Why There Are No 100-Pound Cockroaches
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Some of the most interesting questions asked by scientists are probably unanswerable. One is: If the evolutionary clock were set back, say, to the point where mammals began to dominate the Earth 65 million years ago, would the kinds of plants and animals that evolved be anything like those found to day?

Expert opinions differ. For some, the developmental process depends on contingency the evolution of a given organism surely depends on its environment, including its food web—and luck, the consequences of “chance” events that can affect the process, such as asteroid strikes, weather changes, continental drift and the like. Change the circumstances and different kinds of plants and animals will result.

Other scientists base their opinions on the notion of convergent evolution. That is the name applied to the fact that modem organisms that have developed from very different ancestors sometimes display amazingly similar structures and functioning. Details aside, resetting the clock might not change all that much.

Unrelated, but similar

A recent article in the New York Times offered several examples of convergence. A notable one is that presented by anteaters around the world. The pangolin of Africa, the spiny anteater of Australia, the giant anteater of South America and North American giant armadillo all have the same kind of body plan ‑ a long, hairless snout with an equally long, sticky tongue, powerful front claws adapted to digging up ant and termite nests, and few or no teeth. These creatures are unrelated and evolved independently from very different starting points, but ended up very much alike.

This process applies to plants as well as animals. Exhibits at the Desert Museum west of Tucson, Arizona, include plants from several of the Earth’s deserts. Although genetically quite distinct from one another, some of the plants look very much alike and preserve themselves in the hostile desert environment through similar adaptations. The Times article quotes Rudolf A. Raff from the Molecular Biology Institute of Indiana University as saying, “Convergences keep happening because organisms keep wanting to do similar things, and there are only so many ways of doing them, as dictated by physical laws.”

That the laws of physics impose restrictions on the size and shape of animals and plants was recognized by Galileo. In 1638, he published a discussion of the mechanical strength of structures, particularly animal bones. His arguments depended essentially on the geometrical, properties, specifically the ratio of surface area to volume, of simple solids spheres and cylinders.

The key point is most evident for a sphere. Its surface area is proportional to the square of its radius, while its volume depends on the cube of the radius. If the diameter is doubled, the surface area increases by a factor of four while the volume increases eightfold. As a cylinder increases in size, its volume also increases faster than its surface area.

Galileo used his scaling ideas to set limits on how large an animal can get without radically changing the shape of its body. As it gets larger, the creature’s weight grows more rapidly than does the strength of its legs. Hence, as its size increases, it reaches a weight that its legs cannot support.

Constraints on size

These “scaling laws” also help us understand limits on body size for various creatures. For instance, the amount of food required by a warm blooded animal depends in part on how much it weighs and in part on how much heat it loses to the external environment through its skin.

Assuming that that weight is proportional to body volume, the larger the animal, the smaller the ratio of its surface area to its volume and the less food it requires to compensate for heat losses. This conclusion is borne out by observations. Whereas a 4‑pound rabbit requires 22 calories per pound every day, a 150‑pound man needs about 15 calories per pound and an 8,000‑pound elephant can get along on only five or six calories per pound.

Such considerations shed light on how small a warm blooded animal can be. A pigmy shrew which weighs about one‑fifth of an ounce must eat almost continuously to maintain its body temperature. A much smaller creature would be unable to sustain life no matter how voracious.

A related scaling argument helps us understand why we don’t have to worry about invasion by 100‑pound cockroaches. Lacking lungs, insects breathe by absorbing oxygen through their surfaces. If an insect grows much larger than a good‑sized mouse, its oxygen requirements, as determined by its volume, outstrip its surface area.

In regard to convergent evolution, geometrically based scaling laws provide broad universal constraints on animal sizes. The details of a creature’s structure are a result of where and how it makes its living. Research has revealed that convergence can even occur at the molecular level. Molecules that serve as antifreeze for unrelated fishes living in the Arctic and Antarctic oceans depend on the same three‑amino‑acid sequence for their properties.

Haybron is an associate professor of physics at Cleveland State University.

Kong Didn’t Have a Leg to Stand On

By Ron Haybron
It’s been said that a little knowledge is a dangerous thing. It’s also true that a little knowledge can spoil your fun.

For instance, I watched a rerun of movie, “King Kong,” a while back, but my enjoyment was marred because the big ape wasn’t built right. His legs were too thin.

The special effects, which showed the hug ape beside normal‑sized humans, were achieved by superimposing scenes, which had been photographed separately. In this film, Kong was at least five times taller than a human. This meant all his other measurements were scaled up by the same amount.

The volume of an object is determined by the product of its height times width times breadth. That means if all Kong’s measurements are five times that of a human, his volume is “five cubed,” or 125 times greater.

Because the strength of, a flesh‑and‑blood body is proportional to the cross-sectional area of the legs. That quantity is given roughly as width times breadth. In the scaled-up Kong, that would be 25 times ((five squared) the same area for a human.

So, a 30-foot Kong would weigh at least 100 times more than a human, but his legs would be only 25 times stronger, which leads me back to my original point: Kong’s legs weren’t big enough.

I’ve given a specific example of a scaling law, which is a growth limit imposed on a biological system because of geometry. As they grow, trees get much fatter at the base for the very reason that Kong should have sturdier legs and fat ankles.

With their huge bodies, some dinosaurs approached the limits set by scaling arguments. Diplodocus (a skeleton of one of these creatures is displayed at the Cleveland Museum of Natural History) got to be 100 feet long and weighed 30 toms. This creature evidently spent a lot of time standing in the water, perhaps to rest its legs.

Another sort of scaling law explains why insects don’t grow to huge dimensions and take over the world. The weight of an insect is, of course, proportional to its volume. Thus, if the insect doubles in size, its weight increases eightfold.

But in this doubling, the surface area of the insect grows only by four. Because insects have no circulatory system, and rely on diffusion of oxygen through this surface, a larger insect is closer to the limit at which its body weight requires more oxygen than can be admitted through its skin.

This sort of information can give one joy at the understanding it imparts. At the same time, a bit of magic goes out of Movies like “King Kong” when one knows that such a creature could never be.

