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Evolution:
Change in the heritable characteristics of 
a population through time
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Evolution:
4 key processes Perspectives on origins 

• LUCA 
• Complexity



Four key evolutionary processes

• Reproduction 
• Mutation 
• Drift 
• Selection
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CoalescencePopulations are finite

Pc(t) =
1

N

✓
1� 1

N

◆t�1

<latexit sha1_base64="GKIXUdl5WMpEk5kCYrq038Ihw4Q=">AAACInicbZDLSgMxFIYz9VbrrerSTbAI7cIyEUFdCEU3rqSCvUCnlkyaaUMzF5IzQhnmWdz4Km5cKOpK8GFML4va+kPg5zvncHJ+N5JCg21/W5ml5ZXVtex6bmNza3snv7tX12GsGK+xUIaq6VLNpQh4DQRI3owUp74recMdXI/qjUeutAiDexhGvO3TXiA8wSgY1MlfVDusCCV8iR1PUZaQNLlNsSO5B0WCj2epo0SvD6WHBAwnaSdfsMv2WHjRkKkpoKmqnfyn0w1Z7PMAmKRat4gdQTuhCgSTPM05seYRZQPa4y1jA+pz3U7GJ6b4yJAu9kJlXgB4TGcnEuprPfRd0+lT6Ov52gj+V2vF4J23ExFEMfCATRZ5scQQ4lFeuCsUZyCHxlCmhPkrZn1qQgGTas6EQOZPXjT1kzKxy+TutFC5msaRRQfoEBURQWeogm5QFdUQQ0/oBb2hd+vZerU+rK9Ja8aazuyjP7J+fgHPXqH/</latexit><latexit sha1_base64="GKIXUdl5WMpEk5kCYrq038Ihw4Q=">AAACInicbZDLSgMxFIYz9VbrrerSTbAI7cIyEUFdCEU3rqSCvUCnlkyaaUMzF5IzQhnmWdz4Km5cKOpK8GFML4va+kPg5zvncHJ+N5JCg21/W5ml5ZXVtex6bmNza3snv7tX12GsGK+xUIaq6VLNpQh4DQRI3owUp74recMdXI/qjUeutAiDexhGvO3TXiA8wSgY1MlfVDusCCV8iR1PUZaQNLlNsSO5B0WCj2epo0SvD6WHBAwnaSdfsMv2WHjRkKkpoKmqnfyn0w1Z7PMAmKRat4gdQTuhCgSTPM05seYRZQPa4y1jA+pz3U7GJ6b4yJAu9kJlXgB4TGcnEuprPfRd0+lT6Ov52gj+V2vF4J23ExFEMfCATRZ5scQQ4lFeuCsUZyCHxlCmhPkrZn1qQgGTas6EQOZPXjT1kzKxy+TutFC5msaRRQfoEBURQWeogm5QFdUQQ0/oBb2hd+vZerU+rK9Ja8aazuyjP7J+fgHPXqH/</latexit><latexit sha1_base64="GKIXUdl5WMpEk5kCYrq038Ihw4Q=">AAACInicbZDLSgMxFIYz9VbrrerSTbAI7cIyEUFdCEU3rqSCvUCnlkyaaUMzF5IzQhnmWdz4Km5cKOpK8GFML4va+kPg5zvncHJ+N5JCg21/W5ml5ZXVtex6bmNza3snv7tX12GsGK+xUIaq6VLNpQh4DQRI3owUp74recMdXI/qjUeutAiDexhGvO3TXiA8wSgY1MlfVDusCCV8iR1PUZaQNLlNsSO5B0WCj2epo0SvD6WHBAwnaSdfsMv2WHjRkKkpoKmqnfyn0w1Z7PMAmKRat4gdQTuhCgSTPM05seYRZQPa4y1jA+pz3U7GJ6b4yJAu9kJlXgB4TGcnEuprPfRd0+lT6Ov52gj+V2vF4J23ExFEMfCATRZ5scQQ4lFeuCsUZyCHxlCmhPkrZn1qQgGTas6EQOZPXjT1kzKxy+TutFC5msaRRQfoEBURQWeogm5QFdUQQ0/oBb2hd+vZerU+rK9Ja8aazuyjP7J+fgHPXqH/</latexit><latexit sha1_base64="GKIXUdl5WMpEk5kCYrq038Ihw4Q=">AAACInicbZDLSgMxFIYz9VbrrerSTbAI7cIyEUFdCEU3rqSCvUCnlkyaaUMzF5IzQhnmWdz4Km5cKOpK8GFML4va+kPg5zvncHJ+N5JCg21/W5ml5ZXVtex6bmNza3snv7tX12GsGK+xUIaq6VLNpQh4DQRI3owUp74recMdXI/qjUeutAiDexhGvO3TXiA8wSgY1MlfVDusCCV8iR1PUZaQNLlNsSO5B0WCj2epo0SvD6WHBAwnaSdfsMv2WHjRkKkpoKmqnfyn0w1Z7PMAmKRat4gdQTuhCgSTPM05seYRZQPa4y1jA+pz3U7GJ6b4yJAu9kJlXgB4TGcnEuprPfRd0+lT6Ov52gj+V2vF4J23ExFEMfCATRZ5scQQ4lFeuCsUZyCHxlCmhPkrZn1qQgGTas6EQOZPXjT1kzKxy+TutFC5msaRRQfoEBURQWeogm5QFdUQQ0/oBb2hd+vZerU+rK9Ja8aazuyjP7J+fgHPXqH/</latexit>



Reproduction (+ heritability)

● ● ● ● ●
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<latexit sha1_base64="ftA5VrqSBja6WGRXGn1YDdDVtec=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxZNUsB/QhrLZbtqlm92wOxFKyM/w4kERr/4ab/4bt20O2vpg4PHeDDPzwkRwg5737ZTW1jc2t8rblZ3dvf2D6uFR26hUU9aiSijdDYlhgkvWQo6CdRPNSBwK1gkntzO/88S04Uo+4jRhQUxGkkecErRSrx9pQjM/z+7zQbXm1b053FXiF6QGBZqD6ld/qGgaM4lUEGN6vpdgkBGNnAqWV/qpYQmhEzJiPUsliZkJsvnJuXtmlaEbKW1LojtXf09kJDZmGoe2MyY4NsveTPzP66UYXQcZl0mKTNLFoigVLip39r875JpRFFNLCNXc3urSMbEpoE2pYkPwl19eJe2Luu/V/YfLWuOmiKMMJ3AK5+DDFTTgDprQAgoKnuEV3hx0Xpx352PRWnKKmWP4A+fzB2PMkU8=</latexit><latexit sha1_base64="ftA5VrqSBja6WGRXGn1YDdDVtec=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxZNUsB/QhrLZbtqlm92wOxFKyM/w4kERr/4ab/4bt20O2vpg4PHeDDPzwkRwg5737ZTW1jc2t8rblZ3dvf2D6uFR26hUU9aiSijdDYlhgkvWQo6CdRPNSBwK1gkntzO/88S04Uo+4jRhQUxGkkecErRSrx9pQjM/z+7zQbXm1b053FXiF6QGBZqD6ld/qGgaM4lUEGN6vpdgkBGNnAqWV/qpYQmhEzJiPUsliZkJsvnJuXtmlaEbKW1LojtXf09kJDZmGoe2MyY4NsveTPzP66UYXQcZl0mKTNLFoigVLip39r875JpRFFNLCNXc3urSMbEpoE2pYkPwl19eJe2Luu/V/YfLWuOmiKMMJ3AK5+DDFTTgDprQAgoKnuEV3hx0Xpx352PRWnKKmWP4A+fzB2PMkU8=</latexit><latexit sha1_base64="ftA5VrqSBja6WGRXGn1YDdDVtec=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxZNUsB/QhrLZbtqlm92wOxFKyM/w4kERr/4ab/4bt20O2vpg4PHeDDPzwkRwg5737ZTW1jc2t8rblZ3dvf2D6uFR26hUU9aiSijdDYlhgkvWQo6CdRPNSBwK1gkntzO/88S04Uo+4jRhQUxGkkecErRSrx9pQjM/z+7zQbXm1b053FXiF6QGBZqD6ld/qGgaM4lUEGN6vpdgkBGNnAqWV/qpYQmhEzJiPUsliZkJsvnJuXtmlaEbKW1LojtXf09kJDZmGoe2MyY4NsveTPzP66UYXQcZl0mKTNLFoigVLip39r875JpRFFNLCNXc3urSMbEpoE2pYkPwl19eJe2Luu/V/YfLWuOmiKMMJ3AK5+DDFTTgDprQAgoKnuEV3hx0Xpx352PRWnKKmWP4A+fzB2PMkU8=</latexit><latexit sha1_base64="ftA5VrqSBja6WGRXGn1YDdDVtec=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxZNUsB/QhrLZbtqlm92wOxFKyM/w4kERr/4ab/4bt20O2vpg4PHeDDPzwkRwg5737ZTW1jc2t8rblZ3dvf2D6uFR26hUU9aiSijdDYlhgkvWQo6CdRPNSBwK1gkntzO/88S04Uo+4jRhQUxGkkecErRSrx9pQjM/z+7zQbXm1b053FXiF6QGBZqD6ld/qGgaM4lUEGN6vpdgkBGNnAqWV/qpYQmhEzJiPUsliZkJsvnJuXtmlaEbKW1LojtXf09kJDZmGoe2MyY4NsveTPzP66UYXQcZl0mKTNLFoigVLip39r875JpRFFNLCNXc3urSMbEpoE2pYkPwl19eJe2Luu/V/YfLWuOmiKMMJ3AK5+DDFTTgDprQAgoKnuEV3hx0Xpx352PRWnKKmWP4A+fzB2PMkU8=</latexit>
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<latexit sha1_base64="Ld6bcjpSNjVMqJaUzqw12YCdpwQ=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBiyUrgh6LXjxJBfsBbSib7aZdutmE3Y1QQ36JFw+KePWnePPfuG1z0NYHA4/3ZpiZFySCa+N5387K6tr6xmZpq7y9s7tXcfcPWjpOFWVNGotYdQKimeCSNQ03gnUSxUgUCNYOxjdTv/3IlOaxfDCThPkRGUoeckqMlfpuBaMz1AsVoRnOs7u871a9mjcDWia4IFUo0Oi7X71BTNOISUMF0bqLvcT4GVGGU8Hyci/VLCF0TIasa6kkEdN+Njs8RydWGaAwVrakQTP190RGIq0nUWA7I2JGetGbiv953dSEV37GZZIaJul8UZgKZGI0TQENuGLUiIklhCpub0V0RGwKxmZVtiHgxZeXSeu8hr0avr+o1q+LOEpwBMdwChguoQ630IAmUEjhGV7hzXlyXpx352PeuuIUM4fwB87nD2bNkkY=</latexit><latexit sha1_base64="Ld6bcjpSNjVMqJaUzqw12YCdpwQ=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBiyUrgh6LXjxJBfsBbSib7aZdutmE3Y1QQ36JFw+KePWnePPfuG1z0NYHA4/3ZpiZFySCa+N5387K6tr6xmZpq7y9s7tXcfcPWjpOFWVNGotYdQKimeCSNQ03gnUSxUgUCNYOxjdTv/3IlOaxfDCThPkRGUoeckqMlfpuBaMz1AsVoRnOs7u871a9mjcDWia4IFUo0Oi7X71BTNOISUMF0bqLvcT4GVGGU8Hyci/VLCF0TIasa6kkEdN+Njs8RydWGaAwVrakQTP190RGIq0nUWA7I2JGetGbiv953dSEV37GZZIaJul8UZgKZGI0TQENuGLUiIklhCpub0V0RGwKxmZVtiHgxZeXSeu8hr0avr+o1q+LOEpwBMdwChguoQ630IAmUEjhGV7hzXlyXpx352PeuuIUM4fwB87nD2bNkkY=</latexit><latexit sha1_base64="Ld6bcjpSNjVMqJaUzqw12YCdpwQ=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBiyUrgh6LXjxJBfsBbSib7aZdutmE3Y1QQ36JFw+KePWnePPfuG1z0NYHA4/3ZpiZFySCa+N5387K6tr6xmZpq7y9s7tXcfcPWjpOFWVNGotYdQKimeCSNQ03gnUSxUgUCNYOxjdTv/3IlOaxfDCThPkRGUoeckqMlfpuBaMz1AsVoRnOs7u871a9mjcDWia4IFUo0Oi7X71BTNOISUMF0bqLvcT4GVGGU8Hyci/VLCF0TIasa6kkEdN+Njs8RydWGaAwVrakQTP190RGIq0nUWA7I2JGetGbiv953dSEV37GZZIaJul8UZgKZGI0TQENuGLUiIklhCpub0V0RGwKxmZVtiHgxZeXSeu8hr0avr+o1q+LOEpwBMdwChguoQ630IAmUEjhGV7hzXlyXpx352PeuuIUM4fwB87nD2bNkkY=</latexit><latexit sha1_base64="Ld6bcjpSNjVMqJaUzqw12YCdpwQ=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBiyUrgh6LXjxJBfsBbSib7aZdutmE3Y1QQ36JFw+KePWnePPfuG1z0NYHA4/3ZpiZFySCa+N5387K6tr6xmZpq7y9s7tXcfcPWjpOFWVNGotYdQKimeCSNQ03gnUSxUgUCNYOxjdTv/3IlOaxfDCThPkRGUoeckqMlfpuBaMz1AsVoRnOs7u871a9mjcDWia4IFUo0Oi7X71BTNOISUMF0bqLvcT4GVGGU8Hyci/VLCF0TIasa6kkEdN+Njs8RydWGaAwVrakQTP190RGIq0nUWA7I2JGetGbiv953dSEV37GZZIaJul8UZgKZGI0TQENuGLUiIklhCpub0V0RGwKxmZVtiHgxZeXSeu8hr0avr+o1q+LOEpwBMdwChguoQ630IAmUEjhGV7hzXlyXpx352PeuuIUM4fwB87nD2bNkkY=</latexit>

CoalescencePopulations are finite

lim
N!1

Pc(t) =
1

N
e�

t�1
N

<latexit sha1_base64="H4BqFuKz5gXwEYzmVGSEAncboQc="></latexit><latexit sha1_base64="H4BqFuKz5gXwEYzmVGSEAncboQc="></latexit><latexit sha1_base64="H4BqFuKz5gXwEYzmVGSEAncboQc="></latexit><latexit sha1_base64="H4BqFuKz5gXwEYzmVGSEAncboQc="></latexit>



LUCA
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Because Earth is finite and very old, LUCA is less an 
indication of the singularity of life’s origin and more a 
statistical artifact related to “Gambler’s ruin”

lim
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<latexit sha1_base64="H4BqFuKz5gXwEYzmVGSEAncboQc="></latexit><latexit sha1_base64="H4BqFuKz5gXwEYzmVGSEAncboQc="></latexit><latexit sha1_base64="H4BqFuKz5gXwEYzmVGSEAncboQc="></latexit><latexit sha1_base64="H4BqFuKz5gXwEYzmVGSEAncboQc="></latexit>



Mutation
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Mutation

A
C G

T
C G

CG
A T

A T
C G

CG
A T

T A

● ● ● ● ●
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Mutation
Other sources of variation: 
• Insertion 
• Deletion 
• Inversion 
• Recombination 
• Migration

● ● ● ● ●
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Drift
The fate of mutations without fitness 
consequences 
(i.e. “neutral”)
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Drift
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The fate of mutations without fitness 
consequences 
(i.e. “neutral”)
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1

N
<latexit sha1_base64="ZWBNDUmoZ656Alqm8NZLPDeokAo=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBVUlE0I1QdONKKtgHNKFMppN26OTBzI20hCzd+CtuXCji1k9w5984TbPQ1gMXDufcy733eLHgCizr2ygtLa+srpXXKxubW9s75u5eS0WJpKxJIxHJjkcUEzxkTeAgWCeWjASeYG1vdD312w9MKh6F9zCJmRuQQch9TgloqWceNnoOsDGkPh/nUoYvseNLQlM7S2+znlm1alYOvEjsglRRgUbP/HL6EU0CFgIVRKmubcXgpkQCp4JlFSdRLCZ0RAasq2lIAqbcNH8kw8da6WM/krpCwLn6eyIlgVKTwNOdAYGhmvem4n9eNwH/wk15GCfAQjpb5CcCQ4SnqeA+l4yCmGhCqOT6VkyHRKcAOruKDsGef3mRtE5rtlWz786q9asijjI6QEfoBNnoHNXRDWqgJqLoET2jV/RmPBkvxrvxMWstGcXMPvoD4/MH/cmZ7w==</latexit><latexit sha1_base64="ZWBNDUmoZ656Alqm8NZLPDeokAo=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBVUlE0I1QdONKKtgHNKFMppN26OTBzI20hCzd+CtuXCji1k9w5984TbPQ1gMXDufcy733eLHgCizr2ygtLa+srpXXKxubW9s75u5eS0WJpKxJIxHJjkcUEzxkTeAgWCeWjASeYG1vdD312w9MKh6F9zCJmRuQQch9TgloqWceNnoOsDGkPh/nUoYvseNLQlM7S2+znlm1alYOvEjsglRRgUbP/HL6EU0CFgIVRKmubcXgpkQCp4JlFSdRLCZ0RAasq2lIAqbcNH8kw8da6WM/krpCwLn6eyIlgVKTwNOdAYGhmvem4n9eNwH/wk15GCfAQjpb5CcCQ4SnqeA+l4yCmGhCqOT6VkyHRKcAOruKDsGef3mRtE5rtlWz786q9asijjI6QEfoBNnoHNXRDWqgJqLoET2jV/RmPBkvxrvxMWstGcXMPvoD4/MH/cmZ7w==</latexit><latexit sha1_base64="ZWBNDUmoZ656Alqm8NZLPDeokAo=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBVUlE0I1QdONKKtgHNKFMppN26OTBzI20hCzd+CtuXCji1k9w5984TbPQ1gMXDufcy733eLHgCizr2ygtLa+srpXXKxubW9s75u5eS0WJpKxJIxHJjkcUEzxkTeAgWCeWjASeYG1vdD312w9MKh6F9zCJmRuQQch9TgloqWceNnoOsDGkPh/nUoYvseNLQlM7S2+znlm1alYOvEjsglRRgUbP/HL6EU0CFgIVRKmubcXgpkQCp4JlFSdRLCZ0RAasq2lIAqbcNH8kw8da6WM/krpCwLn6eyIlgVKTwNOdAYGhmvem4n9eNwH/wk15GCfAQjpb5CcCQ4SnqeA+l4yCmGhCqOT6VkyHRKcAOruKDsGef3mRtE5rtlWz786q9asijjI6QEfoBNnoHNXRDWqgJqLoET2jV/RmPBkvxrvxMWstGcXMPvoD4/MH/cmZ7w==</latexit><latexit sha1_base64="ZWBNDUmoZ656Alqm8NZLPDeokAo=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBVUlE0I1QdONKKtgHNKFMppN26OTBzI20hCzd+CtuXCji1k9w5984TbPQ1gMXDufcy733eLHgCizr2ygtLa+srpXXKxubW9s75u5eS0WJpKxJIxHJjkcUEzxkTeAgWCeWjASeYG1vdD312w9MKh6F9zCJmRuQQch9TgloqWceNnoOsDGkPh/nUoYvseNLQlM7S2+znlm1alYOvEjsglRRgUbP/HL6EU0CFgIVRKmubcXgpkQCp4JlFSdRLCZ0RAasq2lIAqbcNH8kw8da6WM/krpCwLn6eyIlgVKTwNOdAYGhmvem4n9eNwH/wk15GCfAQjpb5CcCQ4SnqeA+l4yCmGhCqOT6VkyHRKcAOruKDsGef3mRtE5rtlWz786q9asijjI6QEfoBNnoHNXRDWqgJqLoET2jV/RmPBkvxrvxMWstGcXMPvoD4/MH/cmZ7w==</latexit>
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Real world complexities

• Fluctuating population sizes 
• Non-random mating 
• Fluctuating environments and variable 

selection
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