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conspecifics and heterospecifics — are 
optimally chosen at random from the 
list of possible moves. For example, if 
an organism’s interactions reduce to a 
game of rock–paper–scissors, the only 
strategy it can employ, which cannot 
possibly be exploited by an adversary, 
is to play rock, paper or scissors at 
random every turn. This will guarantee 
a win half the time. Mixed strategies 
can play out at the turn-to-turn level 
(behavior-to-behavior) and/or the 
individual-to-individual level (stochastic 
individuality).

‘Diversified bet-hedging’ is an 
evolutionary strategy in which a single 
genotype produces a distribution 
of phenotypes across offspring in 
order to increase the likelihood that 
at least some individuals are well-
adapted to the selection pressures 
of unpredictable environments. While 
there is ample theoretical evidence 
indicating this strategy can be 
beneficial, experimental evidence 
in animals is scant. We combined 
experimental measurements of 
thermal preference variability with 
a mathematical model of how 
integrated thermal experience affects 
life-history, and concluded that the 
observed behavioral individuality 
might reflect bet-hedging against 
seasonal temperature fluctuations 
(Figure 3). In the early spring and 
late fall, warm-seeking flies have an 

advantage; in the high summer, cool-
seeking flies have the advantage. As 
an evolutionary strategy, offspring with 
thermal preferences drawn randomly 
from a broad cool-preferring to warm-
preferring distribution (bet-hedging) 
outperformed strategies in which 
individual phenotypes were heritable. 
But this is just a test of the plausibility 
of a bet-hedging hypothesis, not an 
attempt to experimentally falsify it. 
The overall lack of evidence for bet-
hedging in animals likely reflects the 
practical challenges of conducting such 
experiments, as there is substantial 
experimental evidence in plants and 
microorganisms consistent with the 
bet-hedging hypothesis. 

Bet-hedging can be contrasted 
with another phenotypic strategy 
that increases variability: phenotypic 
plasticity. In this strategy, an 
organism can deterministically adjust 
its phenotype in response to the 
environment. Phenotypic plasticity is a 
flexible enough framework that it can, 
in principle, encompass the optimal 
environment-to-phenotype solutions; 
for whatever environment comes along, 
a fully plastic organism could, in theory, 
morph into the perfect phenotype. 
But implementing such morphing 
rules may be too costly or complex to 
evolve reliably. By analogy, the perfect 
financial investment strategy would be 
to read market variables and pivot all 
funds into whatever financial instrument 
will give the greatest returns at the 
moment. But in reality, predicting future 
trends is unreliable, and transaction 
fees penalize rapidly switching 
investments. Instead, a diversified 
portfolio of steady composition can 
succeed in most circumstances. Thus, 
bet-hedging may represent a solution 
to environmental fluctuations that is 
readily attainable by evolution.

If the formulations of gene-saving, 
mixed strategies, or bet-hedging are 
correct, then evolution will favor some 
level of stochastic individuality. But 
stochasticity can only be tuned by 
evolution if, in addition to affording a 
selective advantage, it varies across 
genotypes and is heritable. Both of 
these additional conditions appear 
to be true. Across different isogenic 
Drosophila lines, the magnitude of 
behavioral variability (stochastic 
individuality) in locomotor handedness, 
the tendency of individuals to turn 

left or turn right during spontaneous 
exploration, itself varies. Some lines 
have low variability, with individuals 
exhibiting small (but significant) 
differences in locomotor bias. Other 
lines have high variability, with 
individuals exhibiting large differences 
in locomotor bias. These are heritable 
traits of their respective lines: crossing 
two low variability lines produces low 
variability hybrids, and crossing two 
high variability lines produces high 
variability hybrids. 

The genetic basis of behavioral 
variability permits the mapping of 
genetic variants controlling variability 
as a trait. One implicated gene is 
teneurin-a, which encodes a cell-
surface protein involved in axon 
guidance and synapse formation, 
developmental processes invoked 
in the wiring of the neural circuits 
mediating locomotor behavior. 
Strikingly, lines which are high 
variability for one behavior were not 
high variability for other behaviors. This 
implies there is modular control of the 
level of stochasticity exhibited in each 
separate behavior. Thus, stochastic 
individuality is a flexibly evolvable trait, 
which can vary across behaviors, vary 
across genotypes, be selected for by 
mechanisms such as bet-hedging, and 
be passed on to offspring. 

These are still early days in the study 
of the mechanistic basis of stochastic 
individuality. But, principles have 
been identified by which stochasticity 
can arise even under Newtonian 
physical rules. There are plausible 
paths by which these fluctuations 
can be amplified and made manifest 
at the cellular, neural circuit, and 
behavioral levels. And there are 
theoretical frameworks, with some 
experimental evidence, in which the 
observed behavioral variability imparts 
evolvable selective advantages on 
those genotypes that produce it. 
Exciting future directions include the 
enumeration of the causal relationships 
from the molecular to the evolutionary 
levels in the case of a single case 
study of stochastic individuality. Such 
integrative understanding will likely 
exploit new cutting-edge tools that 
extract rich data sets from individual 
animals: single-cell sequencing, 
whole-brain neural recordings, and 
connectomic reconstructions of 

Figure 3. Thermal preference variability 
in fruit flies may reflect a bet-hedging 
strategy. 
Individual fruit flies exhibit idiosyncratic thermal 
and light preference behavior (illustrated 
by the Gaussian pile of flies), with some 
flies preferring warmth or coolness, light or 
shade. Shade-seeking flies will have a fitness 
advantage in the summer or in heat-waves. A 
broad distribution of behaviors can increase 
the chance that some individuals will be well 
matched to unpredictable environmental 
fluctuations.
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whole-brain circuitry. Just as genomics 
entered a new era when sequencing 
added breadth across individuals to 
its original depth, these technologies 
of the individual will enable 
unprecedented insights into stochastic 
individuality and the biological basis of 
behavior, when applied comparatively 
across individuals.
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