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No species is an island

Competitive MutualisticAntagonistic

Building blocks of ecological communities
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Types of species interactions are not fixed

Low elevation High elevation

Callway et al., Nature (2002)

Competitive Mutualistic
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Mechanistic approach:  
understanding the origin of the transformation

Hoek et al., PLOS Biology (2016)4



Detailed mechanistic understanding (why) ⇏  
Predictive power in multispecies community (when)

Currie, Global Ecol. Biogeogr. (2019)5



Moving from a mechanistic approach  
to a probabilistic one
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(Transformation)P
<latexit sha1_base64="YnN/fXzSnG3lUJ9iaNDu6ZHXLi8=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdB1pwNqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDaz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd1z6979Za1xU9RRhhM4hXPw4AoacAdNaAEDBc/wCm+OcV6cd+djMVpyip1j+APn8we6VZDw</latexit><latexit sha1_base64="YnN/fXzSnG3lUJ9iaNDu6ZHXLi8=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdB1pwNqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDaz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd1z6979Za1xU9RRhhM4hXPw4AoacAdNaAEDBc/wCm+OcV6cd+djMVpyip1j+APn8we6VZDw</latexit><latexit sha1_base64="YnN/fXzSnG3lUJ9iaNDu6ZHXLi8=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdB1pwNqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDaz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd1z6979Za1xU9RRhhM4hXPw4AoacAdNaAEDBc/wCm+OcV6cd+djMVpyip1j+APn8we6VZDw</latexit><latexit sha1_base64="YnN/fXzSnG3lUJ9iaNDu6ZHXLi8=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdB1pwNqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDaz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd1z6979Za1xU9RRhhM4hXPw4AoacAdNaAEDBc/wCm+OcV6cd+djMVpyip1j+APn8we6VZDw</latexit>

(Transition)P
<latexit sha1_base64="YnN/fXzSnG3lUJ9iaNDu6ZHXLi8=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdB1pwNqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDaz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd1z6979Za1xU9RRhhM4hXPw4AoacAdNaAEDBc/wCm+OcV6cd+djMVpyip1j+APn8we6VZDw</latexit><latexit sha1_base64="YnN/fXzSnG3lUJ9iaNDu6ZHXLi8=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdB1pwNqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDaz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd1z6979Za1xU9RRhhM4hXPw4AoacAdNaAEDBc/wCm+OcV6cd+djMVpyip1j+APn8we6VZDw</latexit><latexit sha1_base64="YnN/fXzSnG3lUJ9iaNDu6ZHXLi8=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdB1pwNqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDaz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd1z6979Za1xU9RRhhM4hXPw4AoacAdNaAEDBc/wCm+OcV6cd+djMVpyip1j+APn8we6VZDw</latexit><latexit sha1_base64="YnN/fXzSnG3lUJ9iaNDu6ZHXLi8=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdB1pwNqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDaz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd1z6979Za1xU9RRhhM4hXPw4AoacAdNaAEDBc/wCm+OcV6cd+djMVpyip1j+APn8we6VZDw</latexit>

(Persistence)P
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Disentangle the transformation probability
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How to estimate transition probability

9



(−,−)→(+,−)

(+,−)→(−,−)
(+,−)→(+,+)

(+,+)→(+,−)

+
−
Transformed
interaaction

A. multiple potential transitions B. single potential transition

Transition probability 
Number of potential transitions depend on  
the diversity of interaction types

10
P(transition) = 1

LA<latexit sha1_base64="fCosBiAGLfpMccwAQJq4xtjiTkc=">AAACFnicbZBLSwMxFIUz9VXrq+rSTbAIdWGZEUE3QtWNCxcV7AM6pWTSTBuayQzJHbEM8yvc+FfcuFDErbjz35hpu9DWC4HDOfcSzudFgmuw7W8rt7C4tLySXy2srW9sbhW3dxo6jBVldRqKULU8opngktWBg2CtSDESeII1veFVljfvmdI8lHcwilgnIH3JfU4JGKtbPHIDAgPPS2pp2QX2AAkoIjXP0vQQn2PXV4QmTprcdC/SbrFkV+zx4HnhTEUJTafWLX65vZDGAZNABdG67dgRdBKigFPB0oIbaxYROiR91jZSkoDpTjKuleID4/SwHyrzJOCx+/siIYHWo8Azm1kJPZtl5n9ZOwb/rJNwGcXAJJ185McCQ4gzRrjHFaMgRkYQqgwLiumAGA5gSBYMBGe28rxoHFccu+LcnpSql1McebSH9lEZOegUVdE1qqE6ougRPaNX9GY9WS/Wu/UxWc1Z05td9Geszx/ErJ+2</latexit><latexit sha1_base64="fCosBiAGLfpMccwAQJq4xtjiTkc=">AAACFnicbZBLSwMxFIUz9VXrq+rSTbAIdWGZEUE3QtWNCxcV7AM6pWTSTBuayQzJHbEM8yvc+FfcuFDErbjz35hpu9DWC4HDOfcSzudFgmuw7W8rt7C4tLySXy2srW9sbhW3dxo6jBVldRqKULU8opngktWBg2CtSDESeII1veFVljfvmdI8lHcwilgnIH3JfU4JGKtbPHIDAgPPS2pp2QX2AAkoIjXP0vQQn2PXV4QmTprcdC/SbrFkV+zx4HnhTEUJTafWLX65vZDGAZNABdG67dgRdBKigFPB0oIbaxYROiR91jZSkoDpTjKuleID4/SwHyrzJOCx+/siIYHWo8Azm1kJPZtl5n9ZOwb/rJNwGcXAJJ185McCQ4gzRrjHFaMgRkYQqgwLiumAGA5gSBYMBGe28rxoHFccu+LcnpSql1McebSH9lEZOegUVdE1qqE6ougRPaNX9GY9WS/Wu/UxWc1Z05td9Geszx/ErJ+2</latexit><latexit sha1_base64="fCosBiAGLfpMccwAQJq4xtjiTkc=">AAACFnicbZBLSwMxFIUz9VXrq+rSTbAIdWGZEUE3QtWNCxcV7AM6pWTSTBuayQzJHbEM8yvc+FfcuFDErbjz35hpu9DWC4HDOfcSzudFgmuw7W8rt7C4tLySXy2srW9sbhW3dxo6jBVldRqKULU8opngktWBg2CtSDESeII1veFVljfvmdI8lHcwilgnIH3JfU4JGKtbPHIDAgPPS2pp2QX2AAkoIjXP0vQQn2PXV4QmTprcdC/SbrFkV+zx4HnhTEUJTafWLX65vZDGAZNABdG67dgRdBKigFPB0oIbaxYROiR91jZSkoDpTjKuleID4/SwHyrzJOCx+/siIYHWo8Azm1kJPZtl5n9ZOwb/rJNwGcXAJJ185McCQ4gzRrjHFaMgRkYQqgwLiumAGA5gSBYMBGe28rxoHFccu+LcnpSql1McebSH9lEZOegUVdE1qqE6ougRPaNX9GY9WS/Wu/UxWc1Z05td9Geszx/ErJ+2</latexit><latexit sha1_base64="fCosBiAGLfpMccwAQJq4xtjiTkc=">AAACFnicbZBLSwMxFIUz9VXrq+rSTbAIdWGZEUE3QtWNCxcV7AM6pWTSTBuayQzJHbEM8yvc+FfcuFDErbjz35hpu9DWC4HDOfcSzudFgmuw7W8rt7C4tLySXy2srW9sbhW3dxo6jBVldRqKULU8opngktWBg2CtSDESeII1veFVljfvmdI8lHcwilgnIH3JfU4JGKtbPHIDAgPPS2pp2QX2AAkoIjXP0vQQn2PXV4QmTprcdC/SbrFkV+zx4HnhTEUJTafWLX65vZDGAZNABdG67dgRdBKigFPB0oIbaxYROiR91jZSkoDpTjKuleID4/SwHyrzJOCx+/siIYHWo8Azm1kJPZtl5n9ZOwb/rJNwGcXAJJ185McCQ4gzRrjHFaMgRkYQqgwLiumAGA5gSBYMBGe28rxoHFccu+LcnpSql1McebSH9lEZOegUVdE1qqE6ougRPaNX9GY9WS/Wu/UxWc1Z05td9Geszx/ErJ+2</latexit>
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How to estimate persistence probability
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Persistence probability 
Domain of persistence Ω
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A. without constraints B. with constraints

Domain of persistence

Domain of feasibility

Constrained parameter space

Entire parameter space

Cenci & Saavedra, Phys. Rev. E (2018)
Song et al., J. Theo. Bio. (2018)

Ω



(conditioned) Persistence probability
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A. without constraints B. with constraints

Domain of persistence

Domain of feasibility

Constrained parameter space

Entire parameter space

P(persistence) = ⌦(A|C) = ⌦(A \ C)
⌦(C)

<latexit sha1_base64="UO0Yd46OcmeWax4I38siGc5T3JQ="></latexit><latexit sha1_base64="UO0Yd46OcmeWax4I38siGc5T3JQ="></latexit><latexit sha1_base64="UO0Yd46OcmeWax4I38siGc5T3JQ="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="tcPoFGucwhK57xi4c+6zM7aph8Q="></latexit><latexit sha1_base64="tcPoFGucwhK57xi4c+6zM7aph8Q="></latexit><latexit sha1_base64="8Zl2hiUu/bLdvar8OJNTcTX7yNc="></latexit><latexit sha1_base64="UO0Yd46OcmeWax4I38siGc5T3JQ="></latexit><latexit sha1_base64="UO0Yd46OcmeWax4I38siGc5T3JQ="></latexit><latexit sha1_base64="UO0Yd46OcmeWax4I38siGc5T3JQ="></latexit><latexit sha1_base64="UO0Yd46OcmeWax4I38siGc5T3JQ="></latexit><latexit sha1_base64="UO0Yd46OcmeWax4I38siGc5T3JQ="></latexit><latexit sha1_base64="UO0Yd46OcmeWax4I38siGc5T3JQ="></latexit>

Biotic  
structure

constrained  
parameter  

space

⌦(A \ C)
⌦(C)
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Persistence probability from A → B 
in two extreme scenarios
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Ω(B)

A. without constraints B. with constraints

Ω(A) Ω(B)

Ω(A∩B)

Constraints

Probablity of persistence = Ω(B) Ω(A∩B)
Ω(A)

Probablity of persistence =

Highly changing environment Relatively fixed environment

P(persistence) = ⌦(B)
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P(persistence) = ⌦(A \B)

⌦(A)
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A

B

C

= *(Transformation)P
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*1/LA
<latexit sha1_base64="eGLKgqqzXycVREKWosXAoSbYXgw=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJqY2ERwXxAcoS9zV6yZG/v2J0TwpHfYGOhiK0/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRrdTv/XEtRGxesRxwv2IDpQIBaNopYZ3dt+77pUrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dkJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm089JX2jOUI4toUwLeythQ6opQ5tPyYbgLb68TJrnVc+teg8XldpNHkcRjuAYTsGDS6jBHdShAQwEPMMrvDnKeXHenY95a8HJZw7hD5zPH72Ljfg=</latexit><latexit sha1_base64="eGLKgqqzXycVREKWosXAoSbYXgw=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJqY2ERwXxAcoS9zV6yZG/v2J0TwpHfYGOhiK0/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRrdTv/XEtRGxesRxwv2IDpQIBaNopYZ3dt+77pUrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dkJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm089JX2jOUI4toUwLeythQ6opQ5tPyYbgLb68TJrnVc+teg8XldpNHkcRjuAYTsGDS6jBHdShAQwEPMMrvDnKeXHenY95a8HJZw7hD5zPH72Ljfg=</latexit><latexit sha1_base64="eGLKgqqzXycVREKWosXAoSbYXgw=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJqY2ERwXxAcoS9zV6yZG/v2J0TwpHfYGOhiK0/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRrdTv/XEtRGxesRxwv2IDpQIBaNopYZ3dt+77pUrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dkJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm089JX2jOUI4toUwLeythQ6opQ5tPyYbgLb68TJrnVc+teg8XldpNHkcRjuAYTsGDS6jBHdShAQwEPMMrvDnKeXHenY95a8HJZw7hD5zPH72Ljfg=</latexit><latexit sha1_base64="eGLKgqqzXycVREKWosXAoSbYXgw=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJqY2ERwXxAcoS9zV6yZG/v2J0TwpHfYGOhiK0/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRrdTv/XEtRGxesRxwv2IDpQIBaNopYZ3dt+77pUrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dkJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm089JX2jOUI4toUwLeythQ6opQ5tPyYbgLb68TJrnVc+teg8XldpNHkcRjuAYTsGDS6jBHdShAQwEPMMrvDnKeXHenY95a8HJZw7hD5zPH72Ljfg=</latexit>

Summary of the probabilistic approach
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⌦(B|C)
<latexit sha1_base64="5CpcvEz60JGAGkBF/Gr0FEO4mgA=">AAACCXicbVC7TsMwFHV4lvIKMLJYVEhlqRKEBGPVLmwUiT6kNqoc12mt2k5kO0hVyMrCr7AwgBArf8DG3+CkGaDlSJaOz7lX997jR4wq7Tjf1srq2vrGZmmrvL2zu7dvHxx2VBhLTNo4ZKHs+UgRRgVpa6oZ6UWSIO4z0vWnzczv3hOpaCju9CwiHkdjQQOKkTbS0IaDG07GqDrgSE/8IGmk8AHmH4xY0kzPhnbFqTk54DJxC1IBBVpD+2swCnHMidCYIaX6rhNpL0FSU8xIWh7EikQIT9GY9A0ViBPlJfklKTw1yggGoTRPaJirvzsSxJWacd9UZjuqRS8T//P6sQ6uvISKKNZE4PmgIGZQhzCLBY6oJFizmSEIS2p2hXiCJMLahFc2IbiLJy+TznnNdWru7UWl3ijiKIFjcAKqwAWXoA6uQQu0AQaP4Bm8gjfryXqx3q2PeemKVfQcgT+wPn8AvT2Ztg==</latexit><latexit sha1_base64="5CpcvEz60JGAGkBF/Gr0FEO4mgA=">AAACCXicbVC7TsMwFHV4lvIKMLJYVEhlqRKEBGPVLmwUiT6kNqoc12mt2k5kO0hVyMrCr7AwgBArf8DG3+CkGaDlSJaOz7lX997jR4wq7Tjf1srq2vrGZmmrvL2zu7dvHxx2VBhLTNo4ZKHs+UgRRgVpa6oZ6UWSIO4z0vWnzczv3hOpaCju9CwiHkdjQQOKkTbS0IaDG07GqDrgSE/8IGmk8AHmH4xY0kzPhnbFqTk54DJxC1IBBVpD+2swCnHMidCYIaX6rhNpL0FSU8xIWh7EikQIT9GY9A0ViBPlJfklKTw1yggGoTRPaJirvzsSxJWacd9UZjuqRS8T//P6sQ6uvISKKNZE4PmgIGZQhzCLBY6oJFizmSEIS2p2hXiCJMLahFc2IbiLJy+TznnNdWru7UWl3ijiKIFjcAKqwAWXoA6uQQu0AQaP4Bm8gjfryXqx3q2PeemKVfQcgT+wPn8AvT2Ztg==</latexit><latexit sha1_base64="5CpcvEz60JGAGkBF/Gr0FEO4mgA=">AAACCXicbVC7TsMwFHV4lvIKMLJYVEhlqRKEBGPVLmwUiT6kNqoc12mt2k5kO0hVyMrCr7AwgBArf8DG3+CkGaDlSJaOz7lX997jR4wq7Tjf1srq2vrGZmmrvL2zu7dvHxx2VBhLTNo4ZKHs+UgRRgVpa6oZ6UWSIO4z0vWnzczv3hOpaCju9CwiHkdjQQOKkTbS0IaDG07GqDrgSE/8IGmk8AHmH4xY0kzPhnbFqTk54DJxC1IBBVpD+2swCnHMidCYIaX6rhNpL0FSU8xIWh7EikQIT9GY9A0ViBPlJfklKTw1yggGoTRPaJirvzsSxJWacd9UZjuqRS8T//P6sQ6uvISKKNZE4PmgIGZQhzCLBY6oJFizmSEIS2p2hXiCJMLahFc2IbiLJy+TznnNdWru7UWl3ijiKIFjcAKqwAWXoA6uQQu0AQaP4Bm8gjfryXqx3q2PeemKVfQcgT+wPn8AvT2Ztg==</latexit><latexit sha1_base64="5CpcvEz60JGAGkBF/Gr0FEO4mgA=">AAACCXicbVC7TsMwFHV4lvIKMLJYVEhlqRKEBGPVLmwUiT6kNqoc12mt2k5kO0hVyMrCr7AwgBArf8DG3+CkGaDlSJaOz7lX997jR4wq7Tjf1srq2vrGZmmrvL2zu7dvHxx2VBhLTNo4ZKHs+UgRRgVpa6oZ6UWSIO4z0vWnzczv3hOpaCju9CwiHkdjQQOKkTbS0IaDG07GqDrgSE/8IGmk8AHmH4xY0kzPhnbFqTk54DJxC1IBBVpD+2swCnHMidCYIaX6rhNpL0FSU8xIWh7EikQIT9GY9A0ViBPlJfklKTw1yggGoTRPaJirvzsSxJWacd9UZjuqRS8T//P6sQ6uvISKKNZE4PmgIGZQhzCLBY6oJFizmSEIS2p2hXiCJMLahFc2IbiLJy+TznnNdWru7UWl3ijiKIFjcAKqwAWXoA6uQQu0AQaP4Bm8gjfryXqx3q2PeemKVfQcgT+wPn8AvT2Ztg==</latexit>



Why this probabilistic disentanglement  
can be useful for context-dependency?

(Transition)P
<latexit sha1_base64="YnN/fXzSnG3lUJ9iaNDu6ZHXLi8=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdB1pwNqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDaz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd1z6979Za1xU9RRhhM4hXPw4AoacAdNaAEDBc/wCm+OcV6cd+djMVpyip1j+APn8we6VZDw</latexit><latexit sha1_base64="YnN/fXzSnG3lUJ9iaNDu6ZHXLi8=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdB1pwNqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDaz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd1z6979Za1xU9RRhhM4hXPw4AoacAdNaAEDBc/wCm+OcV6cd+djMVpyip1j+APn8we6VZDw</latexit><latexit sha1_base64="YnN/fXzSnG3lUJ9iaNDu6ZHXLi8=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdB1pwNqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDaz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd1z6979Za1xU9RRhhM4hXPw4AoacAdNaAEDBc/wCm+OcV6cd+djMVpyip1j+APn8we6VZDw</latexit><latexit sha1_base64="YnN/fXzSnG3lUJ9iaNDu6ZHXLi8=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdB1pwNqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDaz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd1z6979Za1xU9RRhhM4hXPw4AoacAdNaAEDBc/wCm+OcV6cd+djMVpyip1j+APn8we6VZDw</latexit>

Biotic structure Abiotic conditions

Sources of context-dependency

(Persistence)P
<latexit sha1_base64="YnN/fXzSnG3lUJ9iaNDu6ZHXLi8=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdB1pwNqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDaz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd1z6979Za1xU9RRhhM4hXPw4AoacAdNaAEDBc/wCm+OcV6cd+djMVpyip1j+APn8we6VZDw</latexit><latexit sha1_base64="YnN/fXzSnG3lUJ9iaNDu6ZHXLi8=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdB1pwNqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDaz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd1z6979Za1xU9RRhhM4hXPw4AoacAdNaAEDBc/wCm+OcV6cd+djMVpyip1j+APn8we6VZDw</latexit><latexit sha1_base64="YnN/fXzSnG3lUJ9iaNDu6ZHXLi8=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdB1pwNqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDaz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd1z6979Za1xU9RRhhM4hXPw4AoacAdNaAEDBc/wCm+OcV6cd+djMVpyip1j+APn8we6VZDw</latexit><latexit sha1_base64="YnN/fXzSnG3lUJ9iaNDu6ZHXLi8=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdB1pwNqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDaz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd1z6979Za1xU9RRhhM4hXPw4AoacAdNaAEDBc/wCm+OcV6cd+djMVpyip1j+APn8we6VZDw</latexit>

Phenomenological 
species interactions

Probabilistic estimation of 
environmental variability

17 Computationally feasible



Reconciling empirical findings
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Contrasting results on transformations
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Mutualism is the least likely to transform  
in nature.

Mutualism is the most likely to transform  
in laboratory experiments.



Inevitable trade-off

λ = 1 λ = 0

(−,−) −> (+,−) (+,−) −> (−,−) (+,−) −> (+,+) (+,+) −> (+,−) (−,−) −> (+,−) (+,−) −> (−,−) (+,−) −> (+,+) (+,+) −> (+,−)
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Transformation
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ob
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 tr
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sf
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m
at
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n (−,−) −> (+,−)

(+,−) −> (−,−)
(+,−) −> (+,+)
(+,+) −> (+,−)

 Fixed environment Changing environment

A larger domain of persistence 

gives advantage to persistence in a changing environment,


but also opens door to more transitions in a fixed environment.
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LA
⌦(B)

<latexit sha1_base64="6Qi7JNP36WPlFGgctC8uwf5TEfk=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWAR6qYkIuiy1o0LwQr2AU0Ik+mkHTozCTMToYRs/BU3LhRx62e482+ctllo64ELh3Pu5d57woRRpR3n21paXlldWy9tlDe3tnd27b39topTiUkLxyyW3RApwqggLU01I91EEsRDRjrh6Hridx6JVDQWD3qcEJ+jgaARxUgbKbAPvUginLl5dhtc5dC742SAqo3TwK44NWcKuEjcglRAgWZgf3n9GKecCI0ZUqrnOon2MyQ1xYzkZS9VJEF4hAakZ6hAnCg/mz6QwxOj9GEUS1NCw6n6eyJDXKkxD00nR3qo5r2J+J/XS3V06WdUJKkmAs8WRSmDOoaTNGCfSoI1GxuCsKTmVoiHyCSiTWZlE4I7//IiaZ/VXKfm3p9X6o0ijhI4AsegClxwAergBjRBC2CQg2fwCt6sJ+vFerc+Zq1LVjFzAP7A+vwBUW2Vjg==</latexit><latexit sha1_base64="6Qi7JNP36WPlFGgctC8uwf5TEfk=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWAR6qYkIuiy1o0LwQr2AU0Ik+mkHTozCTMToYRs/BU3LhRx62e482+ctllo64ELh3Pu5d57woRRpR3n21paXlldWy9tlDe3tnd27b39topTiUkLxyyW3RApwqggLU01I91EEsRDRjrh6Hridx6JVDQWD3qcEJ+jgaARxUgbKbAPvUginLl5dhtc5dC742SAqo3TwK44NWcKuEjcglRAgWZgf3n9GKecCI0ZUqrnOon2MyQ1xYzkZS9VJEF4hAakZ6hAnCg/mz6QwxOj9GEUS1NCw6n6eyJDXKkxD00nR3qo5r2J+J/XS3V06WdUJKkmAs8WRSmDOoaTNGCfSoI1GxuCsKTmVoiHyCSiTWZlE4I7//IiaZ/VXKfm3p9X6o0ijhI4AsegClxwAergBjRBC2CQg2fwCt6sJ+vFerc+Zq1LVjFzAP7A+vwBUW2Vjg==</latexit><latexit sha1_base64="6Qi7JNP36WPlFGgctC8uwf5TEfk=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWAR6qYkIuiy1o0LwQr2AU0Ik+mkHTozCTMToYRs/BU3LhRx62e482+ctllo64ELh3Pu5d57woRRpR3n21paXlldWy9tlDe3tnd27b39topTiUkLxyyW3RApwqggLU01I91EEsRDRjrh6Hridx6JVDQWD3qcEJ+jgaARxUgbKbAPvUginLl5dhtc5dC742SAqo3TwK44NWcKuEjcglRAgWZgf3n9GKecCI0ZUqrnOon2MyQ1xYzkZS9VJEF4hAakZ6hAnCg/mz6QwxOj9GEUS1NCw6n6eyJDXKkxD00nR3qo5r2J+J/XS3V06WdUJKkmAs8WRSmDOoaTNGCfSoI1GxuCsKTmVoiHyCSiTWZlE4I7//IiaZ/VXKfm3p9X6o0ijhI4AsegClxwAergBjRBC2CQg2fwCt6sJ+vFerc+Zq1LVjFzAP7A+vwBUW2Vjg==</latexit><latexit sha1_base64="6Qi7JNP36WPlFGgctC8uwf5TEfk=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWAR6qYkIuiy1o0LwQr2AU0Ik+mkHTozCTMToYRs/BU3LhRx62e482+ctllo64ELh3Pu5d57woRRpR3n21paXlldWy9tlDe3tnd27b39topTiUkLxyyW3RApwqggLU01I91EEsRDRjrh6Hridx6JVDQWD3qcEJ+jgaARxUgbKbAPvUginLl5dhtc5dC742SAqo3TwK44NWcKuEjcglRAgWZgf3n9GKecCI0ZUqrnOon2MyQ1xYzkZS9VJEF4hAakZ6hAnCg/mz6QwxOj9GEUS1NCw6n6eyJDXKkxD00nR3qo5r2J+J/XS3V06WdUJKkmAs8WRSmDOoaTNGCfSoI1GxuCsKTmVoiHyCSiTWZlE4I7//IiaZ/VXKfm3p9X6o0ijhI4AsegClxwAergBjRBC2CQg2fwCt6sJ+vFerc+Zq1LVjFzAP7A+vwBUW2Vjg==</latexit>
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Take home message
• We advocate for a probabilistic approach to provide a null 

expectation of transformation probability


• The probabilistic approach disentangles the transformation 
probability into (quantifiable) transition and persistence 
probabilities


• This framework reconciles why mutualism persists in 
nature despite being most likely to transform in laboratory 
experiments
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