The Evolution of Biodiversity:

A Simulation Approach by Carlo C. Maley

B.A., Oberlin College (1991) M.Sc., University of Oxford (1993)

Submitted to the Department of Electrical Engineering and Computer Science in partial fulfillment of the requirements for the degree of

Doctor of Philosophy

at the

MASSACHUSETTS INSTITUTE OF TECHNOLOGY

May 1998

© 1998 Carlo C. Maley. All rights reserved.

The author hereby grants to MIT permission to reproduce and to distribute publicly paper and electronic copies of this thesis document in whole or in part.

Author . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Department of Electrical Engineering and Computer Science May 1, 1998

Certified by. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Rodney Brooks Professor of Computer Science and Engineering, MIT Thesis Supervisor

Certified by. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Michael Donoghue Professor of Biology, Harvard University Thesis Supervisor

Accepted by . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Arthur C. Smith Chairman, Departmental Committee on Graduate Students

The Evolution of Biodiversity:

A Simulation Approach by Carlo C. Maley

Submitted to the Department of Electrical Engineering and Computer Science on May 1, 1998, in partial fulfillment of the requirements for the degree of Doctor of Philosophy

Abstract

What have been the most important factors in the diversification of life? A configuration (individual-based) model (MoD) was constructed to examine the origins and maintenance of species diversity through time. The model represents a species as a connected component in a graph of the potential mating relationships between organisms. This allows us to detect speciation events and track species diversity over time, and so test many “untestable hypotheses” for the causes of diversification. The results suggest that much of the emphasis placed on the evolutionary innovations, in resource utilization and predation interactions, in order to explain the diversification of a group, is flawed at best. Furthermore, habitat heterogeneity had little impact on species diversity. Instead, the model points to the importance of geographical isolation as a primary causal factor for diversification, along with the evolution of specialization and sexual selection, in the form of positive and negative assortative mating. The influence of assortative mating is particularly interesting because it is opaque to the methods of paleobiology. Finally, both theoretical and experimental tests are sketched that may help to falsify the predictions of the model.

Thesis Supervisor: Rodney Brooks Title: Professor of Computer Science and Engineering, MIT

Thesis Supervisor: Michael Donoghue Title: Professor of Biology, Harvard University

Acknowledgments

The years of my graduate student experience have been almost embarrassingly happy ones. During that time I have incurred an intellectual debt to many friends, colleagues and mentors. It is a pleasure now to acknowledge their contributions. First let me thank my mentors, Rhys Price Jones, Hal Caswell, William D. Hamilton, Rodney Brooks and Michael Donoghue. They have been, without exception, generous in their support, encouragement, and license. Bob Berwick, Dave Cliff, Richard Lewontin, Dan Hartl, Charles Leiserson, Carl Pabo, Stephanie Forest, and Marvin Minsky have provided excellent instruction and advice. I have received technical and academic tutoring from many peers and friends, in particular much of this work, and my entire research career for that matter, has been made possible through frequent tutoring from Miller Maley. In addition Michael Wessler, Loren King, Eric Johnson, Lynne Butler, Una-May O’Reilly, and Belinda Chang have provided both desperately needed help and useful suggestions. I am grateful for both their contributions and their friendship. Thank you. I should note that both Michael Wessler and Una-May O’Reilly put in long hours pouring over drafts of this thesis. I am further indebted to Hyojoo Kang for assistance in editing this monster as well as all the myriad ways in which she makes life good. Thanks also to my loving parents. They deserve most of the recognition (blame?) for making me who I am today. I should thank Terry Jones, who unwittingly, via Melanie Mitchell, via Annie Wu contributed his pseudo-random number generator C code. I owe an emotional debt to Pico and Femto for their unwavering support. Oh yes, and lest I forget, most of this work was completed with the near-unconditional love of the United States Army, NDSEG grant DAAH04-95-1-0557 as well as the MIT Artificial Intelligence lab. Finally, while the camera is still on me, let me just say, “Hi Mom!”

4

Contents

1 Introduction 15 1.1 The Problem of Species Diversity . . . . . . . . . . . . . . . . . . . . . . . . 16 1.2 What is a Species? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17 1.3 Three Levels of Answers to the Problem of Diversification . . . . . . . . . . 22 1.3.1 The Basic Processes of Diversification . . . . . . . . . . . . . . . . . 22 1.3.2 Regulation of Diversity . . . . . . . . . . . . . . . . . . . . . . . . . 25 1.3.3 Factors Influencing Diversity Equilibria . . . . . . . . . . . . . . . . 26 1.4 The Role of Computational Models . . . . . . . . . . . . . . . . . . . . . . . 31 1.4.1 Configuration Models . . . . . . . . . . . . . . . . . . . . . . . . . . 33 1.4.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33 1.4.3 Caveats . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35 1.5 Previous Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36 1.5.1 Microevolutionary Models . . . . . . . . . . . . . . . . . . . . . . . . 36 1.5.2 Macroevolutionary Models . . . . . . . . . . . . . . . . . . . . . . . . 40 1.6 Harbingers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

2 The Model 45 2.1 Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45 2.1.1 Microevolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45 2.1.2 Macroevolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47 2.2 An Instantiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48 2.2.1 Microevolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49 2.2.2 Ecology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51 2.2.3 Macroevolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

2.2.4 Parallelism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61 2.3 Caveats . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

3 Invalidation 65 3.1 Predator-Prey Oscillations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66 3.2 Trophic Cascades . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67 3.2.1 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69 3.3 Competitive Exclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73 3.4 Adaptation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75 3.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76 3.6 Parameters for the Following Chapters . . . . . . . . . . . . . . . . . . . . . 77

4 Speciation 79 4.1 Diversity Over Time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81 4.2 The Species-Area Curve . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84 4.2.1 The Effects of Area on Diversity . . . . . . . . . . . . . . . . . . . . 86 4.2.2 Diversity Dependence . . . . . . . . . . . . . . . . . . . . . . . . . . 87 4.3 Percolation and Speciation on a Hypercube . . . . . . . . . . . . . . . . . . 92 4.4 The Tempo and Mode of Speciation . . . . . . . . . . . . . . . . . . . . . . 94 4.4.1 Turnover . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95 4.4.2 Periodicity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98 4.5 Reproductive Barriers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100 4.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

5 Geography, Habitat, and Productivity 105 5.1 The Importance of Being Prey . . . . . . . . . . . . . . . . . . . . . . . . . 106 5.2 Barriers to Migration and Habitat Heterogeneity . . . . . . . . . . . . . . . 106 5.3 Flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110 5.3.1 Change in Migratory Barriers . . . . . . . . . . . . . . . . . . . . . . 110 5.3.2 Habitat Heterogeneity in Time . . . . . . . . . . . . . . . . . . . . . 113 5.4 Productivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115 5.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

6 What’s in a Niche: Specialization and Innovations 123 6.1 Niche Space . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123 6.2 Specialization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126 6.3 Evolutionary Innovations in Niche Occupancy . . . . . . . . . . . . . . . . . 127 6.4 Extreme Restrictions on Niche Space . . . . . . . . . . . . . . . . . . . . . . 129 6.5 The Cost of Generalism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130 6.6 Heterotroph Diversities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134 6.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

7 Assortative Mating 139 7.1 What has Sex got to do with it? . . . . . . . . . . . . . . . . . . . . . . . . 139 7.2 Sexual Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140 7.3 Assortative Mating and Speciation . . . . . . . . . . . . . . . . . . . . . . . 144 7.3.1 Selection on Predation Resistance Characters . . . . . . . . . . . . . 145 7.3.2 Selection on Reproductive Characters . . . . . . . . . . . . . . . . . 146 7.3.3 Summary of the Results . . . . . . . . . . . . . . . . . . . . . . . . . 147 7.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149 7.4.1 Negative Assortative Mating on the Hypercube . . . . . . . . . . . . 150 7.4.2 Positive Assortative Mating on the Hypercube . . . . . . . . . . . . 151 7.4.3 Random Mating on the Hypercube . . . . . . . . . . . . . . . . . . . 152 7.4.4 Migratory Barriers and Habitat Heterogeneity . . . . . . . . . . . . 153 7.5 Conclusions and Implications . . . . . . . . . . . . . . . . . . . . . . . . . . 154 7.5.1 Towards an Experimental Test of the Predictions . . . . . . . . . . . 157

8 Conclusions 161 8.1 Primary Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161 8.2 Related Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168 8.3 Caveats . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170 8.4 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172 8.4.1 Further Explorations . . . . . . . . . . . . . . . . . . . . . . . . . . . 172 8.4.2 Alternative Implementations . . . . . . . . . . . . . . . . . . . . . . 174 8.4.3 Experimental Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174 8.5 Valediction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175

Appendices 177

A Open Problems

in Reproductive Graphs 177

B Derivations 181 B.1 Bit Differences in a Heterogeneous Environment . . . . . . . . . . . . . . . 181 B.2 Migration Rates and the Fixation Index . . . . . . . . . . . . . . . . . . . . 183 B.2.1 Number of Migrants . . . . . . . . . . . . . . . . . . . . . . . . . . . 183 B.2.2 The Fixation Index in a Haploid Population . . . . . . . . . . . . . . 184 B.2.3 Migration Rates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185

List of Figures

1-1 The exponential and logistic curves describing diversification. . . . . . . . . 26

2-1 Two-point crossover. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50 2-2 Two-point crossover on circles. . . . . . . . . . . . . . . . . . . . . . . . . . 50 2-3 Determination of a predator-prey interaction. . . . . . . . . . . . . . . . . . 52 2-4 A reproductive genotype graph. . . . . . . . . . . . . . . . . . . . . . . . . . 59

3-1 The effect of search-range on population sizes. . . . . . . . . . . . . . . . . . 70 3-2 The effect of predation-distribution on population sizes. . . . . . . . . . . . 71 3-3 The effect of prey-location probabilities on population sizes. . . . . . . . . . 71 3-4 The average maximum and average minimum population sizes for the animals. 72 3-5 The effect of energy-input on population sizes. . . . . . . . . . . . . . . . . 73 3-6 The effect of energy-conversion on population sizes. . . . . . . . . . . . . . 74 3-7 The fitness landscape for plants. . . . . . . . . . . . . . . . . . . . . . . . . 75 3-8 Adaptation in plants. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

4-1 Average biodiversity over time. . . . . . . . . . . . . . . . . . . . . . . . . . 82 4-2 Average biodiversity over time with 0.9 migratory barriers. . . . . . . . . . 83 4-3 Average biodiversity over time with intense diversification. . . . . . . . . . . 84 4-4 Species diversity equilibrium in island biogeography. . . . . . . . . . . . . . 85 4-5 The species-area data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87 4-6 Speciation and extinction rates in the model as functions of diversity. . . . . 88 4-7 Speciation and extinction rates as functions of diversity under intense diversification. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89 4-8 Fitting curves to the speciation and extinction rate data. . . . . . . . . . . 90 4-9 The number of reproductive genotypes per species. . . . . . . . . . . . . . . 94

4-10 Biodiversity over time for a single run. . . . . . . . . . . . . . . . . . . . . . 95 4-11 A plant phylogeny. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97 4-12 A diverse plant phylogeny. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98 4-13 The problem of species durations. . . . . . . . . . . . . . . . . . . . . . . . . 99 4-14 Power spectra for diversity over time. . . . . . . . . . . . . . . . . . . . . . 100 4-15 Diversity under 2 bit reproductive barriers. . . . . . . . . . . . . . . . . . . 101 4-16 Speciation under 2 bit reproductive barriers. . . . . . . . . . . . . . . . . . . 102

5-1 The effect of migratory barriers and habitat heterogeneity on biodiversity. . 108 5-2 The effect of migratory barriers and habitat heterogeneity on speciation rates.109 5-3 Diversity under increasing migratory barriers. . . . . . . . . . . . . . . . . . 111 5-4 The sine wave function for oscillating barriers. . . . . . . . . . . . . . . . . . 113 5-5 Differences between habitats over time. . . . . . . . . . . . . . . . . . . . . . 114 5-6 The effects of productivity on diversity. . . . . . . . . . . . . . . . . . . . . 116 5-7 The effects of productivity on speciation rates. . . . . . . . . . . . . . . . . 117 5-8 Summary of the non-biological effects on diversification. . . . . . . . . . . . 121

6-1 A summary of the effects of innovation and specialization on diversification. 135

7-1 The effects of assortative mating on species diversity. . . . . . . . . . . . . . 148 7-2 The effects of assortative mating on speciation rates. . . . . . . . . . . . . . 148 7-3 The distribution of species population sizes. . . . . . . . . . . . . . . . . . . 149 7-4 A star graph of reproductive genotypes. . . . . . . . . . . . . . . . . . . . . 150

8-1 A summary of manipulations to species diversity. . . . . . . . . . . . . . . . 163 8-2 A summary of manipulations of speciation rates. . . . . . . . . . . . . . . . 164 8-3 herbivore population sizes as a function of the predation-distribution parameter.168 8-4 Speciation and extinction rates as functions of diversity. . . . . . . . . . . . 169

B-1 A Markov process to model habitat differentiation. . . . . . . . . . . . . . . 182 B-2 The expected number of bits set to 1 after flipping a given number. . . . . . 182

List of Tables

3.1 The genotypes of the three species used to seed the model. . . . . . . . . . . 77

6.1 The results for allowing specialism to evolve. . . . . . . . . . . . . . . . . . 127 6.2 The results for allowing niche space innovations. . . . . . . . . . . . . . . . 128 6.3 The results for extreme restrictions on niche space. . . . . . . . . . . . . . . 129 6.4 The results for a trade-off between generalism and specialism. . . . . . . . . 133

12

Prologue

This dissertation is an attempt to understand the fundamental processes of biology through the construction of a computational model. It is thus an interdisciplinary work spanning one of the chasms between biology and computer science. I am committed to communicating to audiences in both fields, as well as the general public. I have striven to make what mathematical analysis I include both clear and accessible to the non-mathematically inclined. On the other hand, I have also tried to avoid excessive use of jargon from the oversized lexicon of biology. Where I do use technical terms, I usually tag them with an explanatory phrase or follow-up sentence. I can only ask the analytically inclined reader’s forgiveness if she feels that I am insulting her mathematical talents. Similarly, I must ask the indulgence of my biologist colleagues for my preference for common English over the concise terms of their trade.

Perhaps one further note on style, or apology, should be made. I am worried by the cultural division between academia and the general public. I have taken a cue from an article a concerned relative once clipped for me. It was written by a historian who was worried about the same problem. One of the contributing phenomena to this chasm is the dry language in which most science, and for that matter, academic writing is couched. A century and a half ago, Darwin stunned the world with his arguments rich in metaphor and imagery (Darwin 1859). Of course, it took him twenty years to finish it. Not only must we bore our readers to tears in an attempt to sound objective, but we also seem to prefer impenetrable prose, as if to say, “if you don’t understand me, it is probably because I am smarter than you.” It is a nauseating kind of school-yard attitude. So I hope you will appreciate, or at least understand, why I have chosen to write with a relatively loose style and even a sprinkling of colloquialisms. I do not think I have sacrificed any rigor or precision. Although, I am sure that I have padded the text. With any luck, you may even . . . *gasp* . . . enjoy reading this. Well, I may be going a little too far there, but at least that is my ambition. Rod Brooks always says to set your sights high.