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Evolutionarily Stable Strategy (ESS)

The Core Definition of ESS

The Evolutionarily Stable Strategy (ESS) is a central concept in evolutionary biology and

behavioral ecology, derived from the mathematical discipline of game theory. It defines a

behavioral strategy or mixture of strategies that, if adopted by almost all members of a population,

cannot be successfully invaded or replaced by any rare, alternative mutant strategy. In simpler

terms, an ESS represents an equilibrium state where the prevailing behavior is optimal given that

everyone else is also using that behavior, ensuring its persistence across generations.

The fundamental mechanism behind the ESS concept lies in its focus on fitness maximization

relative to the environment, which includes other individuals within the population. Unlike classic

optimization models that assume individuals maximize fitness against a fixed, external

environment, ESS recognizes that the optimal strategy for an individual depends critically on what

strategies the other members of the population are employing. If a strategy is an ESS, any

individual who deviates from it will, on average, receive a lower payoff (i.e., lower reproductive

fitness) than those who adhere to the established strategy. This ensures the stability of the

behavioral pattern over evolutionary time.

A crucial realization facilitated by the ESS model is that evolution does not always lead to a single,

monolithic optimal strategy for every member of the species. Often, the ESS is not a pure strategy

but a mixed strategy, where individuals either randomly switch between two or more behaviors, or

the population consists of a stable proportion of individuals committed to different, specialized

strategies. This elegant solution explains how behavioral diversity, or polymorphism, can be

maintained indefinitely within a population, directly addressing the paradox of why suboptimal

behaviors sometimes persist.

Game Theory and the Mathematical Foundation

The formal definition of an ESS requires mathematical rigor rooted in non-cooperative game

theory. A strategy I is an ESS against a competing strategy J if the expected payoff (W) of I against

itself is strictly greater than the expected payoff of J against I. If the payoffs are equal, then the

strategy I must also yield a strictly higher payoff against the invading mutant J than J yields against

itself. This condition ensures that even if a mutant strategy initially succeeds against the

established strategy, it will not thrive once it begins competing primarily against itself.

This mathematical framework allows researchers to model interactions where the outcome

depends on the simultaneous choices of all participants. Payoffs are often represented in terms of

"fitness," which is the measure of an organism's relative reproductive success. The ESS concept

provides a powerful predictive tool for behavioral ecologists, allowing them to hypothesize which
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behaviors, such as levels of aggression, parental investment, or mating tactics, will stabilize under

specific ecological constraints. The stability defined here is not merely ecological stability but

evolutionary stability, meaning it resists selection pressure favoring alternatives.

The relationship between the ESS and the classic Nash Equilibrium (NE) from conventional game

theory is important yet distinct. An ESS is essentially an evolutionarily stable refinement of the

Nash Equilibrium. In a two-player game, if both players adopt strategies that form a Nash

Equilibrium, neither player can benefit by unilaterally changing their strategy. The ESS adds the

biological layer: the strategy must also be uninvadable when rare. While every ESS is a Nash

Equilibrium, not every Nash Equilibrium is an ESS, as the ESS specifically accounts for the

dynamics of natural selection and the consequences of mutation.

Historical Context and Development

The concept of the Evolutionarily Stable Strategy was formally introduced in 1973 by British

theoretical biologist John Maynard Smith and American geneticist George R. Price. Their

groundbreaking work, particularly through the publication of "The Logic of Animal Conflict," sought

to apply rigorous mathematical methods, previously used primarily in economics, to resolve long-

standing puzzles in animal behavior, especially aggression and cooperation.

Prior to the ESS, behavioral ecology struggled to explain observed levels of animal aggression.

Simple optimization models suggested that animals should always fight to the death to secure

resources, yet field observations frequently showed ritualized fighting and de-escalation. Maynard

Smith and Price recognized that the fitness payoff of aggressive behavior was density-dependent

and opponent-dependent. If an animal chose to be maximally aggressive, it would do well against

timid opponents but would incur high costs (injury or death) against equally aggressive opponents.

This realization necessitated a frequency-dependent model, which John Maynard Smith formalized

using the structure of game theory.

The Hawk-Dove Game, detailed below, was the seminal theoretical model used to illustrate the

ESS principle. It demonstrated mathematically that a mixed population of aggressive "Hawks" and

passive "Doves" could achieve a stable equilibrium where neither strategy could outcompete the

other entirely. This work profoundly shifted the paradigm in sociobiology, moving the focus from

group selection or simplistic individual optimization to frequency-dependent selection and strategic

interaction.

Practical Example: The Hawk-Dove Game

The Hawk-Dove Game is the quintessential illustration of an ESS. Imagine two individuals

competing for a resource of value V. There are two potential strategies: Hawk (H), which fights

aggressively until injured or the opponent retreats, and Dove (D), which displays aggression but
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retreats immediately if the opponent escalates the fight. The outcomes are measured in fitness

units (payoffs):

If Hawk meets Dove: Hawk wins the resource V; Dove gets 0.

If Dove meets Dove: They share the resource V/2, incurring no cost.

If Hawk meets Hawk: They fight, and one wins V while the other incurs a severe cost C (for injury).

The average payoff for both is (V - C) / 2.

If the cost of fighting (C) is greater than the value of the resource (V), neither a purely Hawk

population nor a purely Dove population is stable. A pure Dove population is easily invaded by a

single mutant Hawk, as the Hawk always wins V. Conversely, a pure Hawk population yields very

low average fitness because the high cost C is incurred constantly, making it vulnerable to invasion

by a Dove, which avoids injury.

Calculating the ESS Payoffs

The mathematical analysis reveals that the only Evolutionarily Stable Strategy (ESS), when C > V,

is a mixed strategy. This mixed strategy dictates that individuals adopt the Hawk strategy with a

probability P, and the Dove strategy with probability (1 - P). The specific stable frequency is

calculated as P = V / C. This means that the stable proportion of Hawks in the population is directly

determined by the ratio of the resource value to the cost of the fight.

Let's use a step-by-step application based on hypothetical values. Assume the resource value V =

10 and the fighting cost C = 20. Since C > V, the mixed strategy ESS applies. The stable frequency

of the Hawk strategy, P, is 10 / 20 = 0.5. Therefore, the ESS is a population where 50% of

interactions are Hawk behavior and 50% are Dove behavior (or where every individual plays Hawk

50% of the time). At this equilibrium, the average payoff for adopting the Hawk strategy equals the

average payoff for adopting the Dove strategy, meaning there is no selective advantage for a

mutant to shift away from this proportion.

The existence of this mixed ESS provides a powerful explanation for the common observation of

ritualized aggression in nature. Animals often display varying levels of aggression--some

escalating quickly, others retreating--which maintains this stable balance. If too many individuals

became Hawks, the cost of fighting would skyrocket, favoring the survival of the rarer Doves. If too

many became Doves, the resource would be too easily won by the rarer Hawks, increasing their

fitness. The ESS ensures that the two strategies maintain a stable, non-zero frequency, accounting

for diversity in competitive behaviors.

Significance in Behavioral Ecology and Psychology

The ESS concept is arguably one of the most influential theoretical developments in modern
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behavioral ecology and Evolutionary Psychology. Its primary significance is that it provides a

necessary theoretical bridge between individual selection and complex social behavior. By

focusing on frequency-dependent fitness, it provided the first satisfactory mathematical model for

explaining phenomena such as stable polymorphisms, cooperation among non-kin, and the

evolution of communication signals.

In psychology, the ESS framework has been indispensable for understanding human behavioral

strategies. It helps explain why diverse personality traits related to risk-taking, cooperation, and

honesty can coexist in stable proportions within human societies. For instance, the stability of a

certain level of psychopathy or Machiavellianism might be modeled as an ESS, where the benefits

of these exploitative strategies decrease sharply as their frequency in the population increases,

thereby preventing their fixation.

Furthermore, the ESS has practical applications in understanding complex social dilemmas. It

provides a formal basis for analyzing why certain social norms or conventions--like driving on the

right or left side of the road--become fixed. Once a social convention reaches an ESS, the cost of

deviation (e.g., incurring an accident) is so high that no rational or evolutionary advantage exists in

changing the strategy unilaterally, even if an alternative convention might theoretically be slightly

superior.

Connections to Related Concepts and Broader Fields

The Evolutionarily Stable Strategy (ESS) is intrinsically connected to several broader psychological

and biological fields. It belongs squarely within the subfield of Evolutionary Psychology, which

seeks to understand human mental and psychological traits as evolved adaptations shaped by

natural selection. ESS helps model the selective forces that maintain behavioral variability in

humans.

The concept is also closely linked to the study of frequency-dependent selection. This form of

selection occurs when the fitness of a phenotype depends on its frequency relative to other

phenotypes in a given population. ESS provides the stable endpoint for this process, detailing the

precise frequencies at which no further selection occurs. Examples include predator-prey

dynamics, where the fitness of a rare coloration pattern might be higher than a common one,

leading to cyclical or stable coexistence of multiple patterns.

Finally, ESS models frequently incorporate elements of cooperation and altruism, particularly

through extensions of the Prisoner's Dilemma game. While ESS initially modeled conflict, its

principles were extended to show how cooperation could become stable if the interactions were

repeated (leading to strategies like Tit-for-Tat) or if individuals possessed mechanisms for

recognizing and punishing cheaters. This demonstrates how complex social behaviors, crucial for

human societal structure, can achieve evolutionary stability.
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Sociobiology: ESS provided the mathematical underpinning for many sociobiological hypotheses

regarding animal and human behavior, offering measurable predictions about stable behavioral

ratios.

Behavioral Economics: It influences models of decision-making, especially in competitive market

scenarios or bargaining games, where an individual's optimal strategy is contingent on the

expected behavior of others.

Clinical Psychology: Principles of stable conflict resolution, modeled by ESS, can inform

therapeutic approaches to understanding persistent dysfunctional interactive patterns within

families or groups.
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