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Supplementary	
  section	
  1:	
  On	
  the	
  pervasiveness,	
  time-­‐scale,	
  and	
  risk-­‐27	
  

magnitude	
  of	
  risk-­‐related	
  behaviors	
  28	
  

	
  29	
  

It	
   is	
   frequently	
   underappreciated	
   that	
   an	
   element	
   of	
   risk,	
   a	
   difference	
   in	
   the	
  30	
  

expected variance	
  in	
  payoffs	
  that	
  is	
  associated	
  with	
  alternative	
  behavioral	
  choices,	
  is	
  31	
  

found	
   in	
   almost	
   every	
   choice	
   that	
   an	
   organism	
   faces.	
   The	
   magnitude	
   of	
   each	
  32	
  

decision’s	
   effect	
   and	
   the	
   frequency	
   and	
   time	
   scale	
   on	
   which	
   they	
   play	
   out	
   are	
  33	
  

dispersed	
  across	
  a	
  vast	
  range,	
  from	
  the	
  difference	
  in	
  the	
  expected	
  variance	
  in	
  food	
  34	
  

acquired	
  throughout	
  a	
  day	
  to	
  the	
  difference	
  in	
  the	
  variance	
  of	
  the	
  expected	
  lifetime	
  35	
  

reproductive	
   success.	
   For	
   clarity,	
  we	
   outline	
   a	
   few	
   very	
   specific	
   examples	
   of	
   such	
  36	
  

behavioral	
  choices,	
  in	
  addition	
  to	
  the	
  general	
  examples	
  found	
  in	
  the	
  main	
  text:	
  37	
  

1. Choice	
  of	
  breeding	
  site:	
   	
  Imagine	
  a	
  generalist	
  species	
  of	
  amphibian	
  that	
  38	
  

breeds	
   in	
  water.	
   In	
  many	
   areas,	
   breeding	
   sites	
   are	
   available	
   both	
   in	
   the	
  39	
  

form	
   of	
   seasonal	
   ponds	
   and	
   of	
   year-­‐round	
   water	
   bodies.	
   Frequently,	
   in	
  40	
  

year-­‐round	
  water	
  bodies	
  tadpoles	
  are	
  exposed	
  to	
  high	
  levels	
  of	
  predation	
  41	
  

by	
   fish,	
   leading	
   to	
   low	
   but	
   predictable	
   amphibian	
   reproductive	
   success.	
  42	
  

Choosing	
   to	
   breed	
   in	
   seasonal	
   ponds,	
   on	
   the	
   other	
   hand,	
  may	
   be	
   a	
   risk-­‐43	
  

prone	
   strategy,	
   as	
   there	
   are	
   years	
   in	
   which	
   the	
   ponds	
   dry	
   up	
   before	
  44	
  

tadpoles	
  manage	
   to	
  metamorphose	
  while	
  on	
  other	
   years	
   the	
  ponds	
  hold	
  45	
  

water	
  for	
  a	
  longer	
  period,	
  allowing	
  metamorphosis	
  of	
  the	
  vast	
  majority	
  of	
  46	
  

tadpoles.	
  The	
  reproductive	
  success	
  of	
  individuals	
  that	
  choose	
  one	
  strategy	
  47	
  

compared	
  to	
  the	
  other	
  may	
  in	
  some	
  years	
  differ	
  by	
  orders	
  of	
  magnitude.	
  	
  	
  48	
  

2. Mating strategy:	
   Alternative	
   mating	
   strategies	
   exist	
   in	
   many	
   taxa	
  49	
  

(reviewed	
   in,	
   e.g.,	
   	
   1)	
   that	
   differ	
   significantly	
   in	
   their	
   variance:	
   one	
   can	
  50	
  

imagine	
  a	
  system	
  in	
  which	
  males	
  may	
  invest	
  much	
  time	
  and	
  effort	
  in	
  mate-­‐51	
  

guarding	
  a	
  single	
   female,	
  which	
   is	
   likely	
  to	
   lead	
  to	
  successful	
  mating	
  and	
  52	
  

high	
  paternity	
   in	
   the	
  brood	
  of	
  offspring,	
  or	
  alternatively	
  attempt	
  to	
  mate	
  53	
  

with	
  multiple	
   females	
  and	
  not	
  mate-­‐guard	
  any	
  of	
   them,	
  a	
  strategy	
  which	
  54	
  

can	
   lead	
   to	
   a	
  wide	
   range	
   of	
   outcomes	
   in	
   terms	
   of	
   reproductive	
   success,	
  55	
  

from	
  very	
  low	
  to	
  very	
  high,	
  depending	
  on	
  multiple	
  factors.	
  56	
  



3. Dispersal:	
   In	
  many	
  species,	
   individuals	
  may	
  remain	
  near	
   their	
  natal	
  site	
  57	
  

or	
  disperse,	
  sometimes	
  to	
  great	
  distances.	
  Without	
  going	
  into	
  the	
  details	
  of	
  58	
  

the	
   vast	
   range	
   of	
   possible	
   strategies	
   and	
   dynamics	
   involved,	
   one	
   can	
  59	
  

imagine	
  a	
  simple	
  scenario	
  in	
  which	
  the	
  choice	
  is	
  dichotomous	
  and	
  occurs	
  60	
  

at	
  a	
  certain	
  point	
  in	
  life,	
  typically	
  upon	
  reaching	
  sexual	
  maturity:	
  remain	
  in	
  61	
  

the	
  natal	
   locality	
  and	
  experience	
  relatively	
  predictable	
  conditions	
  (which	
  62	
  

would	
  lead	
  to	
  low	
  variance	
  in	
  expected	
  lifetime	
  reproductive	
  success),	
  or	
  63	
  

disperse,	
   a	
   choice	
   which	
   may	
   lead	
   to	
   highly	
   unpredictable	
   outcomes	
  64	
  

(associated	
  with	
  high	
  variance	
  in	
  the	
  expected	
  reproductive	
  success).	
  	
  65	
  

4. Social	
  behavior:	
  In	
  many	
  social	
  species,	
  individuals	
  copy	
  others’	
  behavior	
  66	
  

to	
  learn	
  or	
  to	
  capitalize	
  on	
  the	
  successful	
  choices	
  made	
  by	
  others.	
  This	
  is	
  67	
  

done	
  by,	
   for	
   example,	
   scrounging	
   for	
   the	
   food	
  others	
  detect	
  or	
   following	
  68	
  

the	
  path	
  that	
  others	
  chose.	
  Whether	
  to	
  use	
  this	
  strategy	
  at	
  all,	
  as	
  opposed	
  69	
  

to	
   alternatives	
   such	
   as	
   self-­‐exploration,	
   and	
   how	
   to	
   implement	
   it	
   if	
   it	
   is	
  70	
  

chosen,	
   such	
   as	
   which	
   individuals	
   to	
   copy,	
   is	
   almost	
   always	
   associated	
  71	
  

with	
  difference	
  in	
  expected	
  variance	
  between	
  the	
  various	
  alternatives.	
  72	
  

In	
  each	
  of	
  these	
  behavioral	
  contexts,	
  the	
  payoff	
  influences	
  lifetime	
  reproductive	
  73	
  

success	
   somewhat	
   differently;	
   some	
   examples	
   lend	
   themselves	
   more	
   readily	
   to	
  74	
  

interpretation	
   in	
   the	
   terms	
   of	
   our	
  model	
   than	
   others.	
   To	
   capture	
   the	
   precise	
   link	
  75	
  

between	
   the	
   behavioral	
   context	
   of	
   interest	
   and	
   each	
   behavior’s	
   effect	
   on	
   fitness	
  76	
  

might	
  require	
  a	
  specific	
  model	
  that	
  describes	
  the	
  organism’s	
  ecology.	
  We	
  designed	
  77	
  

our	
  model	
   to	
  be	
  simple	
  and	
  general	
  such	
  that	
  a	
  very	
  broad	
  range	
  of	
  examples	
   like	
  78	
  

these	
  can	
  be	
  interpreted	
  in	
  the	
  model’s	
  terms.	
  For	
  a	
  broad	
  range	
  of	
  behaviors	
  (e.g.	
  79	
  

examples	
   1-­‐2	
   above),	
   the	
   link	
   of	
   variance	
   in	
   payoff	
   to	
   our	
  model’s	
   payoffs	
   can	
   be	
  80	
  

interpreted	
  thus:	
  each	
  behavior’s	
  outcomes	
  affects	
  the	
  number	
  of	
  offspring	
  that	
  an	
  81	
  

individual	
   manages	
   to	
   produce	
   and	
   that	
   reach	
   some	
   intermediate	
   phase	
   in	
   life	
  82	
  

(metamorphosis	
  in	
  amphibians,	
  fledging	
  in	
  birds,	
  and	
  so	
  on).	
  In	
  their	
  next	
  phase	
  of	
  83	
  

life,	
  these	
  offspring	
  enter	
  the	
  pool	
  of	
  juveniles	
  or	
  of	
  young	
  adults,	
  and	
  only	
  some	
  will	
  84	
  

reach	
   maturity	
   and	
   reproduce.	
   This	
   latter	
   phase	
   is	
   captured	
   by	
   the	
   inter-­‐85	
  

generational	
   reproductive	
   schemes	
   that	
  our	
   study	
  explores.	
  Other	
  behaviors,	
   such	
  86	
  

as	
  the	
  dispersal	
  example	
  above,	
  may	
  be	
  similarly	
  interpreted	
  in	
  terms	
  of	
  our	
  model	
  87	
  



(in	
   this	
   case:	
   if	
   dispersal	
   distance	
   is	
   small	
   enough	
   such	
   that	
   the	
   offspring	
   can	
   be	
  88	
  

thought	
   of	
   as	
   competing	
   for	
   the	
   same	
   limiting	
   resources	
   that	
   define	
   the	
   inter-­‐89	
  

generational	
   reproductive	
   dynamics),	
   but	
   may	
   also	
   take	
   place	
   on	
   a	
   spatial	
   or	
  90	
  

temporal	
  scale	
  that	
  is	
  much	
  broader	
  (as	
  in	
  long-­‐distance	
  dispersal,	
  e.g.	
  2–7)	
  or	
  much	
  91	
  

shorter	
   (as	
   in	
   minute-­‐by-­‐minute	
   foraging	
   decisions)	
   than	
   the	
   simple	
   dynamics	
  92	
  

described	
   by	
   our	
   model.	
   We	
   suggest	
   that	
   these	
   are	
   likely	
   to	
   have	
   qualitative	
  93	
  

commonalities	
   with	
   our	
   findings,	
   but	
   the	
   details	
   of	
   each	
   behavior	
   must	
   be	
  94	
  

considered	
  for	
  this	
  to	
  be	
  determined.	
  The	
  Discussion	
  and	
  supplementary	
  section	
  7	
  95	
  

below	
  discuss	
  further	
  the	
  link	
  between	
  our	
  findings	
  and	
  those	
  of	
  foraging	
  contexts	
  96	
  

or	
  other	
  behaviors	
  that	
  play	
  out	
  on	
  a	
  very	
  short	
  temporal	
  scale.	
  97	
  

	
   	
  98	
  



Supplementary	
  section	
  2:	
  Additional	
  results	
  of	
  proportional	
  selection	
  99	
  

	
  100	
  

	
  101	
  
Figure	
   S1:	
   The	
   probability	
   of	
   fixation	
   of	
   the	
   safe	
   strategy	
   under	
   proportional	
  102	
  

selection,	
  for	
  a	
  payoff	
  scheme	
  of	
  5-­‐10-­‐15	
  (risky	
  players	
  receive	
  a	
  payoff	
  of	
  5	
  or	
  15,	
  103	
  

and	
  a	
  mean	
  of	
  10;	
  safe	
  players	
  always	
  receive	
  a	
  payoff	
  of	
  10),	
  and	
  a	
  single	
  decision	
  104	
  

in	
  an	
  individual’s	
  lifetime.	
  For	
  all	
  finite	
  population	
  sizes,	
  the	
  safe	
  strategy	
  is	
  slightly	
  105	
  

preferred,	
  and	
  fixes	
  in	
  approximately	
  55%	
  of	
  simulation	
  runs.	
  106	
  

	
  107	
  

The	
  finding	
  that,	
  under	
  proportional	
  selection,	
  a	
  safe	
  strategy	
  has	
  an	
  advantage	
  108	
  

over	
   a	
   risky	
   one	
   with	
   an	
   identical	
   mean	
   payoff,	
   is	
   in	
   line	
   with	
   general	
   analytical	
  109	
  

results	
   that	
   address	
   the	
   effect	
   of	
   variance	
   on	
   fitness	
   in	
   finite	
   populations8.	
   An	
  110	
  

analytical	
  derivation	
  that	
  analyzes	
  the	
  particular	
  scenario	
  that	
  we	
  explore	
  is	
  beyond	
  111	
  

the	
  scope	
  of	
  the	
  current	
  study,	
  but	
  a	
  simple	
  analytic	
  analysis	
  of	
  the	
  first	
  step	
  in	
  each	
  112	
  

simulation	
  can	
  provide	
  some	
  intuition	
  for	
  our	
  finding.	
  113	
  

All	
   simulations	
   start	
   with	
   an	
   identical	
   number	
   of	
   individuals	
   that	
   play	
   each	
  114	
  

strategy.	
  Let	
  us	
  denote	
  this	
  number	
  as	
  K	
  (and	
  thus	
  the	
  population	
  size	
  is	
  2*K).	
  Under	
  115	
  

proportional	
  selection,	
  the	
  expected	
  fraction	
  of	
  players	
  of	
  each	
  strategy	
  in	
  the	
  next	
  116	
  

generation	
  will	
  be	
  the	
  expected	
  sum	
  of	
  payoffs	
  of	
  players	
  of	
  that	
  strategy	
  in	
  the	
  first	
  117	
  

generation	
  divided	
  by	
  the	
  overall	
  payoff	
  that	
  all	
  players	
  got.	
  The	
  sum	
  of	
  payoffs	
  of	
  118	
  

risky	
  players	
  is	
  the	
  sum	
  of	
  payoffs	
  of	
  the	
  x	
  individuals	
  that	
  received	
  the	
  high	
  payoff,	
  119	
  



and	
   the	
  𝐾 − 𝑥 	
  individuals	
   that	
   received	
   the	
   low	
   payoff.	
   For	
   an	
   infinite	
   K,	
   the	
  120	
  

expected	
  ratio	
  between	
  this	
  sum	
  and	
  the	
  overall	
  payoff	
  in	
  this	
  generation	
  would	
  be	
  121	
  

equal	
  to	
  half,	
  but	
  in	
  finite	
  populations	
  this	
  is	
  not	
  the	
  case.	
  To	
  calculate	
  it	
  exactly,	
  we	
  122	
  

can	
  use	
  the	
  fact	
  that	
  the	
  distribution	
  of	
  x	
  values	
  follows	
  a	
  binomial	
  distribution;	
  for	
  a	
  123	
  

given	
  value	
  of	
  K	
  we	
  can	
  calculate	
  the	
  probability	
  with	
  which	
  x	
   takes	
  on	
  each	
  of	
   its	
  124	
  

possible	
   values.	
   For	
   each	
   of	
   these	
   we	
   can	
   calculate	
   the	
   expected	
   fraction	
   of	
   the	
  125	
  

overall	
  payoffs	
  that	
  were	
  received	
  by	
  risky	
  players,	
  and	
  calculate	
  the	
  sum	
  of	
  these,	
  126	
  

weighted	
  by	
  their	
  various	
  probabilities.	
  This	
  provides	
  us	
  with	
  the	
  expected	
  fraction	
  127	
  

of	
  risky	
  players	
  at	
  the	
  end	
  of	
  the	
  first	
  generation.	
  This	
  calculation	
  shows	
  that	
  for	
  any	
  128	
  

K,	
   the	
   safe	
   players’	
   expected	
   sum	
   of	
   payoffs	
   is	
   greater	
   than	
   half	
   of	
   the	
   received	
  129	
  

payoffs	
  in	
  that	
  generation.	
  This	
  advantage,	
  which	
  is	
  0.53333	
  for	
  K=1,	
  decreases	
  as	
  K	
  130	
  

increases.	
  131	
  

Although	
  describing	
  only	
   the	
   first	
   step	
  of	
   a	
   simulation	
  of	
   the	
   studied	
   scenario,	
  132	
  

this	
   derivation	
  provides	
   an	
   intuition	
   regarding	
   the	
   source	
   of	
   the	
   advantage	
   that	
   a	
  133	
  

safe	
  strategy	
  has	
  over	
  a	
  risky	
  one	
  in	
  a	
  finite	
  population.	
  It	
  also	
  raises	
  the	
  question:	
  134	
  

why	
   does	
   the	
   advantage	
   of	
   the	
   safe	
   strategy,	
   as	
   measured	
   in	
   the	
   probability	
   of	
  135	
  

fixation	
  in	
  our	
  simulations,	
  not	
  decrease	
  as	
  the	
  population	
  size	
  increases?	
  	
  136	
  

This	
   can	
   be	
   intuitively	
   explained	
   by	
   a	
   consideration	
   of	
   the	
   overall	
   selection	
  137	
  

dynamics:	
  under a fairly broad range of conditions, efficiency of selection increases with 138	
  

population size 9. Thus, although the fundamental advantage of the safe strategy stems 139	
  

from the deviation of a binomial draw from a normal distribution and thus decreases as 140	
  

population size increases, this decrease is balanced by an increase of the efficiency of 141	
  

selection for the small advantage of the safe strategy. An alternative intuition regarding 142	
  

this process is that the time until fixation of one strategy when the two strategies have a 143	
  

similar fitness coefficient is governed by drift, and thus scales with population size; the 144	
  

longer fixation time in small populations provides more opportunities for even a slight 145	
  

advantage of one strategy over the other to be realized. We do not derive the exact mode 146	
  

by which the two effects scale with population size, and note that their rates may not be 147	
  

perfectly aligned to completely cancel one another out, but their opposing directions may 148	
  

explain why an effect of increased population size on risk preference is greatly attenuated 149	
  

in the parameter space that we explore (see also discussion in 8). 150	
  



These intuitions also provide an explanation to our finding that, when population size 151	
  

is kept constant, the probability of the safe strategy’s fixation decreases towards 0.5 as 152	
  

the number of decisions throughout an individual’s lifetime increases (Figure S2). The 153	
  

increase in number of decisions reduces the deviation of the mean sum of payoffs of the 154	
  

risky players from the payoff that the safe players receive, but in this case, there is no 155	
  

change in the population size that would balance this reduction in the safe strategy’s 156	
  

advantage.  157	
  

 158	
  

	
  159	
  
Figure	
   S2:	
   The	
   probability	
   of	
   fixation	
   of	
   the	
   safe	
   strategy	
   under	
   proportional	
  160	
  

selection,	
  for	
  a	
  payoff	
  scheme	
  of	
  5-­‐10-­‐15	
  (risky	
  players	
  receive	
  a	
  payoff	
  of	
  5	
  or	
  15,	
  161	
  

and	
   a	
   mean	
   of	
   10;	
   safe	
   players	
   always	
   receive	
   a	
   payoff	
   of	
   10),	
   with	
   different	
  162	
  

numbers	
  of	
  decision	
  in	
  an	
  individual’s	
   lifetime.	
  The	
  safe	
  strategy	
  has	
  an	
  advantage	
  163	
  

only	
  when	
   the	
   number	
   of	
   decisions	
   is	
   small:	
   the	
   probability	
   of	
   the	
   safe	
   strategy’s	
  164	
  

fixation	
   decreases	
   from	
   being	
   not	
   significantly	
   different	
   from	
   0.55,	
   for	
   a	
   single	
  165	
  

decision	
  during	
  an	
  individual’s	
   lifetime,	
  to	
  being	
  only	
  marginally	
  different	
  (p<0.01,	
  166	
  

p>0.001)	
  from	
  0.5	
  when	
  the	
  number	
  of	
  decisions	
  are	
  2	
  and	
  4,	
  and	
  not	
  significantly	
  167	
  

different	
  from	
  0.5	
  for	
  10	
  or	
  more	
  decisions	
  in	
  an	
  individual’s	
  lifetime	
  (N=100,	
  5000	
  168	
  

simulations	
  per	
  parameter	
  condition).	
  	
  	
  169	
  

	
  170	
  

	
  171	
  

	
  172	
  



	
  173	
  
Figure	
   S3:	
   The	
   frequency	
   of	
   fixation	
   of	
   the	
   safe	
   and	
   risky	
   strategies	
   under	
  174	
  

proportional	
   selection,	
   for	
  different	
  payoff	
   schemes,	
  with	
  a	
   single	
  decision	
   in	
  each	
  175	
  

individual’s	
  lifetime.	
  In	
  all	
  schemes,	
  the	
  mean	
  risky	
  payoff	
  is	
  equal	
  to	
  that	
  of	
  the	
  safe	
  176	
  

strategy	
  and	
   the	
  variance	
   is	
   the	
  same	
   in	
  all	
   runs.	
  The	
  payoffs	
  of	
   the	
  risky	
  strategy	
  177	
  

and	
   their	
   probabilities	
   change	
   between	
   conditions.	
   For	
   all	
   conditions,	
   the	
  178	
  

probability	
   of	
   the	
   safe	
   strategy’s	
   fixation	
   is	
   not	
   significantly	
   different	
   from	
   0.55	
  179	
  

(N=100,	
  5000	
  simulations	
  per	
  parameter	
  condition).	
  	
  	
  180	
  

	
  181	
  

	
  182	
  

	
  183	
  

	
  184	
  



	
  185	
  
	
  186	
  

	
  Figure	
   S4:	
   The	
   frequency	
   of	
   fixation	
   of	
   the	
   safe	
   and	
   risky	
   strategies	
   under	
  187	
  

proportional	
   selection,	
   for	
  different	
  payoff	
   schemes,	
  with	
  a	
   single	
  decision	
   in	
  each	
  188	
  

individual’s	
  lifetime.	
  In	
  all	
  schemes,	
  the	
  mean	
  risky	
  payoff	
  is	
  equal	
  to	
  that	
  of	
  the	
  safe	
  189	
  

strategy,	
  but	
   the	
  variance	
   in	
   these	
  payoffs	
   is	
  different	
   for	
  each	
  condition.	
  The	
  safe	
  190	
  

strategy	
  is	
  strongly	
  advantageous	
  when	
  the	
  risky	
  payoff	
  has	
  a	
  high	
  variance,	
  and	
  this	
  191	
  

advantage	
  decreases	
  as	
  the	
  variance	
  in	
  risky	
  payoffs	
  decreases.	
  192	
  

	
  193	
  

	
   	
  194	
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  3:	
  A	
  note	
  on	
  truncation	
  selection	
  195	
  

We	
  do	
  not	
  study	
  a	
  simple	
  but	
  important	
  case	
  of	
  truncation	
  selection,	
  because	
  in	
  196	
  

our	
   framework	
   it	
   leads	
   to	
   a	
   trivial	
   result:	
   the	
   case	
   of	
   truncation	
   at	
   an	
   absolute	
  	
  197	
  

payoff	
   threshold.	
   Under	
   this	
   scheme,	
   only	
   individuals	
   that	
   accumulated	
   a	
   payoff	
  198	
  

greater	
   than	
   the	
   threshold	
   reproduce.	
   As	
   opposed	
   to	
   the	
   scenario	
   we	
   studied,	
   in	
  199	
  

which	
  the	
  threshold	
  value	
  is	
  determined	
  by	
  the	
  distribution	
  of	
  accumulated	
  payoffs	
  200	
  

in	
   the	
   population,	
   in	
   this	
   case	
   the	
   threshold	
   is	
   constant.	
   This	
   is	
   likely	
   to	
   be	
   a	
  201	
  

reasonable	
   approximation	
   for	
   the	
   reproductive	
   dynamics	
   in	
   many	
   species,	
  202	
  

particularly	
   when	
   intra-­‐species	
   competition	
   is	
   low	
   compared	
   to	
   other	
   limiting	
  203	
  

factors	
   such	
   as	
   inter-­‐species	
   competition,	
   severe	
   climate,	
   or	
  predation.	
  One	
  of	
   the	
  204	
  

most	
  common	
  thresholds	
  of	
  this	
  sort	
  is	
  body	
  size	
  (e.g.	
  10–13).	
  	
  205	
  

In	
  our	
  framework	
  the	
  implementation	
  of	
  these	
  reproductive	
  dynamics	
  leads	
  to	
  a	
  206	
  

trivial	
  result:	
  if	
  the	
  payoff	
  of	
  the	
  risk-­‐averse	
  players	
  is	
  above	
  the	
  set	
  threshold,	
  risk	
  207	
  

aversion	
   always	
   spreads	
   and	
   fixes	
   in	
   the	
   population,	
   because	
   all	
   individuals	
   that	
  208	
  

utilize	
  this	
  strategy	
  are	
  selected	
  for	
  reproduction,	
  whereas	
  if	
  the	
  risk-­‐averse	
  players’	
  209	
  

payoff	
  is	
  below	
  the	
  threshold,	
  this	
  strategy	
  will	
  be	
  lost	
  from	
  the	
  population	
  within	
  a	
  210	
  

single	
  simulation	
  time	
  step.	
  In	
  the	
  case	
  in	
  which	
  the	
  risk	
  averse	
  payoff	
  is	
  equal	
  to	
  the	
  211	
  

threshold,	
   the	
  outcome	
   is	
  dependent	
  on	
   a	
   combination	
  of	
   the	
  way	
   the	
   risk	
   averse	
  212	
  

players	
   are	
   accordingly	
   dealt	
   with	
   (e.g.,	
   whether	
   none,	
   all,	
   or	
   half	
   of	
   them	
   are	
  213	
  

selected	
   for	
   reproduction)	
   and	
   the	
   distribution	
   of	
   the	
   payoffs	
   of	
   the	
   risk-­‐prone	
  214	
  

strategy.	
  These	
  cases	
  also	
  yield	
  trivial	
  results,	
  and	
  have	
  very	
  limited	
  generality.	
  	
  215	
  

These	
  findings,	
  although	
  trivial,	
  lead	
  to	
  a	
  simple	
  but	
  powerful	
  prediction:	
  strong	
  216	
  

risk	
   preference	
   is	
   expected	
   to	
   evolve	
  when	
   the	
   reproductive	
   threshold	
   is	
   set	
   to	
   a	
  217	
  

constant	
   value;	
   whether	
   risk	
   aversion	
   or	
   risk	
   proneness	
   would	
   be	
   preferred	
  218	
  

depends	
  on	
   the	
   value	
  of	
   the	
  payoff	
   distributions.	
  A	
  major	
   caveat	
   of	
   this	
   finding	
   is	
  219	
  

that	
  this	
  prediction	
   is	
  not	
  readily	
  translatable	
  to	
  predictions	
  about	
  the	
  behavior	
  of	
  220	
  

most	
  of	
   the	
   species	
   in	
  which	
  a	
   certain	
  body-­‐size	
   is	
   the	
   truncation	
   threshold:	
  body	
  221	
  

size	
   is	
   typically	
   the	
   product	
   of	
   a	
   very	
   large	
   number	
   of	
   factors,	
   particularly	
   the	
  222	
  

payoffs	
   of	
   repeated	
   foraging	
   bouts	
   that	
   are	
   on	
   the	
   order	
   of	
   dozens,	
   hundreds,	
   or	
  223	
  

thousands	
   of	
   foraging	
   events.	
   These	
   conditions	
   are	
   expected	
   to	
   minimize	
   the	
  224	
  

difference	
  between	
   risk	
  prone	
   and	
   risk	
   averse	
   foraging	
   strategies,	
   as	
   discussed	
   in	
  225	
  



the	
  main	
   text,	
  perhaps	
   to	
  an	
  extent	
   that	
   the	
  difference	
  between	
   them	
   is	
  negligible	
  226	
  

with	
  respect	
  to	
  the	
  reproductive	
  threshold,	
  suggesting	
  that	
  other	
  factors	
  that	
  are	
  not	
  227	
  

considered	
   in	
   our	
   framework	
  would	
   determine	
  more	
   prominently	
   the	
   behavioral	
  228	
  

strategy	
  that	
  would	
  be	
  selected.	
  229	
  

This	
   scenario	
   also	
   highlights	
   the	
   potential	
   importance	
   of	
   individual	
   state-­‐230	
  

dependent	
   risk	
   preference,	
   which	
   is	
   not	
   considered	
   in	
   our	
   framework.	
   See	
  231	
  

Discussion.	
  232	
  

	
  233	
  

	
  234	
  

	
   	
  235	
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  237	
  

A	
   parent	
   individual	
   is	
   probabilistically	
   assigned	
   to	
   every	
   individual	
   in	
   a	
   new	
  238	
  

generation	
  of	
  the	
  simulation	
  from	
  among	
  the	
  individuals	
  of	
  the	
  previous	
  generation.	
  239	
  

This	
   is	
   done	
   as	
   a	
   function	
   of	
   each	
   individual’s	
   accumulated	
   payoff,	
   weighted	
   and	
  240	
  

normalized	
   according	
   to	
   the	
   reproduction	
   scheme	
   that	
   is	
   implemented	
   (see	
  241	
  

Methods)	
  and	
  normalized	
  such	
  that	
  the	
  sum	
  of	
  weighted	
  accumulated	
  payoffs	
  of	
  all	
  242	
  

individuals	
   in	
   the	
   population	
   is	
   equal	
   to	
   1.	
   Accordingly,	
   each	
   individual’s	
   realized	
  243	
  

fitness	
   depends	
   on	
   the	
   strategies	
   used	
   by	
   the	
   rest	
   of	
   the	
   population	
   and	
   their	
  244	
  

stochastic	
  payoff	
  during	
  that	
  generation;	
  in	
  the	
  sigmoid-­‐weighted	
  selection	
  scheme,	
  245	
  

the	
   location	
  of	
   the	
   fitness	
   function’s	
   inflection	
  point	
  also	
  depends	
  on	
   the	
  payoff	
  of	
  246	
  

the	
  single	
  best-­‐performing	
  individual	
  in	
  the	
  population,	
  whose	
  fitness	
  is	
  defined	
  as	
  247	
  

equal	
  to	
  1	
  (see	
  Methods).	
  	
  248	
  

Below	
   are	
   a	
   number	
   of	
   examples	
   of	
   concave,	
   convex,	
   and	
   sigmoid	
   fitness	
  249	
  

functions,	
  as	
   they	
  would	
  have	
  been	
  realized	
   for	
  a	
   range	
  of	
  payoff	
  values	
   following	
  250	
  

the	
   first	
   generation	
   of	
   a	
   simulation	
   run,	
   when	
   the	
   distribution	
   of	
   strategies	
   of	
  251	
  

individuals	
  in	
  the	
  population	
  is	
  such	
  that	
  half	
  of	
  the	
  individuals	
  are	
  risk-­‐averse	
  and	
  252	
  

half	
   are	
   risk-­‐prone,	
   and	
   when	
   the	
   population	
   is	
   large	
   enough	
   such	
   that	
   the	
  253	
  

distribution	
   of	
   risky	
   payoffs	
   is	
   realized	
   fairly	
   uniformly	
   (i.e.	
   both	
   high	
   and	
   low	
  254	
  

payoffs	
  for	
  the	
  risky	
  strategy	
  players	
  were	
  (stochastically)	
  well-­‐represented	
  among	
  255	
  

the	
   payoffs	
   received	
   by	
   players	
   during	
   that	
   generation).	
   Note	
   that	
   the	
   function	
  256	
  

shows	
   the	
   fitness	
   value	
   of	
   a	
   range	
   of	
   accumulated	
   payoffs,	
   but	
   in	
   the	
   simple	
   risk	
  257	
  

scenario	
   that	
   is	
   reported	
   in	
   this	
   study	
   only	
   a	
   few	
   values	
   were	
   realized	
   (e.g.,	
   in	
   a	
  258	
  

simulation	
   run	
   in	
   which	
   there	
   is	
   a	
   single	
   event	
   in	
   each	
   individual’s	
   lifetime,	
   the	
  259	
  

payoff	
  received	
  by	
  a	
  risky	
  player	
  can	
  be	
  either	
  the	
  low	
  or	
  the	
  high	
  payoff).	
  Further	
  260	
  

simulations	
  were	
  conducted	
  to	
  ensure	
  that	
  this	
  discrete	
  distribution	
  does	
  not	
  lead	
  to	
  261	
  

qualitative	
   artifacts.	
   This	
   simple	
   payoff	
   scheme	
   was	
   preferred	
   for	
   simplicity	
   and	
  262	
  

increased	
  tractability.	
  263	
  

	
  264	
  

	
  265	
  

266	
  



	
  267	
  
Figure	
  S5:	
  Realized	
  fitness	
  under	
  power-­‐weighted	
  selection,	
  z=0.5.	
  268	
  

	
  269	
  

	
  270	
  
Figure	
  S6:	
  Realized	
  fitness	
  under	
  power-­‐weighted	
  selection,	
  z=1.2.	
  271	
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  273	
  
Figure	
  S7:	
  Realized	
  fitness	
  under	
  power-­‐weighted	
  selection,	
  z=2.	
  274	
  

	
  275	
  

	
  276	
  
Figure	
  S8:	
  Realized	
  fitness	
  under	
  sigmoid-­‐weighted	
  selection,	
  steepness=10,	
  277	
  

inflection	
  point	
  =	
  0.667.	
  278	
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  282	
  

Figure	
  S9:	
  Realized	
  fitness	
  under	
  sigmoid-­‐weighted	
  selection,	
  steepness=20,	
  283	
  

inflection	
  point	
  =	
  0.5.	
  284	
  

	
   	
  285	
  

Payoff
0 5 10 15

R
ea

liz
ed

 fi
tn

es
s

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
Sigmoid-weighted selection, steepness = 20, inflection = 0.5



Supplementary	
  section	
  5:	
  the	
  effect	
  of	
  population	
  finiteness	
  286	
  

	
  287	
  

In	
  each	
  of	
  the	
  scenarios	
  that	
  we	
  studied,	
  some	
  of	
  our	
  findings	
  diverge	
  from	
  the	
  288	
  

prevalent	
   portrayal	
   of	
   risk	
   taking.	
   Some	
   of	
   these	
   are	
   simply	
   a	
   result	
   of	
   our	
  289	
  

exploration	
   of	
   reproductive	
   dynamics	
   that	
   are	
   different	
   from	
   those	
   usually	
  290	
  

considered.	
   Beyond	
   these,	
   a	
   primary	
   factor	
   that	
   leads	
   to	
   divergence	
   from	
   the	
  291	
  

common	
  dogma	
  is	
  the	
  explicit	
  consideration	
  of	
  a	
  population	
  context.	
  Here	
  we	
  briefly	
  292	
  

highlight	
  a	
   few	
  of	
   these	
  cases,	
  and	
  compare	
  our	
  results	
  with	
  the	
  prediction	
  of	
  risk	
  293	
  

preference	
  in	
  the	
  absence	
  of	
  a	
  population	
  context.	
  294	
  

1. Proportional	
  selection:	
  we	
  find	
  that	
  a	
  risk	
  averse	
  strategy	
  is	
  preferred,	
  but	
  295	
  

even	
  when	
  the	
  difference	
  in	
  variance	
  between	
  the	
  two	
  strategies	
  is	
  large,	
  296	
  

the	
   risk-­‐seeking	
   strategy	
   fixes	
   in	
   a	
   very	
   large	
   minority	
   of	
   cases.	
   This	
  297	
  

finding	
  is	
  in	
  line	
  with	
  existing	
  theory	
  8,	
  but	
  is	
  largely	
  under-­‐appreciated,	
  as	
  298	
  

the	
  discussion	
  frequently	
  focuses	
  on	
  which	
  strategy	
  is	
  preferred,	
  and	
  not	
  299	
  

on	
  its	
  probability	
  of	
  fixation.	
  In	
  an	
  infinite	
  population	
  a	
  preference	
  for	
  one	
  300	
  

strategy	
  would	
   not	
   arise	
   at	
   all,	
   as	
   long	
   as	
   the	
   variance	
   is	
   not	
   correlated	
  301	
  

among	
  individuals	
  14.	
  302	
  

2. Truncation	
  selection:	
  we	
  find	
  that	
  strategy	
  preference	
  is	
  sensitive	
  both	
  to	
  303	
  

the	
   truncation	
   threshold	
   and	
   to	
   the	
   payoff	
   distribution,	
   including	
   to	
  304	
  

aspects	
   of	
   it	
   beyond	
   the	
   variance	
   per	
   se.	
   These	
   findings	
   are	
   not	
  305	
  

unexpected,	
   but	
   are	
   largely	
   under-­‐appreciated,	
   as	
   is	
   evidenced	
   by	
   the	
  306	
  

common	
   use	
   of	
   truncation	
   selection	
   in	
   computational	
   evolutionary	
  307	
  

simulations	
   without	
   explicit	
   consideration	
   of	
   the	
   expected	
   effects	
  308	
  

highlighted	
   by	
   our	
   findings.	
   The	
   truncation	
   scheme	
   that	
   we	
   apply	
   is	
  309	
  

meaningful	
   only	
   in	
   a	
   population	
   context,	
   as	
   it	
   is	
   dependent	
   on	
   the	
   rank	
  310	
  

order	
  of	
  the	
  individuals’	
  payoffs.	
  In	
  the	
  absence	
  of	
  a	
  population	
  context,	
  a	
  311	
  

truncation	
  scheme	
  with	
  a	
  constant	
  threshold	
  may	
  be	
  applied	
  and	
  leads	
  to	
  312	
  

a	
  potentially	
  different,	
  trivial,	
  outcome,	
  as	
  discussed	
  in	
  supplementary	
  3.	
  313	
  

3. Power-­‐weighted	
   selection	
   (concave/convex	
   fitness	
   functions):	
   we	
   find	
  314	
  

strong	
   dependence	
   of	
   the	
   outcome	
   on	
   population	
   size	
   (i.e.	
   the	
  315	
  

disadvantageous	
   strategy	
   may	
   fix	
   in	
   many	
   simulations,	
   dependent	
   on	
  316	
  



population	
  size),	
  and	
  even	
  a	
  reversal	
  of	
  the	
  expected	
  preference	
  between	
  317	
  

the	
   two	
   strategies	
   in	
   scenarios	
   in	
  which	
   the	
   probability	
   of	
   receiving	
   the	
  318	
  

high	
  or	
  the	
  lower	
  payoff	
  is	
  very	
  low	
  and	
  the	
  population	
  size	
  is	
  small.	
  In	
  the	
  319	
  

absence	
  of	
  a	
  population	
  context,	
  neither	
  of	
  these	
  phenomena	
  occur.	
  320	
  

4. 	
  Sigmoid-­‐weighted	
   selection:	
   the	
   shape	
   of	
   the	
   sigmoid	
   in	
   our	
   model	
  321	
  

depends,	
   as	
   in	
   classic	
   evolutionary	
   studies,	
   on	
   the	
   fitness	
   of	
   the	
   best-­‐322	
  

performing	
  individual	
   in	
  the	
  population	
  (which	
  is	
  defined	
  to	
  have	
  fitness	
  323	
  

equal	
  to	
  1);	
  thus,	
  it	
  is	
  inherently	
  dependent	
  on	
  the	
  population	
  context.	
  We	
  324	
  

find	
  a	
  qualitative	
  recapitulation	
  of	
  results	
  found	
  in	
  the	
  truncation	
  selection	
  325	
  

scenario,	
  and	
  most	
  importantly	
  we	
  find	
  that	
  no	
  full	
  generalization	
  can	
  be	
  326	
  

made	
   regarding	
  whether	
   this	
   scenario	
  would	
   favor	
   risk	
   aversion	
   or	
   risk	
  327	
  

seeking:	
  for	
  any	
  given	
  sigmoid	
  fitness	
  function,	
  payoff	
  distributions	
  can	
  be	
  328	
  

found	
  that	
  would	
  favor	
  risk-­‐taking	
  or	
  risk	
  aversion.	
  329	
  

	
  330	
  

	
   	
  331	
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   6:	
   A	
   few	
   comments	
   that	
   may	
   help	
   navigate	
   related	
  332	
  

theory	
  	
  333	
  

A	
  review	
  of	
  the	
  literature	
  on	
  the	
  topics	
  of	
  risk	
  taking	
  and	
  bet	
  hedging	
  is	
  beyond	
  334	
  

the	
  scope	
  of	
  the	
  current	
  study	
  (see,	
  e.g.,	
   14–18).	
  Here	
  we	
  provide	
  a	
  number	
  of	
  notes	
  335	
  

that	
  may	
   help	
   understand	
   the	
   links	
   between	
   different	
   approaches	
   in	
   the	
   existing	
  336	
  

literature	
  and	
  may	
  help	
  to	
  clarify	
  our	
  model’s	
  relation	
  to	
  these.	
  337	
  

Variance	
  in	
  the	
  fitness-­‐determining	
  outcomes	
  of	
  alternative	
  strategies	
  has	
  been	
  338	
  

studied	
   in	
   evolutionary	
   and	
   behavioral	
   ecology	
  within	
   two	
   prominent	
   paradigms:	
  339	
  

risk-­‐sensitivity	
  and	
  bet	
  hedging.	
  Risk	
  sensitivity	
  draws	
  on	
  notions	
  from	
  economics	
  340	
  

and	
   game	
   theory	
   (19–21),	
   corresponds	
   with	
   studies	
   in	
   psychology,	
   neuroanatomy,	
  341	
  

and	
   cognition	
   (22–27),	
   and	
   typically	
   depicts	
   the	
   question	
   of	
   risk	
   sensitivity	
   in	
   the	
  342	
  

context	
   of	
   behavioral	
   decision-­‐making	
   (17),	
   although	
   the	
   preferences	
   and	
   the	
  343	
  

decision-­‐rules	
   may	
   or	
   may	
   not	
   be	
   genetically-­‐determined.	
   With	
   some	
   important	
  344	
  

exceptions,	
  much	
  of	
  the	
  risk-­‐taking	
  literature	
  focuses	
  on	
  optimality	
  considerations,	
  345	
  

studied	
   from	
   the	
   perspective	
   of	
   the	
   individual,	
   and	
   historically	
   was	
   portrayed	
   in	
  346	
  

many	
   studies	
   in	
   the	
   context	
   of	
   foraging,	
   although	
   most	
   studies	
   aspire	
   to	
   greater	
  347	
  

generality	
   than	
   this	
   particular	
   context.	
   In	
   line	
   with	
   the	
   focus	
   on	
   the	
   individual	
  348	
  

organism’s	
  perspective,	
  models	
  in	
  this	
  paradigm	
  typically	
  consider	
  time	
  scales	
  that	
  349	
  

range	
  from	
  minutes	
  to	
  an	
  individual’s	
  life	
  span.	
  	
  350	
  

The	
   study	
   of	
   bet	
   hedging	
   deals	
  with	
   a	
   similar	
   question	
   –	
   how	
  organisms	
   cope	
  351	
  

with	
  variance	
   in	
   fitness-­‐related	
  outcomes	
  –	
   from	
  a	
  perspective	
  that	
   focuses	
  on	
   life	
  352	
  

history	
   and	
  particularly	
  on	
   strategies	
  of	
   reproduction	
   (14,16,28).	
   It	
   draws	
  mostly	
  on	
  353	
  

theory	
   in	
   evolutionary	
   biology,	
   with	
   less	
   obvious	
   links	
   to	
   other	
   disciplines.	
  354	
  

Accordingly,	
   it	
   is	
   more	
   common	
   in	
   bet	
   hedging	
   than	
   it	
   is	
   in	
   risk-­‐sensitivity	
   that	
  355	
  

behavior	
  is	
  studied	
  in	
  a	
  population	
  context,	
  with	
  explicit	
  consideration	
  of	
  the	
  fitness	
  356	
  

associated	
   with	
   alternative	
   strategies	
   and	
   with	
   consideration	
   of	
   evolutionary	
  357	
  

timescales	
  on	
  the	
  order	
  of	
  generations.	
  358	
  

Perhaps	
   the	
   most	
   common	
   depiction	
   of	
   the	
   question	
   in	
   risk-­‐sensitivity	
  359	
  

frameworks	
  is	
  that	
  of	
  an	
  animal	
  that	
  forages	
  on	
  a	
  limited	
  energy	
  budget	
  and	
  needs	
  360	
  

to	
   maximize	
   its	
   gains,	
   typically	
   towards	
   a	
   short-­‐term	
   goal	
   such	
   as	
   crossing	
   an	
  361	
  

accumulated	
   energy	
   threshold	
   in	
   order	
   to	
   survive	
   the	
   night	
   (but	
   not	
   always).	
  362	
  



Accordingly,	
  the	
  fitness	
  function	
  assumed	
  is	
  usually	
  either	
  a	
  constant	
  step	
  function	
  363	
  

(i.e.,	
  the	
  threshold	
  for	
  survival	
  is	
  a	
  pre-­‐determined	
  constant)	
  or	
  a	
  concave	
  function	
  364	
  

with	
  diminishing	
  returns	
  (see	
  15,	
  table	
  1,	
  for	
  a	
  partial	
  summary;	
  some	
  such	
  examples	
  365	
  

are	
   in	
   17,29).	
   Frequently,	
   the	
   key	
   to	
   the	
   expected	
   preference	
   stems	
   from	
   Jensen’s	
  366	
  

inequality,	
   supporting	
   risk	
   aversion,	
   and	
   risk	
   preference	
   depends	
   on	
  whether	
   the	
  367	
  

mean	
  expected	
  payoff	
  of	
   the	
   risk-­‐averse	
  strategy	
   is	
   sufficient	
   to	
  cross	
   the	
  survival	
  368	
  

threshold	
  (and	
  then	
  it	
  is	
  preferred)	
  or	
  not	
  (18).	
  Models	
  that	
  relate	
  risk-­‐sensitivity	
  in	
  369	
  

the	
   context	
   of	
   foraging	
   to	
   long-­‐term	
   fitness,	
   in	
   the	
   context	
   of	
   reproduction,	
   high	
  370	
  

rates	
   of	
   background	
  predation,	
   or	
  migration,	
   for	
   example,	
   are	
   few,	
   but	
   some	
   such	
  371	
  

attempts	
  have	
  been	
  made,	
  e.g.	
  15,30–32.	
  372	
  

Bet	
   hedging	
   can	
   be	
   explained	
   by	
   considering	
   two	
   possible	
   states	
   of	
   the	
  373	
  

environment	
  and	
  three	
  phenotypes	
  that	
  fare	
  in	
  each	
  of	
  the	
  environments	
  differently.	
  374	
  

For	
  simplicity,	
  we	
  may	
  refer	
  to	
  the	
  two	
  possible	
  environmental	
  states	
  as	
  dry	
  and	
  wet	
  375	
  

(following	
  Starrfelt	
  and	
  Kokko,	
  S&K,	
  14),	
  with	
  inter-­‐generational	
  variability,	
  and	
  the	
  376	
  

phenotypes	
   as	
   a	
   wet-­‐specialist,	
   a	
   dry-­‐specialist,	
   and	
   a	
   generalist	
   (see	
   also	
   33).	
   An	
  377	
  

evolutionary	
   strategy	
   that	
   does	
  not	
   include	
  bet-­‐hedging	
  would	
  be,	
   in	
   these	
   terms,	
  378	
  

one	
  in	
  which	
  a	
  lineage	
  specializes	
  to	
  one	
  of	
  the	
  two	
  environments,	
  producing	
  always	
  379	
  

the	
  dry-­‐specialized	
  or	
  always	
  the	
  wet-­‐specialized	
  phenotype.	
  Bet	
  hedging	
  can	
  be	
  of	
  380	
  

one	
  of	
  two	
  types:	
  a	
  conservative	
  bet-­‐hedging	
  strategy,	
  in	
  which	
  all	
  individuals	
  have	
  381	
  

the	
   generalist	
   phenotype,	
   and	
   do	
   reasonably	
   well,	
   but	
   not	
   very	
   well,	
   in	
   both	
  382	
  

environments,	
   and	
   a	
   diversifying	
   bet-­‐hedging	
   strategy,	
   in	
   which	
   each	
   individual	
  383	
  

always	
   has	
   one	
   of	
   the	
   specialized	
   phenotypes,	
   but	
   whose	
   genotype	
   carries	
   the	
  384	
  

potential	
   for	
   both,	
   and	
   thus	
   each	
   individual’s	
   offspring	
   are	
   distributed	
   in	
   their	
  385	
  

phenotype	
   between	
   the	
   two	
   specialized	
   phenotypes,	
   each	
   with	
   some	
   pre-­‐386	
  

determined	
   probability	
   (that	
   may	
   be	
   adapted	
   to	
   the	
   probability	
   of	
   each	
  387	
  

environmental	
   condition’s	
   occurrence).	
   This	
   is	
   the	
   type	
   of	
   bet-­‐hedging	
   most	
  388	
  

frequently	
  studied	
  (see,	
  e.g.,	
  34–36).	
  	
  389	
  

A	
   fundamental	
  principle	
   that	
  underlies	
  many	
  of	
   the	
  bet	
  hedging	
   results	
   is	
   that	
  390	
  

when	
   there	
   is	
   between-­‐generational	
   variation	
   in	
   the	
   number	
   of	
   offspring,	
   the	
  391	
  

measure	
  to	
  be	
  optimized	
  is	
  the	
  geometric	
  mean	
  fitness,	
  and	
  not	
  the	
  arithmetic	
  mean	
  392	
  

(8,37–39).	
   Thus,	
   bet	
   hedging	
   frameworks	
   typically	
   clarify	
   early	
   on	
   that	
   variance	
  393	
  



minimization	
  would	
  be	
  selected	
  for,	
  and	
  so	
  the	
  arithmetic	
  mean	
  payoff	
  is	
  traded	
  off	
  394	
  

in	
   favor	
   of	
   decreased	
   variance	
   among	
   the	
   lineage’s	
   individuals’	
   payoffs	
   and/or	
   in	
  395	
  

favor	
  of	
  decreased	
  correlation	
  in	
  the	
  reproductive	
  success	
  among	
  these	
  individuals	
  396	
  
14,16.	
  Notably,	
  though,	
  this	
  relies	
  on	
  approximations	
  that	
  assume	
  that	
  populations	
  are	
  397	
  

infinite,	
  and	
  it	
  is	
  incorrect	
  to	
  expect	
  the	
  strategy	
  that	
  maximizes	
  the	
  geometric	
  mean	
  398	
  

to	
   always	
   fix	
   in	
   small	
   populations	
   8,16,28.	
   A	
   fundamental	
   reason	
   that	
   decreased	
  399	
  

variance	
  is	
  selected	
  for	
  is	
  that,	
  in	
  a	
  finite	
  population,	
  each	
  strategy’s	
  frequency	
  in	
  the	
  400	
  

population	
   is	
   a	
   concave	
   function	
   of	
   its	
   payoffs,	
   referred	
   to	
   also	
   as	
  absolute	
   fitness	
  401	
  

(14,38).	
  Variance	
  minimization	
  is	
  thus	
  explained	
  by	
  Jensen’s	
  inequality.	
  402	
  

A	
   dimension	
   of	
   importance	
   in	
   bet	
   hedging	
   modeling	
   is	
   the	
   environmental	
  403	
  

setting:	
  the	
  environmental	
  state	
  in	
  a	
  given	
  generation	
  may	
  be	
  fully	
  coupled	
  among	
  404	
  

all	
   individuals	
  (i.e.	
  all	
  experience	
  either	
  dry	
  or	
  wet	
  conditions),	
  may	
  be	
  completely	
  405	
  

independent	
  for	
  each	
  individual,	
  or	
  may	
  be	
  any	
  intermediate	
  option,	
   in	
  which	
  case	
  406	
  

the	
   environment	
   can	
   be	
   viewed	
   as	
   spatially	
   heterogeneous,	
   composed	
   of	
  wet	
   and	
  407	
  

dry	
   patches.	
   The	
   probabilities	
   with	
   which	
   each	
   environmental	
   state	
   occurs	
   –	
   in	
  408	
  

space	
   and	
   in	
   time	
   –	
   are	
   parameters	
   of	
   the	
  model,	
   and	
   typically	
   the	
   strategies	
   are	
  409	
  

considered	
  to	
  evolve	
  to	
  adapt	
  accordingly.	
  S&K	
  provide	
  a	
  very	
  useful	
  review	
  of	
  the	
  410	
  

topic,	
  and	
  highlight	
  that	
  the	
  two	
  types	
  of	
  bet	
  hedging	
  (conservative	
  and	
  diversifying)	
  411	
  

are	
   actually	
   the	
   endpoints	
   of	
   a	
   single	
   spectrum,	
   as	
   are	
   within-­‐generation	
   and	
  412	
  

between-­‐generation	
   variance,	
   if	
   stochastic	
   within-­‐generation	
   heterogeneity	
   in	
  413	
  

individuals’	
  payoffs	
  is	
  considered	
  among	
  players	
  of	
  the	
  same	
  strategy.	
  414	
  

Most	
  models	
   of	
   bet	
   hedging	
   do	
   not	
   consider	
   a	
   reproductive	
   scenario	
   in	
  which	
  415	
  

payoffs	
   are	
   translated	
   to	
   fitness	
   via	
   a	
   scheme	
   other	
   than	
   proportional	
   selection,	
  416	
  

carried	
   out	
   either	
   at	
   the	
   level	
   of	
   the	
   cumulative	
   absolute	
   fitness	
   assigned	
   to	
   each	
  417	
  

strategy/allele,	
   or	
   at	
   the	
   level	
   of	
   individuals.	
   Alternatively,	
   one	
   might	
   view	
   some	
  418	
  

models	
   as	
   operating	
   on	
   realized	
   fitness	
   and	
   variance	
   in	
   fitness	
   after	
   the	
   proper	
  419	
  

reproductive	
   scheme	
   had	
   been	
   applied.	
   Such	
   application	
   is	
   not	
   easily	
  420	
  

implementable,	
   is	
   rarely	
   –	
   if	
   ever	
   –	
   done,	
   and	
   it	
   is	
   unclear	
   to	
   us	
   whether	
   the	
  421	
  

underlying	
   assumptions	
   of	
   these	
   models’	
   derivations	
   hold	
   for	
   these	
   cases	
   (such	
  422	
  

models	
   might	
   be,	
   for	
   example,	
   14,16,33,38).	
   In	
   risk-­‐taking,	
   models	
   typically	
   do	
   not	
  423	
  

explicitly	
  take	
  into	
  account	
  any	
  population-­‐level	
  reproduction	
  dynamics	
  at	
  all.	
  424	
  



Our	
  model	
  is	
  portrayed	
  in	
  terms	
  of	
  risk	
  sensitivity,	
  as	
  it	
  aims	
  to	
  highlight	
  the	
  role	
  425	
  

of	
   variance	
   in	
   payoffs	
   in	
   a	
   broad	
   range	
   of	
   situations	
   that	
   organisms	
   face	
   and	
   in	
  426	
  

which	
  alternative	
  strategies	
  vary	
  in	
  the	
  variance	
  associated	
  with	
  them;	
  this	
  includes	
  427	
  

reproduction	
  strategies,	
  as	
  is	
  the	
  focus	
  of	
  many	
  bet	
  hedging	
  models,	
  but	
  also	
  many	
  428	
  

other	
  behaviors	
   such	
  as	
  dispersal,	
  mate	
   choice,	
   choice	
  of	
   a	
  breeding	
   site,	
   seasonal	
  429	
  

migration,	
   group	
   affiliation,	
   exploratory	
   behavior,	
   attitude	
   towards	
   novel	
   objects,	
  430	
  

coping	
  with	
  predation,	
  and	
  foraging.	
  Also,	
  our	
  model	
   is	
  aimed	
  at	
  a	
  broad	
  audience	
  431	
  

from	
   a	
   number	
   of	
   disciplines,	
   some	
   of	
   which	
   may	
   be	
   more	
   familiar	
   with	
   the	
  432	
  

terminology	
   of	
   risk	
   sensitivity,	
   and	
   is	
   structured	
   as	
   a	
   comparison	
   between	
   two	
  433	
  

simple	
   alternative	
  behaviors	
   –	
   risk-­‐prone	
  and	
   risk-­‐averse	
   –	
   to	
   ease	
   its	
   tractability	
  434	
  

and	
  intuitive	
  understanding.	
  	
  435	
  

The	
   setting	
   that	
  we	
   study	
   can	
   also	
   be	
   portrayed	
   in	
   terms	
   of	
   bet	
   hedging.	
   Our	
  436	
  

risk-­‐averse	
   strategy	
   is	
   analogous	
   to	
   a	
   generalist	
   bet-­‐hedger,	
   or	
   conservative	
   bet	
  437	
  

hedging,	
  while	
  our	
  risk-­‐seeking	
  strategy	
  with	
  the	
  context	
  in	
  which	
  it	
  is	
  studied	
  can	
  438	
  

be	
   viewed	
   in	
   one	
   of	
   two	
   ways.	
   In	
   the	
   first,	
   it	
   is	
   viewed	
   as	
   a	
   single-­‐environment	
  439	
  

specialist,	
   but	
  whose	
   offspring	
   experience	
   completely	
   independent	
   environmental	
  440	
  

conditions	
   from	
   one	
   another	
   in	
   each	
   choice	
   throughout	
   their	
   lifetime	
   (the	
  441	
  

probability	
  of	
  experiencing	
  each	
  type	
  of	
  environment	
  is	
  the	
  probability	
  of	
  receiving	
  442	
  

each	
   of	
   the	
   alternative	
   risky	
   payoffs	
   in	
   our	
  model).	
   The	
   second	
   view	
   of	
   the	
   risk-­‐443	
  

seeking	
  strategy	
   is	
  as	
  a	
  diversifying	
  bet	
  hedger,	
  whose	
  offspring	
  are	
  split	
  between	
  444	
  

the	
   two	
  specialized	
  phenotypes	
  with	
  a	
   certain	
  probability,	
   and	
  who	
  all	
   experience	
  445	
  

the	
   same	
   environment.	
   This	
   interpretation	
   is	
   appropriate	
   only	
   in	
   the	
   case	
   of	
   one	
  446	
  

event	
  per	
   life	
   time,	
  as	
   it	
   requires	
   that	
   the	
  offspring	
  of	
  a	
  certain	
  phenotype	
  remain	
  447	
  

coupled	
   in	
   the	
  environment	
   that	
   they	
  experience	
   throughout	
   their	
   lifetime,	
   and	
   in	
  448	
  

our	
  model	
   the	
   correlation	
   between	
   these	
   individuals	
  will	
   not	
   be	
  maintained	
   over	
  449	
  

more	
  than	
  one	
  event.	
  Importantly,	
  both	
  of	
  the	
  strategies	
  in	
  our	
  study	
  experience	
  the	
  450	
  

same	
  mean	
  payoff	
  and	
  differ	
  in	
  variance;	
  in	
  bet	
  hedging	
  studies,	
  strategies	
  typically	
  451	
  

differ	
  from	
  one	
  another	
  in	
  the	
  arithmetic	
  mean	
  payoff	
  that	
  they	
  experience.	
  452	
  

The	
   findings	
   that	
  we	
  highlight	
   in	
   this	
   study	
   –	
   in	
   particular	
   the	
  prominent	
   role	
  453	
  

that	
   reproduction	
   dynamics	
   and	
   other	
   aspects	
   of	
   the	
   population	
   context	
   play	
   in	
  454	
  

determining	
   evolutionary	
   outcomes	
   –	
   are	
   very	
   general	
   in	
   their	
   applicability	
   and	
  455	
  



could	
  be	
  explored	
  and	
  demonstrated	
  even	
  in	
  the	
  simple	
  setting	
  that	
  we	
  chose:	
  it	
  was	
  456	
  

sufficient	
   in	
   order	
   to	
   show	
   that	
   reproduction	
   strategies	
   which	
   are	
   commonly	
  457	
  

discussed	
   and	
   which	
   are	
   more	
   realistic,	
   for	
   many	
   species,	
   than	
   proportional	
  458	
  

selection,	
  yet	
  were	
  never	
  considered	
  in	
  the	
  context	
  of	
  risk	
  sensitivity	
  or	
  bet	
  hedging	
  459	
  

as	
  far	
  as	
  we	
  know,	
  have	
  a	
  profound	
  effect	
  on	
  evolutionary	
  outcomes.	
  If	
  such	
  studies	
  460	
  

have	
  been	
  carried	
  out,	
   they	
  seem	
  to	
  have	
  had	
  a	
   limited	
  effect	
  on	
  the	
  perception	
  of	
  461	
  

these	
  topics	
  in	
  a	
  number	
  of	
  sub-­‐disciplines	
  of	
  evolutionary	
  biology.	
  The	
  finding	
  that	
  462	
  

these	
   deviations	
   from	
   the	
   existing	
   paradigm	
   have	
   far-­‐reaching	
   implications	
   for	
  463	
  

selection	
   on	
   risk	
   sensitivity	
  will	
   probably	
   not	
   come	
   as	
   a	
   surprise	
   to	
   theoreticians	
  464	
  

that	
  study	
  risk	
  sensitivity	
  or	
  bet	
  hedging,	
  yet	
  we	
  believe	
  that	
  their	
  explicit	
  study	
  in	
  a	
  465	
  

simple	
   setting	
   in	
   which	
   results	
   can	
   be	
   intuitively	
   explained	
   may	
   aid	
   in	
   the	
  466	
  

appreciation	
  of	
  their	
  importance	
  among	
  the	
  broader	
  scientific	
  community.	
  467	
  

	
  468	
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Supplementary	
   section	
  7:	
  The relation between risk-related behaviors that occur 472	
  

in key points of life and risk-related behaviors that recur frequently 473	
  

 474	
  

Our	
   study	
   focuses	
   on	
   the	
   effect	
   of	
   risk-­‐related	
   behavior	
   in	
   key	
   points	
   in	
   an	
  475	
  

individual’s	
   life	
  history	
  in	
  which	
  the	
  behavior	
  in	
  one	
  or	
  few	
  events	
  may	
  have	
  large	
  476	
  

long-­‐term	
  fitness	
  consequences.	
  We	
  find	
  –	
  not	
  surprisingly	
  –	
  that	
  a	
  context	
  in	
  which	
  477	
  

payoff	
   is	
   summed	
  across	
  multiple	
  events	
   leads	
   to	
  a	
  minimization	
  of	
   the	
  difference	
  478	
  

between	
   the	
   overall	
   payoff	
   of	
   risk-­‐prone	
   and	
   risk-­‐averse	
   strategies,	
   an	
   effect	
   that	
  479	
  

can	
  be	
  explained	
  by	
  the	
  law	
  of	
  large	
  numbers.	
  As	
  opposed	
  to	
  such	
  contexts,	
  much	
  of	
  480	
  

the	
  classical	
   treatment	
  of	
   risk	
   taking	
  has	
   focused	
  on	
   frequently-­‐recurring	
   foraging	
  481	
  

behavior	
   (e.g.	
   17,31,40–45).	
   Linking	
   the	
   outcomes	
   of	
   foraging	
   to	
   long-­‐term	
   fitness,	
   as	
  482	
  

measured	
  by	
  –	
  for	
  example	
  –	
  lifetime	
  reproductive	
  success,	
   is	
  hard	
  (e.g.,	
  46),	
  and	
  is	
  483	
  

beyond	
  the	
  scope	
  of	
  the	
  current	
  study.	
  The	
  following	
  points	
  may	
  help	
  to	
  map	
  out	
  the	
  484	
  

relation	
  between	
  different	
  types	
  of	
  risk-­‐related	
  behavior	
  and	
  their	
  predicted	
  effect	
  485	
  

on	
  selection	
  on	
  risk	
  preference.	
  	
  486	
  

• To	
  explain	
  risk-­‐sensitivity	
  in	
  foraging	
  contexts,	
  researchers	
  have	
  posited	
  that	
  487	
  

the	
  animals	
  are	
  attempting	
  to	
  optimize	
  different	
  goals,	
  that	
  may	
  be	
  linked	
  to	
  488	
  

long-­‐term	
   fitness	
   in	
   various	
   ways:	
   an	
   individual	
   may	
   be	
   under	
   a	
   constant	
  489	
  

energy-­‐budget	
  constraint,	
  for	
  example,	
  and	
  may	
  run	
  the	
  risk	
  of	
  not	
  surviving	
  490	
  

to	
  the	
  next	
  day	
  if	
   it	
  does	
  not	
  gather	
  enough	
  food	
  to	
  exceed	
  a	
  certain	
  energy	
  491	
  

threshold	
  (e.g.,	
   44,47,48).	
  This	
  scenario	
   is	
  very	
  realistic	
   for	
  some	
  species,	
  such	
  492	
  

as	
  many	
  passerine	
  birds.	
  493	
  

• Apparent	
   risk-­‐sensitivity	
   in	
   foraging	
   has	
   been	
   proposed	
   to	
   stem	
   in	
   some	
  494	
  

cases	
   from	
   differences	
   in	
   individual	
   experience,	
   leading	
   individuals	
   to	
  495	
  

estimate	
   the	
   distribution	
   of	
   payoffs	
   from	
   alternative	
   strategies	
   differently	
  496	
  

from	
  one	
  another,	
  and	
  perhaps	
  differently	
  from	
  the	
  true	
  distributions	
  (e.g.	
  49–497	
  
54).	
   This	
   scenario	
   suggests	
   that,	
   in	
   some	
   cases,	
   different	
   individuals	
   would	
  498	
  

learn	
   to	
  prefer	
  different	
   strategies	
  –	
  and	
  seem	
   to	
  have	
  opposite	
   risk-­‐taking	
  499	
  

preferences	
  –	
  solely	
  as	
  a	
  consequence	
  of	
  their	
  different	
  experiences.	
  500	
  

• Risk	
   preference	
   in	
   foraging	
   tasks	
   (or	
   tasks	
   similar	
   to	
   them	
   in	
   their	
   being	
  501	
  

characterized	
   by	
   many	
   events)	
   can	
   perhaps	
   be	
   explained	
   by	
   the	
   cognitive	
  502	
  



underpinnings	
   of	
   the	
   choice	
   of	
   behavior	
   (e.g.	
   27,49,55),	
   for	
   example	
   the	
  503	
  

application	
  of	
  domain-­‐general	
  cognitive	
  mechanisms	
  to	
  a	
   foraging	
  task	
  may	
  504	
  

lead	
  to	
  risk-­‐aversion	
  that	
  has	
  no	
  advantage	
  in	
  the	
  studied	
  context,	
  but	
  does	
  505	
  

have	
   an	
   advantage	
   in	
   other	
   contexts	
   that	
   influenced	
   the	
   cognitive	
  506	
  

mechanism’s	
   evolution.	
   These	
   include	
   other	
   foraging	
   contexts,	
   perhaps	
  507	
  

different	
  from	
  the	
  one	
  that	
  is	
  studied.	
  	
  508	
  

• It	
  is	
  quite	
  possible	
  that	
  the	
  complex	
  reality	
  of	
  animals’	
  day-­‐to-­‐day	
  life	
  creates	
  509	
  

interdependency	
   between	
   different	
   tasks	
   that	
   we	
   tend	
   to	
   perceive	
   as	
  510	
  

separate.	
   Thus,	
   for	
   example,	
   it	
  may	
   be	
   that	
   an	
   animal	
   is	
   not	
   at	
   risk	
   of	
   not	
  511	
  

surviving	
  the	
  night	
  because	
  of	
  lack	
  of	
  energy,	
  but	
  is	
  still	
  forced	
  to	
  optimize	
  its	
  512	
  

short-­‐term	
   accumulation	
   of	
   resources	
   because	
   the	
   risk	
   of	
   predation	
   is	
  513	
  

different	
  depending	
  on	
  the	
  body-­‐size	
  attained	
  within	
  a	
  short	
  period	
  of	
  time.	
  514	
  

Such	
  a	
  constraint	
  can	
  lead	
  to	
  strong	
  risk-­‐related	
  preferences	
  (and	
  could	
  lead	
  515	
  

to	
  either	
  risk-­‐aversion	
  or	
  risk-­‐proneness,	
  depending	
  on	
  the	
  specific	
  ecology).	
  516	
  

• A	
  situation	
  in	
  which	
  foraging	
  payoff	
  may	
  impact	
  the	
  outcomes	
  of	
  near-­‐future	
  517	
  

success	
   or	
   survival	
   –	
   for	
   example	
   via	
   short-­‐term	
   gain	
   of	
   body-­‐weight	
   or	
  518	
  

available	
  energy	
  –	
  may	
  bring	
  about	
  strong	
  selection	
  on	
  risk	
  preference.	
  Thus,	
  519	
  

for	
   example,	
   if	
   competition	
   for	
   resources	
   is	
   severe,	
   the	
   likelihood	
   of	
  520	
  

succeeding	
  in	
  one	
  foraging	
  bout	
  may	
  strongly	
  depend	
  on	
  success	
  in	
  the	
  one	
  521	
  

that	
   precedes	
   it.	
   Similarly,	
   success	
   in	
   an	
   aggressive	
   interaction	
   between	
  522	
  

males	
  may	
  be	
  dependent	
  on	
  success	
  in	
  the	
  previous	
  interaction.	
  A	
  setting	
  like	
  523	
  

this	
  is	
  similar	
  to	
  the	
  dynamics	
  of	
  compounding	
  interests	
  in	
  economics:	
  small	
  524	
  

differences	
  in	
  payoffs	
  at	
  an	
  early	
  stage	
  may	
  lead	
  to	
  disproportional	
  effects	
  on	
  525	
  

an	
  individual’s	
  long-­‐term	
  fitness.	
  526	
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