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Upon completing this 
chapter, you will be able to: 
+ Explain natural selection and cite 

evidence for this process 

+ Describe how evolution generates 
and shapes biodiversity 

+ Discuss factors behind species 
extinction and identify Earth's 
known mass extinction events 

+ List the levels of ecological 
organization 

+ Describe attributes of populations 
that help predict population 
growth 

+ Explain the roles that logistic 
growth, limiting factors, carrying 
capacity, and otherfundamental 
concepts play in population 
ecology 

+ Identify and discuss challenges 
and current efforts in conserving 
biodiversity 

CENTRAL 
case study 

Saving Hawaii1S Native 
Forest Birds 

I 
'• HAWAI'I 

When an island's entire 
avifauna ... is devastated 

almost overnight because of 
human meddling, it is, quite 

simply, a tragedy. J ack Jeffrey stopped Pacific Ocean 
in his tracks. "I hear 
one!" he said. "Over there in those trees!" 

Jeffrey led his group of ecotourists through a 
lush and misty woodland of ferns, shrubs, and vines 
toward an emphatic chirping sound. They ducked 
under twisting gnarled limbs covered with moss and 
lichens, beneath stately ancient 'ohi'a lehua trees 
offering bright red flowers loaded with nectar and 
pollen. At last, in the branches of a koa tree, they 

H. Douglas Pratt, ornithologist and expert 
on Hawaiian birds 

To keep every cog and wheel 
is the first precaution of 

intelligent tinkering. 
Conservationist and author Aldo leopold 

spotted the bird-an 'akiapola'au, one of fewer than 
1500 of its kind left alive in the world. 

The 'akiapola'au (or "aki" for short) is a sparrow-
sized wonder of nature-one of many exquisite birds that evolved on the Hawaiian Islands 
and exists only here (see inset photo). For millions of years, this chain of islands in the middle 
of the Pacific Ocean has acted as a cradle of evolution, generating new and unique species. 
Yet today many of these species are going from the cradle to the grave. More than half of 
Hawaii's native bird species (95 of 142) have gone extinct in recent times, and most of those 
that remain-like the aki-teeter on the brink of extinction. 

The aki is a type of Hawaiian honeycreeper. The Hawaiian honeycreepers include 18 IMng 
species (and at least 38 species recently extinct), all of which originated from a single ances-
tral species that reached the Hawaiian Islands several million years ago. As new volcanic 
islands emerged from the ocean and then eroded away, and as forests 
expanded and contracted, populations were split and, over the mil-
lennia, new honeycreeper species evolved. 

As honeycreeper species diverged from their common 
ancestor and from one another, they evolved different col-
ors, sizes, body shapes, feeding behaviors, mating pref-
erences, diets, and bill shapes. Bills in some species 
became short and straight, allowing birds to glean 
insects from leaves. In other species, bills became 
long and curved, enabling birds to probe into flowers 
to sip nectar. The bills of still other species became 
thick and strong for cracking seeds. Some birds 
evolved highly specialized bills: The aki uses the 
short, straight lower half of its bill to peck into dead 
branches to find beetle grubs, then uses the long, 
curved upper half to reach in and extract the insects. 

Hawaii's honeycreepers thrived for several million 
years in the islands' forests, amid unique communities of 
plants found nowhere else in the world. Sadly, though, 
these native Hawaiian forests are now under siege. The crisis 

Native Hawaiian forest at Hakalau Forest 
National Wildlife Refuge 

A. The endangered 'akiapoli!i'au 
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began 750 or more years ago as Polynesian settlers colonized the 
islands, cutting down trees and introducing non-native animals. 
Europeans arrived more than 200 years ago and did more of the 
same. Pigs, goats, and cattle ate their way through the native 
plants, transforming luxuriant forests into desolate grasslands. Rats, 
cats, and mongooses destroyed the eggs and young of native 
birds. Foreign plants from Asia, Europe, and America, whose seeds 
accompanied the people and animals traveling to the Hawaiian 
Islands from those regions, spread across the altered landscape. 

Foreign diseases also arrived, including strains of pox and 
malaria that target birds. The native fauna were not adapted to 
resist pathogens they had never encountered. Avian pox and avian 
malaria, carried by introduced mosquitoes, killed off native birds 
everywhere except on high mountain slopes, where it was too cold 
for mosquitoes. Today, few native forest birds exist anywhere on 
the Hawaiian Islands below 1500 m (4500 ft) in elevation. 

The aki being watched by Jeffrey's group inhabits the 
Hakalau Forest National Wildlife Refuge (NWR), high atop the 
slopes of Mauna Kea, a volcano on the Island of Hawai'i, the 
largest island in the chain (FIGURE 3.1). At Hakalau, native birds 
find a rare remaining patch of disease-free native forest. 

Jeffrey was a biologist at Hakalau for 20 years before his 
retirement and led innovative projects to save native plants and 
birds from extinction. Staff and volunteers at Hakalau fenced out 
pigs and other introduced animals, and they planted thousands of 
native plants in areas deforested by cattle grazing. Young restored 
native forest is now regrowing on thousands of acres. More and 
more native birds are using this restored forest every year. 

However, global climate change presents new challenges. 
As temperatures climb, mosquitoes move upslope and malaria 

Evolution: The Source 
of Earth's Biodiversity 
The animals and plants native to the Hawaiian Islands help 
reveal how our world became populated with the remarkable 
diversity of Life we see today- a rich cornucopia of millions of 
species (FIGURE 3.2) . 

A species is a particular type of organism. More pre-
cisely, it is a population or group of populations whose mem-
bers share characteristics and can freely breed with one 
another and produce fertile offspring. A population is a group 
of individuals of a gjven species that live in a particular region 
at a particular time. Over vast spans of time, the process of 
evolution has shaped populations and species, giving us the 
vibrant abundance of life that enriches Earth today. 

In its broad sense, the term evolution means change over 
time. In its biological sense, evolution consists of inherited 
change in populations of organisms from generation to gen-
eration. Changes in genes (p. 29) often lead to modifications 
in appearance or behavior. 

Evolution is one of the best-supported and most illuminating 
concepts in all of science, and it is the very foundation of modern 
biology. Perceiving how species adapt to their environments and 
change over time is crucial for comprehending ecology and for 
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FIGURE 3.1 The Hakalau Forest NWR is located on the slopes 
of Mauna Kea on the Island of Hawai'i. 

and pox spread deeper into the remaining forests so that even 
protected areas such as Hakalau are not immune. The next 
generation of managers will need to innovate further to conserve 
the island's native species. 

Island chains like Hawai'i can be viewed as "laboratories of 
evolution," showing us how populations evolve and how new 
species arise. But just as islands are crucibles of species forma-
tion, they are also hotspots of extinction. As we explore Hawaii's 
ecological diversity throughout this chapter, we will learn how 
scientists and conservationists are racing to restore habitats, 
fight invasive species, and save native plants and animals. 

learn ing the history of life. Evolutionary processes influence 
many aspects of environmental science, including agriculture, 
pesticide resistance, medicine, and environmental health. 

Natural selection shapes organisms 
Natural selection is a primary mechanism of evolution. In the 
process of natural selection, inherited characteristics that 
enhance survival and reproduction are passed on more frequently 
to future generations than characteristics that do not, thereby 
altering the genetic makeup of populations through time. 

Natural selection is a simple concept that offers a powerful 
explanation for patterns evident in nature. The idea of natural 
selection follows logically from a few straightforward facts that 
are readily apparent to anyone who observes the Life around us: 

• Organisms face a constant struggle to survive and reproduce. 
• Organisms tend to produce more offspring than can sur-

vive to maturity. 
• Individuals of a species va1y in their attributes. 

Yruiation is due to differences in genes, the enviromnents in 
which genes are expressed, and the interactions between genes 
and environment. As a result of this vruiation, some individuals 
of a species will be better suited to their environment than others 
and therefore will survive longer and be better able to reproduce. 



FIGURE 3.2 Hawal'l hosts a 
treasure trove of biodiversity. 

Characteristics, or traits, are passed from parent to off-
spring through the genes, and a parent that produces many 
offspring will pass on more genes to the next generation than 
a parent that produces few or no offspring. In the next genera-
tion, therefore, the genes of better-adapted individuals will 
outnumber those of individuals that are less well adapted. 
From one generation to another through time, traits that lead 
to better and better reproductive success in a given environ-
ment will evolve in the population. This process is termed 
adaptation, and a trait that promotes reproductive success is 
also called an adaptation or an adaptive trait. 

The concept of natural selection was first proposed in the 
1850s by Charles Darwin and, independently, by 
Alfred Russel Wallace, two exceptionally keen British natural-
ists. By this time, scientists and amatew· naturalists were widely 
discussing the idea that populations evolve, yet no one could 
say how or why. After spending years studying and cataloging 
an immense variety of natural phenomena- in his English gar-
den and across the world to the Galapagos Islands-Darwin 
finally concluded that natural selection helped explain the 
world's great variety of living things. Once he came to this con-
clusion, however, Darwin put off publishing his findings, fear-
ing that social dismption might ensue if people felt their 
religious convictions were threatened. Darwin was at last 

driven to go public when Wallace wrote to him from the Asian 
tropics, independently describing the idea of natural selection. 
The two men's shared ideas were presented together at a scien-
tific meeting in 1858, and the next year Darwin published his 
ground breaking book On the Origin of Species. 

With natural selection, humanity at last uncovered a pre-
cise and viable mechanism to explain how and why organ-
isms evolve through time. Once geneticists worked out how 
traits are inherited, this understanding launched evolutionary 
biology. In the century and a half since Darwin and Wallace, 
legions of researchers have refined our understanding of evo-
lution, powering dazzling progress in biology that has helped 
shape our society. 

Understanding 
evolution is vital 
for modern society 
Evolutionary processes play key 
roles in society and in our every-
day lives. As we will see shortly, 
we depend on a working knowl-
edge of evolution for the food we 
eat and the clothes we wear, each 
<md every day, as these have been 
made possible by the selective 
breeding of crops and livestock. 
Applying an understanding of evo-
lution to agriculture can also help 
us prevent antibiotic resistance in 
feedlots and pesticide resistance in 
crop-eating insects (p. 252). 

Medical advances result from 
our knowledge of evolution as well. 
Understanding evolution helps us 
detennine how infectious diseases 
spread and how they gain or lose 
potency. It allows scientists to track 
the constantly evolving strains of 
influenza (flu), HIV (human 
immunodeficiency vi!Us, which 
causes AIDS), and other pathogens. 
Armed with such information, bio-
medical experts can predict which 
flu strains will most likely spread in 
a given year and then design effec-
tive vaccines targeting them. Com-
prehending evolution also enables 
us to detect and respond to the evo-
lution of antibiotic resistance by 
dangerous bacteria. 

FAQ 
How strong Is the evidence 
for evolution? 
Because Charles Darwin 
contributed so much to our early 
understanding of evolution, some 
people assume the concept itself 
hinges on his ideas. But scientists 
and laypeople had been observing 
nature, puzzling over fossils, and 
discussing the notion of evolution 
long before Darwin. Once he and 
Alfred Russel Wallace indepen-
dently described the process of 
natural selection, scientists finally 
gained a way of explaining how 
and why organisms change 
across generations. 

Later, geneticists discovered 
Gregor Mendel's research on 
inheritance and worked out how 
traits are passed on- and modem 
evolutionary biology was born. 
Twentieth-century scientists such 
as Ronald Fisher, Sewall Wright, 
Theodosius Dobzhansky, George 
Gaylord Simpson, and Emst Mayr 
ran experiments, developed 
sophisticated mathematical 
models, and documented 
phenomena with extensive 
evidence, building evolutionary 
biology into one of the strongest 
fields in all of science. Since then, 
evolutionary research by many 
thousands of scientists has driven 
our understanding of biology and 
has facilitated spectacular Additionally, applying our 

knowledge of evolution informs advances in agriculture, medicine, 
and technology. our technology. From studying 

how organisms adapt to chal-
lenges and evolve new abilities, we develop ideas on how to 
design technologies and engineering solutions. 
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Selection acts on genetic variation 
For an organism to pass a trait along to future generations, 
genes in its DNA (pp. 28- 29) must code for the trait. In an 
organism's Life time, its DNA will be copied millions of times 
by millions of cells. Amid all tlus copying, sometimes a mis-
take is made. Accidental changes in DNA, called mutations, 
give rise to genetic variation among individuals. If a mutation 
occurs in a sperm or egg cell , it may be passed on to the next 
generation. Most mutations have little effect, but some can be 
deadly and others can be beneficial. Those that are not lethal 
provide the genetic variation on wluch natural selection acts. 

Genetic variation also results as organisms mix their 
genetic material through sexual reproduction. When organ-
isms reproduce sexually, each parent contributes to the genes 
of the offspring. This process produces novel combinations of 
genes, generating variation among individuals. 

When natural selection acts on genetic variation by 
favoring certain variants, it can drive a feature in a particular 
direction {FIGURE 3.3). Because such evolutionary change 
generally requires a great deal o f time, a species cannot 
always adapt to environmental conditions that change quickly. 
For instance, the current warming of our global climate 

Short beaks 
favored 

Original population 

Beak length 

I \ 

Dashed line 
shows average 
beak length of 
the original 
population 

Blue area 
shows 
distribution of 
beak lengths 
in population 

(a) Selection for shorter beaks (b) Selection for longer beaks 

FIGURE 3.3 Natural selection can drive a feature in various 
directions. Let's consider the 'i'iwi, a Hawaiian honeycreeper, 
whose population possesses genetic variation for the length of its 
curved bill. In an environment where flowers grow short nectar 
tubes (a), birds with short bills could feed perfectly well and avoid 
investing extra energy in growing a long bill, so natural selection 
would favor a decrease in bill length across the population. In an 
environment where flowers have long tubes (b), birds with long bills 
could feed more effective ly and pass on more genes, causing the 
population to shift toward longer average bill length. 
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(Chapter 18) is occurring too rapidly for most species to 
adapt, and we may lose many species to extinction as a result. 

However, genetic variation can sometimes help protect a 
population against novel challenges. For example, one of the 
honeycreeper species of the Hakalau Forest, the 'amakihi, also 
occurs in ce1tain forests at low elevations where avian malaria 
has ki lled off other honeycreepers. Researchers determined 
that some of the 'amakihis living there when malaria arrived 
had genes that by chance gave them a natural resistance to the 
disease. These resistant birds survived malaria's onslaught, 
and their descendants that carried the malaria-resistant genes 
reestablished a population that is growing today. 

Selective pressures from the 
environment influence adaptation 
Environmental conditions determine what pressures natural 
selection wi Ll exert, and these selective pressures, in turn, 
affect which members of a population will survive and repro-
duce. Over many generations, this results in the evolution of 
traits that enable success within a given environment. Closely 
related species that live in different environments tend to 
diverge in their traits as differing selective pressures drive the 
evolution of different adaptations {FIGURE 3.4a). Conversely, 
sometimes very umelated species living in similar environ-
ments in separate locations may independently acquire simi-
lar traits as they adapt to similar selective pressures; this is 
called convergent evolution {FIGURE 3.4b). 

Of course, environments change over time, and organisms 
may move to new locations and encounter new conditions. In 
ei ther case, a trait that promotes success at one time or place 
may not do so at another. Hawaiian honeycreepers such as the 
'apapane and the 'i 'iwi fl y long distances in search of flower-
ing trees. This behavior had long helped them to fi nd the best 
resources across a diverse landscape. However, once malaria 
arrived, the behavior become counterproductive, as birds from 
malaria-free mountain forests flew downslope into death zones 
and were bitten by mosquitoes. As environmental conditions 
vary in time and space, adaptation becomes a moving target. 

Evidence of selection is all around us 
The results of natural selection are all around us, visible in 
every adaptation of every organism. Researchers have docu-
mented selection through innumerable observations and 
experiments at field sites from the Galapagos Islands to the 
rainforests to the oceans to our cities. Scientists also have 
demonstrated the rapid evolution of traits by selection in 
countless lab experiments with fast-reproducing organisms 
such as bacteria, yeast, and fruit flies. 

For many of us, the most fanuliar and obvious evidence 
for selection is our breeding of domesticated animals. With 
dogs, cats, and livestock, we have conducted selection under 
our own direction, that is, artificial selection. We have chosen 
animals possessing traits we like and bred them together, 
while culling out individuals with traits we do not like. 
Through such selective breeding, we have been able to aug-
ment particular traits we prefer. 
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(a) Divergent evolution of Hawaiian honeycreepers (b) Convergent evolution of cactus and spurge 
FIGURE 3.4 Natural selection can cause closely related species to diverge or distantly related species to 
converge. Hawaiian honeycreepers (a) diversified as they adapted to different food resources and habitats, as indicated by 
their diversity of plumage colors and bill shapes. In contrast, cacti of the Americas and euphorbs of Africa (b) became similar 
to one another as they independently adapted to arid environments. These plants each evolved succulent tissues to hold 
water, thorns to keep thirsty animals away, and photosynthetic stems without leaves to reduce surface area and water loss. 
Painting H. D. Pratt, by permission. 

Consider the great diversity of dog breeds (FIGURE 3.5a). 
People generated every type of dog alive by starting with a 
single ancestral species and selecting for particular desired 
traits as individuals were bred together. From Great Dane to 
Chihuahua, aU dogs are able to interbreed and produce viable 
offspring, yet breeders maintain differences among them by 
allowing only like individuals to breed. 

Artificial selection through selective breeding has also given 
us the many crop plants and livestock we depend on for food and 

Great 
Dane 

Coll ie 

Saint 
Bernard 

Chihuahua 

(a) Ancestral wolf (Canis lupus) and derived dog breeds 

fiber, aU of which people domesticated from wi ld species and 
carefully bred over years, centuries, or millennia (FIGURE 3.5b). 
Through selective breeding, we have created corn with bigger, 
sweeter kernels; wheat and rice with larger and more numerous 
grains; and apples, pears, and oranges with better taste. We have 
diversified single types into many-for instance, breeding 
variants of wild cabbage (Brassica oleracea) to create broccoli, 
cauliflower, cabbage, and brussels sprouts. Our entire agticul-
tural system is based on ruti.ficial selection. 

Cabbage 

(b) Ancestral Brassica o/eracea and derived crops 
FIGURE 3.5 Artificial selection through selective breeding has given us many dog breeds and crop varieties. 
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FAQ 
Are humans evolving? 
In our modern civilization. it's 
become easy to feel removed 
from nature and to believe that 
human beings are no longer 
subject to natural selection, only 
to cultural forces. And our 
day-to-day environment has 
indeed changed from the wholly 
"natural" one of our hunter-
gatherer history to a largely 
constructed one in today's 
urban-techno-industrial society. 
But when environments change, 
new selective pressures come into 
play. For instance, in the not-too-
distant past, many people died 
prematurely from diseases, 
injuries, and infection. In today's 
world, medical advances save 
and extend our lives. Ironically, as 
a result, illnesses and disabilities 
that can be inherited get passed 
on to more children than in the 
past, and the frequencies with 
which these maladies occur 
increase. At the same time, 
humanity's old foes continue to 
have an impact: In developing 
countries, major killers of young 
people, like malaria, measles, and 
tuberculosis, still exert strong 
selection on the human genome. 
Natural selection never stops, and 
all organisms- people included-
are always evolving. 

Evolution generates 
biodiversity 
Just as selective breeding helps us 
create new types of pets, farm 
animals, and crop plants, natural 
se lection can e laborate and 
diversify traits in wild organ-
isms, helping to form new species 
and whole new types of organ-
isms. Life's complexity can be 
expressed as biological diversity, 
or biodiversity. These tem1s refer 
to the variety of life across all lev-
els, including the diversity of spe-
cies, genes, populations, and 
communities (p. 275). 

Sc ientists have identified 
and described about 1.8 million 
species, but many more remain 
undiscovered or unnamed. Esti-
mates vary for the actual num-
ber of species in the world, but 
they range from 3 million up to 
100 million. Hawaii 's insect 
fauna provides one example of 
how much we have ye t to learn. 
Scientists studying fruit f lies in 
the Hawaiian Islands have 
described more than 500 spe-
cies of them, but they have also 
identified about 500 others that 
have not yet been formaiJ y 
named and described. Still more 
fruit fly species probably exist 
but have not yet been found. 

Subtropical islands such as 
Hawai'i are by no means the 

only places rich in biodiversity. Step outside just about any-
where and you will find many species within c lose reach. 
Plants poke up from cracks in asphalt in every city in the 
world. A handful of backyard soil may contain an entire min-
iature world of life, including insects, mites, millipedes, nem-
atode worms, plant seeds, fungi, and m illions of bacte ria. (We 
will examine Earth's biodiversity in detail in Chapter 11.) 

Speciation produces new types 
of organisms 
How did Earth come to have so many species? The process 
by which new species are generated is termed specia tion. 
Speciation can occur in a number of ways, but the main mode 
is generally thought to be allopatric speciation, whereby spe-
cies form after populations become physically separated over 
some geographic distance (FIGURE 3.6). Imagine a populatio n 
of organisms. Individua ls w ithin the populatio n possess many 
similarities that unify them as a species because they are able 
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0 Single population 

0 Isolated populations come 
together; they can no longer 
interbreed and are now 
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FIGURE 3.6 The long, slow process of allopatric speciation 
begins when a geographic barrier splits a population-as 
when forest O is destroyed by lava flowing from a volcano, but 
isolated patches of forest f) are left. Hawaiian fruit flies are weak 
fliers and become isolated in such forested patches, or kipukas. 
Over centuries. each population accumulates its own set of genetic 
changes E). until individuals become unable to breed with 
individuals from the other population. The two populations now 
represent separate species and will remain so even if the geo-
graphic barrier disappears 0 and the new species intermix. 



to breed with one another, sharing genetic information. How-
ever, if the population is split into two or more isolated areas, 
individuals from one area cannot reproduce with individuals 
from the other areas. 

When a mutation arises in the DNA of an organism in 
one of these newly isolated populations, it cannot spread to 
the other populations. Over time, each population wi ll 
independently accumulate its own set of mutations. The pop-
ulations thereby diverge and may eventually become so dif-
ferent that their members can no longer mate with one another 
and produce viable offspring. (This can occur because of 
changes in reproductive organs, hormones, courtship behav-
ior, breeding timing, or other factors.) Populations that no 
longer exchange genetic infonna-
tion wi ll embark on their own 
independent evolutionary paths as 
separate species. The populations 
wi ll continue diverging in their 
characteristics as chance muta-
tions accumulate that cause them 
to differ more and more. And if 
environmental conditions happen 
to differ for the two populations, 
then natural selection may accel-
erate the divergence. 

I 
Jaw 

Lung or I For speciation to occur, pop-
ulations must remain isolated for 
a very long time, generally thou-
sands of generations. Populations 
can undergo long-term geo-
graphic isolation in various ways. 
Lava flows can destroy forest, 
leaving small isolated patches 

swimbladder 

intact (as shown in Figure 3.6). Ice 
sheets may expand across continents dur-
ing periods of glaciation and split popula-
tions in two. Major rivers may change course or 
mountain ranges may be uplifted, dividing 
regions and their organisms. Sea level may rise, 
flooding low-lying regions and isolating areas of 
higher ground as islands. Drying climate may partially 
evaporate lakes, subdividing them into smaller bodies of 
water. Warming or cooling climate may cause plant commu-
nities to shift , creating new patterns of plant and animal 
distribution. 

Alternatively, sometimes organisms colonize newly 
created areas, establishing isolated populations. Hawai'i pro-
vides an example. As shown in Figure 2.2 1 (Chapter 2, p. 4 1 ), 
the Pacific tectonic plate moves over a volcanic "hotspot" that 
extrudes magma into the ocean, building volcanoes that form 
islands once they break the water 's surface. The plate inches 
northwest, dragging each island with it, while new islands are 
formed at the hotspot. The result, over millions of years, is a 
long string of islands, called an archipelago. As each new 
island is formed, plants and animals that colonize it may 
undergo allopatric speciation if they are isolated enough from 
their source population (see THE SCIENCE BEHIND THE 
STORY, pp. 56-57). 

We can infer the history of life's 
diversification 
Lnnumerable speciation events have generated complex patterns 
of diversity beyond the species level. Scientists represent this 
histo1y of divergence by using branching diagrams called 
phylogenetic trees. Similar to family genealogies, these diagrams 
illusu·ate hypotheses proposing how divergence took place 
(FIGURE 3.7). Phylogenetic trees can show relationships among 
species, groups of species, populations, or genes. Scientists con-
su·uct these trees by analyzing pattems of similarity among the 
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FIGURE 3.7 Phylogenetic trees show the history of life's 
divergence. The tree here illustrates relationships among groups 
of vertebrates-just one small portion of the huge and complex 
"tree of life." Each branch results from a speciation event; as you 
follow the tree left to right from its trunk to the tips of its branches, 
you proceed forward in time, tracing life's history. Major traits are 
"mapped" onto the tree to indicate when they originated. 
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-+ Go to Process of Science on Mastering Environmental Science 

THE SCIENCE 

behind How Do Species Form in Hawaii's 
the story "Natural Laboratory" of Evolution? 

For scientists who study how spe- The best-understood radiation has occurred with the 

Dr. Heather Lerner, 
Earlham College 

cies form, no place on Earth is more Hawaiian fruit flies. Some of these insects speciate within 
informative than an isolated chain of islands in forested patches, called kipukas (see Figure 3.6), 

islands. The Hawaiian Islands-the but most have done so by island-hopping. By combining 
most remote on the planet-are genetic analysis and geologic dating, researchers determined 

often called a "natural laboratory that the process began 25 mya on islands that today are 
of evolution." beneath the ocean. From a single original fruit fly species, an 

The key to this laboratory estimated 1000 species have evolved - fully one-sixth of all the 
lies in the process that drives world's fruit fly species. 
Hawaii's geologic history. Turn Other groups have undergone adaptive radiations on the 
back to Figure 2.21 (p. 41) Hawaiian Islands as well, including damselflies, crickets, mirid 

and examine it closely. Deep bugs, spiders, and multiple families of plants. Scientists propose 
beneath the Pacific Ocean, a vol- that once a species colonizes an island, it may spread and 

canic "hotspot" spurts magma as evolve rapidly because competitors are few and there tend to be 
the Pacific Plate slides across it in unoccupied niches (pp. 62, 77). 
tectonic motion like a conveyor The Hawaiian honeycreepers are so diverse that research-
belt. Mountains of lava accumu- ers have long puzzled over what type of bird gave rise to their 
late underwater until eventually a radiation-and whether there was just one colonizing ancestor 
volcano rises above the waves, or many. In 2011 , to clarify how the honeycreeper radiation took 
building an island. As the tectonic place, one research team combined genetic sequencing tech-

plate moves northwest, it carries each newly formed island nology with resources from museum collections and our knowl-
with it, creating a long chain, or archipelago. Over several mil- edge of Hawaiian geology. 
lion years, each island gradually subsides, erodes, and disap- Heather Lerner and five colleagues first took tissue sam-
pears beneath the waves. As old islands disappear on the pies from bird specimens in museum collections. Working with 
northwest end of the chain, new islands are formed on the Robert Fleischer and Helen James at the Smithsonian lnstitu-
southeast end. tion, Lerner, now at Earlham College in Indiana, sampled 19 

Geologists analyzing radioisotopes (p . 26) in the islands' species of honeycreepers plus 28 diverse types of finches from 
rocks have determined that this process has been ongoing for around the Pacific Rim that experts had identified as possible 
at least 85 million years. They estimate that Kaua'i was formed ancestors. 
about 5.1 million years ago (mya), and the Island of Hawai' i Lerner's team sequenced DNA (pp. 28-29) from each tis-
just 0.43 mya. sue sample, obtaining data from 13 genes and from mite-

Despite the remoteness of the Hawaiian archipelago, over chondrial genomes. (Mitochondria are cell organelles with 
time a few plants and animals found their way there, establish- genetic material inherited from the female parent.) They ran 
ing populations. As some individuals hopped to neighboring the data through computer programs to analyze how the DNA 
islands, populations that were adequately isolated evolved into sequences-and thus the birds-were related to one another, 
new species. Such speciation by "island-hopping" has driven then produced phylogenetic trees (p. 55) showing the relation-
the radiation of Hawaiian honeycreepers and many other ships (FIGURE 1). They published their results in the journal 
organisms. Current Biology. 

For instance, the windswept high volcanic slopes of Hawai'i Lerner's team found that the Hawaiian honeycreepers 
are graced by some of the most striking flowering plants in the apparently derive from one ancestor and are most related to the 
world, the silverswords (see Figure 3.2). These spectacular Eurasian rosefinches, indicating that honeycreepers evolved 
plants have spiky, silvery leaves and tall stalks that explode into after some rosefinch-like bird arrived from Asia. Today's rose-
bloom with flowers once in the plant's long life before it dies. finches are partly nomadic; when food supplies crash, flocks fly 
Researchers have discovered that Hawaii's 28 species of silver- long distances to find food. Perhaps a wandering flock of ances-
swords all evolved from a modest tarweed plant from California tral rosefinches was caught up in a storm long ago and blown 
that reached Hawai'i and diversified by island-hopping. Univer- to Hawai'i. 
sity of California, Berkeley, botanist Bruce Baldwin and other Once this common ancestor of today's rosefinches and 
researchers analyzed genetic relationships and learned that the honeycreepers arrived on an ancient Hawaiian island, its prog-
silverswords' radiation was rapid (on a geologic timescale), tak- eny adapted to conditions there by natural selection, resulting in 
ing place in just 5 million years. modified bill shape, diet, and coloration. Every once in a great 
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I 
I 

The common ancestor 
of the rosefinch and 
the honeycreepers 
lived 7.2 mya. 

The ancestor of 
the honeycreepers 
arrived in Hawai'i 
about 5.7 mya. 

8 

Islands were 
formed in 
sequence, from 
Kaua'i and Nl ihau 
(4.9-5.7 mya) to 
Hawai i (0.4-0.7 
my a). 

Most speciation 
took place after 
O'ahu was formed. 

7 

(most closely related to 
the honeycreepers) 
Poouli 
(diverged when 
Kaua 1 formed) 
Maui Creeper 

Kaua' i Creeper 

Palila 
(diverged when 
o·ahu formed) 
Nihoa Finch 

Laysan Finch 

T iwi 

Akohekohe 
(d,verged when 
MaUl 1ormed) 
'Apapane 

'Akiapolii'au 

Maui Parrotbill 

Anianiau 

Hawai'i Creeper 

Kaua' i 'Akepa 

'Akepa 

Kaua'i 'Amakihi 

O'ahu 'Amakihi 

FIGURE 1 Using gene sequences, researchers generated this phylogenetic tree 
showing relationships among the Hawaiian honeycreepers. They then matched 
the history of the birds' diversification with the known geologic history of the islands' 
formation. Adapted from Lemer, H. R. L., et al. 2011. Multilocus resolution of phylogeny and timescale in 
the extant adaptive radiation of Hawaiian honeycreepers. Curr. Bioi. 21: 1838-1844. 

while, wandering birds colonized other 
islands, founding populations that each 
adapted to local conditions and might 
eventually evolve into separate species. 

Because the age of each island is 
known, Lerner's team could calibrate 
rates of evolutionary change in the birds' 
DNA sequences, and thus measure the 
age of each divergence. That is, they 
could tell how "old" each bird species is. 
They found that the rosefinch-like ances-
tor arrived by 5. 7 mya, about the time that 
the oldest of today's main islands (Kaua'i 
and Ni'ihau) were forming. After O'ahu 
emerged 4.Q-3. 7 mya, the speciation pro-
cess went into overdrive, giving rise to 
many new species with distinctively differ-
ent colors, bill shapes, and habits. By the 
time Maul arose 2.4-1.9 mya, most of the 
major differences in body form and 
appearance had evolved (see bottom por-
tion of Figure 1 ). 

Thus, most major innovations arose 
midway through the island-formation pro-
cess, when O'ahu and Kaua'i were the 
main islands in the chain. After this burst 
of innovation, major changes were fewer, 
perhaps because most evolutionary pos-
sibilities had been explored, or perhaps 
because the newer islands of Maui and 
Hawai'i were too close together to isolate 
populations adequately. 

The team's data show that the age of 
each honeycreeper species does not 
neatly match the age of the island or 
islands it inhabits today. Instead, the 
island-hopping process was complex, 
with some birds hopping "backward" from 
newer islands to older ones. Moreover, 
within each Island there is a great deal of 
variation in climate, topography, and veg-
etation, because windward slopes catch 
moisture from trade winds over the ocean 
and become lush and green, whereas lee-
ward slopes in the rainshadow (p. 96) are 
arid. The varied habitats and rugged 
topography create barriers that can lead 
to speciation within islands. 

All these complexities of history, geol-
ogy, and biology make the Hawaiian 
Islands especially fascinating. And for all 
that scientists have learned so far, this 
"natural laboratory" still has much to teach 
us about how new species are formed. 
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genes or external traits of present-day organisms and by infer-
ting whkh groups share similarities because they are related. 

Once we have a phylogenetic tree, we can map traits onto 
the tree according to which organisms possess them, and we 
can thereby trace how the traits have evolved. For instance, 
note in the phylogeny of major vertebrate groups in Figure 3.7 
how feathers are shown to have originated in the lineage lead-
ing to birds. Because only birds have feathers, it is simplest to 
conclude that feathers fu·st evolved in this relatively recent lin-
eage. ln contrast, almost all vettebrates have jaws, leading us 
to infer that jaws must have evolved very early in the history of 
vertebrates, before most divergences took place. 

Knowing how organisms are related to one another also 
helps scientists to classify them and name them. Taxono-
mists use an organism's genetic makeup and physical 
appearance to determine its species identity. These scientists 
then group species by their similarity into a hierarchy of cat-
egories meant to reflect evolutionary relationships. Related 
species are grouped together into genera (singular, genus), 
related genera are grouped into families, and so on 
(FIGURE 3.8). Each species is given a two-part Latin or 
Latinized scientific name denoting its genus and species. 
For instance, the 'ak.iapola 'au, Hemignathus wilsoni, is 
similar to other Hawaiian honeycreepers in the genus 
Hemignathus. These species are closely related in evolution-
ary terms, as indicated by the genus name they share. They 
are more distantly related to honeycreepers in other genera, 
but all honeycreepers are classified together in the family 

Doma . 
Eukarya 

Kingdom: 
Animalia 

Phylum: 
Chordata 

Class: 
Aves 

Fringillidae. This system of naming and classification was 
devised by Swedish botanist Carl Linnaeus (1707- 1778) 
long before Darwin's work on evolution. Today, biologists 
use evolutionary information from phylogenetic trees to 
help classify organisms under the Linnaean system 's rules. 

Fossils reveal life's long history 
To help decipher the history of life, scientists also study fos-
siJs. As organisms die, some become buried by sediment. 
Under certain conditions, the hard parts of their bodies-such 
as bones, shells, and teeth-may be preserved, as sediments 
are compressed into rock (p. 38) . Minerals replace the organic 
material, leaving behind a fossil, an imprint in stone of the 
dead organism (FIGURE 3.9a). Over millions of years, geologic 
processes have buried sediments and later brought sedimen-
tary rock layers to the surface, revealing assemblages of 
fossilized plants and animals from different time periods. By 
dating the rock layers that contain fossils, paleontologists 
(scientists who study the history of Earth's life) can Jearn 
when particular organisms lived (FIGURE 3.9b) . The cumula-
tive body of fossils worldwide is known as the fossil record. 

The fossil record shows that the number of species exist-
ing at any one time has generally increased, but that the species 
on Earth today are just a small fraction of all species that have 
ever existed. During life's 3.5 billion years on Earth, complex 
structures have evolved from simple ones, and large sizes from 
small ones. At the same time, simplicity and small size have 
evolved when favored by natural selection; indeed, it is easy to 

argue that Eruih still belongs to the bacteria and other 
microbes, some of them little changed over eons. 

And yet, even enthusiasts of microbes must 
marvel at the exquisite adaptations of ani-

mals, plants, and fungi: the heart that 
beats so reliably for an animal 's entire 

lifetime; the complex organ system 

Order: ......._ 
Passeriformes 
Family: 

to which the heart belongs; the 
stunning plumage of a peacock in 
display; the ability of plants to lift 
water and nutrients from the soil, 
gather light from the sun, and 
produce food; and the human 
brain and its ability to reason. All 

these adaptations and more have 

Fringillidae 
Genus: 
Hemignathus 

FIGURE 3.8 Taxonomists classify organisms using a nested hierarchical system meant to 
reflect evolutionary relationships. Species similar in appearance, behavior, and genetics 
(because they share recent common ancestry) are placed in the same genus. Similar genera are 
placed in the same family, families are placed within orders, and so on. For example, honeycreep-
ers belong to the class Aves, along with peacocks, loons, and ostriches. However, these birds differ 
greatly enough (after diverging across millions of years of evolution) that they are placed in different 
orders, families, and genera. 
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resulted as evolution has generated 
new species and whole new 
branches on the tree of life. 

Although speciation gener-
ates Earth 's biodiversity, it is only 
prut of the equation. The fossil 
record teaches us that the vast 
majority of species that once lived 
are now gone. The disappearance 
of a species from Earth is called 
extinction. From the fossil record, 
paleontologists calculate that the 
average time a species spends 
on Earth is 1-10 million years. 



(a) A fossil of an extinct trilobite 

(b) A paleontologist cleaning the teeth of a fossilized 
mastodon skull 

FIGURE 3.9 The fossil record helps reveal the history of life 
on Earth. Trilobites (a) were once abundant, but today we know 
these extinct animals only from their fossils. Finding, excavating, 
and preparing foss ils is hard work; here, (b) a paleontologis t cleans 
the teeth of a mastodon skull. 

The number of spec ies in existence at any one time is equa l to 
the number added through speciation minus the number 
removed by extinction. 

Extinction occurs naturally, but human impact can pro-
foundly affect the rate at which it occurs. Today, om planet's bio-
logical diversity is being lost at a frightening pace (Chapter II ). 
This loss affects people directly, because other organisms pro-
vide us with life's necessities-food, fiber, medicine, and vital 
ecosystem services (pp. 4, 120-121, 149). Species extinction 
brought about by human impact may well be the single biggest 
problem we face, because the loss of a species is ineversible. 

Some species are especially 
vulnerable to extinction 
In general, extinction occurs when environmental conditions 
change rapidly or drastically enough that a species cannot adapt 
genetically to the change; the slow process of natural selection 
simply does not have enough time to work. Small populations 
are vulnerable to extinction because fluctuations in their size 

could, by chance, bring the population size to zero. Small popu-
lations also sometimes lack enough genetic variation to buffer 
them against environmental change. Species nan·owly special-
ized to some patticular resource or way of life are also vulnera-
ble, because environmental changes that make that resource or 
role unavailable can speiJ doom. Species that are endemic to a 
particulat· region occur nowhere else on Earth. Endemic species 
face elevated risks of extinction because when some event influ-
ences their region, it may affect all members of the species. 

Island-dwelling species ru·e particularly vulnerable to 
extinction. Because islands are smaller than mainland areas and 
are isolated by water, fewer species reach and inhabit islands. 
For this reason, some of the pressures and challenges faced 
daily by organisms in complex natural systems on a mainland 
don ' t exist in the simpler natural systems on islands. For 
instance, only one land mammal-a bat--ever reached Hawai'i 
naturally. As a result, Hawaii's birds evolved for millions of 
years without needing to defend against the threat of predation 
by mammals. Likewise, Hawaii 's plants did not need to invest 
in defenses (such as thick bark, spines, or chemical toxins) 
against mammals that might eat them. Because defenses are 
costly to invest in, through adaptation most island birds and 
plants lost the defenses their mainland ancestors may have had. 

As a result, when people colonized Hawai'i, its native 
organisms (FIGURE 3.10a) were completely unprepared for what 
people brought with them to the islands (FIGURE 3.10b). 

(a) Hawaiian Petrel, a native species at risk 

(b) Mongoose, an introduced species that preys on natives 

FIGURE 3 .10 Island-dwelling species that have lost defenses 
are vulnerable to extinction when enemies are introduced. 
The Hawaiian petrel (a), a seabird that nests in the ground, is 
endangered as a result of predation by mammals introduced to 
Hawai 'i, such as (b) the Indian mongoose. 
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West 
Virginia 

North 
Carolina 

FIGURE 3.11 Small range sizes can leave species vulnerable 
to extinction if severe changes occur in their local environ-
ment. The Shenandoah salamander (Piethodon shenandoah) lives 
on just three peaks in Shenandoah National Park in Virginia. 

Introduced mongooses, cats, and rats preyed voraciously on 
defenseless ground-nesting seabirds, ducks, geese, and flight-
Jess rails. lmpo1ted livestock-such as cattle, goats, and pigs-
devoured the vegetation, altering entire communities as lush 
forests gave way to bruTen hillsides dominated by foreign 
grasses. Half of Hawaii 's native birds and a number of its native 
plants were ddven extinct soon after human an·ival. 

On a mainland, "islands" of habitat (such as forested moun-
taintops) can host endemic species that ru·e vulnerable to extinc-
tion. In the United States, 40 salamander species are naturally 
restricted to areas the size of a typical county, ru1d some live 
only atop single mountains (FIGURE 3.11). Many other amphibi-
ans are limited to very small ranges, for a vadety of reasons both 
natural and human-caused. The Yosemite toad is restricted to a 
small region of the Sierra Nevada in Califomia, the Houston 
toad occupies just a few patches of Texas woodland, and the 
Florida bog frog lives in a tiny area of Fl01ida wetland. 

Earth has seen several episodes 
of mass extinction 
Most extinction occurs gradually, one species at a time, at a rate 
refem:d to as the background extinction rate. However, the 
fossil record reveals that Earth has seen at least five events of 
staggering proportions that killed off massive numbers of species 
at once. These episodes, called mass extinction events, have 
occUlTed at widely spaced intervals in our planet's history 
and have wiped out 50-95% of Earth's species each time (see 
Figure 11 .11, p. 285). 

The best-known mass extinction occurred 66 mi llion 
years ago and brought an abrupt end to dinosaurs and many 
other types of animals (although birds are descendants of a 
type of dinosaur that survived). Evidence suggests that the 
collision of a gigantic asteroid with Eru·th caused this event. 
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Still more catastrophic was the mass extinction at the end of 
the Permian period 250 million years ago (see APPENDIX D 
for Earth 's geologic periods). Paleontologists estimate that 
75- 95% of all species perished during this event. Hypotheses 
as to what caused the end-Permian extinction include massive 
volcanism, an asteroid impact, methane releases and global 
warming, or some combination of factors. 

The sixth mass extinction is upon us 
Many biologists have concluded that Earth is currently entering 
its sixth mass extinction event-and that we are the cause. 
Experts estimate that today's extinction rate is tens to hundreds 
of times higher than the background rate, and rising (p. 288). 
Changes to our planet's natural systems set in motion by human 
population growth, development, and resource depletion have 
driven many species extinct and are threatening countless 
more. As we al ter and destroy natural habitats; overhru-vest 
populations; pollute air, water, and soil; introduce invasive non-
native species; and disrupt climate, we set in motion processes 
that jeopardize Eruth's biodiversity (pp. 288-295). Because we 
depend directly and completely on the resources and services 
that nature has to offer, biodiversity Joss and extinction ulti-
mately threaten our own survival. 

Ecology and the Organism 
Extinction, speciation, and other evolutionary processes play 
key roles in ecology. Ecology is the scientific study of interac-
tions among organisms and of relationships between organisms 
and their environments. Ecology allows us to explain and pre-
dict the distribution and abundance of organisms in nature. It is 
often said that ecology provides the stage on which the play of 
evolution unfolds. The two ru·e intertwined in many ways. 

We study ecology at several levels 
Life exists in a hierarchy of levels, from atoms, molecules, and 
cells (pp. 25-29) up through the biosphere, the cumulative total 
of living things on Earth and the areas they inhabit. Ecologists 
are scientists who study relationships at the higher levels of this 
hierarchy (FIGURE 3.12), namely at the levels of the organism, 
population, community, ecosystem, landscape, and biosphere. 

At the level of the organism, ecology describes relation-
ships between an organism and its physical environment. 
Organismal ecology helps us understand, for example, what 
aspects of a Hawaiian honeycreeper's environment are impor-
tant to it, and why. In contrast, population ecology examines 
the dynamics of population change and the factors that affect 
the distribution and abundance of members of a population. ft 
helps us understand why populations of some species decline, 
while populations of others increase. 

In ecology, a community consists of an assemblage of 
populations of interacting species that inhabit the same area. 
A population of 'akiap6la'au, a population of koa trees, a 
population of wood-boring grubs, and a population of ferns, 
together with all the other interacting plant, animal, fungal, 
and microbial populations in the Hakalau Forest, would be 



Biosphere 
The sum total of 
living things on 
Earth and the 
areas they 
inhabit 

Landscape 
A geographic 
region including 
an array of 
ecosystems 

Ecosystem 
A functional 
system consisting 
of a community, 
its nonliving 
environment, 
and the 
interactions 
between them 

Community 
A set of 
populations of 
different species 
living together in 
a particular area 

Population 
A group of 
individuals of a 
species that I ive 
in a particular 
area 

Organism 
An individual 
living thing 

FIGURE 3.12 Green sea turtles are part of a coral reef commu-
nity that inhabits reef ecosystems along Hawaii's coasts. 

considered a community. Community ecology (Chapter 4) 
focuses on patterns of species diversity and on the dynamics 
of interactions among species. 

Ecosystems (p. Ill) encompass communities and the abi-
otic (nonliving) material and processes with which community 
members interact. Hakalau's cloud-forest ecosystem consists of 
its community plus the air, water, soil, nutrients, and energy used 
by the community's organisms. Ecosystem ecology (Chapter 5) 
addresses the flow of energy and nut:J.ients by studying living and 
nonliving components of systems in conjunction. 

Landscape ecology (p. 118) helps us understand how and 
why ecosystems, communities, and populations are distrib-
uted across geographic regions. And as technologies such as 
satellite imagery help scientists s tudy the complex dynamics 
of natura l systems at a global scale, ecologists are expanding 
their horizons to the biosphere as a whole. 

Each organism has habitat needs 
At the level of the organism, each individual relates to its envi-
ronment in ways that tend to maximize its survival and repro-
duction. One key re lationship involves the specific environment 
in which an organism lives, its habitat. An organism's habitat 
consists of the living and nonliving elements around it, includ-
ing rock, soil, leaf litter, humidity, plant life, and more. The 
'akiapola 'au (FIGURE 3.13) lives in a habitat of cool, moist, 
montane forest of native koa and 'ohi ' a trees, where it is high 
enough in elevation to be safe from avian pox and malaria. 

Each organism thrives in ce1tain habitats and not in oth-
ers, leading to nonrandom patterns of habitat use. Mobile 
organisms actively select habitats in which to live from 
among the range of options they encounter, a process called 
habita t selection. In the case of plants and of stationary ani-
mals (such as sea anemones in the ocean), whose young dis-
perse and settle passively, patterns of habitat use result from 
success in some habitats and failure in others. 

Habitats are scale-dependent. A tiny soil mite may use Jess 
than a square meter of soil in its lifetime, whereas an eagle , 
elephant, or whale may traverse many miles of air, land, or 
water in just a day. Likewise, the criteria by which organisms 
assess habitats can vary greatly. A soil mite may focus on the 

FIGURE 3 .13 The 'akiapola'au fills a unique niche by virtue of 
its odd bill . The bill's straight bottom half and long, curved top half 
allow the bird to specialize in digging grubs out from native trees in 
its montane forest habitat. 
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chemistry, moisture, and texture of the soil. For a whale, water 
temperature, salinity, and the density of marine microorgan-
isms might be clitical characteristics. Organisms also may have 
different habitat needs in different seasons; many migratory 
birds use distinct breeding, wintering, and migratory habitats. 

Habitat is a vital concept in environmental science. Because 
habitats provide everything an organism needs, including nutri-
tion, shelter, breeding sites, and mates, the organism's survival 
depends on the avai labili ty of suitable habitats. Often an organ-
ism's needs end up in conflict with the desires of people when 
we choose to alter a habitat for our own purposes. 

Organisms play roles in communities 
Another way in which an organism relates to its environment 
is through its niche, its functional role in a community. An 
organism's niche reflects its use of habitat and resources, its 
consumption of certain foods, its role in the flow of energy 
and matter, and its interactions with other organisms. The 
niche is a multidimensional concept, a kind of summary of 
everything an organism does. The pioneering ecologist 
Eugene Odum once wrote that "habitat is the organism's 
address, and the niche is its profession." 

Organisms vary in the breadth of their niches. A species 
with narrow breadth, and thus very specific requirements, is 
said to be a specialist. One with broad tolerances, a 
all-trades" able to use a wide anay of resources, is a generalist. 
A native Hawaiian honeycreeper like the 'akiapola'au (see 
Figure 3.13) is a specialist, because its unique bill is exquisitely 
adapted for feeding on grubs that tunnel through the wood of 
certain native trees. In contrast, the conunon myna (a bird 
introduced to Hawai'i from Asia) is a generalist; its unremark-
able bill allows it to eat many types of foods in many habitats. 
As a result, the common myna has spread throughout the 
Hawaiian Islands wherever people have altered the landscape. 

Generalists like the myna succeed by being able to live in 
many different places and withstand variable conditions, yet they 
rarely tlu·ive in any single situation as well as a specialist adapted 
for those specific conditions. (A jack-of-all-trades, as the saying 

goes, is a master of none.) Specialists succeed over evolutionary 
time by being extremely good at the things they do, yet they are 
vulnerable when conditions change and threaten the habitat or 
resource on which they have specialized. An organism's habitat 
preferences, niche, and degree of specialization each reflect 
adaptations of the species and are products of natural selection. 

Population Ecology 
A population, as we have seen, consists of individuals of a 
species that inhabit a particular area at a particular time. Pop-
ulation ecologists try to understand and predict how popula-
tions change over time. The ability to predict a population's 
growth or decline is useful in monitoring and managing wild-
life, fisheries, and threatened and endangered species (see 
THE SCIENCE BEHIND THE STORY, pp. 64-65). It is also 
crucial for understanding the dynamics of our human 
population (Chapter 8)-a central element of environmental 
science and one of the prime challenges for our society today. 

Populations show features that help 
predict their dynamics 
All populations-from humans to honeycreepers-exhibit 
attributes that ecologists use to predict population dynamics. 
Among these attributes are size, density, distribution, sex 
ratio, and age structure. 

Population size Expressed as the number of individual 
organisms present in a discrete region or area at a given time, 
population size may increase, decrease, undergo cyclical 
change, or remain stable over time. Populations generally 
grow when resources are abundant and natural enemies are 
few. Populations can decline in response to loss of resources, 
natural disasters, or impacts from other species. 

The passenger pigeon, now extinct, illustrates extremes in 
population size (FIGURE 3.14). Not long ago it was the most 
abundant bird in North America; flocks of passenger pigeons 

(a) Passenger pigeon (b) 19th-century lithograph of pigeon hunting in Iowa 

FIGURE 3.14 In the past, 
flocks of passenger 
pigeons literally darkened 
the skies as billions of 
birds flew overhead. 
Hunting and deforestation 
drove North America's most 
numerous bird to extinction 
within decades. 
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literally darkened the skies. In the early 1800s, ornithologist 
Alexander Wilson watched a flock of 2 billion birds 390 km 
(240 rni) long that took 5 hours to fly over and sounded like a 
tornado. Passenger pigeons nested in gigantic colonies in the 
forests of the upper Midwest and southern Canada. Once set-
tlers began cutting the forests, the birds became easy targets for 
market hunters, who gunned down thousands at a time. The 
birds were shipped to market by the wagonload and sold for 
food. By 1890, the population had declined to such a low num-
ber that the birds could not form the large colonies they evi-
dently needed to breed. In 1914, the last passenger pigeon on 
Earth died in the Cincinnati Zoo, bringing the continent's most 
numerous bird species to extinction within just a few decades. 

Hawai'i offers a story with a happier ending. Hawaii 's 
state bird is the nene (pronounced "nay-nay"), also called the 
Hawaiian goose (see Figure 3.2). Before people reached the 
Hawaiian Islands, nenes were common throughout the island 
chain, and the nene population is thought to have numbered at 
least 25,000 birds. After human arrival, the nene was nearly 
driven to extinction by human hunting; livestock and plants 
that people introduced (which destroyed and displaced the veg-
etation it fed on); and rats, cats, pigs, and mongooses that 
preyed on its eggs and young. By the 1950s, these impacts had 
eliminated nenes from all islands except the Island of Hawai'i , 
where the population size was down to just 30 individuals. For-
tunately, dedicated conservation efforts have turned this decline 
around. Biologists and wildlife managers have labored to breed 
nenes in captivity and have reintroduced them into protected 
areas. These efforts are succeeding, and today nenes live in at 
least seven regions on four of the Hawaiian Islands, with a pop-
ulation size of more than 2000 birds. 

Population density The flocks and breeding colonies of 
passenger pigeons showed high population density, another 
attribute that ecologists assess. Population density describes 
the number of individuals per unit area in a population. High 
population density makes it easier for organisms to group 
together and find mates, but it can also lead to competition 
and conflict if space, food, or mates are in Limited supply. 
Overcrowding can also increase the u·ansrnission of infec-
tious disease. In contrast, at low population densities, 

individuals benefi t from more space and resources but may 
find it harder to locate mates and companions. 

Population distribution Population distribution describes 
the spatial arrangement of o rganisms in an area. Ecologists 
define three distribution types: random, uniform, and clumped 
(FIGURE 3.15). In a random distribution, individuals are 
located haphazardly in no particular pattern. This type of dis-
tribution can occur when the resources an organism needs are 
plentiful throughout an area and other organisms do not 
strongly inf luence where members of a population settle. 

A uniform distribution, in which individuals are evenly 
spaced, can occur when individuals compete for space. Ani-
mals may hold and defend territories. Plants need space for 
their roots to gather moisture, and they may exude chemicals 
that poison one another's roots as a means of competing for 
space. As a result, competing individuals may end up distrib-
uted at equal distances from one another. 

A clumped distribution often results when organisms 
seek habitats or resources that are unevenly spaced. In arid 
regions, many plants grow in patches near isolated springs, 
ponds, or streambeds. Hawaiian honeycreepers tend to cluster 
near floweri ng trees that offer nectar. People aggregate in vil-
lages, towns, or cities. 

Sex ratio A population's sex ra tio is its proportion of males 
to females. In monogamous species (in which each sex takes 
a single mate), a 1:1 sex ratio maximizes populat ion growth, 
whereas an unbalanced ratio leaves many individuals without 
mates. Most species are not monogamous, however, so sex 
ratios vary from one species to another. 

Age structure Age structure describes the relative numbers 
of individuals of different ages within a population. By com-
bining this information with data on the reproductive poten-
tial of individuals in each age class, a population ecologist 
can predict how the population may grow or shrink. 

Many plants and animals continue growing in size as 
they age, and in these species, older individuals often repro-
duce in greater numbers. Older, larger trees in a population 
produce more seeds than smaller, younger trees of the same 

(a) Random: Distribution of organisms 
displays no pattern. 

(b) Uniform: Individuals are spaced 
evenly. 

(c) Clumped: Individuals concent rate 
in certain areas. 

FIGURE 3.15 Individuals in a population can be spatially distributed in three fundamental ways. 
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THE SCIENCE 
behind 

the story 
Is Forest Restoration Boosting 
Bird Populations at Hakalau Forest? 

Conservationist 
Jack jeffrey in the 
Hakalau Forest 

Are populations of Hawaiian honey-
creepers increasing or decreasing? It's a 
high-stakes question. The answer could 

tell us whether efforts to save them 
are on the right track, or whether the 

birds may be headed for extinction. 
At Hakalau Forest National 

Wildlife Refuge, biologists have 
been working for years to monitor 
bird populations and understand 
their dynamics. The Hakalau Ref-

uge is home to nine species of 
native forest birds, including four 

federally endangered ones: the 
Hawai'i 'akepa; the Hawai'i creeper; 

the 'akiapola'au; and the 'io, or Hawaiian 
hawk. A number of non-native birds occur 
here as well. When the refuge was estab-
lished in 1985, most of the area within its 
boundaries was forested but about 15% of 
it-the area highest up the slopes-was 

degraded pastureland that had been cleared for cattle ranching 
years earlier and remained dominated by non-native grasses. 

The biologists employed to manage Hakalau after the ref-
uge was established labored to restore the existing forest by 
planting native plants, removing invasive weeds, and erecting 
fences to keep out pigs and cattle. Across large regions of the 
pastureland, they oversaw the planting of 390,000 native koa 
trees. Gradually, the forest recovered, and stands of young koa 
trees took root at higher elevations (FIGURE 1). But have all 
these efforts brought higher populations of native forest birds? 

In 1987, federal biologists and trained observers began con-
ducting periodic surveys of birds on the refuge. Following standard 
protocols, they performed "point counts" by walking transects Qin-
ear routes), stopping for 8 minutes in predetermined spots, and 
counting numbers of each species seen or heard. With 343 points 
along 15 transects across the refuge, this sampling allowed them to 
estimate population densities for each bird species. Researchers 
then analyzed changes in these samples over time to draw infer-
ences about changes in population densities and population sizes. 

After 26 years of point counts, the biologists-including Rich-
ard Camp, Eben Paxton, Jack Jeffrey, and others-summarized 
their vast trove of data. Raw counts of birds varied from year to 
year, which is normal for any such survey effort. The team expected 
that some portion of this variation reflected the real, meaningful 
biological change that they sought to document. However, the rest 
of the variation was bound to be due to chance factors or varying 
conditions, such as weather, differing abilities of observers, and the 
fact that thicker vegetation makes birds harder to detect. The 
researchers wanted to find the true biological "signal" and to weed 
out the "noise," so they employed sophisticated statistical methods 
to eliminate as much of the non-meaningful variation as possible. 
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(a) Before restoration, 1992 

(b) After restoration, 2008 
FIGURE 1 Reforestation at Hakalau Forest NWR. Upper-elevation 
pastureland in the refuge (a) in 1992 and (b) in 2008 after reforestation. 

FIGURE 2 shows an example of how this was done for data 
on one common honeycreeper at Hakalau, the 'apapane. Raw 
count data from the surveys (FIGURE 2a) suggested that 'apapa-
nes increased in number from 1987 to 2012. The researchers 
used these data, taking area and other factors into account, to 
generate yearly estimates of population size for the entire Hakalau 
refuge. To interpret trends, they used linear regression, a statisti-
cal method that analyzes how values change through time and 
determines the straight line that, when drawn through data points 
on a graph, best represents their trend (FIGURE 2b). This analysis 
indicated that the 'apapane population had risen from less than 
30,000 in 1987 to more than 40,000 in 2012. The researchers 
then put the data through another method, called state-space 
analysis, that aims to remove non-meaningful sources of year-to-
year variation. This resulted in estimates that were similar but that 
the researchers expect are more accurate {FIGURE 2c). 

All these analyses led researchers to conclude that over the 
26-year period at Hakalau, populations of most native bird species 
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were either stable or slowly increasing across most of the refuge. 
Some species appeared to fare better in the middle-elevation for-
est being actively managed than in lower-elevation forest. 

Meanwhile, in the high-elevation pastures that managers 
were restoring into forest, population densities of most birds 
were rising sharply but had not yet reached the densities found 
in intact forest. When researchers took a close look at patterns 
of bird colonization of these regenerating koa forests, they found 
that species responded in different ways, according to their 
ecological niches and needs: 

• Birds that feed mostly on insects, such as the Hawai'i 'ele-
paio (FIGURE 3a), increased in density dramatically, because 
koa trees host many insects. 

• Birds with generalist diets, such as the Hawai'i 'amakihi and 
the non-native Japanese white-eye, also increased greatly. 

• Species that subsist on nectar from ftowers, such as the 
'apapane and the 'i'iwi, increased moderately; these birds 
were probably entering the koa forest mostly to feed on 
ftowers of scattered 'ohi'a trees. 

• Fruit-eating birds like the oma'o began to increase only 
once the fruiting native understory plants that refuge staff 
had planted became numerous. 

The team also found that distance from intact forest seemed to 
influence the likelihood that forest birds would be found at transect 
points. For most native forest birds, densities were greater in restored 
koa forests near the intact native forest than far upslope from it. 

FIGURE 2 Population data for the 'apapane, a colorful 
Hawaiian honeycreeper, typify data gathered at Hakalau 
Forest NWR over 26 years. Raw count data averaged from surveys 
(a) suggest an increase in numbers. Population size estimates for the 
entire refuge (b), analyzed with linear regression, also indicate an 
increasing trend. State-space analysis is expected to give the most 
accurate results, and trends using this method (c) confirm that the 
'apapane population has risen during the time period. The shaded 
area indicates 95% confidence intervals. ceta from Camp, Richard J., et aJ., 
2016. Evaluating abundance and trends in a Hawaiian avian cxxnmunity using 

state-space analysis. Bird Conservation lnlemational 26: 225-242. 
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Only one species showed little change through the years in 
the reforested areas: The Hawai'i 'akepa (FIGURE 3b) remained 
very rare throughout the 26-year period. The 'akepa builds its 
nests inside cavities in trees. Old gnarled 'ohi'a trees have cavi-
ties, but young koas do not-therefore, although the restored 
koa forest provides insects for 'akepas to eat, this species 
requires mature 'ohi'a habitat in order to persist. 

Findings like these are helping inform managers how best to 
manage Hakalau's forest and its birds. The data thus far sug-
gest that reforestation and other management actions have 
been effective, helping to boost populations-or at least to hold 
them stable-in the face of dire threats. 

Of concern, though, is the possibility that challenges from out-
side the refuge-such as avian malaria and pox moving upslope 
with climate warming-might eventually overwhelm even the best 
management efforts. Managers are hoping they can continue 
planting forest further upslope as the climate warms, trying to keep 
native birds one step ahead of the upward march of disease. As 
they do so, researchers will continue to monitor Hakalau's birds, 
adding to their valuable long-term database of population trends. 

(a) Hawai'i 'elepaio (b) Hawai'i 'akepa 

FIGURE 3 The Hawai'i 'elepaio (a), an insect-eating bird, is 
benefiting from reforestation at Hakalau, but the Hawai'i 'akepa 
(b) needs large old 'ohi'a trees with cavities for its nests. 
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species. Larger, older fish produce more eggs than smaller, 
younger fish. Birds use the experience they gain with age to 
become more successful breeders at older ages. 

Human beings are unusual because we often survive past 
our reproductive years. A human population made up largely 
of older (post-reproductive) individuals will tend to decline 
over time, whereas one with many young people (of repro-
ductive or pre-reproductive age) will tend to increase. 

Populations may grow, shrink, 
or remain stable 
Let's now take a more quantitative approach to population 
change by examining some simple mathematical concepts 
used by population ecologists and by demographers (sc ien-
tists who study human populations). Population change is 
determined by four factors: 

• Natality (births within the population) 
• Mortality (deaths within the population) 
• Immigration (arrival of individuals from outside the population) 
• Emigration (departure of individuals from the population) 

We can measure a population 's ra te of na tural increase 
simply by subtracting the death rate from the birth rate: 

( birth rate) - (death rate) = rate of natural increase 

To obtain the actual rate of change in a population's size 
per unit time, called the population growth rate, we must also 
include the effects of immigration and emigration: 

(bi.J1h rate- death rate) + (immigration rate- emigration rate) 
= population growth rate 

The rates in these formulas are often expressed in num-
bers per 1000 indiv iduals per year. For example, a population 
with a birth rate of 18 per 1000 per year, a death rate of I 0 per 
1000 per year, an immigration rate of 5 per 1000 per year, and 
an emigration rate of 7 per 1000 per year would have a popu-
lation growth rate of 6 per I 000 per year: 

( 18/ 1000- 10/ 1000) + (5/ 1000- 7/ 1000) = 6/ 1000 

Given these rates, a population of 1000 in 1 year wi ll 
grow to 1006 in the next. If the population is l ,000,000, it 
will reach 1,006,000 the next year. Such population increases 
are often expressed as percentages, as follows: 

population growth rate X 100% 

Thus, a growth rate of 6/ 1000 would be expressed as 

6 / 1000 X 100% = 0 .6% 

By measuring population growth in percentages, we can 
compare changes in populations of far different sizes. We can 
a lso predict amounts of future change. Understanding and 
predicting such dynamics helps wildlife and fisheries manag-
ers regulate hunting and fishing to ensure sustainable har-
vests, informs conservation biologists trying to protect rare 
and dec(jning species, and assists policymakers planning for 
human population growth in cities, regions, and nations. 
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Unregulated populations increase 
by exponential growth 
When a population increases by a fixed percentage each year, it 
is said to undergo exponential growth. imagine you put money 
in a savings account at a fixed inte rest rate and leave it 
untouched for years. As the principal accrues interest and 
grows larger, you earn stil l more interest, and the sum grows by 
escalating amounts each year. The reason is that a fixed per-
centage of a small number makes for a small increase, but the 
same percentage of a larger number produces a larger increase. 
Thus, as a savings account (or a population) grows larger, each 
incremental increase likewise becomes larger in absolute terms. 
Such acceleration is a characteristic of exponential growth. 

The J-shaped curve in FIGURE 3.16 shows exponential 
growth. Populations increase exponentially unless they meet 
constraints. Each organism reproduces, on average, by a cer-
tain amount, and as populations grow, there are more individu-
als reproduc ing by that amount. If there are adequate resources 
and no external limits, ecologists expect exponential growth. 

Normally, exponential growth occurs in nature only when a 
population is small, competition is minimal, and envi.J·onmenta l 
conditions are ideal for the organism in question. Most often, 
these conditions occur when the organism arrives in a new envi-
ronment that contains abundant resources. Mold growing on a 
piece of fru it, or bactelia decomposing a dead animal, are cases 
in point. Plants colonizing regions duling prima1y succession 
(p. 87) after glaciers recede or volcanoes erupt may also show 
exponential growth. In Hawai'i, many species that colonized the 
islands underwent exponential growth for a time after their 
aJTival. One CUJTent example of exponential growth in mainland 
North America is the Eurasiru1 collru·ed dove (see Figure 3. 16). 
Unlike its extinct relative the passenger pigeon, this species 
arlived here from Europe, thrives in areas disturbed by people, 
and has spread across the continent in a matter of years. 

8 

7 

6 

<1.1 5 ::; e 
Qj 4 
a. 
"' 3 "E 
iii 

2 

0 

1965 1975 1985 
Year 

1995 2005 2015 

FIGURE 3.16 A population may grow exponentially when 
colonizing an unoccupied environment or exploiting an 
unused resource. The Eurasian collared dove is spreading across 
the United States, propelled by exponential growth. Data from 
Pardieck, K. L., et a/., 2018. North American Breeding Bird Survey Dataset 
1966-2017. v. 2017.0. Laurel, MD: USGS Patuxent Wildlife Research Center. 
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FIGURE 3 .17 The logistic growth curve shows how population 
size may increase rapidly at first, then slow down, and finally 
stabilize at a carrying capacity. 

Limiting factors restrain growth 
Exponential growth rarely lasts long. If even a single species 
were to increase exponentially for very many generations, it 
would blanket the planet's surface! Instead, every population 
eventually is constrained by limiting factors-physical, chem-
ical, and biological attributes of the environment that restrain 
population growth. Together, these Umiting 
factors determine the carrying capacity, the 
maximum population size of a species that a 
given environment can sustain. L1 

such as the house sparrow and European starling, have peaked 
and today are declining. 

Many factors influence a population's growth rate and 
carrying capacity. For animals in terrestrial environments, 
Umiting factors include temperature extremes; prevalence of 
disease; abundance of predators; and the availabiUty of food, 
water, mates, shelter, and suitable breeding sites. Plants are 
often Uru.ited by amounts of sunlight and moisture and by soil 
chemistry, in addition to disease and attack from plant-eating 
animals. l n aquatic systems, limiting factors include salinity, 
sunlight, temperature, dissolved oxygen, fertilizers, and pol-
lutants. To identify limiting factors, ecologists may conduct 
experiments in which they increase or decrease a hypothe-
sized Limiting factor and observe any effects on population 
size that result. 

The influence of some factors 
depends on population density 
A population's density can enhance or diminish the impact of 
certain Umiting factors. Recall that high population density 
can help organisms find mates but may also increase competi-
tion and the risk of predation and disease. Such limiting fac-
tors are said to be density-dependent because their influence 
rises and fa lls with population density. The logistic growth 
curve in Figure 3.17 represents the effects of density depen-
dence. The larger the population size, the stronger the influ-
ence of the Limiting factors. 

Ecologists use the S-shaped curve in 
FIGURE 3.17 to show how an initial exponen-
tial increase is slowed and eventually 
brought to a standstill by Limiting factors. 
This phenomenon is called logistic growth. 
A logistic growth curve rises sharply at first 
but then begins to level off as the effects of 
limiting factors become stronger. Eventually, 
the collective influence of these factors sta-

In the western United 
States. the dove has 
arrived recently and 

In the eastern United States. 
the dove's population 
growth is slowing. 

bilizes the population size at its can·ying 
capacity. 

We can witness this process by taking a 
closer look at data for the Eurasian collared 
dove, as gathered by thousands of volunteer 
birders and analyzed by government biolo-
gists in the Breeding Bird Survey, a long-
term citizen science project. The dove first 
appeared in Florida a few decades ago and 
then spread west and north. Today, its num-
bers are growing fastest in western areas it 
has recently reached but more slowly in 
southeastern areas where it has been present 
for longer. In Florida, it has apparently 
reached carrying capacity (FIGURE 3.18) . 
Populations of other European birds that 
spread across North America in the past, 

is still undergoing 
exponential growth. 

The dove is spreading north 
and west across the United States. 

In Florida, where the invasion 
began. the dove population has 
reached carrying capacity. 

FIGURE 3.18 Exponential growth slows over time and gives way to logistic 
growth. By breaking down the continent-wide data for the Eurasian collared dove 
from Figure 3.16, we can track its spread west and north from Florida, where it first 
arrived. Today, its population growth is fastest in the west, slower in the east (where 
the species has been present longer), and stable in Florida (where it has apparently 
reached carrying capacity). Data from Pardieck, K. L., et at., 2018. North American Breeding Bird 
Survey Dataset 1966-2017. v. 2017.0. Laurel, MD: USGS Patuxent Wildlife Research Center. 
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Density-independent factors are those whose influence is 
independent of population density. Temperature extremes and 
catastrophic events such as floods, fires, and landslides are 
examples of density-independent factors, because they can 
eliminate large numbers of individuals without regard to their 
density. 

The logistic curve is a simplified model, and real popula-
tions in nature can behave differently. Some may cycle above 
and below the canying capacity. Others may overshoot the 
canying capacity and then crash, destined either for extinc-
tion or for recovery. 

Carrying capacities can change 
Because environments are complex and ever-changing, carry-
ing capacity can vary. lf a fi1·e destroys a forest, for example, 
the carrying capacities for most forest animals will decline, 
whereas carrying capacities for species that benefit from fire 

W EIGHING 
the issues 

Carrying Capacity and 
Human Population Growth 
The global human population has 
surpassed 7 billion, far exceeding 
our population's size throughout 
our history on Earth. Describe 
several ways in which we have 
raised Earth's carrying capacity for 
the human species. Do you think 
we can continue to raise our 
carrying capacity? If possible, how 
might we do so? What limiting 
factors exist for the human 
population today? Might Earth's 
future carrying capacity for us 
decrease? Why or why not? 

(such as fire-adapted grasses or 
h·ees with specially adapted 
seeds) will increase. Our own 
species has proven capable of 
intentionally altering our envi-
ronment to raise our carrying 
capacity. When our ancestors 
began to build shelters and use 
fire for heating and cooking, 
they eased the limiting factors 
of cold climates and were able 
to expand into new territory. As 
human civilization developed, 
we overcame limiting factors 
through the development of 
new technologies and cultural 
institutions. People have man-
aged so far to increase the 
planet's can·ying capacity for 
our species, but we have done 
so by appropriating immense 

proportions of the planet's natural resources. In the process, 
we have reduced carrying capacities for countless other 
organisms that rely on those same resources. 

Life history strategies vary 
among spec1es 
Population ecology, organismal ecology, and evolution all 
come together in life history theory, a scientific approach that 
explains how natural selection influences patterns in repro-
duction, survival, and life span. In an environment of limited 
resources and limiting factors, an organism faces trade-offs in 
how it can apportion its energy. Over time, each species has 
evolved its own way of allocating its investment among 
reproduction, parental care, and survival. 

For example, many fish, plants, frogs, and insects mature 
rapidly and devote their energy to producing many offspring 
in a short time. Most often such species do not provide pru·en-
tal care to these offspring, but simply leave their survival to 
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chance. The vast majority of offspring die, giving rise to a 
Type ill survivorship curve (FIGURE 3.19). However, because 
there are so many offspring, the few survivors are enough to 
sustain the population. Such species are often called 
r-selected, and they ru·e adapted to do well in variable or 
unpredictable environments. The abbreviation r denotes the 
per capita rate at which a population increases in the absence 
of limiting factors. Population sizes of r-selected species fluc-
tuate greatly, such that they ru·e frequently well below carry-
ing capacity. This is why natural selection in these species 
favors h·aits that lead to rapid population growth. 

Other species are said to be K-selected because their popu-
lations tend to stabilize near carrying capacity, commonly 
abbreviated K. Large animals such as giraffes, elephants, 
whales, and humans are typically considered to be K-selected. 
Such animals produce relatively few offspring during their life-
times and require a long time to gestate and raise their young. 
However, the considerable energy and resources they devote to 
cru·ing for their offspring help give these few offspring a high 
Likelihood of survival, giving rise to a Type I survivorship curve 
(see Figure 3.19)--especially in stable environments. Because 
their populations stay close to crurying capacity, these slow-
maturing, long-Lived organisms must compete to hold their own 
in a crowded world. Thus, natural selection favors investing in 
high-quality offspring that cru1 be good competitors. 

It is important to note, however, that r-selected and 
K-selected species are two extremes 0 11. a continuum and that 
most species fall somewhere between those extremes. More-
over, many organisms show combinations of traits that do not 
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FIGURE 3.19 Survivorship curves show how an individual's 
likelihood of survival varies with age. In a Type I curve, 
survival rates are high when organisms are young and decrease 
sharply when organisms are old . In a Type II curve, survival rates 
are equivalent regardless of an organism's age. In a Type Ill curve, 
most mortality takes place at young ages, and survival rates are 
higher at older ages. l•z® Go to Interpreting Graphs & Data on 
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correspond to a place on the continuum. A redwood tree, for 
instance, is large and long-lived, yet it produces many small 
seeds and offers no parental care. 

Conserving Biodiversity 
Populations have always been affected by environmental 
change, but today human development, resource extraction, 
and population pressure are speeding the rate of change and 
bringing new types of impacts. Fortunately, committed peo-
ple are taking action to safeguard biodiversity and to preserve 
and restore Earth's ecological and evolutionary processes. 
(We will explore these efforts more fully in our coverage of 
conservation biology in Chapter 11.) For now, let's see how 
Hawaiians are confronting the threats to their biodiversity. 

Introduced species pose challenges 
By introducing species into areas where they do not occur 
naturally, human beings often set in motion cascades of 
impacts on native populations, communities, and ecosystems. 
Some introduced species thrive in their new surroundings, 
ki lling or displacing native species (pp. 88-92, 291-294). 
Island-dwelling organisms are particularly vulnerable to 
introduced species. Because island inhabitants have evolved 
in isolation in small areas amid a limited community of other 
species, they tend to lack defenses against mainland species 
that are well adapted to deal with a broad anay of enemies. 

As we have seen, the Hawaiian Islands have been trans-
formed by introduced species. Cattle, goats, sheep, and pigs 

Restoring Hakalau's Forest 
By the time the Hakalau Forest National 
Wildlife Refuge was established in 1985, 

much of Hawaii's native forest had been cleared for cattle 
ranching, while free-roaming pigs and invasive plants had 
degraded what remained. So Hakalau's managers swung 
into action. They built fences to keep pigs and cattle out of 
existing native forest. They labored to remove invasive weeds, 
while locating and protecting the last remaining individuals of 
several endangered plant species. They planted half a million 
native plants, allowing stands of young trees to take root in 
what had been barren pasture. Gradually, the existing forest 
recovered, while the reforestation of Hakalau's upper zone is 
creating new habitat into which birds are moving. Scientists 
monitoring bird populations have documented increases of up 
to 1 0 times greater densities in the restored areas, and today 
bird populations at Hakalau seem to be faring better than 
elsewhere on the Island of Hawai'i. This success is a hopeful 
sign that research and careful management can help undo 
past ecological damage and conserve populations of endan-
gered island species. 

eat native vegetation, endangering plant populations. Alien 
grasses, shrubs, and trees spread across the landscapes that 
livestock have altered. Birds suffering already from habitat 
loss and predation by non-native mammals now also struggle 
against diseases like avian pox and malaria transmitted by 
introduced mosquitoes. Pigs have worsened the malaria prob-
lem, because they dig holes in the forest floor, where rainwa-
ter forms shallow pools in which mosquitoes breed. As a 
result, biologists and land managers have found that trying to 
help a species in trouble often means trying to eradicate or 
control populations of another that is doing too well. For 
instance, in many areas in Hawai'i, feral pigs are being hunted 
and areas are then fenced off once they become free of pigs. 

Innovative solutions are working 
Amid the challenges of Hawaii's extinction crisis, hard work 
is resulting in some inspirational success stories, and several 
species have been saved from imminent extinction. At Haka-
lau Forest, ranchland is being restored to forest, invasive plants 
are being removed, native ones are being planted, and existing 
populations of nene are being protected while new populations 
of the species are being established (see SUCCESS STORY). 

Early work at Hawai'i Volcanoes National Park inspired 
the conservation work at Hakalau Forest, as well as efforts by 
managers and volunteers from the Hawai'i Division of For-
estry and Wildlife, The Nature Conservancy of Hawai'i, 
Kameha.meha Schools, and local watershed protection 
groups. Across Hawai'i, many people are protecting land, 
removing alien mammals and weeds, and restoring native 
habitats. Offshore, Hawaiians are striving to protect their 
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At Hakalau Forest NWR, native forest bird populations are 
stable or increasing, whereas at other protected areas on 
the Island of Hawai'i, most populations are decreasing or 
extirpated {locally extinct). Data from Camp, Richard J., et al., 2009. 
Passerine bird trends at Hakalau Forest National Wildlife Refuge, Hawai'i .Hawai'i 
Cooperative Studies Unit Technical Report HCSU-011. 
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FIGURE 3.20 Hawai'i protects some of its diverse natural 
areas, helping to stimulate its economy with ecotourism. 
Here, a scuba diver observes raccoon butterflyfish at a coral reef. 

fabulous coral reefs, sea grass beds, and beaches from pollu-
tion and overfishing. The northwesternmost Hawaiian Is lands 
are now part of the largest federa lly declared marine reserve 
(p. 447) in the world. 

Hawaii 's citizens are reaping economic benefits from 
their conservation efforts. The islands' wildlife and natural 
areas draw visitors from around the world, a phenomenon 
referred to as ecotourism (FIGURE 3.20). A large percentage of 
Hawaii 's tourism is ecotourism, and altogether tourism draws 

(a) Today 

more than 7 million VISitors to Hawai'i each year, creates 
thousands of jobs, and pumps $ 12 billion annually into the 
state's economy. 

Climate change poses a challenge 
Traditionally, people have sought to conserve popu lations of 
threatened species by preserving and managing tracts of 
land (or areas of ocean) designated as protected areas. How-
ever, global climate change (Chapter 18) now threatens this 
strategy. As temperatures climb 
and rainfall patterns shift, con-
ditions within protected areas 
may become unsuitable for the 
species these areas were meant 
to protect. 

Hawaii 's natural systems 
are especially vulnerable. At 
Hakalau Forest on the slopes of 
Mauna Kea, mosquitoes and 
malaria are moving upslope 
toward the refuge as tempera-
tures rise, exposing more and 
more birds to disease 
(FIGURE 3.21) . Some research 
suggests that climate change 
will lower the cloud layer atop 
Mauna Kea, reducing rainfall at 
high elevations and pushing the 
upper Limit of the forest down-
ward. If this comes to pass, 

(b) With 2°C of climate warming 

WEIG HING 
the issues 

How Best to Conserve 
Biodiversity? 
Most people view national parks 
and preserves as excellent ways 
to protect biodiversity. Yet plenty 
of native Hawaiian creatures face 
declining populations and the 
threat of extinction despite living 
within a preserve-and climate 
change and disease pay no heed 
to park boundaries. What lessons 
can we learn from this about the 
conservation of biodiversity? Are 
parks and preserves sufficient 
safeguards? What other 
approaches might we pursue to 
save declining species? 

FIGURE 3.21 Researchers have modeled how a wanning climate will affect the native birds of Hakalau 
Forest NWR. Avian malaria cannot survive where temperatures d ip below 13°C, and it peaks where summer 
temperatures average 1 rc. Today, (a) 24% of Hakalau lies above (cooler than) the 13°C isotherm and is free of malaria. 
If climate warms by 2°C (b), however, then the isotherms move upslope, and only 1% of Hakalau will remain cooler than 
13°C and malaria-free. Data from Benning, T. L., et al., 2002. Interactions of climate change with biological invasions and land use in the 
Hawaiian Islands: Modeling the fate of endemic birds using a geographic information system. Proc Natl. Acad. Sci. 99: 14246-14249. 
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Hakalau's honeycreepers may become trapped withjn a 
shrinking band of forest by disease from below and drought 
from above. 

The challenges posed by cljmate change mean that sci-
entists and managers need to come up with new ways to 
save declining populations. In Hawai'i, management and 
ecotourism can help preserve natural systems, but resources 

CENTRAL CASE STUDY 
connect & continue 

TODAY, scientists continue to gain insights from the "natural 
laboratory" of the Hawaiian Islands, while conservationists 
work diligently to safeguard Hawaii 's embattled native flora 
and fauna. At Hakalau Forest NWR, researchers, staff, and 
volunteers continue to monitor the birds and plants of the 
refuge and to restore native forest. 

As climate warming worsens, Hakalau's managers plan 
to continue planting forest further upslope, trying to keep 
native birds one step ahead of the upward advance of avian 
pox and malaria. By analyzing data from the bird surveys, 
researchers hope to determine whether conservation of the 
birds and forest will be best achieved by expanding forest in 
a continuous stretch or by planting scattered patches of for-
est still further upslope and hoping the gaps will fill in natu-
rally as fruit-eating birds spread seeds. 

Elsewhere on the Island of Hawai'i, there is good news 
and bad. A major concern is that a new non-native fungal dis-
ease is attacking '6hi'a lehua trees, killing thousands of these 
large, iconic trees that provide the very foundation of native 
Hawaiian forests. Within just five years, this disease, called 
rapid '6hi'a death, has spread across most of the island and 
has also been discovered on Kaua'i. There is no known cure, 
and researchers are racing to learn more about the pathogen 
and how to stop it. For now, the most Hawaiians can do is to 
avoid transporting '6hi 'a wood and to sterilize shoes and boots 
when walking into and out of forested areas. Because so many 
native Hawaiian birds rely on flowering '6hi 'a trees, their wide-
spread loss would be a major blow to conservation efforts. 

On the bright side, conservationists are meeting with 
success as they attempt to save the rarest native bird on the 
Island of Hawai'i, the endemic and critically endangered 
'alala, or Hawaiian crow. After removing the last few individu-
als in existence from the wild and breeding them in captivity, 
biologists have now successfully released 21 'alala into the 
wild, where they are being closely monitored. 

Challenges are even greater on the Hawaiian island of 
Kaua'i, where disease-free high-elevation forest is more limited 
and climate change is shrinking what little remains. Many native 
birds are disappearing as a result, including the 'akikiki, or 
Kaua'i Creeper, which numbers fewer than 500 individuals. At 
the same time, dedicated conservationists are making strides in 
protecting native seabirds nesting on Kaua'i by erecting fences 
around breeding areas to keep out predatory mammals; at the 
newly fenced Kilauea Point NWR, seabird numbers are increas-
ing for the first time in years. 

to preserve habitat and protect endangered species will 
likely need to be increased. Restoring altered communities 
to their former condition-as is bejng done at Hakalau 
Forest-will also be necessary. The restoration of ecological 
communitjes is one of the topics we will examjne in our 
next chapter, as we shjft from the population level to the 
community level. 

Other islands are seeing 
success stories. To safeguard 
the critically endangered Miller-
bird, which lived only on the t iny 
island of Nihoa in the northwestern 
Hawaiian Islands, scientists in 2011 
translocated some individuals and estab-
lished a second population of Millerbirds on Laysan Island 
1 050 km (650 mi) away. The thriving new Laysan population 
has grown past 200 birds and will serve as a kind of insur-
ance policy against extinction. 

Many challenges remain, but the conservation suc-
cesses at Hakalau and elsewhere offer hope that we can 
protect and restore Hawaii's native flora and fauna, preserv-
ing the priceless bounty of millions of years of evolution on 
this extraordinary chain of islands. 

• CASE STUDY SOLUTIONS Imagine you are the manager of 
the Hakalau Forest NWR. Despite all the good work your staff 
and volunteers have done over the years, climate change is 
threatening the forest's native birds by allowing disease-
carrying mosquitoes to move upslope as temperatures grow 
warmer. Describe several strategies and actions you would 
consider taking to restore the forest and conserve popula-
tions of the native birds. 

• LOCAL CONNECTIONS The Hawaiian Islands are known 
for many unique species of plants and animals, and for 
special natural places (such as volcanoes, waterfalls, and 
coral reefs). Everywhere in the world, though, has its own 
natural wonders. Do some research into the region where 
you live using your library or online sources. Describe sev-
eral distinctive plants or animals, and several special natu-
ral places, that may be found in the region. What plant, 
animal, or place is most valuable to you, and why? Are any 
of these organisms or places at risk of disappearing? Are 
any of them being affected by introduced species or by 
other human or ecological impacts? What is being done to 
safeguard the natural wonders of your region? Suggest 
steps that could be taken in your community to protect 
populations of species at risk. 

• EXPLORE THE DATA Find out how we can tell whether 
a population of endangered birds is recovering or not. 
-+ Explore Data relating to the case study on Mastering 
Environmental Science 
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REVIEWING Objectives 
You should now be able to: 

+ Explain natural selection and cite 
evidence for this process 
Natural selection is the process 
whereby inherited traits that 
enhance survival and reproduc-
tion are passed on more frequently 
to offspring than traits that do not 
enhance survival and reproduction. 
Evidence of natural selection can be found 
in countless adaptations among wild species. It can also 
be found in our crop plants, pets, and farm animals, all of 
which have been bred by artificial selection. (pp. 50-53) 

+ Describe how evolution generates and shapes 
biodiversity 
Species can form in various ways; most commonly, geo-
graphic isolation over many generations leads to specia-
tion, producing new types of organisms that enhance 
Earth's biological diversity. Natural selection can be a 
diversifying force as populations of organisms adapt to 
their environments. Phylogenetic trees and the fossil 
record teach us about the history of life by chronicling 
how organisms have evolved. (pp. 54- 59) 

+ Discuss factors behind species extinction and identify 
Earth's known mass extinction events 
Although extinction occurs naturally, human impact is 
profoundly accelerating the rate of extinction. Island spe-
cies, rare and localized species, and ecologically special-
ized species are especially vulnerable. When vulnerable 
species encounter rapid envi ronmental change, this 
heightens extinction risk. Five episodes of mass extinc-
tion are known - caused likely by asteroid impact or 

SEEKING Solutions 
1. In what ways have artificial selection and selective 

breeding changed people's quality of life? Give exam-
ples. How might artificial selection and selective 
breeding be used to improve our quality of life further? 
Can you envision a way in which they could be used to 
reduce our environmental impact? 

2. Compare the passenger pigeon and the nene. What 
factors made each of these species vulnerable to extinc-
tion? Why do you think the passenger pigeon succumbed 
to extinction while the nene has survived? What do you 
think could have been done to save the passenger pigeon? 

3. Three of the major reasons for population declines in wild 
species are habitat loss, introduced species, and climate 
change. Using examples from this chapter or from your 
own region, suggest specific ways in which we might 
reduce each of these impacts on particular populations? 
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geologic factors. Humans are now initiat-
ing a sixth mass extinction. (pp. 59-60) 

+ List the levels of ecological 
organization 
Ecologists study organisms, popula-
tions, communities, ecosystems, land-
scapes, and the biosphere. Habitat, 
niche, and specialization are vital ecologi-
cal concepts. (pp. 60-62) 

+ Describe attributes of populations that help predict 
population growth 
Populations are characterized by size, 
density, distribution, sex ratio, and age 
structure. Rates of birth, death, immi-
gration, and emigration determine how 
a population will change. (pp. 62-66) 

+ Explain the roles that logistic growth, 
limiting factors, carrying capacity, and 
other fundamental concepts play In 
population ecology 
Populations unrestrained by limiting factors undergo expo-
nential growth. Logistic growth results from density depen-
dence; growth slows as population size increases and 
approaches a carrying capacity. Reproductive strategies 
differ among species, and carrying capacities can change-
all of which affect population ecology. {pp. 66-69) 

+ Identify and discuss challenges and current efforts in 
conserving biodiversity 
Habitat loss, the introduction of non-native 
species, and climate change are among 
the major challenges to biodiversity. 
Many people are striving to protect and 
restore populations, species, and habi-
tats, even as human impacts continue 
to complicate efforts. (pp. 69-71) 

4. What are some advantages of ecotourism for a state 
like Hawai' i? What might be a potential disadvantage? 
Describe a source of ecotourism that exists-or that 
you feel could succeed - in your own region. 

5. THINK IT THROUGH You are a population ecologist 
studying animals in a national park, and park managers 
are asking for advice on how to focus their limited 
conservation funds. How would you rate the following 
three species, from most vulnerable (and thus most in 
need of conservation attention) to least vulnerable? 
Give the reasons for your choices. 
• A bird that is a generalist in its use of habitats and 

resources 
• A salamander endemic to the park that lives in high-

elevation forest 
• A fish that specializes on a few types of invertebrate 

prey and has a large population size 



CALCULATING Ecological Footprints 
Professional demographers delve into the latest statistics 
from cities, states, and nations to provide us with updated 
estimates on human populations. The table that follows 
shows population estimates for two consecutive years that 
take into account births, deaths, immigration, and emigra-
tion. To calculate the population growth rate (p. 66) for each 

REGION 2017 POPULATION 

Hawai'i 1,424,203 

Nevada 2,972,405 

Your state or city 

United States 325,147,121 

World 7,536,000,000 

Data: U.S. Census Bureau and Population Reference Bureau. 

1. Assuming the population growth rate for the United 
States remained at the calculated rate, what would the 
population of the United States have been in 2019? 

2. The birth rate of the United States in 2017 and 2018 
was 11 .8 births per 1000 people (or 1.18%), and the 
death rate was 8.6 deaths per 1000 people (or 0.86%). 
Using the formula from p. 66: 

(birth rate) - (death rate) = rate of natural increase 

What was the rate of natural increase for the United 
States between 2017 and 2018, in percentage terms? 
Now subtract this rate from the population growth rate 
shown in the table to obtain the net migration rate. 

Mastering Environmental Science 

Students Go to Mastering Environmental Science for assignments. 
an interactive e-text, and the Study Area with practice tests, videos, and 
activities 

region, divide the 2018 data by the 2017 data, subtract 1.00, 
and multiply by 100: 

pop. growth rate = [ (2018pop./ 2017pop.)- 1) x 100 

Nevada was the fastest-growing U.S. state during this 
particular 1-year time period, whereas Hawai'i was one of 
nine states to decline in population (due to a high cost of liv-
ing, after many years of growth). You can find data for your 
own state, city, or metropolitan area by exploring the web-
pages of the U.S. Census Bureau. 

2018 POPULATION POPULATION GROWTH RATE 

1,420,491 

3,034,392 

327' 167,434 0.62% 

7,621,000,000 

Did the United States experience more immigration or 
more emigration during this period? 

3. At the growth rate you calculated for Nevada, the 
population of that state will double in less than 34 
years. What impacts would you expect this to have on 
(1) food supplies, (2) drinking water supplies, (3) forests 
and other natural areas, and (4) wildl ife populations? 

4. How does your own state, city, or metropolitan area 
compare in its growth rate with other regions in the 
table? What steps could your region take to lessen the 
potential impacts of population growth on (1) food 
supplies, (2) drinking water supplies, (3) forests and 
other natural areas, and (4) wildlife populations? 

Instructors Go to Mastering Environmenta l Science for automatically 
graded activities, videos, and reading questions that you can assign to 
your students, plus Instructor Resources. 
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