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                                         The Game Theory of Plant Survival and Fitness 

 In a world abundant with greenery, it is easy to overlook the dynamic nature of plants and 

presume the passive, isolated lives they appear to hold. From the tropical rainforests to the 

deciduous woodlands, plants are ostensibly everywhere, acting as stationary elements in their 

environments and creating the platform for the active lives of animals. Though on a much slower 

scale, plants nonetheless play an equally important role in this world, constantly shaping and 

changing the land in which they call home. Plants interact with each other, often competitively, 

and challenge the fitness of others in their locality. In fact, they make decisions, responding 

accordingly to different stimuli and exhibiting self-recognition of their surroundings. Making use 

of game theory, plants utilize complex strategies and techniques in an effort to outperform their 

competitors and best support their own survival. Despite lacking a brain, plants indeed play 

games that involve learning and memory which force competition amongst other individuals. 

They display behaviors that not only benefit themselves, but also hinder or support other 

members in their environment. Through the notion of game theory, one can give evidence for the 

intelligent nature of plants and explain their intricate behavior in the presence of competition, 

employing various strategies that best optimize their own fitness. 

 As Darwin noted during his studies, natural selection and “survival of the fittest” first 

occurs on an individual level amongst members within a population. Game theory can account 

for the multitude of different strategies employed by a population of individuals when faced with 
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competition. Just like a businessman seeking to maximize his profits, members of any population 

must be cognizant of others seeking to achieve the same thing (gather food, find a mate, build 

shelter, etc.) and their actions are highly dependent upon the actions of those around them. Plants 

are no exception to this, communicating and interacting just like animals. It is true that there 

exists a wide variety of variation in any large group and natural selection indeed favors certain 

traits over others. However, one cannot disregard the game theory of how each individual utilizes 

their predisposed traits when competing with each other and resultingly, how the success of one 

individual greatly depends on the behavior of everyone else. The fact of the matter being, game 

theory and competition go hand in hand. An evolutionary biologist might argue that due to 

natural selection over millennia, the behavioral responses of organisms are fixed and 

predetermined. Contrastingly, the new modern approach considers that each individual is unique 

and reacts accordingly to each specific situation. As Anthony Trewavas states, “Genes can only 

set the boundaries of behaviour; there is plenty of behavioural plasticity allowed within those 

boundaries” (Trewavas 169). This updated perspective on organisms recognizes them as 

intelligent creatures that can sense their environments and effectively take control of their actions 

(Trewavas 168-9).  

 On the premise of game theory, certain theories and concepts prove universal under any 

circumstances and equally apply to the discussion of plant fitness. At the heart of any game 

theoretical scenario lies the ‘Nash equilibrium strategy’, one that encompasses all strategies 

carried out by each individual. As alluded to earlier, it says that in order to optimize one’s 

chances at success, the best strategy is the best response to the set combination of strategies used 

by all other individuals within the population. One can conclude that organisms in the wild must 

interact and respond to one another to best support their chances at survival (Trewavas 169). The 
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subject of Nash equilibrium closely relates to the concept of the Evolutionarily Stable Strategy 

(ESS). An ESS holds as the most dominant and successful strategy (or collection of strategies) in 

a population and resists change from any new “mutant” strategies that may be introduced. 

Striving for what is known as convergence stability, populations tend to drive themselves toward 

an ESS and discourage anything less than ideal. Those who exhibit the ESS display the best 

chances at survival and reproduction, whereas those that do not display a reduced fitness level 

and are slowly filtered out of the population (McNickle 546). Another concept in game theory 

favors altruistic behavior and cooperation amongst individuals, a game known as “tit-for-tat”. In 

what leads to a chain event, often the best strategy is to work together and maximize each other’s 

success. The “tit-for-tat” game first requires a positive interaction between two (or more) 

individuals, and each subsequent interaction recognizes and responds cooperatively to the first. 

In a test performed using the wild flower Cakile edentula, sibling plants grown in the same pot 

showed significantly less competition for soil space amongst their roots. With each plant keeping 

to their own respective area, they saved energy otherwise lost to competition and yielded more 

seeds than “non-sibling” plants that fought over soil space when grown together (Trewavas 169).  

 On the topic of plants and soil space, there exists much game theory behind the 

deployment of roots and the belowground competition for resources. For most plants, the 

positioning of their roots and the optimal root density is heavily dependent on whether or not 

other competitors are in the vicinity. In the absence of competition, a plant need only produce 

enough roots to safely secure itself to the soil and sufficiently obtain required resources. 

However, a plant whose strategy was to conserve energy and produce the bare minimum amount 

of roots faces risks from nearby plants or new plants that may sprout in the future. A neighboring 

challenger’s strategy might be to increase root production, beyond what is necessary, in order to 
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challenge the soil space from plants nearby. In the case of competing against a bare minimum 

producer, the one that produced extra can effectively steal nutrients from the other plant. As a 

result, that plant weakens and eventually dies and the plant that produced extra roots now has 

apparently double the soil space to obtain nutrients (McNickle 548). This situation, however, is 

rarely what actually occurs. In reality, two neighboring plants, for example, will likely battle it 

out with each other. Each plant attempts to maximize its own nutrient gain by growing toward 

the other’s soil space and increasing root production in that direction, leading to what is known 

as a “Tragedy of the Commons” scenario. Compared to unchallenged plants, competing 

individuals display a reduced viability and productivity due to extra expenditure of resources 

devoted to increasing root production. In this situation, neither competing plant benefits. 

However, failure to compete would equate to handing over precious nutrients and resources to 

the challenger and suffering an even greater productivity loss. It is better to proliferate into a 

neighboring plant’s space and try to acquire extra resources than lie in waiting in one’s own 

space and risk attack from competitors. Though neither plant wins, they must still compete or 

else concede victory and allow one to benefit from the other’s loss (Trewavas 171).  

 In an experiment to demonstrate these interactions, a box of soil was constructed with a 

removable dividing board at the center. A soybean plant was grown on either side of the board 

and each had its own section of soil, thus facing no risk from competition. The divider in center 

could easily be removed, doubling the amount of soil space shared for each plant. As expected, 

plants that shared their soil space, called sharers, could sense the neighboring plant and increased 

root production in that direction. Soybeans that were grown with the divider in place, called 

owners, faced no competition and uniformly grew roots within their allocated section. As game 

theory suggests, owners produced a higher seed yield than sharers due to sharers spending more 
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resources on increased root production while not gaining added resources in return. In addition, 

these findings highlight the intelligence of plants and their ability to recognize various signals in 

their environment and respond accordingly. In different situations, the soybean roots behave in 

different ways to best optimize the fitness of the plant as a whole (Hammerstein 985).  

 In an effort to counter the extra energy expenditure from competition, some plants have 

adopted symbiotic relationships with microorganisms beneath the soil. These plants, known as 

“nitrogen-fixers”, secrete chemicals and organic molecules in the soil that invite bacteria, known 

as rhizobia, and fungi, known as mycorrhizae, to penetrate and infect their roots. In exchange for 

carbohydrates (sugars) and vitamins that the plants produce via photosynthesis, the rhizobia and 

mycorrhizae provide vital nutrients for the plants that they otherwise cannot obtain. The fine 

network of hyphae from the mycorrhizal fungi take up elements like phosphate, zinc, and copper 

and transfer them into roots cells. The rhizobia convert atmospheric nitrogen from the air into a 

usable form that the plant can absorb, acting as fertilizer (Trewavas 173). In this scenario again, 

game theory returns because there exists an optimal level of investment with the mycorrhizal and 

rhizobial interactions. Too low of an expenditure by the host plant could result in a shortage of 

essential nutrients inaccessible to the plant, whereas too high of an investment could mean 

wasting energy on overproduction of carbohydrates. Regardless, the plant must ensure that the 

investment to host these microorganisms entails a net positive effect on its overall health. For 

these specific plants, microbial interactions directly supply much of their nutrients and their 

mutualistic partners cannot survive without them (McNickle 552). Interestingly, host plant can 

take advantage of that fact and force cooperation with their mycorrhizal/rhizobial partners. Since 

plants usually have several species of mycorrhizae within their roots, some species may attempt 

to cheat the system and take advantage of their hosts. Essentially becoming free riders, some 



 6 
 

mycorrhizae might try to manipulate their hosts into providing a “free” source of food, while 

returning little nutrients in exchange. The plants, however, are intelligent and can recognize 

when the costly expenditure in sugars does not match the return in nutrients. They can twist the 

game in their favor and only produce an amount of carbohydrate that matches the intake in 

phosphate. Thus forcing compliance amongst the mycorrhizae, the plants can produce less sugar, 

or even none at all, when phosphate intake does not add up. As a result, they may ensue 

competition between the various mycorrhizal species and punish the cheaters out of the 

mycorrhizal network (Trewavas 173).  

 While discussing the effects of microbial interactions on plant fitness, it is important to 

consider a unique phenomenon that occurs in tropical rainforest. Nitrogen-fixing trees utilize 

rhizobia to convert nitrogen in the atmosphere into a usable state as nitrate. These kinds of trees 

flourish in the nitrogen-rich soils of the rainforest, but are not long-lived or frequent in the 

nitrogen-poor soils of temperate forests. These facts beg to question the mystery of why the 

opposite is not true. These trees fail to thrive in seemingly ideal environments and literally 

become overshadowed by non-nitrogen fixing trees. Yet they prosper where they should not and 

soundly compete in tropical areas. The reasoning rather counter-intuitive, Lars Hedin describes:  

Tropical nitrogen-fixing plants are smart enough to know when to use costly nitrogen 

fixation to compete with neighboring plants, and when to turn it off, as if they are sentient 

beings. Nitrogen fixers in non-tropical zones are initially super competitors but end up 

fueling their own demise. Because their fixation is not strategic in the long term, they 

spread nitrogen around to their neighbors and their neighbors overcome them. (Kelley 2) 

To clarify, nitrogen-fixing trees in tropical forests use rhizobia to give a nutrient boost during 

early stages of growth. The trees eventually stop fixing nitrogen once levels become sufficiently 
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high and they have grown to a certain maturity level. The stopped production allows for the tree 

to save energy that would have gone to nitrogen fixing and transfer that to stem and leaf 

production to better compete for sunlight. In temperate forests, nitrogen levels never become 

sufficiently high, so the trees must continuously expend energy to generate it for themselves. 

Doing so hinders their own growth, while inadvertently boasting the growth of surrounding trees. 

In this environment, nitrogen-fixers never thrive and are easily beat out by competitors that put 

out less energy and benefit from the extra nitrogen. As demonstrated here, nitrogen-fixing trees 

in tropical areas skillfully employ game theory and enact best strategy for when to fix nitrogen 

and when to stop (Kelly 1). 

 Arguably the most conspicuous aspect of plants, their shoots and what we see growing 

above the ground maintain the most dramatic examples of strategic game play. As undeniable as 

it seems, the battle for sunlight amongst plants remains a clear representation of game theory at 

work. Above ground, the environment is exponentially more variable than that experienced by 

the roots. The shoots of plants face significantly more external variability from factors such as 

weather, light, herbivory, disease, etc. Additionally, the decisions a plant makes for its shoots 

regarding growth and development must lie at top priority, for without sunlight and the ability to 

photosynthesize, none of the plant would survive. The basic goal for a plants’ shoots is to 

maximize its access to sunlight and position its leaves in the optimal direction to achieve that. 

Now in the case of several plants clustered together vying for sunlight, competition inevitably 

erupts and game theory decides the best strategy for each plant to carry forth (Trewavas 176-7). 

With several plants growing close to each other, the slightly taller plant gains the upper hand, 

shading its neighbors and ensuring the most light. Of course, the plant that absorbs the most 

sunlight is deemed most fit, leading to a higher rate of reproductivity. Over millions of years, the 
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battle for sunlight and natural selection has given birth to the towering California redwoods we 

know today. But on a day-to-day time basis, competition forces neighboring plants to elongate 

their stems and shift their growth in the direction of the most sunlight (McNickle 547). That 

being said, plants must act smart and cannot simply grow tall for no apparent reason. They must 

make a trade-off between increasing leaf area for sunlight exposure over the resources and 

nutrients required to build a lengthy stem. Increasing shoot length increases the structural costs 

to maintain and support it, in addition to consuming energy that could have been devoted to seed 

production. Though less apparent, an increase in height also increases risks that include harm 

from wind throw, herbivory from animals, and susceptibility to disease and weather damage. The 

photosynthetic advantage gained from increasing height depends largely upon the presence of 

surrounding competitors and foliage density (Trewavas 177). The tallest pine tree in a dense 

forest has no more access to sunlight than a wildflower in an open clearing. With that in mind, 

the competitive advantage in reaching sunlight should be a contest of relative height rather than 

absolute height. Meaning, the tallest plant in relation to its surrounding neighbors maximizes its 

fitness by optimizing sunlight exposure while minimizing height-related costs (McNickle 548).  

 With these facts in minds, we witness yet another example of the Tragedy of Commons 

scenario at play. In the race for sunlight, if surrounding plants continuously exhort energy to 

increase shoot length in order to obtain more sunlight, neither “wins” and all participants end up 

hindering their growth and productivity by wasting energy on height. As Gordon McNickle 

states, “If individual plants could somehow ‘agree’ not to engage in height-structured 

competition and instead formed communities that were short sheets of ground-level, … each 

plant would have more photosynthate to devote to other processes such as reproduction” 

(Mcnickle 548). As seen in agriculture, selectively cultivating dwarf varieties of crops has led to 
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increased yield of produce and size. Unfortunately for plants in the wild, natural selection cannot 

simply form all diminutive sized plants. Variation will undoubtedly lead one plant to grow 

slightly taller than the rest. The driving force for plants to increase height is the incentive to keep 

up with their neighbors and not become literally left behind in their shadows. When that 

incentive is not there, plants have no reason to spend extra resources for height and can safely 

remain short in stature (McNickle 548).   

 Disregarding competition, individual plants themselves utilize much game theory to 

independently give themselves the best access to light. Firstly, plants are smart enough to realize 

that holding overlapping leaves subsequently shades themselves and reduces access to light. 

Thus especially in dimly lit environments, plants typical grow a monolayer of leaves, arranging 

them so as to avoid overlap and prevent self-shading. Furthermore, plants, and young plants in 

particular, will orient themselves in the optimal direction to catch the most sunlight. Seedlings 

can intelligently sense the light and position their leaves and branches toward that light, still with 

almost no overlapping leaves. In a crowded forest, one a can find an almost circle of sapling 

trees growing in a central direction should a gap open up in the canopy allowing sunlight to 

penetrate the forest floor (Trewavas 177-8). Finally, it is noted that more often than not, higher 

access to sunlight positively correlates to greater exposure to open air. An increase in air 

exposure gives the plant a higher chance at reproductive success. For example, a flower that is 

more open to the air versus one tucked away in a crowd of leaves has a greater chance of 

detection by a pollinator. Additionally, that same flower, once pollinated, has a greater chance of 

wind blowing away its seeds, if they are equipped with wind-travelling structures, or if it 

produces a fruit, a greater chance of an animal consuming the fruit to later disperse it elsewhere. 

As a side note, plants must play strategic games in determining the size and number of seeds 
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produced. There are trade offs in that larger seeds have a higher chance of survival and 

germination, but creating larger seeds reduces the total number that can be produced and the 

amount of external areas the offspring could have inhabited. Opposingly, a plant can produce 

more seeds if they are smaller, but their survival rate decreases with size (Hammerstein 942-3).  

 With the intelligent and often uniquely creative behaviors exhibited throughout the plant 

kingdom, game theory offers an explanation for how plants strategize their actions and compete 

to best favor their chances at success. Game theoretical models connect traditional ideas to real 

interactions among plants in their race to grow and reproduce. As with any race, there are some 

that win and others lose. Though complex, plants utilize numerous intricate strategies to 

maximize their fitness and better their shot at reproduction when faced with competition. 

Clearly, many of these strategies involve trade-offs, often having to sacrifice one thing for the 

sake of bolstering something else. Nonetheless, plants make sense of their surroundings, 

recognizing other individuals and learning how to interact with them. Over time, this intelligent 

behavior and the developing nature of plants has led to the living works of art we know and see 

today.  
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