt, J. R. (1964). Strong inference: Certain systematic methods of scientific thinking may produce much more 

rapid progress than others. Science, 146(3642):347-353.
Price, C. A., Weitz, J. S., Savage, V. M., Stegen, J., Clarke, A., Coomes, D. A., Dodds, P. S., Etienne, R. S., Kerkhoff,

A. J., McCulloh, K., et al. (2012). Testing the metabolic theory of ecology. Ecology Letters, 15(12):1465-1474.
Ptashne, M. (2004). A Genetic Switch: Phage Lambda Revisited. Cold Spring Harbor Laboratory Press, Cold Spring 

Harbor, NY, 3rd edition.
Purcell, E. M. (1977). Life at low Reynolds number. American Journal of Physics, 45(1):3-11.
Raina, J.-B., Fernandez, V., Lambert, B., Stocker, R., and Seymour, J. R. (2019). The role of microbial motility and 

chemotaxis in symbiosis. Nature Reviews Microbiology, 17(5):284-294.
Ratcliff, W. C., Denison, R. E, Borrello, M., and Travisano, M. (2012). Experimental evolution of multicellularity. 

Proceedings of the National Academy of Sciences, 109(5):1595-1600.
Reznick, D. N., Losos, J., and Travis, J. (2019). From low to high gear: There has been a paradigm shift in our 

understanding of evolution. Ecology Letters, 22(2):233-244.
Rietkerk, M., Dekker, S. C., De Ruiter, P. C., and van de Koppel, J. (2004). Self-organized patchiness and 

catastrophic shifts in ecosystems. Science, 305(5692):1926-1929.
Rivers, C. (2014). Ebola: Models do more than forecast. Nature, 515(7528):492.
Roca, C. P., Cuesta, J. A., and Sanchez, A. (2009). Evolutionary game theory: Temporal and spatial effects beyond 

replicator dynamics. Physics of Life Reviews, 6(4):208-249.
Rolls, E. T., and Treves, A. (1997). Neural Networks and Brain Function, volume 572. Oxford University Press, 

Oxford, UK.
Rose, C., Medford, A. J., Goldsmith, C. F., Vegge, T., Weitz, J. S., and Peterson, A. A. (2021). Heterogeneity in 

susceptibility dictates the order of epidemic models. Journal of Theoretical Biology, 528:110839.
Rosenzweig, M. L., and MacArthur, R. H. (1963). Graphical representation and stability conditions of predator

prey interactions. American Naturalist, 97:209-223.
Rothman, D. H. (2001). Global biodiversity and the ancient carbon cycle. Proceedings of the National Academy of 

Sciences, 98:4305-4310.
Rothman, D. H. (2017). Thresholds of catastrophe in the Earth system. Science Advances, 3(9):el700906.
Rothman, D. H. (2019). Characteristic disruptions of an excitable carbon cycle. Proceedings of the National 

Academy of Sciences, 116(30):14813-14822.
Rothman, D. H., Fournier, G. P., French, K. L., Alm, E. J., Boyle, E. A., Cao, C., and Summons, R. E. (2014). 

Methanogenic burst in the end-Permian carbon cycle. Proceedings of the National Academy of Sciences, 
111(15):5462-5467.

Sanjuan, R., Nebot, M. R., Chirico, N., Mansky, L. M., and Belshaw, R. (2010). Viral mutation rates. Journal of 
Virology, 84(19):9733-9748.

Savage, V. M., Gillooly, J. F„ Woodruff, W. H., West, G. B., Allen, A. P., Enquist, B. J., and Brown, J. H. (2004). The 
predominance of quarter-power scaling in biology. Functional Ecology, 18(2):257-282.

Scarpino, S. V., and Petri, G. (2019). On the predictability of infectious disease outbreaks. Nature Communications, 
10(1):1-8.

Schaechter, E. (2014). ASM blog: Esther Lederberg, pioneer of bacterial genetics. ASM Blog, July 28, 2014.
Scheffer, M., Carpenter, S., Foley, J. A., Folke, C., and Walker, B. (2001). Catastrophic shifts in ecosystems. Nature, 

413(6856):591-596.
Scheffer, M., Carpenter, S. R., Lenton, T. M., Bascompte, J., Brock, W., Dakos, V., van de Koppel, J., Van de Leemput, 

I. A., Levin, S. A., Van Nes, E. H., et al. (2012). Anticipating critical transitions. Science, 338(6105):344-348.
Scheffer, M., Hosper, S. H., Meijer, M. L., Moss, B., and Jeppesen, E. (1993). Alternative equilibria in shallow lakes. 

Trends in Ecology & Evolution, 8(8):275-279.
Schmidt-Nielsen, K. (1984). Scaling: Why Is Animal Size So Important? Cambridge University Press, Cambridge, 

UK.
Schuster, P. (2011). Mathematical modeling of evolution: Solved and open problems. 'Iheory in Biosciences, 

130(l):71-89.

https://www
nobelprize.org/prizes/physics/2019/peebles/interview/


366 References

Schwiening, C. J. (2012). A brief historical perspective: Hodgkin and Huxley. Journal of Physiology, 590(Pt 
11):2571.

Scott, S. H. (2004). Optimal feedback control and the neural basis of volitional motor control. Nature Reviews 
Neuroscience, 5(7):532-545.

Segel, L. A. (1984). Modeling Dynamic Phenomena in Molecular and Cellular Biology. Cambridge University Press, 
Cambridge, UK.

Sender, R., Fuchs, S., and Milo, R. (2016). Revised estimates for the number of human and bacteria cells in the 
body. PLoS Biology, 14(8):e1002533.

Shamir, M., Bar-On, Y., Phillips, R., and Milo, R. (2016). SnapShot: Timescales in cell biology. Cell, 164(6):1302.
Shapere, A., and Wilczek, F. (1987). Self-propulsion at low Reynolds number. Physical Review Letters, 58(20):2051.
Shetty, R. P., Endy, D., and Knight, T. F. (2008). Engineering BioBrick vectors from BioBrick parts. Journal of 

Biological Engineering, 2(1):5.
Shubin, N. (2008). Your Inner Fish: A Journey into the 3.5-Billion-Year History of the Human Body. Vintage Books, 

New York.
Skotheim, J. M., and Mahadevan, L. (2005). Physical limits and design principles for plant and fungal movements. 

Science, 308(5726):1308-1310.
Smith, J. M. (1973). The stability of predator-prey systems. Ecology, 54:384-91.
Smolke, C. D. (2009). Building outside of the box: iGEM and the BioBricks Foundation. Nature Biotechnology, 

27(12):1099-1102.
Sniegowski, P. D., Gerrish, P. J., and Lenski, R. E. (1997). Evolution of high mutation rates in experimental 

populations of E. coli. Nature, 387(6634):703.
Sourjik, V., and Wingreen, N. S. (2012). Responding to chemical gradients: Bacterial chemotaxis. Current Opinion 

in Cell Biology, 24(2):262-268.
Spence, R., Gerlach, G., Lawrence, C., and Smith, C. (2008). The behaviour and ecology of the zebrafish, Danio 

rerio. Biological Reviews, 83(1):13-34.
Spitzer, F. (1970). Interaction of Markov processes. Advances in Mathematics, 5:66-110.
Spudich, J. L., and Koshland, D. E., Jr. (1976). Non-genetic individuality: Chance in the single cell. Nature, 

262:467-471.
Stocker, R. (2012). Marine microbes see a sea of gradients. Science, 338(6107):628-633.
Stocker, R., Seymour, J. R., Samadani, A., Hunt, D. E., and Polz, M. F. (2008). Rapid chemotactic response enables 

marine bacteria to exploit ephemeral microscale nutrient patches. Proceedings of the National Academy of 
Sciences, 105(11):4209-4214.

Stokes, D. E. (2011). Pasteurs quadrant: Basic Science and Technological Innovation. Brookings Institution Press, 
Washington, DC.

Strogatz, S. (1994). Nonlinear Dynamics and Chaos. Addison Wesley, Reading, MA.
Suel, G. M., Kulkarni, R. P., Dworkin, J., Garcia-Ojalvo, J., and Elowitz, M. B. (2007). Tunability and noise 

dependence in differentiation dynamics. Science, 315(5819):1716-I719.
Summers, W. C. (1999). Felix d’Herelle and the Origins of Molecular Biology. Yale University Press, New Haven, 

CT.
Sun, L., Alexander, H. K., Bogos, B., Kiviet, D. J., Ackermann, M., and Bonhoeffer, S. (2018). Effective polyploidy 

causes phenotypic delay and influences bacterial evolvability. PLoS Biology, 16(2):e2004644.
Suttle, C. A. (2005). Viruses in the sea. Nature, 437:356-361.
Talmy, D., Beckett, S. J., Zhang, A. B., Taniguchi, D. A., Weitz, J. S., and Follows, M. J. (2019). Contrasting controls 

on microzooplankton grazing and viral infection of microbial prey. Frontiers in Marine Science, 6:182.
Taylor, B. P., Dushoff, J., and Weitz, J. S. (2016). Stochasticity and the limits to confidence when estimating Ro of 

Ebola and other emerging infectious diseases. Journal of Theoretical Biology, 408:145-154.
Taylor, G. (1951). Analysis of the swimming of microscopic organisms. Proceedings of the Royal Society A: 

Mathematical and Physical Sciences, 209(1099):447-461.
Thattai, M., and Van Oudenaarden, A. (2001). Intrinsic noise in gene regulatory networks. Proceedings of the 

National Academy of Sciences, 98(15):8614-8619.
Thattai, M., and Van Oudenaarden, A. (2004). Stochastic gene expression in fluctuating environments. Genetics, 

167(1):523-530.
Thomas, L. (1978). Ihe Lives of a Cell: Notes of a Biology Watcher. Penguin, New York.
Tilman, A. R., Plotkin, J. B., and Ak^ay, E. (2020). Evolutionary games with environmental feedbacks. Nature 

Communications, I 1(1): 1-11.
Ting, L. H., and McKay, J. L. (2007). Neuromechanics of muscle synergies for posture and movement. Current 

Opinion in Neurobiology, 17(6):622-628.



References 367

Tiwari, A., Balazsi, G., Gennaro, M. L., and Igoshin, O. A. (2010). The interplay of multiple feedback loops with
post-translational kinetics results in bistability of mycobacterial stress response. Physical Biology, 7(3):036005.

Tkachenko, A. V., Maslov, S., Wang, T., Elbana, A., Wong, G. N., and Goldenfeld, N. (2021). Stochastic social 
behavior coupled to COVID-19 dynamics leads to waves, plateaus, and an endemic state. Elife, 10:e68341.

Traulsen, A., and Nowak, M. A. (2006). Evolution of cooperation by multilevel selection. Proceedings of the 
National Academy of Sciences, 103(29):10952-10955.

Tritton, D. P. (1988). Physical Fluid Dynamics. Oxford University Press, Oxford, UK.
Turner, L., Ryu, W. S., and Berg, H. C. (2000). Real-time imaging of fluorescent flagellar filaments. Journal of

Bacteriology, 182(10):2793-2801.
Turner, P. E., and Chao, L. (1999). Prisoner’s dilemma in an RNA virus. Nature, 398:441-443.
Twort, T. W. (1915). An investigation on the nature of ultramicroscopic viruses. Lancet, 186:1241-1243.
van der Pol, B. (1920). Theory of the amplitude of free and forced triode vibrations. Radio Review, 1:701-710.
van Kampen, N. G. (2001). Stochastic Processes in Physics and Chemistry. Elsevier Science, Amsterdam.
Vespignani, A., Tian, H., Dye, C., Lloyd-Smith, J. O., Eggo, R. M., Shrestha, M., Scarpino, S. V., Gutierrez, B., 

Kraemer, M.U.G., Wu, J., et al. (2020). Modelling COVID-19. Nature Reviews Physics, 2(6):279-281.
Vicsek, T., Czir6k, A., Ben-Jacob, E., Cohen, I., and Schochet, 0. (1995). Novel type of phase transition in a system 

of self-driven particles. Physical Review Letters, 75:1226-1229.
Vicsek, T., and Zafeiris, A. (2012). Collective motion. Physics Reports, 517(3-4):71-140.
Volterra, V. (1926). Fluctuations in the abundance of a species considered mathematically. Nature, 118:558-60.
von Foerster, H., Mora, P. M., and Amiot, L. W. (1960). Doomsday: Friday, 13 November, AD 2026. Science, 

132(3436):1291-1295.
Wallinga, J., and Lipsitch, M. (2007). How generation intervals shape the relationship between growth rates and 

reproductive numbers. Proceedings of the Royal Society B: Biological Sciences, 274(1609):599-604.
Webre, D. J., Wolanin, P. M., and Stock, J. B. (2003). Bacterial chemotaxis. Current Biology, 13(2):R47-R49.
Wei, W. E., Li, Z., Chiew, C. J., Yong, S. E., Toh, M. P., and Lee, V. J. (2020). Presymptomatic transmission of 

SARS-CoV-2—Singapore, January 23-March 16, 2020. Morbidity and Mortality Weekly Report, 69(14):411.
Wei, Y., Kirby, A., and Levin, B. R. (2011). The population and evolutionary dynamics of Vibrio cholerae and its 

bacteriophage: Conditions for maintaining phage-limited communities. American Naturalist, 178:715-725.
Weitz, J. S. (2015). Quantitative Viral Ecology: Dynamics of Viruses and 'Iheir Microbial Hosts. Princeton University 

Press, Princeton, NJ.
Weitz, J. S., and Dushoff, J. (2015). Modeling post-death transmission of Ebola: Challenges for inference and 

opportunities for control. Scientific Reports, 5(1):8751.
Weitz, J. S., Eksin, C., Paarporn, K., Brown, S. P., and Ratcliff, W. C. (2016). An oscillating tragedy of the commons 

in replicator dynamics with game-environment feedback. Proceedings of the National Academy of Sciences, 
113(47):E7518-E7525.

Weitz, J. S., Park, S. W., Eksin, C., and Dushoff, J. (2020). Awareness-driven behavior changes can shift the shape 
of epidemics away from peaks and toward plateaus, shoulders, and oscillations. Proceedings of the National 
Academy of Sciences, 117(51):32764-32771.

West, G. B., Brown, J. H., and Enquist, B. J. (1997). A general model for the origin of allometric scaling laws in 
biology. Science, 276(5309):122-126.

West, S. A., Diggle, S. P., Buckling, A., Gardner, A., and Griffin, A. S. (2007). The social lives of microbes. Annual 
Review of Ecology, Evolution, and Systematics, 38:53-77.

White, C. R., Cassey, P., and Blackburn, T. M. (2007). Allometric exponents do not support a universal metabolic 
allometry. Ecology, 88(2):315-323.

Wilhelm, S. W., and Trick, C. G. (1994). Iron-limited growth of cyanobacteria: Multiple siderophore production 
is a common response. Limnology and Oceanography, 39(8):1979-1984.

Wilkinson, G. M., Carpenter, S. R., Cole, J. J., Pace, M. L., Batt, R. D., Buelo, C. D., and Kurtzweil, J. T. (2018). Early 
warning signals precede cyanobacterial blooms in multiple whole-lake experiments. Ecological Monographs, 
88(2):188-203.

Wiser, M. J., Ribeck, N., and Lenski, R. E. (2013). Long-term dynamics of adaptation in asexual populations. 
Science, 342(6164):1364-1367.

Wiser, M. J., Ribeck, N., and Lenski, R. E. (2014). Data from: Long-term dynamics of adaptation in asexual 
populations. Dryad, November 11, 2014.

Woolf, S. H., Chapman, D. A., and Lee, J. H. (2021). COVID-19 as the leading cause of death in the United States. 
JAMA, 325(2):123-124.

World Health Organization ERT. (2014). Ebola virus disease in West Africa-the first 9 months of the epidemic 
and forward projections. New England Journal of Medicine, 371(16):1481-1495.



368 References

Xavier, J. B., and Foster, K. R. (2007). Cooperation and conflict in microbial biofilms. Proceedings of the National 
Academy of Sciences, 104(3):876-881.

Yang, G.-Z., Bellingham, J., Dupont, P. E., Fischer, P., Floridi, L., Full, R., Jacobstein, N., Kumar, V., McNutt, M., 
Merrifield, R., et al. (2018). The grand challenges of science robotics. Science Robotics, 3(14):eaar7650.

Yong, E. (2013). Dynasty: Bob Paine fathered an idea—and an academic family—that changed ecology. Nature, 
493(7432):286-290.

Yoshida, T., Jones, L. E., Ellner, S. P., Fussmann, G. F., and Hairston, N. G. (2003). Rapid evolution drives ecological 
dynamics in a predator-prey system. Nature, 424(6946):303-306.

Zangwill, A. (2013). Modern Electrodynamics. Cambridge University Press, Cambridge, UK.
Zehr, J. P., Weitz, J. S., and Joint, I. (2017). How microbes survive in the open ocean. Science, 357(6352):646-647.
Zhang, P., Khursigara, C. M., Hartnell, L. M., and Subramaniam, S. (2007). Direct visualization of Escherichia coli 

chemotaxis receptor arrays using cryo-electron microscopy. Proceedings of the National Academy of Sciences, 
104(10):3777-3781.

Zhang, T, and Goldman, D. I. (2014). The effectiveness of resistive force theory in granular locomotion. Physics 
of Fluids, 26(10):101308.

Zheng, Q. (1999). Progress of a half century in the study of The Luria-Delbrück distribution. Mathematical 
Biosciences, 162(1-2):1-32.

Zimmer, C. (2012). A Planet of Viruses. University of Chicago Press, Chicago, IL.


