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Rainy days and Mondays

Q: what’s the most important outcome of scientific thinking?  “Scientific thinking tells us when to 
change our minds about the natural world.” Let’s consider a question that might seem silly—even trivial—and 
watch our minds open.

Q: It often seems to rain more on weekends. Could it be true? Before you read on, write down your 
one-word answer (and a justification for it, if you’d like).

Q: well, does it rain more on weekends?  At first, it seems that the answer must be no. How could the 
weather even “know” what day it is? Weather, after all, existed long before humans, calendars, and Monday 
mornings.

Rather than relying on common sense, let’s think scientifically.  

  My hypothesis: It rains more on weekends.

 Restated as a null hypothesis: The amount of rainfall does not differ across the days of the week.

 A testable prediction: The amount of rainfall should not differ depending on what day of the week it is.

And now the data . . .
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 In a 1998 study published in 
the journal Nature, researchers 
used 17 years of data to analyze 
rainfall along the eastern coast 
of North America. Here’s what 
they found: there was 22% 
more rain on Saturdays than on 
Mondays! (And this difference 
was statistically significant.)

Q: How can this be?  The researchers also tracked the pollutants carbon monoxide and ozone, and found 
that both gradually increased from Monday through Friday. This pattern, they suggested, is probably related 
to accumulations from driving, which is greater during the week than on weekends. They suggested that the 
weekly pollution cycle causes increased cloud formation and rain on weekends (while the reduced pollution 
on Mondays leads to reduced rainfall). In other words, human activities are influencing the weather!

one good hypothesis deserves another.  If their suggestion is true, we should expect the “Rainy 
Saturday/Dry Monday” phenomenon to occur only in the vicinity of human activities. As a test of this 
hypothesis, the researchers measured daily rainfall patterns over the oceans in the northern hemisphere, away 
from large human populations. Here they found that one-seventh of the rain fell on each day, with no days 
rainier than others.

Q: The take-home message here?  Scientific thinking rewards open minds with satisfying answers.
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Melt-in-your-mouth Chocolate 
May not Be such a sweet Idea

Food chemists have figured out how to make chocolate that 
melts in your mouth. Is that a good thing?

Q: why are some fats “liquidy,” like oil, and others 
solid?  The less saturated a fat is, the more “liquidy” it is at 
room temperature. Most animal fats are saturated and are 
solid at room temperature. Best example: butter. Most plant 
fats are polyunsaturated and are liquid at room temperature. 
Best example: vegetable oils.

Q: Can oils be made more solid? It’s possible to 
increase the saturation of plant fats. Just heat them up and 
pass hydrogen bubbles through the liquid. In creating 
partially hydrogenated plant oils, this process reduces the 
number of carbon-carbon double bonds and makes the oil 
more solid. (It’s easy, it’s cheaper than just using butter, and 
it increases foods’ shelf-life.)

Q: does that improve their taste? By precisely 
controlling the level of saturation in plant fats, it is possible to 
create foods that are solid but have such a low melting point 
that they quickly melt on contact with the warmth of your 
mouth. This seems great, but . . .

Q: Is there a downside?  The saturation of vegetable 
fats creates trans fats, due to the position taken by the newly 
added hydrogen atoms in the molecule. Trans fats increase 
levels of LDL (“bad”) cholesterol and decrease HDL (“good”) 
cholesterol, narrowing blood vessel walls and increasing the 
risk of heart disease and strokes.

Conclusion:  Partially hydrogenated vegetable oils can give 
food a perfect texture and a pleasing feel in your mouth. 
But the creaminess comes with a high cost when it comes to 
your health.
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Drinking Too Much Water  
Can Be Dangerous!

People have long understood the risks of becoming dehydrated, 
particularly during activities such as marathon running in which a great 
deal of fluid can be lost through sweating. Only recently, however, has it 
been recognized that too much water—called “water intoxication”—can 
also be dangerous. In 2007, a 28-year-old woman competing in a water-
drinking contest died just a few hours after consuming about two gallons 
of water without urinating. Similarly, the death of a runner during the 
2002 Boston marathon was attributed to water intoxication. Numerous 
other cases of serious injury and death from water intoxication have 
been reported, resulting from water-drinking games, hazing, and extreme 
training programs.

Q: when people sweat, what do they lose?  Sweat consists 
of water and some dissolved solids, primarily salt. As the sweat 
evaporates, the body is cooled.

Q: How do people respond to nausea and dizziness, the 
warning signs of dehydration? By drinking water. Because 
the water they drink lacks salt and other solutes, sodium imbalances 
can occur, particularly in the bloodstream and the fluid around cells 
(extracellular fluid).

Q: If you drink lots (two gallons or more) of water—
which has few or no solutes—where will it move 
once it gets into your bloodstream and extracellular 
fluid? It moves by osmosis into your cells, where there is a higher 
concentration of solutes (primarily sodium) and a lower concentration 
of water molecules.

Q: what happens to your cells if they absorb too much 
water? They swell, sometimes to the point of rupturing. Such 
swelling and rupturing in the enclosed brain cavity can cause vomiting 
and confusion. Disastrously, these symptoms are often mistaken for 
the symptoms of dehydration and so the consumption of water is 
recommended, making the situation worse. Further swelling can lead 
to seizures, coma, and even death.

Q: what should you do? Because water is considered the least 
toxic chemical compound, many people mistakenly assume there are 
no dangers associated with consuming it. This includes runners. As 
a consequence, many marathon organizers have been reducing the 
number of water stops they offer runners during the race and testing 
symptomatic runners’ sodium levels in medical tents along the course. 
Consuming salt tablets and salty snacks helps keep blood sodium 
levels in a healthy range.
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If you feed and protect your 
flowers in a vase, they’ll last 
longer.

Like animals, plants require fuel for the cellular activities that keep them alive.

Q: How do plants get the energy they need to stay alive?  
Plants use photosynthesis to harness light energy, converting it to sugar 
molecules that serve as their food.

Q: Can plants still photosynthesize once they’re in a vase in 
your house? Yes, but humans don’t make it easy. Once cut, plants generally 
cannot produce sufficient sugar through photosynthesis. Light levels in houses 
tend to be a bit too low, and the loss of many or most plant leaves reduces the 
number of chloroplasts in which photosynthesis can occur. So they’re starving 
to death.

Q: Can you slow their demise? Yes. Plants are able to take up sugar in 
the vase water and use it as an energy source for cell activities. So adding a bit 
of sugar to the vase is like putting fuel in their tank.

Q: Is it that easy? No. Putting sugar—a molecule with lots of energy 
stored within its chemical bonds—in the vase water is like offering a free lunch. 
And many, many organisms are looking for a free lunch. Unfortunately, when 
you add sugar, bacteria on the flower stems can grow rapidly, blocking the 
water-conducting tubes in the stems. This slows the flow not just of sugar, but 
of water as well.

Q: what should you do? With the addition to vase water of both sugar 
and an antibacterial chemical such as chlorine bleach, you can feed and protect 
your cut flowers, significantly increasing their longevity.

Conclusion: Most flowers will last longer if you cut their stems underwater 
and at a slant, to maximize water absorption. Then place the flowers in a flask 
with about 2 inches of warm water, which enhances the flow into the flower. 
At this point, add a spoonful of sugar and a drop or two of bleach. Then, after 
a few minutes, transfer the flowers to a vase.
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Mixing aspirin and alcohol can  
lead to metabolic interference  
and unexpected inebriation.

Ethanol is the form of alcohol found in cocktails, beer, and wine. When you 
consume alcohol, the first step in your body’s metabolic breakdown of the 
ethanol is carried out by the enzyme alcohol dehydrogenase.

Q: What happens to ethanol molecules that are not 
broken down?  Any ethanol molecules in the bloodstream that are 
not broken down by alcohol dehydrogenase make their way to the 
brain. Once there, they cause you to feel a bit inebriated—or drunk, if 
the amount of ethanol is sufficiently large. Aspirin has the unintended 
side effect of disabling alcohol dehydrogenase, thus interfering with its 
normal functioning.

Q: What happens if someone takes two aspirins and 
then drinks several alcoholic beverages? By blocking the 
activity of alcohol dehydrogenase, aspirin interferes with a person’s 
ability to break down ethanol. As a consequence, the ethanol remains 
in the body longer and has a more pronounced effect on the brain, 
producing greater inebriation (26% greater, according to one study).

Q: What can you conclude? Medications, even over-the-
counter products, can have unexpected (and unintended) physiological 
consequences, particularly when mixed with alcohol consumption. 
Exercise great caution when taking them.



  iX

6  • Chromosomes and  
Cell Division                       231

Continuity and Variety 
there are different types of cell division. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 232

 6.1 Immortal cells can spell trouble: cell division in sickness and in health. 232

 6.2 Some chromosomes are circular, others are linear. 234

 6.3 There is a time for everything in the eukaryotic cell cycle. 236

 6.4 Cell division is preceded by chromosome replication. 238

Mitosis replaces worn-out old cells with fresh new duplicates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 242
 6.5 Most cells are not immortal: mitosis generates replacements. 242

 6.6 Overview: mitosis leads to duplicate cells. 243

 6.7 The details: mitosis is a four-step process. 245

 6.8 Cell division out of control may result in cancer. 246

Meiosis generates sperm and eggs and a great deal of variation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 250
 6.9 Overview: sexual reproduction requires special cells made by meiosis. 250

 6.10 Sperm and egg are produced by meiosis: the details, step by step. 252

 6.11 Male and female gametes are produced in slightly different ways. 255

 6.12 Crossing over and meiosis are important sources of variation. 257

 6.13 What are the costs and benefts of sexual reproduction? 258

there are sex differences in the chromosomes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 260
 6.14 How is sex determined in humans? 260

 6.15 The sex of offspring is determined in a variety of ways in non-human species. 262

 6.16 This is how we do it: Can the environment determine the sex of a turtle’s offspring? 263

deviations from the normal chromosome number lead to problems. .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 265
 6.17 Down syndrome can be detected before birth: karyotypes reveal an individual’s entire  

chromosome set. 265

 6.18 Life is possible with too many or too few sex chromosomes. 268

StreetBio: KnoWledGe you CAn uSe

Can you select the sex of your baby? (Would you want to?) 270

270 C h a p t e r  #  •  C h a p t e r  t i t l e

K N O W L E D G E  YO U  C A N  U S E

Can You Select the Sex  
of Your Baby?
(Would You Want To?)

Q: Given our knowledge of the behavior of the X and 
the Y chromosomes, is it more likely that these sex-
selection techniques involve manipulations of sperm 
or of eggs? Why? Because all eggs have X chromosomes, the X 
chromosome doesn’t play a role in determining the sex of a baby. 
instead, the fertility clinics must somehow sort and separate sperm 
cells based on whether they carry an X or a Y chromosome (men 
produce approximately equal numbers of each).

Q: What feature of sperm must be used in separating 
them? this process must be based on a way of distinguishing 
between sperm carrying an X chromosome and sperm carrying a 
Y chromosome. after the two types of sperm are distinguished, they 
must then be separated. Sperm with the desired sex chromosome are 
then used to fertilize the woman’s egg (which may be done within 
her body, using artificial insemination, or in a petri dish, after which a 
fertilized embryo is transferred into the woman’s reproductive tract).

Q: What techniques might make it possible to 
separate sperm with an X chromosome from those 

with a Y chromosome? One method involves determining, by 
weighing sperm, which cells have more DNa. the heavier sperm 
must be carrying the X rather than the Y chromosome because the 
X is so much larger. another method is to add a fluorescent dye to 
sperm that temporarily attaches to DNa. Because sperm with an 
X chromosome have more DNa, more of the dye attaches to them 
and they are more fluorescent. a machine then sorts the sperm 
one by one, and at ovulation, insemination is performed using the 
sperm with the desired sex chromosome.

Q: Does it work? the technique is still fairly new, but initial 
results suggest that the procedures have a success rate of 70% to 
90%.

Q: Concerns for you to ponder. What are the ethical 
concerns raised by selecting the sex of one’s baby? are there some 
circumstances in which such a selection would be more acceptable 
than in others? Would it be acceptable to select for a baby with one 
eye color versus another? Why would that process be more difficult 
than selecting for sex?
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Can a Gene Nudge Us toward 
Novelty-Seeking (and Spicy Foods)?

On human chromosome 11 there is a gene called DRD4. This gene 
carries the instructions for building a receptor for the brain chemical 
dopamine within the membranes of many of your brain cells. All 
humans have the dopamine receptor gene DRD4 which helps control 
dopamine, a chemical messenger that alters the activity of the brain’s 
pleasure centers and influences initiative and motivation. A short 
sequence near the beginning of the DRD4 gene, called “promoter 
polymorphism–521C/T,” has two different variants, alleles C and  
T. Dopamine activity is increased in individuals with one or two copies 
of the T allele, and decreased in individuals with the CC genotype.

Q: Can a single gene influence your personality? In 2000, 
researchers reported that individuals carrying two copies of the 
C allele for the DRD4 gene, as opposed to zero or one copy of 
the C allele, were more likely to exhibit certain personality traits, 
particularly novelty-seeking. The subjects in the study responded 
to a commonly used questionnaire, called the temperament and 
character inventory. They ranked how well certain statements 
described them, such as “I have sometimes done things just for 
kicks or thrills” or “I think things through before coming to a 
decision.” The subjects were then evaluated for seven dimensions of 
personality traits. When it came to their score for “novelty-seeking,” 
there was a small but statistically significant difference in how the 
subjects scored, depending on their genotype for this DRD4 gene.

By 2008, 11 studies had been published on the relationship 
between the CC genotype and novelty-seeking. In a “meta-study” 
that evaluated all the published findings together, researchers 
concluded that these studies demonstrated a significant 
association between novelty-seeking and the –521C/T genotype. 
They summarized the results graphically.

Researchers have subsequently reported a variety of behavioral 
differences among people with higher novelty-seeking scores, 
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including increased propensities for engaging in high-risk 
sports, alcohol and drug consumption, and attraction to high-
risk vocations. These people have even been reported to show a 
preference for spicy foods!

Q: Do you want your employers or insurance companies to 
know which alleles you carry for the DRD4 gene? Information 
about your genetic predisposition for diseases such as breast cancer 
or colon cancer can put you at risk for discrimination. Might a person 
be at risk for discrimination based on his or her genotype for the 
DRD4 gene? Should it be taken into account that the personality 
differences influenced by DRD4 are small, that they are affected by 
other genes, and that there is tremendous variation in personality 
traits that is unrelated to the DRD4 gene? Would you want to know 
what your genotype is? Why?
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evolution
What It Is and What It Is Not . . . 

Misconceptions about evolution and how it occurs can arise from misunderstandings about subtleties in the process, from incomplete or 
erroneous accounts of evolution in schools and the media, and from purposeful attempts to interfere with the understanding of evolution.

Misconception: evolution is a theory about the origin of life. Clarification: Although scientists are interested in (and are 
investigating) how life began, evolutionary biology is focused on the processes that occurred (and still occur) after life began, including 
those responsible for the diversification and branching of species and those adapting populations to their environments.

Misconception: evolution is not observable or testable. Clarification: Evolution is both observable and testable. Long-term, 
controlled, and replicated laboratory experiments on many species have demonstrated evolution (see an example in Section 8-1) and 
speciation (formation of new species). Numerous studies of natural populations have also documented evolution taking place (see 
Section 8-13). And, as in astronomy and geology, sophisticated hypothesis testing can be done using observations in the natural world. 

Misconception: evolution is only a theory and hasn’t been proved. Clarification: This misconception stems from confusion 
between the colloquial definition of a theory as a “guess” or “hunch” and the scientific definition of a theory as an explanation, 
based on many lines of evidence, that generates and supports predictions and is tested in many ways (see Section 1-10).

Misconception: Individuals evolve (and are “trying” to adapt). Clarification: Natural selection can lead to populations of 
organisms adapted to their environment (see Sections 8-12 and 8-16). But the process does not involve “trying” to adapt—it is 
simply a consequence of some individuals passing on their genes at a higher rate than individuals carrying alternative versions of 
those genes, and it is the population rather than any one individual that changes over time (see Section 8-11).

Misconception: evolution is goal-oriented and leads to progress and “optimal” solutions. Clarification: Alleles that make 
it impossible for the individuals carrying them to live in a particular environment are weeded out of the population. But this is not 
the same as creating perfect or optimal organisms. Rather, the traits and features of organisms that increase in frequency within a 
population are simply those that cause the organisms carrying them to leave more descendants than are left by individuals with 
alternative traits (see Sections 8-9 and 8-16). As the environment changes, so do the traits that are most fit. Several factors can 
prevent populations from becoming better adapted to a particular environment (see Section 8-13).

Misconception: There are no transitional fossils; the gaps in the fossil record disprove evolution. Clarification: Because 
fossils are formed only under a narrow range of environmental conditions, biologists do not expect to find all transitional forms, 
so the gaps do not disprove evolution. Numerous transitional fossils have been found, including those between dinosaurs and 
modern birds, and those between whales and their terrestrial mammalian ancestors (see Section 8-18).

Misconception: The theory of evolution says that life originated, and evolution proceeds, randomly, by chance. 
Clarification: Although chance is one element of evolution—there is a random element to the generation of mutations, for example—
many non-random factors are central to how evolution proceeds. For example, the differential reproductive success of some variants—
such as bacteria with antibiotic-resistance genes—that leads to natural selection is not random (see Section 8-12).

Misconception: Most biologists have rejected evolution. Clarification: All modern theories of science are continually tested, 
verified, and modified as new and deeper understandings of the natural world emerge. That is how science works. The presidents 
of the National Academy of Sciences, the American Association for the Advancement of Science, and the National Science Teachers 
Association recently wrote a joint statement saying that “evolutionary theory has stood the test of time in serving as the most 
comprehensive scientific explanation for the diversity of life on Earth and it is accepted by the overwhelming majority of scientists.” 
There have been no credible challenges to the basic principles of evolution and how it proceeds.
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How to win friends  
and influence people

As we have seen, in the animal world, it is very, very rare to find individuals 
engaging in costly behaviors that benefit unrelated individuals; with few 
exceptions, we see little that resembles animal “friendship.” 

Humans are a rare exception—every day, in myriad ways, we see friendly 
behaviors. Just as we put money in the bank for a rainy day, we buffer ourselves 
from the world’s uncertainties by storing goodwill in our neighbors. Cooperators 
have evolutionary advantages over loners.

Q: why is “kindness” a risky behavior evolutionarily? From an 
evolutionary perspective, we remain vulnerable. With each costly act we 
perform for unrelated individuals, strangers and friends alike, there is the risk 
that our efforts will be in vain, our energies lost. For that reason, in our evolution 
as reciprocal altruists, we acquired a hesitancy to stick our necks out.

Q: How can we help others feel less vulnerable and more willing 
to cooperate? Our ability to override the impulses that often push us toward 
selfishness is one of the hallmarks of being human. Still, in each interaction, 
there may be an individual on the other side who is also feeling vulnerable. By 
taking steps, often absurdly simple, to address the unconscious vulnerabilities 
that others feel, we can increase the likelihood that they choose cooperation, 
reciprocity, and friendship.

•  Learn and use other people’s names. It tells them you recognize them 
specifically and, consequently, that you understand exactly who it is 
that you “owe.” Smile and make eye contact—even when attempting 
to change lanes in traffic. These gestures feel like the beginning of a 
relationship, thus stimulating favor-granting instincts. 

•  Embrace etiquette. Acknowledge your debts to others. Be effusive 
and public in your thanks for kindnesses done to you. Send thank-you 
cards. 

•  Take the first step in reciprocity. Human cooperation is so tied to 
reciprocal exchange that even tiny gestures of good faith can play 
an important role in building relationships. Whenever possible, give 
gifts. Even small ones. Even when they are not required. (Especially 
when they are not required.)

•  Develop a good reputation. Become known for generosity, for loyalty, 
for remembering and acknowledging kindnesses done to you.

Can you think of other steps?
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Do Racial Differences Exist  
on a Genetic Level?

In a fraction of a second, we are aware of someone’s size, gender, 
approximate age—and race. But what is race? Does race have biological 
meaning? And can humans be categorized into groups that can 
scientifically be called races?

Q: What is race, biologically speaking?  The biological 
species concept hinges on a straightforward question: can two 
individuals interbreed under natural conditions? The concept of race, 
conversely, is not straightforward. Some biologists have proposed that 
races are groups of interbreeding populations that have different and 
distinct traits but are reproductively compatible. But it is important 
to note that, in humans, beyond phylogenetic distinctions, religion, 
culture, ethnicity, and geography are common aspects of many legal, 
social, and political conceptions of race. So do such social constructions 
of “race” reflect meaningful divisions?

Q: What do human racial groupings reflect?  Are blacks 
and whites genetically different? The answer is obviously yes; black-skin 
alleles differ from white-skin alleles. Moreover, the prevalence of some 
genetic diseases varies by race and ethnicity. Sickle-cell anemia, for 
example, is relatively common among Africans and Southeast Asians 
because the genes that cause it also improve a person’s resistance to 
malaria, a disease prevalent in Africa and Southeast Asia.

Yet Africans from the southernmost part of the continent have no 
greater risk of sickle-cell anemia than do the Japanese, because malaria 
is similarly rare in both of their homelands. Should we use this trait 
rather than skin color when determining a person’s race? If we did, 
southern Africans would be grouped with the Japanese and northern 
Africans with southern Asians (who share their genetic resistance to 
malaria and the higher risk of sickle-cell anemia).

This observation reveals an important problem with racial groupings, 
one that DNA sequence comparisons also show: similarity in skin color 
between two people doesn’t tell you anything about overall genetic 
similarity. There is, for example, a huge variation in blood type among 
Africans: some are type O, some AB, others A or B. But the same 
goes for any population in the world, Asians and Turks, Russians and 
Spaniards. Yet we do not group people according to blood type or any 
other physiological and biochemical variations.

Q: What is the future of race?  Racial groupings such as 
“Hispanic” or “black” or “Asian” do not reflect consistent genetic 
differences. Still, race remains an important part of individual, social, 
cultural, and ethnic identity for many, and its use is mandated by 
federal agencies. For these reasons, it will remain a powerful social 
construct, even as scientific consensus emerges that racial groupings do 
not reflect meaningful genetic distinctions.
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Where Are You From?
“Recreational Genomics” and the Search 
for Clues to Your Ancestry in Your DNA

How much do you know about your ancestral heritage? Is it enough to 
know that you are Italian and Asian? More than two dozen companies 
now offer a promise to help you discover your genetic ancestry—usually  
for $100 to $1,000. Can they deliver what they promise?

Q: Are clues to your ancestry hidden within your DNA?  
The short answer is yes. Researchers use comparisons of DNA sequences 
to explore personal ancestries within our species, even preparing pie 
charts that purport to identify a person’s ancestral proportions (for 
example, 10% West African, 70% Middle Eastern / North African, and 
20% European).

Q: How is DNA used to build a family tree? Most tests 
are based on one of three types of analysis. (1) Mitochondrial DNA 
tests evaluate highly variable sequences in maternally inherited 
mitochondrial DNA. (2) Y-chromosome tests look at variation in 
the paternally inherited Y chromosome. (3) Autosomal DNA tests 
examine highly variable sections of DNA scattered throughout the 
chromosomes. In each case, a sample of cells is collected (usually 
by swabbing the inside of the cheeks), then technicians determine 
the base sequences at a number of locations (a few dozen to 
several hundred) and compare those sequences with sequences 
from thousands of individuals in populations around the world. The 
matching of your sequences with those of other samples is then 
interpreted as potential evidence of shared ancestry.

Q: Genetic ancestry testing may be good fun, but is 
it good science? Unfortunately, the limitations of commercially 

available tests of genetic ancestry are significant. These are among the 
most important limitations:

• High genetic variation among individuals within most populations 
makes it difficult to identify specific sequences that can reliably indicate 
membership in a population. As an analogy: if Native Americans are 
highly variable for a trait (e.g., height), we can’t use that trait to prove 
someone’s Native American ancestry.

• High rates of gene flow between populations reduce the reliability 
with which any sequence can demonstrate membership in one 
particular population. As an analogy: dark hair is extremely common in 
Asia, but having dark hair doesn’t necessarily indicate Asian ancestry. 

• Evaluating too few genetic loci, of which just a small number happen 
to be similar, can lead to the conclusion that individuals are much more 
genetically similar than they actually are.

• A DNA match between two individuals living today is not a match 
with an ancestor. Rather, it suggests that the two people may have 
inherited the DNA sequence from a common ancestor.

Q: What can you conclude? Until we have a much more 
comprehensive catalog of genetic variation—including precise estimates 
of how much variation exists within populations and how much exists 
between populations—the results of genetic ancestry testing remain 
overly speculative and insufficiently reliable. Conclusions may be 
incorrect and misleading. But, because the conceptual underpinnings 
are solid, the future of genetic ancestry testing is promising.
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Yams: nature’s fertility food? 
Do you know any twins? Have you ever wondered how common 
twins are? In the United States and Europe, about 12 in every 
1,000 births are twin births. In Asia, the number is slightly lower, 
at 8 sets of twins per 1,000 births. Elsewhere, the rates are 
similar—except for southwest Africa, particularly in Nigeria, which 
has been called “The Land of Twins.” There, the rate of twin 
births among the Yoruba people is more than four times that in 
the United States, with about 50 pairs of twins per 1,000 births. 
(Triplet births are unusually common, too, occurring 16 times 
more frequently in Nigeria than in the United States.)

Q: why are so many twins born in nigeria? Is it 
something in the water? Nope. But that’s not too far off. 
It’s the diet of the Yoruba people. A staple in their diet is the 
white yam, a starchy vegetable that looks a bit like a potato; 
many people eat yams several times a day.

Q: what’s in the yams? Some preliminary studies 
suggest that an estrogen-related compound in yams is 
responsible for stimulating the ovaries, increasing the 
likelihood, in any given month, that more than one egg will  
be released.

Q: How can we be sure it’s the yams? At this point, 
the relevant data are still being collected. In one intriguing 
laboratory study, rats fed a diet rich in yams doubled their litter 
size. In another, the circulating levels of the follicle-stimulating 
hormone (which stimulates growth and maturity of follicles 
in the ovaries) and estradiol were both 32% higher in rats fed 
diets rich in yams than in rats fed a standard diet, while the 
levels of luteinizing hormone (which triggers ovulation) were 
158% higher in the yam-fed rats.

Q: so, will it work for you? It’s unclear. Anecdotes 
abound about women having twins after purposely increasing 
their yam consumption. But a randomized, controlled, double-
blind study has yet to be conducted. How would you set up 
and analyze a study like that? (It is important to note that the 
yams consumed in Nigeria are not the same as American yams, 
which are sweet potatoes and do not contain the steroid levels 
of yams grown in Nigeria.)
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The five-second rule
How clean is that food you just 
dropped?

In 2007, two students at Connecticut College decided to test the “five-second 
rule”: the idea that it’s safe to eat food you’ve dropped on the ground as 
long as you pick it up within 5 seconds. They dropped apple slices and Skittles 
candies on the floor of the cafeteria and a snack bar, let the foods lie there for 
5, 10, 30, or 60 seconds, and then tested them for bacteria.

Q: Is the five-second rule valid? The students found no bacteria on 
the food picked up within 30 seconds. After a minute, the apple slices had 
picked up some bacteria, but the Skittles had none (in a later experiment, 
they found bacteria on Skittles only after 5 minutes). The students 
concluded that the five-second rule should get an extension, proposing that 
you have 30 seconds to pick up moist foods and more than a minute to pick 
up dry foods without risk of bacterial contamination.

Q: Should we worry less about bacterial contamination of 
food?  This question is a serious one and warrants more study. Each year in 
the United States there are more than 76 million cases of illness caused by 
contaminated food, including more than 5,000 that are fatal.

Q: Scientific method and drawing conclusions: can you 
generalize from a small number of observations to all 
possible situations?  In the Connecticut College study, the students 
examined two food types, dropped in just two locations, and onto surfaces 
with unknown concentrations of bacteria. In another study, published in 
the Journal of Applied Microbiology, researchers focused on Salmonella 
bacteria. Because it has been documented that bacteria can survive on 
clothes, hands, sponges, cutting boards, and utensils for several days, 
the researchers decided to drop food on surfaces known to be covered in 
bacteria.

Q: Which factor is more important for dropped food: 
location or duration?  Armed with slices of bologna and pieces of 
bread, the researchers found that when dropped on surfaces covered with 
Salmonella and left for a full minute, both types of food took up 1,500–
80,000 bacteria. And although picking up the food quickly—within just 
5 seconds—reduced by 90% the number of bacteria present, 150–8,000 
bacteria still had time to hitch a ride on the food in that first 5 seconds. 
These experiments were replicated, with no significant differences, three 
times, on separate days.

A grubby conclusion: It’s probably safe to say that if you’re in the 
Connecticut College cafeteria, you can eat your dropped food as long 
as you pick it up quickly. But for all other situations, a bit more caution 
is advised—particularly, taking notice of the “drop zone.” Unsanitary 
surfaces likely to have microbes will contaminate your food almost 
immediately. So hold on tight.
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Life History Trade-Offs and a  
Mini-Fountain of Youth 

Q: Does this have any practical applications?  Yes: spay 
or neuter your pet to increase its life span!

Q: Does this work?  Yes! Data from more than 1,000 cat 
autopsies showed that non-sterilized females lived a mean of  
3.0 years, whereas sterilized females lived significantly longer, with 
a mean life span of 8.2 years. The results for males were similar. 
(Perhaps the most dramatic example of the reproduction–longevity 
trade-off is that of the marsupial mouse, Antechinus stuartii, in which 
castration led to a doubling or even tripling of the usual life span. 
Similarly, following castration, Pacific salmon lived up to 8 years, 
double their usual life span.)

Q: Not that you asked . . .  In a study in the early 1900s 
of men institutionalized for mental retardation, those who were 
castrated lived 13 years longer, on average, than non-castrated  
men, matched for age and intelligence, at the same institution— 
69.3 years vs. 55.7 years.

Q: Does a vasectomy have the same effect as 
castration? No! The life-extending effect of sterilization occurs 
only when the ovaries or testes are removed; “tying the tubes” 
and vasectomy leave the gonads intact. And there is no longevity 
increase. Why do you think that is the case?

Q: What is responsible for the trade-off between 
reproduction and longevity?  If it were a question of sterilized 
individuals living longer simply because they don’t have to expend 
energy on reproduction, perhaps similar life span increases could 
be achieved by simply giving animals access to more energy. 
In practice, however, this doesn’t work (and usually decreases 
life span). Rather, it seems that a significant part of the “cost” of 
reproduction, at least in mammals, is an increased incidence of 
cancer, caused by the higher levels of circulating hormones in 
“reproductively ready” (that is, fertile and receptive) animals.

Possibilities to think about. The link between maintaining 
reproductive readiness and reduced longevity has led some 
researchers to contemplate the design of birth control pills that 
might have the additional effect of increasing longevity. Stay tuned.

It’s well documented that there is a trade-off between reproduction 
and longevity. In a wide variety of animals, decreasing reproductive 
effort has been shown to increase longevity.

What Is the Relationship Between 
Reproduction and Longevity? 
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life in the dead Zone 
In boosting plant productivity on 
farms, we’ve created a “dead zone”  
in the Gulf of Mexico bigger than 
Connecticut.

In the water at the mouth of the Mississippi River, each spring and summer, there is so little 
oxygen that virtually no life can survive.

Q: which chemical almost always limits plant growth?  Plant growth requires 
the production of proteins, all of which contain nitrogen. Access to nitrogen nearly always 
determines how much a plant grows.

Q: If you’re a farmer, how can you increase the productivity of your crops? Add 
nitrogen. This, in fact, is the chief component of all plant fertilizers.

Q: where does the unused nitrogen end up?  Spring and summer rains wash 
nutrients, dissolved organic materials, and other runoff (much of which comes from human 
sources) from the middle of the United States into nearby rivers and thus, eventually, into the 
Mississippi River. From there they flow into the Gulf of Mexico.

Q: what happens when large amounts of nitrogen are dumped into a body 
of water?  Organisms such as plankton and algae living near the mouth of the Mississippi 
grow like crazy with all the extra nitrogen and nutrients that are washed into the Gulf 
of Mexico. But their rapid increase in productivity disrupts the food chain as they decay, 
increasing the organic matter that sinks to the bottom and feeds the bacteria there. As the 
bacteria thrive, they consume ever-increasing amounts of oxygen.

Q: what happens when bacteria use up too much oxygen?  Excessive bacterial 
growth depletes the supply of dissolved oxygen in the water, starving all other life of 
oxygen—including fish, crabs, oysters, and shrimp, all of which die or move out of the 
area. This creates a “dead zone” and ruins local fisheries, with a significant impact on the 
economies they support.

Q: what can you conclude?  Disrupting food chains, even increasing the productivity 
of certain trophic levels, can have unintended effects throughout an ecosystem, and even 
thousands of miles away.

Q: what can be done?  Reducing and reversing the Gulf of Mexico’s dead zone (and 
other dead zones throughout the world) can be accomplished by (1) reducing fertilizer use, 
(2) preventing animal wastes from getting into waterways, and (3) controlling the release of 
other sources of nutrients (phosphorus as well as nitrogen) from industrial facilities into rivers 
and streams.
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The Perils of (Exotic) Pets!

Some significant threats to biodiversity may come from your own 
neighborhood. And they’re often aided by well-meaning small 
businesses: pet stores!

Q: How might otherwise-responsible citizens wreak havoc 
on their enviornment? The purchase of exotic, non-native 
animals as pets can have unintended and harmful consequences if 
those organisms are released or escape into new habitats.

Q: what’s wrong with keeping an exotic fish in your 
aquarium or a tropical bird in a cage? In an aquarium or in 
a cage, non-native species can be kept safely without harming any 
natural environment. But problems can occur if they escape, get 
flushed down toilets, are “set free” by owners who no longer want 
them, or, in some other way, get into the environment. And it’s not 
their native habitat.

Q: what happens when non-native species are introduced 
to a novel environment? In some cases, non-native species do 
no harm. But in many others, non-native or exotic species can alter 
habitat and crowd out, outcompete, or directly prey on beneficial 
native species. They can spread exotic diseases, for which native 
species have no resistance. And they can disrupt and harm fisheries, 

crops, and other valuable industries, costing millions of dollars. 
Consider just a few common examples.

Fish. Catfish can alter river vegetation and shorelines, making 
them uninhabitable for native species. Lionfish from home 
aquariums have been released into the ocean off the coast of 
Florida. Expert predators, they kill a wide variety of smaller fishes, 
mollusks, and other invertebrates. In 2008, their population 
densities in some new habitats were found to have increased 
by 700% in just five years. China’s giant snakehead fish is a 
voracious eater and preys on numerous species of smaller fishes 
and amphibians. Traced to the aquarium industry, non-native 
populations off the east coast of the United States have wiped out 
numerous populations of native species. The snakehead fish can 
even crawl from one pond to another, surviving as long as four 
days out of water! Numerous other types of popular aquarium 
fish, including emperor angelfish, the yellow tang, and the 
orbicular batfish, have been found thriving in non-native habitats 
in the United States.

Birds. More than 150 non-native bird species have been 
documented in Florida, including 30 different parrot species, 
all of which were former pets, and many of which now cause 
significant crop damage, consuming fruits, berries, flowers, 
and seeds. Monk parakeets often build nests on electrical 
transformers and lampposts and have been responsible for power 
outages and other damage.

amphibians and Reptiles. Terrapins (a type of turtle) and 
bullfrogs often outgrow their aquariums. If released into ponds, 
they can wipe out native fish, amphibian, and even small mammal 
populations.

Plants. Numerous popular aquarium plant species, such as the 
fast-growing seaweed Caulerpa, have become invasive in the 
Mediterranean Sea and in southern California. Freed from their 
natural predators, they thrive and have caused millions of dollars 
in damage.

Q: what can you do? You can let your representatives in 
government know of the potential dangers of non-native species 
and the importance of closely monitoring the import of such species 
into the country—an issue that is not always high on their list of 
priorities. The best advice here, however, is—rather than simply 
avoiding purchasing exotic pets (or using non-native plant species 
when landscaping or planting a garden)—to become educated. It 
turns out, for example, that programs encouraging the export of 
tropical fishes from the Amazon can serve to reduce deforestation 
by giving local people the financial incentive to develop markets for 
renewable natural resources rather than carrying out activities that 
lead to deforestation.



Dear reader,
How many days do you wake up to breaking news about a scary-sounding virus, or a potential cause of cancer, or 
newly identifed genes that make you better at math? In a world of fast progress and easy access to information, it can 
be diffcult to know how much confdence we should have about such reports. 

My mission is to help you become more aware of the beauty and the utility of biology, and to help you evaluate the 
sometimes conficting messages about science topics and science-related issues. If you could learn anything from 
reading this book, I hope it would be this: Biology is about you, and it touches your life every day in dozens of ways. It’s 
creative. And it’s fun.

There are two versions of this third edition of What Is Life? A Guide to Biology. One of them, What Is Life? A Guide to 
Biology with Physiology, includes all sixteen chapters of the other version, with an additional ten chapters on plant and 
animal physiology. It’s not always possible to include these additional chapters in a one-term course, but they provide 
a rich introduction to the importance of biology, with particular signifcance for human health.

In these pages, you’ll fnd an overview of the key themes in biology as well as detailed information and stories about 
meaningful topics. I hope you will fnd answers to questions you’re curious about, and will be spurred to ask many 
more. You’ll also fnd many Red  questions, such as:

• Do megadoses of vitamin C reduce cancer risk?

• An onion has fve times as much DNA as a human. Why doesn’t that make onions more complex than humans?

• Why doesn’t natural selection lead to the production of perfect organisms?

• Why are big, ferce animal species so rare in the world?

The Red s point toward passages that help uncover the answers. Often, the answer may not be apparent—but look 
again and think some more. Sometimes you know more than you realize. And sometimes it’s possible to transfer the things 
you learn in one context to another, helping you to recognize new connections. Understanding and developing these 
abilities will help you tackle novel problems, serving you well long after you may have forgotten this or that specifc fact.

At the heart of scientifc thinking is a determination to ask and answer questions about the world. This process of 
inquiry is carried out in diverse and creative ways. Within each chapter of What Is Life? you’ll fnd a section called this 
is how We do it. In these sections we explore the diverse ways that scientists approach problems, and how they go 
about fnding answers. Example topics include Why do we yawn? and Does sunscreen use reduce skin cancer risk?

At the end of each chapter, you’ll fnd a section called StreetBio: Knowledge you Can use. These sections unpack 
some questions and issues that are particularly practical, such as How clean is that food you just dropped? 

There’s much more to biology than just words. Flip through What Is Life? and look at the photographs. Images can 
do much more than simply illustrate ideas; they can inspire and provide an alternative hook for remembering and 
understanding concepts. They can also challenge you to see ideas in new ways. I have hand-picked every photo, with 
a goal of provoking and engaging, while helping you make connections between complex ideas.

You’ll also notice brief quotes from a variety of literary sources. There is a rich tradition of scientifc imagery, 
references, and metaphors throughout literature. It is my hope that you will recognize that as your scientifc literacy 
increases, your experience and appreciation of literature also will be richer.

In a world of information overload, it is more important than ever to learn how to distill ideas, examples, and 
implications, forming hierarchies of importance. I don’t want you to lose sight of the big picture. In organizing each 
chapter, I have broken down the topics into discrete, manageable sections. And at the end of each, I provide a  
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take-home Message that concisely and precisely highlights and reinforces the section’s most important ideas. 

Also included in the book are four-page illustrated summaries of each chapter, integrated with multiple-choice and 
short-answer questions. This review & rehearse (r&r) “mash-up” of content and quizzing refects important insights 
from educational research: integrating testing to hone your retrieval abilities, while reviewing the concepts themselves, 
enhances your learning—taking it beyond the simple recognition that comes from just revisiting the material. 

The multiple-choice questions are just a tiny sampling of the thousands of questions available to you in the online 
adaptive quizzing system Prepu, and each is marked with a diffculty thermometer, which refects the diffculty of the 
questions based on more than 30 million responses from students nationwide.

Increasingly, the information you consume includes graphs. It’s essential to understand how to read and interpret such 
fgures. To help you, I’ve included an exercise within each chapter called Graphic Content. This critical thinking challenge 
will help you become adept at reading and analyzing visual displays of information, while identifying subtle assumptions, 
biases, and even manipulations.

This is just a sample of some of the features in What Is Life? I hope that you fnd this book stimulates new ways of thinking 
about and understanding the world.

Sincerely,

Jay Phelan

P.S. About the cover: I want to convey that biology isn’t something that exists far away, separate from our personal lives. 
Rather, it intersects with our lives and is a central part of our world.



About the Author
Jay Phelan teaches biology at UCLA, where he has taught introductory biology to more than 11,000 majors and non-
majors students over the past seventeen years. He is the recipient of more than a dozen teaching awards, including 
UCLA’s highest teaching honor, the Distinguished Teaching Award, in 2011. He received his Ph.D. in evolutionary 
biology from Harvard in 1995, a master’s degree in environmental studies from Yale, and a bachelor’s degree from 
UCLA. His primary area of research is evolutionary genetics, and his original research has been published in Evolution, 
Experimental Gerontology, and the Journal of Integrative and Comparative Biology, among other journals. His research 
has been featured on Nightline, CNN, the BBC, and National Public Radio; in Science Times and Elle; and in more than 
a hundred newspapers.

Jay lectures frequently on a variety of topics in education, including the nurturing of critical thinking skills in 
undergraduate students and the use and effcacy of online adaptive assessment systems. His research in these areas 
has been published in the International Encyclopedia of Education and numerous journals.

With economist Terry Burnham, Jay is co-author of the international bestseller Mean Genes: From Sex to Money 
to Food—Taming Our Primal Instincts. Written for the general reader, Mean Genes explains in simple terms how 
knowledge of the genetic basis of human nature can empower individuals to lead more satisfying lives.

(The Daily Bruin.)
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engaging examples 
showcase Biology in 
everyday Life 
What Is Life? A Guide to Biology threads 
fascinating, relevant, contemporary examples of 
the science throughout each chapter. 

Brief sections Make the 
Material Manageable 
Each chapter is broken down into a series of short, 
accessible sections.

Clear and Consistent 
illustrations 
Fresh and easy-to-understand fgures bring the 
concepts to life. Collaboratively developed by the 
author and the scientifc illustrator, the text and 
illustrations are seamlessly integrated, effective 
learning tools.

Q: hoW doeS WhAt iS liFe? So thorouGhly CAPtiVAte non-MAJorS?
 it WAS CreAted With theM in Mind.

All cheetahs living today can trace their 
ancestry back to a dozen or so individuals 
that happened to survive a population 
bottleneck about 10,000 years ago!

Genetic drift occurs via the bottleneck effect when famine, disease, or rapid 
environmental change causes the deaths of a large, random proportion of 
the population, and the surviving individuals have different allele frequencies 
than the original population.

NEW POPULATION 
The new population will be 
dominated by the genetic 
features present in the 
surviving members.

SOURCE POPULATION

EXTREME AND RAPID 
ENVIRONMENTAL CHANGE

GENETIC DRIFT: BOTTLENECK EFFECT

FIGURE 8-14  Another way that genetic drift occurs: the 
bottleneck effect. 

Vivid Photos Capture the 
story of Biology
Striking images appear as unit openers and are 
combined with illustrations of biological processes, 
concepts, and experimental techniques to engage 
the imagination of the student.

FIGURE 11-2  Two equally successful organisms: the earthworm 
and the tiger. 

From an evolutionary perspective, 
every living species is successful.

Q Mammals get 
bigger and 

bigger the more 
they eat. Why don’t 
insects?    

intriguing, 
often surprising 
Q Questions 
Motivate readers
Q Questions spark students’ interest 
and encourage critical thinking.  
Q Animations (interactive versions 
of these questions) are available in 
LaunchPad.



Q: WhAt’S neW in the neW edition?
 innoVAtiVe neW Study toolS

K N O W L E D G E  YO U  C A N  U S E

Mixing aspirin and alcohol can  
lead to metabolic interference  
and unexpected inebriation.

Key Terms in Cells 

G R A P H I C  C O N T E N T
Thinking critically about visual displays of data

See answers at the back of the book.

1. What are the variables in this graph? 

2. What additional information would 
make this �gure more helpful? Why?

3. What can you conclude from this �gure?

4. Is “number of mitochondria per cell” the best 
measure of a cell’s “energy-generating capac-
ity”? Can you think of a reason why this might 
not be a perfect measure? (Hint: muscle cells 
can be much, much larger than liver cells.)

5. Based on these data, can you make 
any of your own predictions? 

Liver cell

Skeletal muscle cell

White blood cell in lung

Dermal cell (just under the skin)

White adipose cell (fat storage)

Red blood cell

Number of mitochondria per cell

~2,500

~1,200

~700

~200

~100

0

NUMBER OF MITOCHONDRIA IN VARIOUS CELLS

?
?

? ?

?

?

CELL THEORY

Cell theory is one of the unifying theories in biology, and one that is universally accepted by all biologists. The theory states that:

PROKARYOTIC CELLS

The cell is the smallest unit of life that can perform all of the necessary activities of life. All living organisms 
are made up of one or more cells.

3·1–3·3  What is a cell?

THE PLASMA MEMBRANE 

The plasma membrane is a fluid mosaic of proteins, lipids, and carbohydrates. 

Every cell is enclosed by a plasma membrane, a two-layered structure that holds the contents of a cell in 
place and regulates what enters and leaves the cell.

3·4–3·7 Cell membranes are gatekeepers.

Check Your Knowledge

1. Which of the following statements 
about the cell theory is correct?

a)  All living organisms are made up of 
one or more cells.

b)  All cells arise from other, 
preexisting cells.

c)  All eukaryotic cells contain 
symbiotic prokaryotes.

d)  All prokaryotic cells contain 
symbiotic eukaryotes.

e)  Both a) and b) are correct. 

2. Which of the following statements 
about prokaryotes is incorrect?

a)  Prokaryotes appeared on earth 
before eukaryotes.

b)  Prokaryotes have circular pieces of 
DNA within their nuclei.

c)  Prokaryotes contain cytoplasm.

d)  Prokaryotes contain ribosomes.

e)  Some prokaryotes can conduct 
photosynthesis.

3. Which of the following facts 
supports the claim that mitochon-
dria developed from bacteria that, 
long ago, were incorporated into 
eukaryotic cells by the process of 
phagocytosis?

a)  Mitochondria have flagella for 
motion.

b)  Mitochondria have proteins for the 
synthesis of ATP. 

c)  Mitochondria are the 
“powerhouses” of the cell.

d)  Mitochondria are small and easily 
transported across cell 
membranes.

e)  Mitochondria have their own DNA. 

EASY

0
37

HARD

100

EASY

0

HARD

100

EASY

0
11

EASY

0
51

HARD

100

1. What are the key features of a cell?

2. Describe four structural 
features of prokaryotes.

3. Describe two evolutionary mechanisms 
by which organelles may have originated.

4. Why are phospholipids good membrane material?

5. Why is the plasma membrane referred to as a fluid mosaic?

TYPICAL EUKARYOTIC 
CELL FEATURES
• DNA contained in 

nucleus.

• Larger than 
prokaryotes—usually 
at least 10 times bigger.

• Cytoplasm contains 
specialized structures 
called organelles. 

EUKARYOTIC CELLS

TYPICAL PROKARYOTIC 
CELL FEATURES
• No nucleus—DNA is 

in the cytoplasm.  

• Internal structures 
mostly not organized 
into compartments.

• Much smaller than 
eukaryotes. 

Lipid

Surface protein

Transmembrane 
protein

Carbohydrates

Extracellular fluid

Intracellular fluid

1 All living 
organisms are 
made up of one 
or more cells.

2 All cells arise from other, 
preexisting cells.

HYDROPHILIC HEAD
(POLAR)
• Attracted to water

• Composed of a 
glycerol linked to a 
phosphorus-
containing molecule

HYDROPHOBIC TAILS
(NONPOLAR)
• Not attracted to water

• Composed of 
carbon-hydrogen 
chains

Hydrophilic region
Hydrophobic region

3
CELLS

Bacterial 
cell

Animal cell

Plant cell

Sometimes it’s tricky to collect experimental evidence 
supporting a theoretical prediction, even when it seems 
extremely likely that the prediction is accurate. This 
is the case for the idea that there must be a trade-off 
between growth and longevity.

Collecting the appropriate evidence is challenging due 
to several confounding factors.

1. If you look at the slowest-growing organisms in a 
population, they may turn out not to have the greatest 
longevity simply because their slow growth is due to 
poor nutrition—which tends to reduce longevity. 

2. If you look at the fastest-growing organisms, they 
may have the greatest longevity simply because their 
faster growth reflects access to better nutrition. 

14· 9 T H I S  I S  H O W  W E  D O  I T?
Life history trade-offs: rapid growth comes at a cost. 

3. And, because growth rate is often positively correlated 
with adult body size—which is, in turn, positively  
correlated with longevity—the fastest-growing 
organisms may end up having the greatest longevity. 

Why is it useful to randomize subjects to 
experimental treatments?

In each of these cases, the data aren’t appropriate  
for evaluating whether there is a trade-off  
specifically between growth and longevity. Testing  
that prediction requires extremely well-controlled  
experiments.

In a 2013 paper in the Proceedings of the Royal 
Society of London, some researchers reported a clever 
experimental approach that enabled them to evaluate, 

take-Home Messages 
Provide a Quick summary
Each section of the chapter includes a concise, 
memorable summary of key ideas.
 

this is How We Do it
In each chapter, Jay Phelan highlights an 
intriguing question—for example, Does sunscreen 
use reduce skin cancer risk?—and shows how 
scientists have approached the problem and 
thought it through. It’s an effective new way to 
guide students through the process of science and 
develop their science literacy skills.

r&r (review and rehearse)
Each chapter now concludes with a four-page visual 
summary that represents the key ideas, with a brief 
recap and central illustration from each section. 
r&r also includes short-answer and multiple-choice 
questions, making it ideal for chapter review, for 
exam preparation, or as assignments.

end-of-Chapter study tools
Each chapter includes Key terms, an r&r 
visual summary with embedded questions, and 
a Graphic Content feature that gives students 
practice in thinking critically about visual displays 
of data.

streetBios Make Biology 
Memorable
StreetBio: KnoWledGe you CAn uSe features 
are found in every chapter, and demonstrate the 
practicality and fun of biology. 

 

TA K E - H O M E  M E S S Ag E  14 · 8 
Because constraints limit evolution, life histories are 
characterized by trade-offs between investments in growth, 
reproduction, and survival.



From the front of the classroom to the top of the bestseller list, award-winning educator Jay Phelan 
knows how to tell the story of how scientists investigate the big questions about life. He is also a master 
at using biology as a springboard for developing the critical thinking skills and scientifc literacy that are 
essential to students through college and throughout their lives.

Phelan’s dynamic approach to teaching biology is the driving force behind What Is Life?—the most 
successful new non-majors biology textbook of the millennium. The rigorously updated new edition 
brings forward the features that made the book a classroom favorite (chapters anchored to intriguing 
questions about life, spectacular original illustrations, innovative learning tools). The third edition also 
includes enhanced art and full integration with its own dedicated version of LaunchPad—W. H. Freeman’s 
breakthrough online course space. LaunchPad fully integrates an interactive e-Book, all student media, 
and a wide range of assessment and course management features, in a new interface in which power 
and simplicity go hand in hand.

neW! for tHe instrUCtor AnD for tHe CLAssrooM

LaunchPad
Developed with extensive feedback from 
instructors and students, W. H. Freeman’s new 
online course space offers:

• Pre-built units for each chapter, curated 
by experienced educators, with media for 
that chapter organized and ready to assign or 
customize to suit your course.

• All online resources for the text in 
one location, including an interactive 
e-Book, LearningCurve adaptive quizzing 
(see below), Bio 101 Tutorials, Q Animations, 
graph-reading and data analysis activities, 
assessment questions (written by the author), 
all instructor resources, and more.

• intuitive and useful analytics, with a 
Gradebook that lets you see how your class is 
doing individually and as a whole.

• A streamlined interface that lets you build 
an entire course in minutes.

LearningCurve
In a game-like format, LearningCurve adaptive and 
formative quizzing provides an effective way to 
get students involved in the coursework. It offers:

• A unique learning path for each student, with 
quizzes shaped by each individual’s correct 
and incorrect answers.

• A Personalized Study Plan, to guide students’ 
preparation for class and for exams.

• Feedback for each question with live links to 
relevant e-Book pages, guiding students to 
the reading they need to do to improve their 
areas of weakness.
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1 Scientifc 
Thinking
YOUR BEST PATHWAY TO 
UNDERSTANDING THE WORLD



THEMES IN 
BIOLOGY

More than just a collection of facts, 
science is a process for understanding 
the world.
 1·1 What is science? What is biology?

 1·2 Biological literacy is essential in the modern world.

 1·3 Scientific thinking is a powerful approach to understanding  
the world.

A beginner’s guide: what are the steps 
of the scientific method?
 1·4 Thinking like a scientist: how do you use the scientific method?

 1·5 Step 1: Make observations.

 1·6 Step 2: Formulate a hypothesis.

 1·7 Step 3: Devise a testable prediction.

 1·8 Step 4: Conduct a critical experiment.

 1·9 Step 5: Draw conclusions, make revisions.

 1·10 When do hypotheses become theories, and what are theories?

Well-designed experiments are essential 
to testing hypotheses.
 1·11 Controlling variables makes experiments more powerful.

 1·12 This is how we do it: Is arthroscopic surgery for arthritis of the  
knee beneficial?

 1·13 Repeatable experiments increase our confidence.

 1·14 We’ve got to watch out for our biases.

Scientific thinking can help us make 
wise decisions.
 1·15 Visual displays of data can help us understand and explain 

phenomena.

 1·16 Statistics can help us in making decisions.

 1·17 Pseudoscience and misleading anecdotal evidence can obscure  
the truth.

 1·18 There are limits to what science can do.

On the road to biological literacy:  
what are the major themes in biology.
 1·19 What is life? Important themes unify and connect diverse topics  

in biology.
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1·  1 What is science? What is biology?

A walk through Carnarvon National Park, Australia.

1·    1 – 1·       3 
More than just a 
collection of facts, 
science is a process for 
understanding the 
world.

You are already a scientist. You may not have realized this 
yet, but it’s true. Because humans are curious, you have 
no doubt asked yourself or others questions about how 
the world works and wondered how you might find the 
answers.  

•  Does the radiation released by cell phones cause brain 
tumors?

•  Do large doses of vitamin C reduce the likelihood of 
getting a cold?

These are important and serious questions. But you’ve 
probably also pondered some less weighty issues, too.

•  Why is morning breath so stinky? And can you do 
anything to prevent it?

•  Why is it easier to remember gossip than physics 
equations?

And if you really put your mind to the task, you will start 
to find questions all around you whose answers you might 
like to know (and some whose answers you’ll learn as you 
read this book).

•  Which parent determines a baby’s sex? Why? 

•  Why do so few women get into barroom brawls?

•  What is “blood doping,” and does it really improve 
athletic performance?

•  Why is it so much easier for an infant to learn a 
complex language than it is for a college student to 
learn biology?

Still not convinced you’re a scientist? Here’s something 
important to know: science doesn’t require advanced 
degrees or secret knowledge dispensed over years of 
technical training. It does, however, require an important 
feature of our species: a big brain, as well as curiosity and 
a desire to learn. But curiosity, casual observations, and 
desire can take you only so far. 

Explaining how something works or why something happens 
requires methodical, objective, and rational observations 
and analysis that are not clouded with emotions or 
preconceptions. Science is not simply a body of knowledge or 
a list of facts to be remembered. It is an intellectual activity, 
encompassing observation, description, experimentation, and 
explanation of natural phenomena. Put another way, science 
is a pathway by which we can come to discover and better 
understand our world. 

Later in this chapter, we explore specific ways in which we 
can most effectively use scientific thinking in our lives. But 
first let’s look at a single powerful question that underlies 
scientific thinking:

How do you know that is true? 
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WHAT IS SCIENCE? SCIENTIFIC METHOD EXPERIMENTAL DESIGN DECISION MAKING THEMES IN 
BIOLOGY

Once you begin asking this question—of others and of 
yourself—you are on the road to a better understanding of 
the world.

The following two stories about popular and successful 
products show the importance of questioning the truth of 
many “scientific” claims you see on merchandise packages 
or read in a newspaper or on the internet. 

Dannon yogurt. According to the Federal Trade 
Commission (FTC), a U.S. government agency with the 
mission of consumer protection, the Dannon Company 
claimed in nationwide advertisements that its Activia 
yogurt relieves irregularity and helps with “slow intestinal 
transit time.” Dannon also claimed that its DanActive 
dairy drink helps prevent colds and flu (  FIGURE 1-1   ). The 
FTC charged that the ads were deceptive because there 
was no substantiation for the claims and, further, that 
the claims had been clinically proven to be false. In an 
agreement finalized in 2011, Dannon agreed to pay  
$21 million in fines and to stop making those claims  
unless the company gets reliable scientific evidence 
demonstrating the claims.

Airborne. For more than 15 years, the product Airborne 
has been marketed and sold to millions of customers. On 
the packaging and in advertisements, the makers originally 

asserted that Airborne tablets 
could ward off colds and boost 
your immune system (see Figure 
1-1). Not surprisingly, Airborne 
quickly became a great success; 
it has generated more than $500 
million in revenue. Then some 

FIGURE 1-1  Some products claim to improve our health, but how do we know 
whether they work? 

consumers posed a reasonable question to the makers of 
Airborne: How do you know that it wards off colds? 

To support their claims, the makers of Airborne pointed 
to the results of a “double-blind, placebo-controlled study” 
conducted by a company specializing in clinical drug trials. 
We’ll discuss exactly what those terms mean later in the 
chapter; for now we just need to note that as a result of a 
class-action lawsuit, it became clear that no such study had 
been conducted and that there was no evidence to back 
up Airborne’s claims. The Airborne company removed 
the claims from the packaging and agreed to refund the 
purchase price to anyone who had bought Airborne. It 
also removed any reference to its “clinical trials,” with 
the company’s CEO saying that people “are really not 
scientifically minded enough to be able to understand a 
clinical study.” 

Are you insulted by the CEO’s assumption about your 
intelligence? You should be. Did you or your parents fall 
for Airborne’s false claims? Possibly. But here’s some more 
good news: you can learn to be skeptical and suspicious (in 
a good way) of product claims. You can learn exactly what 
it means to have scientific proof or evidence for something. 
And you can learn this by learning what it means to think 
scientifically.

Scientific thinking is important in the study of a wide 
variety of topics: it can help you understand economics, 
psychology, history, and many other subjects. Our focus 
in this book is biology, the study of living things. Taking 
a scientific approach, we investigate the facts and ideas in 
biology that are already known and study the process by 
which we come to learn new things. As we move through 

Q Can we 
trust the 

packaging claims 
that companies 
make?    
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the book, we explore the most important questions in 
biology.

•  What is the chemical and physical basis for life and its 
maintenance?

•  How do organisms use genetic information to build 
themselves and to reproduce?

•  What are the diverse forms that life on earth takes, and 
how has that diversity arisen?

•  How do organisms interact with each other and with 
their environment?

In this chapter, we explore how to think scientifically and 
how to use the knowledge we gain to make wise decisions. 
Although we generally restrict our focus to biology, 
scientific thinking can be applied to nearly every endeavor, 
so in this chapter we use a wide range of examples—

including some from beyond biology—as we learn how to 
think scientifically. Although the examples vary greatly, 
they all convey a message that is key to scientific thinking: 
it’s okay to be skeptical.

Fortunately, learning to think scientifically is not 
difficult—and it can be fun, particularly because it is so 
empowering. Scientific literacy, a general, fact-based 
understanding of the basics of biology and other sciences, is 
increasingly important in our lives, and literacy in matters 
of biology is especially essential.

TA K E - H O M E  M E S S AG E  1·1 
Through its emphasis on objective observation, 
description, and experimentation, science is a pathway by 
which we can discover and better understand the world 
around us.

A brief glance at any magazine or newspaper will reveal  
just how much scientific literacy has become a necessity  
(  FIGURE 1-2   ). Many important health, social, medical, 
political, economic, and legal issues pivot on complex 
scientific data and theories. For example, why are 
unsaturated fats healthier for you than saturated fats? 
And why do allergies strike children from clean homes 
more than children from dirty homes? And why do new 
agricultural pests appear faster than new pesticides?

As you read and study this book, you will be developing 
biological literacy, the ability to (1) use the process of 
scientific inquiry to think creatively about real-world issues 
that have a biological component, (2) communicate these 
thoughts to others, and (3) integrate these ideas into your 
decision making. Biological literacy doesn’t involve just 
the big issues facing society or just abstract ideas. It also 
matters to you personally. Should you take aspirin when 
you have a fever? Are you using the wrong approach if you 

1·  2 Biological literacy is essential in the modern world.

FIGURE 1-2  In the news. Every day, news sources report on social, political, medical, 
and legal issues related to science. 
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try to lose weight and, after some initial success, you find 
your rate of weight loss diminishing? Is it a good idea to 
consume moderate amounts of alcohol? Lack of biological 
literacy will put you at the mercy of “experts” who may try 
to confuse you or convince you of things in the interest 
of (their) personal gain. Scientific thinking will help you 
make wise decisions for yourself and for society.

TA K E - H O M E  M E S S AG E  1·2 
Biological issues permeate all aspects of our lives. To make 
wise decisions, it is essential for individuals and societies to 
attain biological literacy.
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FIGURE 1-3  “In the absence of the scientific method . . .” Rats 
develop strange, superstition-like behaviors if there is a 10-second 
delay between when they push a lever and when food is delivered. 

1·   3 Scientific thinking is a powerful approach to understanding 
the world.

It’s a brand new age, and science, particularly biology, is 
everywhere. To illustrate the value of scientific thinking 
in understanding the world, let’s look at what happens in 
its absence, by considering some unusual behaviors in the 
common laboratory rat.
 
Rats can be trained, without much difficulty, to push a 
lever to receive a food pellet from a feeding mechanism  
(  FIGURE 1-3   ). When the mechanism is altered so that there 
is a 10-second delay between the lever being pushed and 
the food pellet being dispensed, however, strange things 
start to happen. In one cage, the rat will push the lever 
and then, very methodically, run and push its nose into 
one corner of the cage. Then it moves to another corner 
and again pushes its nose against the cage. It repeats this 
behavior at the third and fourth corners of the cage, after 
which the rat stands in front of the feeder and the pellet is 
dispensed. Each time the rat pushes the lever it repeats the 
nose-in-the-corner sequence before moving to the food tray.

In another cage, with the same 10-second delay before the 
food pellet is dispensed, a rat pushes the lever and then 
proceeds to do three quick back-flips in succession. It then 
moves to the food tray for the food pellet when the 10 
seconds have elapsed. Like the nose-in-the-corner rat, the 
back-flip rat will repeat this exact behavior each time it 
pushes the lever.

In cage after cage of rats with these 10-second-delay food 
levers, each rat eventually develops its own peculiar series 
of behaviors before moving to the food dish to receive 
the pellet. Why do they do this? 
Because it seems to work! They 
have discovered a method by 
which they can get a food pellet. 
To some extent, the rats’ behaviors 
are reasonable. They associate two 
events—pushing the lever and 
engaging in some sequence of behaviors—with another 
event: receiving food. In a sense, they have taken a step 
toward understanding their world, even though the events 
are not actually related to each other. 

Humans can also mistakenly associate actions with 
outcomes in an attempt to understand and control their 
world. The irrational belief that actions or circumstances 
that are not logically related to a course of events can 
influence its outcome is called superstition (  FIGURE 1-4   ). 
For example, Nomar Garciaparra, a former major league 
baseball player, always engaged in a precise series of toe taps 
and adjustments to his batting gloves before he would bat.

Thousands of different narratives, legends, fairy tales, 
and epics from all around the globe exist to help people 
understand the world around them. These stories explain 
everything from birth and death to disease and healing. 

Q Why do people 
develop 

superstitions? Can 
animals be 
superstitious?     
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As helpful and comforting as stories and superstitions may 
be (or seem to be), they are no substitute for understanding 
achieved through the process of examination and discovery 
called the scientific method. 

The scientific method usually begins with someone 
observing a phenomenon and proposing an explanation 
for it. Next, the proposed explanation is tested through 
a series of experiments. If the experiments reveal that 
the explanation is accurate, and if others complete the 
experiments with the same result, then the explanation is 
considered to be valid. If the experiments do not support 
the proposed explanation, then the explanation must be 
revised or alternative explanations must be proposed and 
tested. This process continues as better, more accurate 
explanations are found. 

While the scientific method reveals much about the 
world around us, it doesn’t explain everything. There 
are many other methods through which we can gain an 
understanding of the world. For example, much of our 
knowledge about plants and animals does not come from 
the use of the scientific method, but rather comes from 
systematic, orderly observation, without the testing of 
any explicit hypotheses. Other disciplines also involve 

understandings of the world based on non-scientific 
processes. Knowledge about history, for example, comes 
from the systematic examination of past events as they 
relate to humans, while the “truths” in other fields, such 
as religion, ethics, and even politics, often are based on 
personal faith, traditions, and mythology.

Scientific thinking can be distinguished from these 
alternative ways of acquiring knowledge about the world 
in that it is empirical. Empirical knowledge is based on 
experience and observations that are rational, testable, and 
repeatable. The empirical nature of the scientific approach 
makes it self-correcting: in the process of analyzing a topic, 
event, or phenomenon with the scientific method, incorrect 
ideas are discarded in favor of more accurate explanations. 
In the next sections, we look at how to put the scientific 
method into practice.

TA K E - H O M E  M E S S AG E  1·3 
There are numerous ways of gaining an understanding of 
the world. Because it is empirical, rational, testable, 
repeatable, and self-correcting, the scientific method is a 
particularly effective approach.

FIGURE 1-4  Superstitions abound. As comforting as myths and superstitions may be, they are no 
substitute for really understanding how the world works. 
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“Scientific method”—this term sounds like a rigid process 
to follow, much like following a recipe. In practice, 
however, the scientific method is an adaptable process that 
can be done effectively in numerous ways. This flexibility 
makes the scientific method a powerful process that can 
be used to explore a wide variety of thoughts, events, or 
phenomena, not only in science but in other areas as well.

The basic steps in the scientific method are:

Step 1. Make observations.
Step 2. Formulate a hypothesis.

Step 3. Devise a testable prediction.
Step 4. Conduct a critical experiment.
Step 5. Draw conclusions and make revisions.

Once begun, though, the process doesn’t necessarily 
continue linearly through the five steps until it is concluded  
(  FIGURE 1-5   ). Sometimes, observations made in the first 
step can lead to more than one hypothesis and several 
testable predictions and experiments. And the conclusions 
drawn from experiments often suggest new observations, 
refinements to hypotheses, and, ultimately, increasingly 
precise conclusions.

An especially important feature 
of the scientific method is that 
its steps are self-correcting. As we 
continue to make new observations, 
a hypothesis about how the world 
works might change (  FIGURE 1-6   ). 
If our observations do not support 
our current hypothesis, that hypothesis must be given up in 
favor of one that is not contradicted by any observations. This 
may be the most important feature of the scientific method: it 
tells us when we should change our minds. 

If science proves some belief of Buddhism wrong, 
then Buddhism will have to change.

— THE 14TH DALAI LAMA,   
     New York Times, December 2005

| • • • | • • • • • • | • • • • | • • • • | • |
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Eugenie Clark (at left), a pioneering 
investigator of shark behavior since the 1940s.

1·      4   – 1·10 
A beginner’s guide: 
what are the steps  
of the scientific 
method?

1·     4 Thinking like a scientist: how do you use the scientific 
method?

FIGURE 1-5  The scientific method: five basic steps and one 
flexible process. 

The scientific method rarely proceeds in a straight 
line. Conclusions, for example, often lead to new 
observations and refined hypotheses.

THE SCIENTIFIC METHOD

STEP 1
Make 

observations.

STEP 2
Formulate a 
hypothesis. 

STEP 3
Devise 

a testable 
prediction. 

STEP 4
Conduct 
a critical 

experiment. 

STEP 5
Draw 

conclusions 
and make
revisions. 

Q What should 
you do when 

something you 
believe in turns out 
to be wrong?     
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Because the scientific method is a general strategy for 
learning, it needn’t be used solely to learn about nature 
or scientific things. In fact, we can analyze an important 
criminal justice question using the scientific method: 

•  How reliable is eyewitness testimony in criminal courts?

For more than 200 years, courts in the United States have 
viewed eyewitness testimony as unassailable. Few things 
are seen as more convincing to a jury than an individual 
testifying that she can identify the person she saw commit 
a crime (  FIGURE 1-7   ). But is eyewitness identification 
always right? Can the scientific method tell us whether 
this perception—or some other commonly held idea—is 
supported by evidence? As we describe how to use the 
scientific method to answer questions about the world, it 
will become clear that the answer is a resounding yes. In 
the coming sections of this chapter, we also look at how the 
scientific method can be used to address a variety of issues. 

In addition to our criminal justice question, we’ll answer 
two additional questions:

•  Does echinacea reduce the intensity or duration of the 
common cold?

•  Does shaving hair from your face, legs, or anywhere else 
cause it to grow back coarser or darker? 

TA K E - H O M E  M E S S AG E  1· 4 
The scientific method (observation, hypothesis, prediction, 
test, and conclusion) is a flexible, adaptable, and efficient 
pathway to understanding the world, because it tells us 
when we must change our beliefs.

FIGURE 1-6  Hold the fries. We apply an understanding of science 
when we choose foods from the menu that have fewer calories and 
less saturated fat. 

FIGURE 1-7  “With your own two eyes . . .”? How reliable is 
eyewitness testimony in criminal courts? 

1·     5 Step 1: Make observations.

Scientific study always begins with observations: we 
simply look for interesting patterns or cause-and-effect 
relationships. This is where a great deal of the creativity of 
science comes from. In the case of eyewitness testimony, 
DNA technologies have made it possible to assess whether 
tissue such as hair or blood from a crime scene came 
from a particular suspect. Armed with these tools, the 
U.S. Justice Department recently reviewed 28 criminal 
convictions that had been overturned by DNA evidence. 

It found that in most of the cases, the strongest evidence 
against the defendant had been eyewitness identification. 
The observation here is that many defendants who are later 
found to be innocent were initially convicted based on 
eyewitness testimony.

Opportunities for other interesting observations are 
unlimited. Using the scientific method, we can (and will) 
also answer our two other questions.
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Many people have claimed that consuming extracts of 
the herb echinacea can reduce the intensity or duration of 
symptoms of the common cold (  FIGURE 1-8   ). We can ask: 
how do you know this is true?

•  Does taking echinacea reduce the intensity or duration 
of the common cold?

Some people have suggested that shaving hair from your 
face, legs, or anywhere else causes the hair to grow back 
coarser and darker. Is this true?

•  Does hair that is shaved grow back coarser or darker?

Using the scientific method, we can answer these questions.

TA K E - H O M E  M E S S AG E  1·5 
The scientific method begins by making observations 
about the world, noting apparent patterns or cause-and-
effect relationships.

Based on observations, we can develop a hypothesis 
(pl. hypotheses), a proposed explanation for observed 
phenomena. What hypotheses could we make about the 
eyewitness-testimony observations described in the previous 
section? We could start with the hypothesis “Eyewitness 
testimony is always accurate.” We may need to modify our 
hypothesis later, but this is a good start. At this point, we 
can’t draw any conclusions. All we have done is summarize 
some interesting patterns we’ve seen in a possible explanation. 

To be most useful, a hypothesis must accomplish two 
things.

1. It must establish an alternative explanation for a 
phenomenon. That is, it must be clear that if the proposed 
explanation is not supported by evidence or further 
observations, a different hypothesis is a more likely 
explanation.
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FIGURE 1-8  The first step of science: making observations 
about the world. 

1·     6 Step 2: Formulate a hypothesis.

STEP 1: MAKE OBSERVATIONS

OBSERVATION
To many people, consuming echinacea extract seems to reduce the 
intensity or duration of symptoms of the common cold.

STEP 1 STEP 2 STEP 3 STEP 4 STEP 5

2. It must generate testable predictions (  FIGURE 1-9   ). This 
characteristic is important because we can evaluate the 
validity of a hypothesis only by putting it to the test. For 
example, we could disprove the “Eyewitness testimony is 
always accurate” hypothesis by demonstrating that, in 
certain circumstances, individuals who have witnessed a 
crime might misidentify someone as the criminal when 
asked to select the suspect from a lineup. 

Researchers often pose a hypothesis as a negative statement, 
proposing that there is no relationship between two factors, 
such as “Echinacea has no effect on the duration and 
severity of cold symptoms.” Or “There is no difference in 
the coarseness or darkness of hair that grows after shaving.” 
A hypothesis that states a lack of relationship between 
two factors is called a null hypothesis. Both types of 
hypothesis are equally valid, but a null hypothesis is easier 
to disprove. This is because a single piece of evidence or a 




