
important in development, most developmental signals 

can be understood not as conveying information about 

the animal’s environment, but rather the local environ-

ment of a cell within the animal.

Th e idea that evolution of behavior occurs by changes 

in signaling pathways raises a question. I have implied 

that a mutation that increased the activity of the DAF-2 

insulin/IGF receptor might make the worm more fi t for 

environments in which food is abundant. But the activity 

of DAF-2 is regulated in real time by food abundance. 

Doesn’t this behavioral fl exibility trump genetic adapta-

tion? Wouldn’t the fi ttest organism be one that can adapt 

to any environment it will encounter?

Th e answer is sometimes yes, sometimes no. Flexibility 

has costs (Box 2). Th e Worm for All Seasons, capable of 

responding to every environmental change that it is likely 

to encounter during its long-term evolution, will not 

necessarily be fi tter than a less fl exible worm able to 

respond behaviorally only to those changes that occur 

frequently in its environment.

Is it true?

Are these genes really the volume knobs that are turned 

by the evolution of behavior? To my knowledge, this has 

not yet been tested in C. elegans. (However, the idea is 

consistent with work suggesting the importance of 

oxytocin/vasopressin signaling in the regulation and 

evolution of monogamy in voles [38] and possibly even in 

humans [39].) Unfortunately, although genes such as 

daf-2 and egl-4 may be particularly important in the 

evolution of behavior, it is unlikely that the mutations 

that have been studied in the lab are. Most of these 

mutations were found in screens biased towards large, 

obvious eff ects. In most cases the mutant worms are 

obviously crippled by changes in gene activity that are far 

too large (null mutations, for instance) and would not be 

competitive in the wild.

Th e hypothesis could be tested, however. First, labora-

tory evolution experiments or recombinant inbred lines 

could be used to identify genes that confer an advantage 

under selection for changed behavior. It is particularly 

Box 2: The cost of fl exibility

Henry Ford was aware of the cost of fl exibility. He wrote:

“Therefore in 1909 I announced one morning, without any previous warning, that in the future we were going to build only one model, 

that the model was going to be “Model T,” and that the chassis would be exactly the same for all cars, and I remarked:

‘Any customer can have a car painted any colour that he wants so long as it is black.’ “ [43].

Ford knew that, all other things equal, he could sell more cars if he produced red and black than if he made only black. But he also knew 

that if he produced red cars, it would make black cars more expensive. Flexibility has three (at least) types of costs: overhead, information 

and error. These can be illustrated with an example.

Imagine you are a bird nesting on the side of a mountain. The weather varies unpredictably from day to day: 50% of the days are hot, and 

50% are cold. Every morning you choose to spend the day hunting for food either on the mountaintop or in the valley. If you go to the 

mountain on a cold day, you freeze to death; if you go to the valley on a hot day you die of heat exhaustion. From the temperature in the 

morning you can guess the likely weather today with 80% accuracy. Flexibility clearly benefi ts you. By choosing to go to the mountain on 

hot mornings and to go to the valley on cold mornings, you have an 80% chance of surviving the day. If you always went to one or the 

other, your chance would only be 50%.

Now, suppose that one year the climate changes. From that time on, the probability of a cold day is 10% and hot day 90%. If you continue 

to follow your strategy of assessing the temperature every morning and responding accordingly, you will now spend 74% of your days on 

the mountain, and your daily survival probability will remain 80%. In one sense, this is a triumph for fl exibility. With no genetic change, you 

have adjusted your behavior to the changed environment and suff ered no ill eff ect. But compare your strategy with that of a mutant bird 

who goes to the mountain every day. In the old climate, her survival probability would have been 50%, and the mutation would have been 

eliminated by competition with more fl exible birds like you. Now, however, her probability of survival is 90%, and the future belongs to her 

descendants. Her error cost, the selective disadvantage that results from incorrect decisions, is lower than yours, and as a result she wins. 

Error cost exists when consequential behavioral decisions are based on imperfect information.

In fact, her fi tness may be improved by even more than the reduction in error cost. Suppose, to assess the weather with 80% accuracy, you 

need to wait until the sun rises. She, on the other hand, can fl y to the mountaintop before sunrise and have fi rst pick of the insects that fl y 

at dawn. Your loss of this opportunity is information cost, incurred in exchange for information about the weather. Furthermore, she could 

nest closer to the mountaintop, where she would have less fl ying to do, and therefore could get along with smaller fl ight muscles. Your 

powerful and energetically expensive fl ight muscles, which give you the capacity to pursue a diff erent strategy every day, are an overhead 

cost.

This example is unrealistically simple. It does, however, show how fl exibility may increase or decrease fi tness, depending on circumstances. 

In the real world, in which information is often expensive and usually imperfect, the best strategies will tend to be those that match 

fl exibility to the range of variation commonly encountered. Kussell and Leibler [44] have modeled tradeoff s between information costs and 

fl exibility.

Avery BMC Biology 2010, 8:69 
http://www.biomedcentral.com/1741-7007/8/69
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