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suitable for supporting the subsequent
discussions. The paradox was ﬁrst conceptualized as an abstraction of the
phenomenon of ﬂashing Brownian ratchets,[2–9] wherein diﬀusive particles exhibit
unexpected drift when exposed to alternating periodic potentials. It has since
been applied across a multitude of neighboring disciplines in the physical sciences
and engineering‐related ﬁelds,[10,11] such
as diﬀusive and granular ﬂow dynamics,[12–14] information thermodynamics,[15–18] chaos theory,[19–25] switching
problems,[26–28] and quantum phenomena;[29–38] but a plethora of exciting
applications has also been found in
biology, which this paper focuses upon.
Parrondo’s paradox has nourished a synergistic interdisciplinary eﬀort in which
the existing mathematical and game‐
theoretic work is driving its rapid application in biology, where
it has inspired new ideas and technical approaches.
Parrondo’s paradox is most easily introduced in the
simplistic framework of a pair of games,[1] played by a single
player possessing some capital (Figure 1a). In the ﬁrst game,
the player ﬂips a slightly biased coin—the capital is incremented with probability 1/ 2 − ϵ and decremented with probability
1/ 2 + ϵ , with ϵ being a small biasing parameter. The second
game, on the other hand, involves a capital‐dependent
branching rule. If the capital is divisible by a constant M ,
typically taken to be 3, the capital is incremented with
probability 1/ 10 − ϵ and decremented with probability
9/ 10 + ϵ ; else the capital is incremented with probability
3/ 4 − ϵ and decremented with probability 1/ 4 + ϵ . With ϵ > 0 ,
the ﬁrst game is losing in the long run, and it can also be shown
via a discrete‐time Markov analysis that the second is similarly
losing;[10] but alternating this pair of losing games in a
deterministic or random order can yield winning outcomes,
as long as ϵ is not too large (Figure 1b). The same paradoxical
eﬀect persists when M > 3, when the branching rule is
generalized to be dependent on the historical outcomes of the
games,[4] or when multiple players are involved in a networked
version of the games.[39,40]
Such robustness of this paradoxical eﬀect to the order of the
games, and to the game rules, is a key reason for its wide
relevance across disciplines. In an eco‐evolutionary context, for
instance, survival strategies must accommodate variable
environmental and predator–prey conditions in order for them
to be viable, and any intrinsic Parrondo‐like eﬀects,[41] if

Parrondo’s paradox, in which losing strategies can be combined to produce
winning outcomes, has received much attention in mathematics and the
physical sciences; a plethora of exciting applications has also been found in
biology at an astounding pace. In this review paper, the authors examine a large
range of recent developments of Parrondo’s paradox in biology, across ecology
and evolution, genetics, social and behavioral systems, cellular processes, and
disease. Intriguing connections between numerous works are identiﬁed and
analyzed, culminating in an emergent pattern of nested recurrent mechanics
that appear to span the entire biological gamut, from the smallest of spatial and
temporal scales to the largest—from the subcellular to the complete biosphere.
In analyzing the macro perspective, the pivotal role that the paradox plays in the
shaping of biological life becomes apparent, and its identity as a potential
universal principle underlying biological diversity and persistence is uncovered.
Directions for future research are also discussed in light of this new perspective.

1. Introduction
That two losing strategies can be combined in such a manner as
to yield winning outcomes is a surprising fact and has been
termed Parrondo’s paradox after pioneering work by Parrondo,
Harmer, and Abbott.[1,2] Viewed through a biological lens, the
paradox casts a series of intriguing questions—can a population
achieve proliferation by exploiting multiple maladaptive strategies, and can diseases be tackled through combinations of
individually ineﬀective drugs? Generalized to entire ecosystems, can the paradox be possibly connected to a universal
organizational structure, forming the backbone of life on Earth?
In this review paper we discuss the blooming developments of
Parrondo’s paradox and related reversal phenomena in life
science and biology in recent years, and elucidate plausible
directions for future research.
We ﬁrst give an overview of the origins and fundamental
principles of the paradox, in a largely nontechnical perspective
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Figure 1. a) A ﬂowchart describing the capital‐dependent Parrondo’s game structure, where the mixing factor γ describes the probability of playing
Game A at each round when the game is stochastically switched and parameter values are typically p = 1 /2 − ϵ , p1 = 1 / 10 − ϵ , p2 = 3 / 4 − ϵ , M = 3,
ϵ = 0.003, and η = η1 = η2 = 1. The capital of the player is denoted C . b) Evolution of the capital of the player for pure games, stochastic mixing of
various γ , and deterministic mixing of various unit sequences. Pure games are losing, but mixed games can be winning in the long‐term. c) p1– p2
probability space illustrating that stochastically mixed games can be equivalently interpreted as a linear convex combination of pure games. Points PA
and PB located in the losing region represent pure Games A and B, respectively, and mixed games occur along the connecting red line, which crosses
over into the winning region. The nonlinearity of the break‐even boundary allows such a cross‐over to occur and is the enabling factor for the paradox.
Further mathematical details are described in the Supporting Information.

present, must likewise be greatly robust. That the paradox can
occur even when the game sequence is completely or partially
random also appears intuitively compatible with the inescapable stochasticity in biological and ecological systems, say for
instance environmental or demographic noise.[42,43]
Why does such a paradox occur? At the core of the
phenomenon is an agitation‐ratcheting mechanism, which
enables the unexpected winning outcomes.[10,11] The ﬁrst game
is diﬀusive (agitative), in that the distribution of the capital
becomes increasingly widely spread each time the game is
played. The second game, however, is ratcheting in nature—
depending on the branching condition, the capital may either
be propelled upward or be regressed. It turns out that the
perturbations from the ﬁrst game enable the sustained
exploitation of the propulsive branch of the second. Indeed, it
can be understood that for the Parrondo eﬀect to occur, at least
one of the branches of the games must be propulsive and the
mixing of the games must allow this asymmetry to be
repeatedly exploited. Deeper qualitative analysis unveils speciﬁc
localization patterns of the capital, ratcheted forwards by
perturbations; this behavior is preserved even in history‐
dependent generalizations of the paradox,[4,44] in which the
outcomes of several previous rounds determine game branching. Separately, it has also been shown that the selection of
games to produce the paradox is mathematically equivalent to a
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convex linear combination of parameters in an appropriately
deﬁned probability space (Figure 1c), and that the occurrence of
the paradox is contingent upon the nonlinearity of the break‐
even boundary in such a space[45,46]—this alternate characterization of the paradox is especially useful in understanding
higher‐dimensional analogues of the paradox where multiple
games or game branches are involved.[47,48]

2. Parrondo’s Paradox Manifests throughout
Biology
Around the same time that the mathematical and game‐
theoretic aspects of the paradox were being investigated,[10,11,49–51] numerous key studies in the life sciences had
begun to suggest intriguing connections to genetics, ecology,
and evolution. These studies have formed the basis for
numerous future developments, and we therefore provide a
preliminary overview for context in this section. In Section 3,
we observe how recent developments have ﬁlled in the gaps
within these seminal works and how patterns have begun to
emerge between these works.
Of particular signiﬁcance is a type of genetic Parrondo’s
paradox uncovered theoretically by Wolf et al.,[52,53] in which
random phase variation (RPV) in bacteria was shown to be
positively selected in dynamical environments, despite the great
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likelihood of the expressed phenotype being maladaptive to the
environment at any time. Speciﬁc conditions enable the
proliferation of RPV genotypes, namely that at least a subset of
environmental transitions must be unobservable to the bacteria,
due to biological sensor defects or otherwise, or that signal
transduction delays must be long relative to the timescale of
environmental changes. Furthermore, RPV was shown to be an
evolutionarily stable strategy (ESS)[54] in the listed conditions, in
that a population of bacteria adopting RPV cannot be displaced
by a mutant adopting a diﬀerent strategy over the same set of
phenotypes. Even when RPV is not evolutionarily stable, it was
shown to minimize growth rate variance within the population
and hence the risk of extinction due to aberrant extrinsic factors.
The authors had termed RPV a “Devil’s Compromise,” because
RPV is suboptimal in any environmental state, but is nevertheless necessary for survival—eﬀectively analogous to the
paradoxical nature of Parrondo’s games. The stochastic switching
of cellular phenotypes was later explored experimentally in
genetically modiﬁed Saccharomyces cerevisiae by Acar et al.,[55]
revealing that ﬁtness can be maximized by tuning the
interphenotypic switching rates to match the rate of environmental change, and a theoretical model by Kussell and Leibler[56]
also indicates regimes where stochastic phenotypic switching is
advantageous, with optimal switching rates similarly mimicking
environmental ﬂuctuation statistics.
Also in genetics, Reed[57] reported a phenomenon where an
autosomal allele of lower average ﬁtness than alternatives can
proliferate in a population and even reach ﬁxation in a genetic
system with sexually antagonistic selection and epistasis of
alleles. We present key results of the study in Figure 2a–c. The
underlying mechanism hinges on a positive epistatic interaction that enhances ﬁtness when the autosomal allele is present
together with an allosomal allele in females, but the opposite
holds in males; genetic inheritance naturally yields these
optimal conditions in an alternating fashion. This enables the
autosomal allele to ratchet between the sexes. Together with the
results by Wolf et al.,[52,53] these theoretical studies signal that
Parrondo’s paradox can be relevant to the evolution and
expression of genotypes in organisms. Closely relevant to

cellular processes is also the function of molecular motors, such
as the F‐type adenosine triphosphate (F‐ATP) synthase rotary
motor (Figure 3b) and the actin–myosin linear motor, which
have likewise been shown to be intimately connected to
Parrondo’s paradox and the agitation‐ratcheting mechanism
of Brownian ratchets in general.[58,59] The directed motion of
charged components in supported lipid bilayers (SLBs) has also
been achieved through Brownian ratchets, eﬀectively eliciting a
form of Parrondo’s paradox relevant to the function of cellular
membranes.[60]
In ecology, it is known that the coexistence of two species
competing for space in a habitat is possible despite the system
having no stable coexistence equilibrium, if environment‐
induced variations in organism fecundity is suﬃciently high.[61]
This early result, though not strictly a form of Parrondo’s
paradox, indicates that noise can “agitate” an ecological system
such that originally losing survival strategies are turned into
winning ones. A manifestation of a comparable phenomenon is
the paradox of the plankton,[62–65] in which numerous species of
phytoplankton coexist in typical natural habitats despite severe
competition and nutrient deﬁciency, attributable to the chronic
nonachievement of ecological equilibrium. In a similar vein, a
study by Jansen and Yoshimura[66] found that populations can
persist in an environment consisting only of sink habitats by
dispersing their oﬀspring, provided that the habitat conditions
ﬂuctuate. A population conﬁned to these sink habitats cannot
survive, but by dividing the risk between multiple disadvantageous habitats, a positive geometric mean growth can be
sustained. Further studies[67,68] have investigated the eﬀects of
spatial and temporal correlations of habitat ﬂuctuations, revealing that positive temporal autocorrelation and limited spatial
correlation maximizes this persistence phenomenon. Of relevance is also a study by Levine and Rees,[69] reporting that
ﬂuctuations in climate can enable the persistence of rare species
in invaded habitats. The study concerns a theoretical model of a
forb–grass system in which the rare forb is at a competitive
disadvantage in a favorable climate, and indicates that the forb
can survive by relying on a seed bank for recovery during
unfavorable years (Figure 4a–c). Interpreting the above‐ground

Figure 2. Paradoxical dynamics of an autosomal allele δ of frequency a in the presence of epistatic interactions with an allosomal allele ξ of frequency
x .[57] a) Ratcheting mechanism allows δ to proliferate when ξ drops in frequency when interactions are present (int.), as opposed to when interactions
are absent (ind.), for initial frequencies a 0 = 1−x 0 , x 0 = 0.99 (solid), x 0 = 0.9 (dashed), x 0 = 0.7 (dotted). b) Allele δ can still proliferate even when it
has lower sex‐averaged ﬁtness than the non‐δ ‐allele, plotted for a 0 = x 0 , x 0 = 0.01 (solid), x 0 = 0.2 (dashed), x 0 = 0.6 (dotted). c) Steady state
frequency map of δ across diﬀering δ ‐associated ﬁtness for males and females, indicating that δ can persist in the population over a larger region even
when the sex‐averaged ﬁtness is lower than that of the non‐δ ‐allele. Mathematical details are described in the Supporting Information.
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Figure 3. a) Illustration of the ﬂashing Brownian ratchet. When a periodically asymmetric potential is switched on, analogous to Game B in the
canonical Parrondo’s game structure, Brownian particles are forced to cluster in the potential valleys; when the potential is switched oﬀ, analogous to
Game A, the particles undergo diﬀusion; and when the potential is switched on again, some of the particles cluster around neighboring valleys,
exhibiting an average drift. b) F‐ATP synthase rotary motors function through similar principles, with its molecular geometry and energy supplied by
ATP enabling repeated diﬀusive and ratcheting cycles.[58]

and seed‐bank bet‐hedging diversiﬁcations of the forb as
individually incapable of long‐term survival and therefore losing,
environmental noise enables the temporal mixing of these
strategies, thereby completing the paradox to yield a winning
outcome for the forb. The common implication across these key
studies is that the interplay of noise and complex ecological
dynamics can lead to unexpected long‐term behavior.
Lastly, the framework of Parrondo’s games has also seen
meaningful applications in the theoretical modeling and control
of cancer tumors.[70] The growth of tumors can be

mathematically described by ordinary and partial diﬀerential
systems to varying approximations,[71–73] and such systems
were found to admit chaotic behavior in certain regimes,
essentially reﬂecting a degree of unpredictability. It was shown
that by employing switching of control parameters,[74] chaotic
tumor growth trajectories can be made nonchaotic and
conversely nonchaotic trajectories can be made chaotic, in an
analogue of Parrondo’s paradox.[74] Such control parameters
can correspond to the suppressive eﬀects of drug therapy,[75,76]
hence establishing relevance in cancer treatment. The eﬀects of

Figure 4. The unexpected survival of a rare forb[69] that germinates slower and is heavily outcompeted by a grass species, but possesses a resilient
seed bank. a) Persistence of the forb species when the environment ﬂuctuates between favorable and unfavorable years, depicted by a green and red
background, respectively. b) Forb faces extinction if the environment is always favorable (solid lines) or always unfavorable (dashed lines). c) Forb
zero‐growth isoclines for various ratios of seed production in favorable to unfavorable years r , separating persistence and extinction regimes.
Mathematical details are described in the Supporting Information.
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Figure 5. Key results on the nomadic‐colonial model,[41–43] where n1 and n2 are the nomadic and colonial subpopulation densities, respectively, and K
is the environmental carrying capacity. Mathematical details are described in the Supporting Information. a) Both subpopulations face extinction
without switching. b) Both subpopulations can persist with carrying capacity‐based switching. c) Persistence even with periodic environmental
ﬂuctuations, under a time‐based switching scheme. d) Persistence under stochastic environmental noise, under a population size hybrid switching
scheme. e) Subsidence‐recovery cycles under a time‐based switching scheme before eventual extinction.

noise in treatment response and in intercell signaling on tumor
growth have also been studied through Markov and diﬀerential
models,[77] yielding insights on optimal treatment schemes
when stochasticity is present.

3. Recent Developments Reveal Broader
Relevance with Nested Patterns
We now discuss the recent developments of Parrondo’s paradox
in biology, across ﬁelds of ecology (Section 3.1), genetics and
evolution (Section 3.2), and social and behavioral dynamics
(Section 3.3), ultimately culminating in insights on key
biological principles (Section 3.4) and associated implications
on the outlook of biotechnology (Section 3.5). While suﬃcient
technical details on these works are provided, such that the
extent of their analyses and the signiﬁcance of their ﬁndings
can be understood, a focus of this section is also to examine
how these works ﬁt together to paint a larger picture. In
particular, we observe that the various paradoxical phenomena
reported in each ﬁeld are in fact highly connected; furthermore,
a hierarchical pattern of nested paradoxes emerges across
spatial and temporal scales, which we ﬁrst identify in Section
3.2 and further discuss in later sections.
3.1. Ecological Systems Harbor Paradoxical Competitiveness
and Survival Behavior
In a series of recent papers, Cheong and co‐authors[41–43]
investigated the population dynamics of an environmentally
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constrained species that subdivides into two behaviorally
distinct forms—nomads and colonists. Nomads live relatively
independent lifestyles with minimal resource consumption and
are therefore unaﬀected by competition or cooperation within
the population. On the other hand, colonists are subject to
competitive and cooperative eﬀects, in the form of the Allee
eﬀect[78–80] at small population densities and asymptotic
logistical growth at large population densities, and exhibit
heavy resource consumption due to aggressive expansionary
behavior. Both of these strategies individually lead to extinction,
for nomads cannot reproduce suﬃciently quickly to cover losses
in death, and colonists rapidly deplete the environment. It was
found that alternating between nomadic and colonial strategies
not only allows the population to overcome the extinction
barrier, but also to proliferate in the long‐term (Figure 5).
Analogous nomadic‐colonial behavioral diversity has been
observed in a multitude of species, including slime mold
(Dictyostelium discoideum),[81] dimorphic fungi (Candida albicans),[82] and jellyﬁsh (Aurelia aurita),[83] thus establishing
empirical relevance to these results.
Numerous biologically feasible mechanisms for implementing such a switching strategy have been explored, including one
based on biological sensors gauging the environmental carrying
capacity,[41] switching based on combined population size,
possibly achieved through pheromone tracking or other
intrapopulation communication methods,[43] and pure time‐
based switching facilitated by biological clocks.[42,43] In general,
paradoxical survival scenarios can occur as long as colonists
grow suﬃciently quickly when resources are abundant, and
switch suﬃciently fast to nomadic lifestyle before
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environmental overdepletion occurs; the repetitive mechanism
of aggressive growth during the colonial phase, followed by a
sacriﬁcial nomadic phase to allow the environment to
regenerate, is analogous to the agitation‐ratcheting mechanism
of the classical Parrondo’s games. That the rate equations of the
population model carry both capital‐ and history‐dependent
characteristics further solidiﬁes a connection with the Parrondo's paradox.[41]
While initial investigations into resource level‐based switching strategies indicate that paradoxical growth of the population
always occurs in a self‐limiting manner,[41] reﬁnements to these
schemes and generalizations on nonlinearly scaled time‐based
switching has suggested possibilities of unbounded
growth.[42,43] The robustness of the nomadic‐colonial switching
strategies has also been tested under noisy conditions, with
deterministic[42] and stochastic environmental ﬂuctuations of
various types[43] imposed onto the population. Besides the
intriguing Parrondo‐paradoxical results, the model has also
been found to exhibit consecutive subsidence–recovery cycles
under certain conditions, in which the population size
repetitively undergoes a near‐fatal collapse before rebounding,
eventually ending in extinction after multiple cycles—such a
behavior is reminiscent of the population dynamics of bacteria
under threat from antibiotics. Generalizations of the model into
numerous simultaneously evolving habitats have also been
studied, with exploration–exploitation migratory patterns between them enabling sustainable growth.[84]
The nomadic‐colonial model is but an example of manifested
behavioral and phenotypic diversity within biological populations, interpretable as a natural adaptation to improve population ﬁtness amidst environmental variability and resource
scarcity through risk diversiﬁcation. RPV in bacteria as studied
by Wolf et al.,[52,53] and the dispersal of oﬀspring between
diﬀerent sink habitats as studied by Jansen and Yoshimura[66]
(discussed previously in Section 2), are other examples.
Patently, all of these exhibit reversal behavior to produce
winning outcomes from originally losing odds. This raises a
question if the Parrondo's paradox can be more prevalent in
ecological systems than previously thought, especially considering the huge range of diversiﬁcation behavior exhibited by
wildlife. The answer is overwhelmingly likely to be positive.
One may note a point of similarity between the nomadic‐
colonial system by Cheong et al.,[41–43] the sink habitat system
by Jansen and Yoshimura,[66] and the forb–grass system by
Levine and Rees,[69] in that the paradoxical mechanisms all
involve a kind of storage eﬀect, wherein the recovery of a
collapsing population is made possible by placing some
individuals into what is eﬀectively a storage pool. The diﬀerence
is that while alternation between the primary and storage
subpopulations are driven by environmental ﬂuctuations in the
forb–grass and sink habitat systems, the same is achieved
through autonomous triggers in the nomadic‐colonial system
and the occurrence of reversal behavior is therefore not
contingent on extrinsic noise. Is the common presence of the
storage eﬀect a coincidence? In the simplistic pair of games that
were invoked to introduce Parrondo’s paradox in Section 1, a
loose analogue of the storage eﬀect can in fact be observed, if a
mixed game is considered as a linear superposition of the pure
games in a probabilistic sense. In the event of a loss in either of
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the pure games, the counterpart serves as an isolated storage
pool. When this storage is lost or insuﬃcient, such as when γ or
ϵ are beyond their feasible regions, the paradoxical eﬀect
disappears. This suggests the answer to be likely negative—
storage appears to be a potent mechanistic component in
realizing Parrondo‐like eﬀects.
3.2. Genetics and Evolution Can Escape Intuition
While Reed[57] had reported a Parrondo’s paradox in genetics
concerning the unexpected proliferation of alleles, a recent
study[85] concerns instead the mechanism of genetic pathways,
in particular genetic switches. Genetic switching refers to the
genetically programmed regulation of speciﬁc chemical reactions within a cell based on certain control inputs, in essence
enabling closed feedback for homeostasis and metabolic
processes. As critical as these switches are for cellular life, they
are inherently noisy, due in part to the stochasticity of
molecular kinetics at such a scale and also to the imperfect
sensitivity and accuracy of biological sensors. Through a
theoretical framework closely similar to the canonical Parrondo’s paradox, the study ﬁnds that noise can be greatly
suppressed if random combinations of noisy switches are used.
The model was suﬃcient to be ﬁtted to the lysis/lysogeny
decision‐making of bacteriophage λ in Escherichia coli, potentially veriﬁable through experiments.
Another intriguing result is that under certain conditions of
environmental stochasticity, it has been found that selection
favors biological sensors of lower accuracy.[86] The theoretical
model pertains to organisms that may choose, based on
biological sensor readings of limited accuracy, to either migrate
away from their present environment or to remain in place. In
the intermittent periods in each environment, the organisms
reproduce and die, and mutations between diﬀerent levels of
sensor accuracy can also occur. The study reveals that when the
environmental switching rate is within an intermediate range,
less accurate sensors are preferentially selected, despite having
lower individual ﬁtness in each environment. Mathematically,
similarities were observed between the imperfect sensors in the
model and the ratcheting second game in the canonical
Parrondo’s games, with the stochastic switching of the
environment acting to select between regressive and propulsive
branches of the game; the mean sensor accuracy level in the
model was also found to be analytically analogous to a convex
linear combination of strategies within probability space,
establishing a strong connection between the phenomenon
and Parrondo’s paradox. The development of lower‐accuracy
sensors was suggested to be an ESS, potentially explaining how
extensive sensory deﬁciencies had emerged and persisted in
biological life today, for instance blindness in eyeless cave ﬁsh
(Astyanax mexicanus) and moles (Talpa caeca).
It is extremely interesting to note that a condition for
bacterial RPV to be an ESS, as established by Wolf et al.,[52,53] is
that environmental changes must be at least partially unobservable by biological sensors—and it has now also been shown,
again through a form of Parrondo’s paradox, that the
development of inaccurate biological sensors may itself be
naturally selected for. This presents a nested form of
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Parrondo‐paradoxical phenomena, in which an occurring
paradox in a lower level of biological function may propagate
and feed further occurrences at higher levels. This glimpse of a
potentially hierarchical structuring of paradoxical eﬀects in
biology will be further discussed in Section 3.4.
3.3. Paradoxical Eﬀects Occur Broadly in Natural and
Anthropological Social Ecology
The introduction of multiagent variants of Parrondo’s paradox,[39] in which numerous players participate in shared games,
had suggested possible connections of the paradox to complex
networked systems. In particular, social interaction within
human communities and more generally behavioral dynamics
in biological populations, are frequently modeled on graphical
structures, with individual agents assessing available information and eﬀecting changes on their local neighborhoods. Such a
framework quite readily admits the inclusion of Parrondo‐like
games, and mathematical techniques to analyze such models
are also well developed in game theory and statistical physics.
One such model was developed by Ye et al.,[87] who studied a
multiagent social game in which participants trade capital
between themselves in accordance to a multitude of behavioral
modes, encompassing the Matthew eﬀect, cooperation, poor‐
competition–rich‐cooperation, and random patterns. The social

game was constructed as a linear combination of a zero‐sum
ﬁrst game and a losing second game, but winning outcomes
were found to be possible across all types of behavioral patterns.
Examining network topologies spanning 2D lattices, random
graphs, and scale‐free networks, a positive correlation was
found between the size of the region of parameter space that
elicits Parrondo’s paradox and the heterogeneity of the degree
distribution of the network, consistent with a qualitative
analysis of the interplay between node degree and the
agitation‐ratcheting mechanism underlying the paradox. Numerous other related multiagent models have also been
developed,[88–93] although their relevance to social dynamics is
not as prominent.
Separately, Koh and Cheong[94] investigated a multiagent
model where the gain and loss of capital is dependent upon
capital inequality between participants, rather than on the
absolute amount of capital a participant holds (Figure 6a). The
model was constructed such that individualistic and social
behavioral modes are incorporated; the latter characterized
over varying degrees of exploitative and cooperative tendency,
in which agents exploit weaker neighbors to beneﬁt themselves, or lend aid to weaker neighbors, respectively. It was
found that not only can the strong Parrondo eﬀect occur, in
that the mean capital of all participants increases despite both
games being losing, but also that the variance of capital
between participants can be suppressed, if not bounded

Figure 6. A multiagent model where capital dynamics is dependent on inequality between participants.[94] a) Flowchart of the game structure,
illustrating the inequality dependence. A random agent is chosen to participate at each round, and Δ is the diﬀerence between the capital of the agent
and the mean of his neighbors. b) Time evolution of average capital (solid lines) and capital standard deviation (dashed lines) in the ensemble,
showing the occurrence of the strong Parrondo eﬀect where both pure games are individually losing but mixed games are winning. c) Phase diagrams
in p1 − ϵ space across diﬀerent mixing factor γ showing regions of strong and weak Parrondo eﬀect and of bounded and unbounded inequality
growth. Mixed games are denoted fast if the capital standard deviation grows faster than both pure games, and slow otherwise.
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altogether under time‐invariant limits, despite both games
contributing to an increasing variance over time (Figure 6b,c).
For this reason, the model was termed doubly anomalous. The
weak Parrondo eﬀect[95] can also occur in borderline cases,
where individual pure games are fair or winning, but mixed
games yield enhanced outcomes nevertheless. Exploring the
balance between individualistic and social behavior indicates,
surprisingly, that fast‐growing inequality can almost be
completely eliminated with appropriate tuning, albeit at the
cost of shrinking paradoxical growth regimes in the explored
parameter space (Figure 6c). The theoretical results reﬂect a
parallel in the real world, where aggressive growth, sustainability, and inequality are commonly at odds with one another.
At the same time that Parrondo’s paradox allows desirable
outcomes to be produced from losing strategies, there is little to
suggest that the opposite phenomenon cannot occur, i.e.,
mixing seemingly winning strategies can yield undesirable
results. This is termed the anti‐Parrondo eﬀect, and has been
studied in certain social systems. Prominent examples include
the Braess paradox in transportation,[96,97] where adding routes
to improve traﬃc ﬂow can counterintuitively worsen traﬃc
congestion, and the Downs–Thomson paradox,[98,99] where,
because of the decision‐making of commuters between taking
public and private transport, improvements to reduce expected
road travel times can result in worse traﬃc conditions. In a
hypothetical scenario where three gunmen face one another in
a shoot‐out,[100,101] known as a truel, and its generalizations to
larger ensembles, the weakest gunman may face better odds of
survival if he does nothing; and in real‐world social settings,
greater perceived success of individuals has been found to
reﬂect diminishing actual skill,[102] potentially rendering
inadequately comprehensive assessments and interviews
acutely inaccurate. A recent study by Gunn et al.[103] has also
revealed a key statistical fallacy in which greater number of
positive results in experiments in fact indicate decreasing
certainty in the tested hypothesis, with broad‐ranging implications extending to the identiﬁcation of criminals and the
security of digital encryption. While many of these examples do
not correspond to the canonical Parrondo game‐theoretic
structure in a strict mathematical sense, the qualitative
characteristics match to a great degree, and Parrondo’s paradox
has emerged valuable as a unifying framework in understanding these unexpected phenomena.

3.4. Multiscale Nested Parrondo’s Paradox Can be a Universal
Foundation of Biological Life
Recently, Nelson and Masel[104,105] developed a general theoretical framework that suggested strongly the inevitability of
ageing in multicellular lifeforms. This is at odds with our
current understanding of ageing, theorized to be caused by
either pleiotropic constraints that complicate selection or
insuﬃciently strong selection to remove mortality‐associated
alleles, a particularly signiﬁcant component of the latter being
the “selection shadow” that onsets after ceasing reproduction,
where selection pressure cannot be eﬀectively imposed.[106]
Such an understanding suggests that ageing can be eliminated
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if certain optimal combinations of alleles are found, through
enhanced selection or genetic engineering. In contrast, their
theoretical framework indicates that ageing cannot be eradicated, even with perfect selection.[104] The reason lies in a
double‐bind between intercellular competition, senescence, and
the development of cancer—the high levels of intercellular
selection pressure required to suppress senescent cells promotes the proliferation of selﬁsh, potentially cancerous, cells,
which is fundamentally incompatible with the high degree of
intercellular cooperation required for the functioning of multicellular organisms.
A question then surfaces—how can multicellular lineages be
immortal or otherwise persist for very signiﬁcant timescales, if
the double‐bind restricts the eﬃcacy of genetic selection, and
the inevitability of ageing and death is indeed true? The authors
suggest a resolution in the same paper.[104] The key is that most
multicellular organisms undergo an alternation in life history
stages, in that there is always a unicellular bottleneck in the
process of reproduction. In the unicellular stages, strong
selection can purge mutations that impair unicellular function,
including metabolic deﬁciencies and senescent traits; and in the
multicellular stages, intercellular competition can be reduced to
keep noncooperative cell growth under control. Such a process
appears to be a close analogue of Parrondo’s paradox—two
individually losing games, life stages in this context, intercalated to produce an overall winning outcome.[107] Cellular
vigor and cooperative traits are respectively ratcheted forward
during the alternating unicellular and multicellular phases, in
what is eﬀectively a manifestation of the agitation‐ratcheting
mechanism.
A series of scientiﬁc correspondences were published on
these ﬁndings.[105,107,108] The sheer scale of the suggested
phenomenon is staggering—Parrondo’s paradox, in regulating
intercellular selection pressure and thereby enabling the
survival of lineages, becomes a necessary condition for multicellular life to persist. But this is not all, for a separate
investigation by Libby et al.[109] suggests that the emergence of
multicellular life itself is a result of ratcheting eﬀects. The study
examined a nascent multicellular lineage growing in an
environment that ﬂuctuates between favoring multicellularity
and unicellularity, and showed that two types of ratcheting
mutations, the ﬁrst increasing multicellular ﬁtness at costly
expense in unicellular contexts and the second reducing
multicellular to unicellular reversion rates, can greatly stabilize
the evolutionary transition from unicellularity to multicellularity. Apparent synergistic eﬀects were also observed, in which
the occurrence of one type of mutation creates the conditions
favoring the other, thereby allowing these mutations to
eﬀectively serve as anchors that retard transition reversal. The
combined verdict is that the very existence of multicellular life,
in both emergence and survival thereafter, appears contingent
upon the paradox.
The great prima facie signiﬁcance of these results for our
view of biological reality, when considered in conjunction with
the multitude of discoveries in adjacent ﬁelds, prompts a
further speculative generalization. We have observed the
presence of Parrondo’s paradox in the smallest of spatial scales,
facilitating genetic processes[57,85] and cellular function at a
molecular level,[59,60] to the largest of scales in entire
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ecosystems, where populations survive disadvantageous extrinsic conditions or outcompete one another by exploiting
paradoxical eﬀects in various forms.[41,43,55] At each intermediate scale between these extremes, the paradox similarly appears,
for instance, in populational phenotypic response to environmental conditions,[52,53] and now in intercellular dynamics in
organisms.[105,107,108] Across timescales as well, Parrondo’s
paradox appears widely distributed and almost always present.
Molecular processes, for instance genetic and protein functions
within cells, occurs over nanoseconds to microseconds, but the
evolution of phenotypic traits and the survival–extinction
dynamics of populations occur over thousands, if not hundreds
of thousands of years. The simultaneous occurrence of the
paradox across spatial and timescales seems to reﬂect a
recurrent hierarchy,[107] ultimately responsible for the three‐
billion‐year endurance of the living state and the enormous
diversity of the biosphere.

3.5. New Perspective Hints at Possible Dangers of
Biotechnology
The permeating role of Parrondo’s paradox in the viability of
multicellular life and its profound connections to ageing and
death (Section 3.4) suggests due caution in an era of explosively
advancing biotechnology. The double‐bind mechanism,[104,107]
while theoretically general across multicellular life, cannot be
immediately interpreted as a negating proof against the
possibility of delaying or eliminating aging in humans, for
the reason that genome editing, if suﬃciently advanced, can be
used to enhance individual cellular vitality while preserving
cooperative traits. Our diminishing reliance on natural selection in favor of intelligent design may exempt us from the
double‐bind, just as players in a video game are exempt from
their binding rules when the principles of their world are
overwritten by external hacks—but this assumes, to a great
extent, that the balance between cellular vitality and intercellular cooperation is appropriately maintained. A misbalance
will tilt the scales of the double‐bind and culminate in a
backﬁre, potentially observable only across a timescale of
numerous generations.[110]
It is also noted that while humanity may overcome the
limitations of natural selection through artiﬁcial means, the
vast remainder of the natural biosphere cannot. The eﬀects of
genetic editing on wildlife must hence be carefully weighed.
The programmed death postulate on the evolutionary origins of
aging proposes that senescence and death are programmed into
the life cycle by positive selection, in order to free resources for
future generations bearing adaptive mutations;[106,111,112] this
suggests that the life cycles of diﬀerent species represent
complex optimizations in the ﬁtness trade‐oﬀs between longevity and mortality. Further, the enormous breadth of
unexpected processes in genetic and ecological evolution
discussed thus far, such as the paradoxical coexistence of
populations,[41,43] the selection of seemingly ill‐adapted phenotypes,[52,53,86] and the anomalous proliferation of alleles,[57]
paints a complex landscape of biological mechanics that may
not always be foreseen when eﬀecting biotechnological
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interventions. Compounding onto this highly convoluted
problem is our imperfect understanding of genetic dynamics
at the current moment, especially concerning pleiotropic
eﬀects. Even if genetic editing, by clustered regularly interspaced short palindromic repeats (CRISPR) or other technologies, were to be free of oﬀ‐target errors—a goal towards which
rapid progress is being made[113,114]—great caution should be
exercised in considering the eco‐evolutionary implications of
our modiﬁcations. The enormous potential of biotechnology
demands equivalent care and responsibility as research eﬀorts
continue.

4. Conclusion and Outlook
Apparent paradoxes and puzzles have consistently fed our
curiosity throughout the history of science, their resolution
revealing unifying principles and previously neglected fundamental mechanics invaluable in advancing scientiﬁc progress.
In order to describe and understand life on life’s terms,
mathematical biology faces the challenge of untangling layers
upon layers of stupendous nonlinear complexity—and in such
circumstances, it might not be surprising to ﬁnd occurrences
such as Parrondo’s paradox, where natural intuition fails and
we are forced to re‐evaluate the basis of our scientiﬁc
expectations.
The conjecture that Parrondo’s paradox permeates biology
implies that a large number of examples and manifestations of
the paradox remain to be uncovered. It is certain that more of
these will be discovered, some more striking than others in
their perceived impossibility, and some ﬁtting into the as yet
incomplete picture as connecting arches bridging across
disciplines and phenomena once thought distinct, the trend
of which is now apparent from the discussion in this review
paper (Sections 3.1–3.5). But more than individual pieces and
more than the mere ﬁlling in of a jigsaw puzzle, developments
in Parrondo’s paradox to date have revealed a potential unifying
fundamental characteristic of life itself, more valuable to our
understanding of nature than any of its individual components.
That the biosphere might be supported by countless layers of
Parrondo‐paradoxical eﬀects, each ingesting inevitably losing
strategies and producing enhanced, possibly winning, outcomes at a slightly larger temporal or spatial scale for the layer
above, oﬀers a fresh perspective on our view of nature and of
ourselves. Attempting to visualize the structure of these
mechanisms might yield a hierarchical, to some extent
fractal‐like, pattern, spanning from hugely macroscopic spatial
scales of entire ecosystems to the molecular inner workings of
cells, and from the million‐year timescales of evolution to sub‐
microsecond genetic and molecular processes. Every cell,
organism and species, and species assemblages and ecosystem,
is necessarily mortal, yet the biosphere persists.
The road ahead beckons the extension of research in broad
biological contexts, in order to probe this nested underlying
pattern. Parrondo’s paradox is now known to be closely tied to
adaptive evolutionary bet‐hedging,[115,116] especially involving
stochastic switching or dispersion between inevitably disadvantageous states or phenotypes, potentially over multigenerational
timescales in ﬂuctuating environments. Deepening investigations
to include coupling between simultaneous bet‐hedging
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phenomena in numerous populations, across nested layers of
bet‐hedging or over unexplored timescales may yield new
ﬁndings. When considering selection over numerous spatial
and temporal scales, a question of the appropriateness of the
arithmetic mean ﬁtness and geometric mean ﬁtness models[117,118] also arise—the former stipulates the optimization of
average oﬀspring ﬁtness, whereas the latter stipulates optimization of the variance of oﬀspring ﬁtness, both leading to enhanced
survivability but through very diﬀerent eﬀected evolutionary
routes. At the same time, it is arguable with our current
understanding that the target of phenotypic selection is in fact the
entire life cycle,[119,120] a dynamical object traversing numerous
developmental regimes and not simply the adult state of
reproductive competence; how, then, to accurately characterize
and describe ﬁtness and the mechanics of selection? Many
questions remain and many answers lie in wait to be found.
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