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This book was written for students taking their first under-
graduate course in ecology. We have assumed that students
in this one-semester course have some knowledge of basic
chemistry and mathematics and have had a course in general
biology, which included introductions to evolution, physiol-
ogy, and biological diversity.

Organization of the Book

An evolutionary perspective forms the foundation of the entire
textbook, as it is needed to support understanding of major
concepts. The textbook begins with a brief introduction to the
nature and history of the discipline of ecology, followed by
section I, which includes two chapters on earth’s biomes—life
on land and life in water—followed by a chapter on population
genetics and natural selection. Sections II through VI build a
hierarchical perspective through the traditional subdisciplines
of ecology: section II concerns adaptations to the environ-
ment; section III focuses on population ecology; section IV
presents the ecology of interactions; section V summarizes
community and ecosystem ecology; and finally, section VI
discusses large-scale ecology, including chapters on land-
scape, geographic, and global ecology. These topics were first
introduced in section I within its discussion of the biomes.
In summary, the book begins with an overview of the bio-
sphere, considers portions of the whole in the middle chap-
ters, and ends with another perspective of the entire planet
in the concluding chapter. The features of this textbook were
carefully planned to enhance the students’ comprehension of
the broad discipline of ecology.

Features Designed with the Student in
Mind

All chapters are based on a distinctive learning system, fea-
turing the following key components:

Student Learning Outcomes: Educators are being asked
increasingly to develop concrete student learning outcomes for
courses across the curriculum. In response to this need and to
help focus student progress through the content, all sections of
each chapter in the eighth edition begin with a list of detailed

student learning outcomes.

Introduction: The introduction to each chapter presents the
student with the flavor of the subject and important back-
ground information. Some introductions include historical
events related to the subject; others present an example of an

ecological process. All attempt to engage students and draw
them into the discussion that follows.

Concepts: The goal of this book is to build a foundation of
ecological knowledge around key concepts, which are listed
at the beginning of each chapter to alert the student to the
major topics to follow and to provide a place where the stu-
dent can find a list of the important points covered in each
chapter. The sections in which concepts are discussed focus
on published studies and, wherever possible, the scientists
who did the research are introduced. This case-study approach
supports the concepts with evidence, and introduces students
to the methods and people that have created the discipline of
ecology. Each concept discussion ends with a series of concept
review questions to help students test their knowledge and to
reinforce key points made in the discussion.

Adaptations
to the Envirnnmem
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forest of Cameroon, Afri, 1IN indicator taxa, In aqiion
161 Explain the gificyjes involved in trying tg egtimgge Dirds and butterfi, o and his colleagues sampeg Tlying
i nity. beetles, beetles fiving i (0 forest canopy, canopy angs, leaflitter

frows. Lermites, and soil pemggoqigy They sampled these g,

I8 a comparison of the oy SPecies richness of Trom 1992 10,1994 ang g overal more years sorting gng

How many SPecies are there? Thjs s one of the mogt fundamen- the conclusion at the end of thjs massive study was that no one
tal questions that Aan ecologist can ask about a community, Wig, 8roup serves a5 g reliable indicator of species richness for other
Increasing threats o biological diversity, Species richness js also one taxonomic 8roups. Lawton ang his colleagues estimated thay
Of the most imporgap; community attriputes yye might measure, their survey included from onetenth to onehundregh total
Forinstance, estimates Of species richness are critical for determjn,. number of species in ghejr Study site. Citing their gy experi-
ing areas suitable o, conservation, for diagnosing ghe IMPACt of ence, ey concluded that Characterizing e gy biological
environmental change op community, ang f identifying criticq diversity of just 1 hectare of tropical forest woylq require from
habitat for rare or threatened Species. However, determining the 100,000 to | million sciengist hours, As consequence of thege
number of species jp 5 Community is not g gimpie undertaking ime constraints, ecojogsts Will likely continye 1o focus their
Sound estimates of species richness for mogt taxa require a care. studies of diversity on smaller groups of taxa. However, even
Tully designed, standardizoq S2mpling program. Here ye review With a restricted taonome focus, it is important o standardize
Some of the basic factors fhyy g €cologist needs to consier when sampling across stugy communities,

designing such 5 Sampling program 1o gyhe, information aboy;
Species richness withip, and among Communities,

Sampling Effory

Standardized Sampling
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that to verify pe Presence or absence of threatened beetle spe- techniques in bogy forests. Ddegaard also sampled the beetles o
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effort required (0 estimgte species richness, community ecolo. gpan i dry forest: 1,603 species i forest versus 1,165 i, dry
&ISts and conseryationists often focus on groups of organisms forest. Because (idegaarq took care o standardize sampling, we
that are religpje indicators of species richness, €an conclude that the SPecies richness of Plantfeeding beetles

WS probably higher a g g Torest study site, It pig sampling.
efforts were uneven, ye could not reach such 5 conclusion,

Indicator Tax,

Because of ne &reat cost and time of making thorough inyep.

Lories of species diyersity, SCOIOIStS have propose g i vari. CRIMQUNG T Bvipenc 1

oty of taxa as indicators of oyerg) biological diversity, Indicator L A complete ist of gpecies has not been determined oy any
1axa have generally peen Welkknown and conspicyoqs groups area of substantial hapigg nywhere on arth, Why o
Of organisms such ag birgs gngq butterflies. Howeye, j¢ appears 2. Why do most SIS of speciesdiversity focus on
that indicator taxa neeq 1o py chosen with caution, oy example, restrited groups of relatiyely Welkknown organisms gy,cp

John Lawton of Imperig) College in the Uniteg Kingdom and as plants, mammal, ang butterflies?
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Chapter 9 poputaion Distribution and Abundance 211

potindependent. nstead, ghere ;s 2 strong positive correfgjoyy
between the two variabyeg for 0N BIOUPS Of organisms. Iy oy

words. species abundant jp e Places where they oceyr gp gen-
Rarity and Vulnerabili[y to Extinction erally widely distribyteq Wwithin a regio, continent, or oceqp,

Whereas species living at low Population densities generally have
LEARNING OUTCOMES Small restricted distribuions, 11 Positive relationship begyyeer,
After study, ing this section You should pe able 1o do I/I:'/u///m‘/ltk range and Population densuy was first brought to the atten.

tion of ecologists by [y Hanski (Hanski 1982) and James
Brown (Brown 19g4). Kevin Gaston (Gastop 1996; Gaston et
al. 2000) points out tht the two decades since ghe early work
by Hanski and Broyy, ecologists have foung 5 Positive relation.
Ship between range 41, Population density fo many groups,
including plangs, 8rasshoppers, scale jngecys, hoverflies, bum.
blebees, moths, heegjes, butterflies, birds, frogs, and mammas

915 List the seyen forms of rarity descripeg by
Rabinowitz,

9.16  Detaj €Xamples of organjsmg showing cach form of
parity described by Rabinowigy,

917 Explain the relationship between the forms of rarity
and the vulnerabiiy of SPecies to extinetion,

Viewed on a long.1eq, geological timescape, Populations come relationship betyeen ocq) abundance and range iy, Many of
and g0 and extinction seepn, 10 be the inevitaple punctuation the explanations focys oy breadth of environmengy tolerances
mark at the end of  speciey: history. However, some POPUla-angdifferepces N Population dynamics However, a5 Gaston
tions seem 1o be more Vulnerable 1o extincrioy, than others and his colleagues pojng out (Gaston et al. 200p), there is st
What makes some Populations likely o disappear, while others 110 consensus on the s likely explanations,

Persist through geologic 805? At the heart of ghe matter are Most species are uncommon; seye, combinations of
Patterns of distripution 4ng abundance. Rare species are often range, tolerance, gng Population size each creyq, a kind of
Vulnerable (o extingiop, whereas abundant species are seldom arity. As a consequence, Rabinowitz referreq 1, “seven forms
50-In order to undersgang and, perhaps, preyep extinction, we Of rarity.” Leg's look ¢ SPecies that represent (e yy, extremes
need to understang the Yarious forms of rarjry, especially in Of Rabinowitz's seyen forms of rarity, The firg; Wo discussiong
this time of rapid clipgge change. £ONCeN species that are rare aecording (o only one gty

These are species tha, hefore hey become extincr, may squny:
) faily secure. The fingy gigcpggion €ONCEINS the rarest species
Seven Forms of Rarity and One of Abundance Which show all three airipy OF arity. Though these ypea;
Deborah Rabmuwnz(IQSI)dcwsedaclasﬂﬁcalmn OFCommon:  goecies are i MOt vulnerable 1o extinign. rarity in any
sy and rari; based on combinagon. of three factors: (1) ghe form appears to jnreage vulnerability to extingiop,
hatoraphic FANES of a specios (evrgme VEISUS resticied ), () . R A

habitat tolerance (5o yepgy, b a0 (3) local popul.  Rarity I Extensive Range, Broad Habitar

vion size (large versus surq, apins olerance is related o (e Tolerance, Small Locq) 1 opulations

range of conditions i ey, o *Pecles can live. For instance, 1S casy 0 understang oy PeOple were drawn to the orjgipy
SOme Plant species can tojergq broad range of soil teyqyre practice of falconry. The gighy gy sound of a peregrine fyjcop,
PH, and organic mae, o venle WETEas other plan spgior Faleo peregrinus, iy ful giyg o 041 200 K per hour mugt hgye
ore confined (0 a single soif y. AS We shall see, tigors haye been one of he greq experiences of a ifetime (1 o 23). The
broad habitat tofergce, however, within the (jger's historical peropine. Which has a geographic rang, that circles the Nor¢p,.
range in Asia lives the oy 1€0pard, which is confineg 0403 ey o here ind broad habitat tolerange, j5 uncommon
1w Tange of conditions j (pe high mountains of the Tipgqay throughout its rapge, APParenty, this one gy e of rarity
Plateau. Smal geogryppio enee. MATOW habitat toferance, g T €NOUS 0 make the peregpin, Vulnerable to extingion,
oW population density gy attributes of rarigy, The falcon’s feeding o i containing high congenragjy of
AS shown in figyre 9.9, there are eight possipre oo DDT, which produceg (y; cE8shells and nesiing pyifyr gy
binations of these fyeqops, ten of which include a legs g gnoush 1o drive the peregripe 1 the brink of extinction, pey
atribute of rarity, The oy abundant species ang (hoge I3 cgrine falcons Were saved from extinction by restricting the yge
threatened by extinggjon have extensive geograppic "AEES. of DDT, gieg reBulation of the capture of e birds, captive
broad habitat toferanes, g large local populations o feast  breeding, ang o production of the birds 1o gpgq where local
somewhere within their g, Some of these species, gyep PoPulations had become eyging
s starlings, Norway ragg, anq 0use sparrows, are assopiageg The range of the (igey. Panthera tigris, once extengeq from
iR humans and are congigereq Pests. However, many specie Turkey 10 castern Siperis, Java, and Bali and incjygoy environ-
of small mammals, g ng Aertebrates not associateq iy ot TANEING f10m borea] fopeg 1o tropical rain fores;, Tpe
humans, such a5 the (jgqy ouse, Peromyseus manicuggyg o tigers in this far.iyng PoPulation varied enough frop place to
the marine z00pjangop, Calants finmarchicus, q1sq 1y 1m0 place in size ang coloration that many jogq Populations were
this most common category described as separgte subspecies, including (he Siberian, Ben.
Ecologists exploring the relationship between size of geo- &al, and Javanese tigers. Like peregrine falcons, tigers pag an
ErePhic range and popularion iy, have found that they gy extensive geographic range gg broad habitat tolerance byt gy,
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New to the Eighth Edition

Chapters 2 and 3 have been edited to incorporate a more holis-
tic view and to better integrate them with later chapters. We
have revised text and provided seven new figures and several
revisions of existing figures to address requests by reviewers to
expand the explanations of the relationships between abiotic
features and biome type. The introductions to these chapters
have been rewritten to provide a context for these global con-
cepts, draw comparisons between terrestrial and aquatic sys-
tems, and introduce the concept of primary production.

We have increased representation of women and minor-
ity researchers in examples. Recognizing the importance of
informing students of the diversity of scientists engaged in
the sciences, previous editions have attempted to include con-
tributions of women and minority researchers to the devel-
opment of ecological science. That representation has been
expanded in the eighth edition.

This edition increases the emphasis on the role of evolu-
tion in ecological science. Increasingly, evolutionary science
informs and guides ecological research, not just within the
field of evolutionary ecology. In response to reviewers’ com-
ments on this point, we have added examples and made addi-
tional connections between ecology and evolution in response
to reviewer comments throughout the text. We have also
expanded chapter 4 to include five new figures and several
figure revisions to explain the relationships between genetic
diversity, evolution, and ecological consequences, including
an expansion of the treatment of non-Mendelian genetics.

The types of interactions among species have been
expanded to include the full range recognized by ecologists.
Chapter 13 now begins with a general discussion of how ecol-
ogists characterize species interactions. New examples are
provided that explore amensalism and competition and the
evolutionary and ecological consequences of these selective
pressures. New figures have been created to illustrate these
additions.

Coverage and connections to global-scale processes have
been strengthened. Revisions of chapters 21 and 23 are aimed
at providing greater clarity to the broad spectrum of global
change phenomena. In addition, these revised chapters help
connect coverage in preceding chapters of topics prominent
in global change ecology.

The introductions and end-of-chapter review questions have
been streamlined. In response to reviewer comments, we have
trimmed the introductions to most chapters to move more
quickly into the main content. Review questions have also
been edited to make them more consistent in length and level
of detail to encourage student engagement and to improve
their clarity and accessibility.

The Investigating the Evidence boxes have been moved
from the body of chapters to Appendix A at the end of the book.
While we think that this series of exercises in study design
and basic statistics remain a valuable adjunct to an introduc-
tion to ecology, many instructors have indicated that their pre-
sentation in the body of chapters interrupts the flow of the
reading and distracts from the core content. By moving the

evidence features to the end of the book, we have addressed
these concerns, while making them available to instructors
and students who find their content useful.

Significant Chapter-by-Chapter Changes

Chapter 1 An Applications discussion focused on how eco-
logical science can inform environmental law and policy now
concludes chapter 1. Citing the fact that, since ecological sci-
ence concerns relationships between organisms and the envi-
ronment, it is natural to turn to ecology when environmental
concerns arise. This new feature addresses what is perhaps
the most practical contribution that ecological science can
make and provides a conceptual umbrella for Applications
discussions in later chapters.

Chapter 2 The new introduction uses a desert ecology
example to introduce the biome concept within the context
of evolutionary pressure from both the physical and biologi-
cal environments, in alignment with requests by reviewers.
We now introduce the concept of primary production and the
trophic cascade in this chapter to set the stage for in-depth
treatment later. The global biomes are now presented with a
new Whittaker diagram to explain the relationship between
temperature, precipitation, and dominant vegetation. This is
paired with, and corresponds to, the biomes as defined in pre-
vious editions, moving the figure of the world biomes from
the back of the book to this chapter. In response to reviewer
requests, we have also added a discussion and figures of the
rain shadow effect and microclimates. The latter uses a new
figure of the western United States to show the complexity of
the biome concept at a finer geologic scale than is typically
represented. Revisions have been made to the soil horizon
figure to make it more representative and to the orbit of the
earth figure to include the 0° point.

Chapter 3 The introduction has been revised in response
to reviewers’ comments to directly compare terrestrial and
aquatic systems, with a new table for students to consider par-
ticular physical features and their implications for the evolu-
tion of life in these distinctive environments. The structure of
this chapter now better mirrors that of chapter 2. In response
to reviewer requests, we have added a discussion and figure
to explain thermohaline circulation and associated upwell-
ing and their importance for aquatic life. Both the figure on
streams and the one on lake turnover have been improved
from the previous edition, with the latter revised to be sim-
pler and more intuitive and show where fish primarily reside
during different seasons. The figure on ocean currents now
includes eight more seas, including Antarctic seas not shown
in previous editions.

Chapter 4 In response to reviewer requests, the intro-
duction now emphasizes why evolution belongs in an ecol-
ogy textbook, and includes a new figure that shows how
genetic diversity is expressed in phenotypic diversity and
how this affects ecological interactions. We have included
a new case study of research on crickets that illustrates the
concepts of mutation, genetic drift, and natural selection,
with corresponding figures. There is also a new figure to



explain different mechanisms of genetic drift. Another new
figure illustrates where alleles are in a population, and how
this translates to quantifying allele frequencies and resulting
investigation of deviations from Hardy-Weinberg equilibrium.
Explanations of the latter and why it is important for ecology
are made clearer. In response to reviewer requests, the figures
on plasticity and on different types of selection have been
revised to be easier to read. The discussion and explanation
of quantitative genetics is strengthened in this edition. The
relationships between evolution and ecological processes are
strengthened throughout.

Chapter 13 The introduction has been rewritten to set
the stage for the three chapters (13, 14, and 15) on species
interactions and includes a summary table to explain the dif-
ferent classifications, based on impact to each organism. We
have added explanations of both amensalism and commen-
salism, using new research examples, as well as describing
how these categories overlap with other types of interactions
such as competition. We also added an exciting, new research
example for niche partitioning to replace the previous one on
salt marsh grasses, illustrated by corresponding new figures.

Chapter 16 The community concept has been expanded
to include a full range of interacting species, and presentation
of the Shannon-Wiener index of species diversity has been
edited to ease students into the mathematical expressions of
the index. In addition, the discussion of the lognormal dis-
tribution has been updated to include recent analyses show-
ing that it is one of several possible distributions of species
abundance patterns. Finally, lower algal and plant diversity
in response to nutrient enrichment is explained as a result of
decreased environmental complexity, as competition for limit-
ing nutrients and light is replaced by competition dominated
by a single resource: light.

Chapter 20 Details of the successional sequence at
Glacier Bay, Alaska, have been trimmed to make room for
a broader historical perspective on ecological succession
by introducing the views of two major contributors to the
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subject, Frederic E. Clements and Henry A. Gleason. Intro-
ducing the ideas of these pioneering researchers provides a
basis for a more refined perspective on the process of succes-
sion and the nature of “climax” communities. The chronose-
quence at Glacier has been visualized by a series of photos
of key points along the sequence. In addition, the concept
of a chronosequence is introduced early in the chapter and a
contrast is made between the use of chronosequences versus
direct observations to study successional change.

Chapter 21 The new Applications feature, which con-
cerns using landscape approaches to mitigating urban heat
islands, is intended to focus landscape ecology on the envi-
ronment where most people, including students, now live.
This new feature also connects the landscape ecology chapter
to earlier discussions of urban ecology as a research frontier
(chapter 1), urban heat islands (chapter 5), biodiversity in
urban landscapes (chapter 16), and nutrient fluxes across the
urban landscape (chapter 19). This discussion also foreshad-
ows a detailed review of global climate warming in chapter 23.

Chapter 23 In response to reviewers’ comments, we have
revised the introduction to emphasize the multidisciplinary
nature of global ecology and that there are many components
of global change in addition to climate. Connections between
previous chapters and these fields have also been strength-
ened. A research example that reflects the more recent explo-
rations into the ecological importance of La Nifia events has
been added with a corresponding figure. Figure revisions
incorporate more current data that emphasize the connec-
tions between carbon and temperature increases, including
both the modern-age relationships with anthropogenic carbon
and patterns at the millennial scale.

Online Materials

Available online are suggested readings and answers to con-
cept review, chapter review, and critiquing the evidence
questions.
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A yellow-rumped warbler, Dendroica coronata, feeding young. Ecological
studies of warblers have made fundamental contributions
to the growth of ecological understanding.
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Historical Foundations
and Developing Frontiers

LEARNING OUTCOME
After studying this section you should be able to do the following:

1.1 Discuss the concept of environment as it pertains to
the science of ecology.

hat is ecology? Ecology is the study of relation-
Wships among organisms and between organisms

and the physical environment. These relationships
influence many aspects of the natural world, including the dis-
tribution and abundance of organisms, the variety of species
living together in a place, and the transformation and flow of
energy in nature.

Humans are rapidly changing earth’s environment, yet we
do not fully understand the consequences of these changes.
For instance, human activity has increased the quantity of
nitrogen cycling through land and water, changed land cover
across the globe, and increased the atmospheric concentration
of CO,. Changes such as these threaten the diversity of life on
earth and may endanger our life support system. Because of
the rapid pace of environmental change in the early twenty-
first century, it is imperative that we better understand earth’s
ecology.

Behind the simple definition of ecology lies a broad sci-
entific discipline. Ecologists may study individual organisms,
entire forests or lakes, or even the whole earth. The measure-
ments made by ecologists include counts of individual organ-
isms, rates of reproduction, and rates of processes such as
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photosynthesis and decomposition. Ecologists often spend
as much time studying nonbiological components of the
environment, such as temperature and soil chemistry, as they
spend studying organisms. Meanwhile, the “environment” of
organisms in some ecological studies is other species. While
you may think of ecologists as typically studying in the field,
some of the most important conceptual advances have come
from ecologists who build theoretical models or do ecologi-
cal research in the laboratory. Clearly, our simple definition of
ecology does not communicate the great breadth of the disci-
pline or the diversity of its practitioners. To get a better idea of
what ecology is, let’s briefly review its scope.

Overview of Ecology

LEARNING OUTCOMES
After studying this section you should be able to do the following:

1.2 Describe the levels of ecological organization, for
example, population, studied by ecologists.

1.3  Distinguish between the types of questions
addressed by ecologists working at different levels of
organization.

1.4  Explain how knowledge of one level of ecological
organization can help guide research at another
level of organization.

Ecologists study environmental relationships ranging from
those of individual organisms to factors influencing global-scale
processes. This broad range of subjects can be organized by
arranging them as levels in a hierarchy of ecological organiza-
tion, such as that embedded in the brief table of contents and
the sections of this book. Figure 1.1 attempts to display such a
hierarchy graphically.

Historically, the ecology of individuals, which is at the
base of figure 1.1, has been the domain of physiological ecol-
ogy and behavioral ecology. Physiological ecologists have
emphasized the evolution (a process by which populations
change over time) of physiological and anatomical mecha-
nisms by which organisms adapt to challenges posed by physi-
cal and chemical variation in the environment. Meanwhile,
behavioral ecologists have focused principally on evolution of
behaviors that allow animals to survive and reproduce in the
face of environmental variation.

There is a strong conceptual linkage between ecological
studies of individuals and of populations particularly where
they concern evolutionary processes. Population ecology is
centered on the factors influencing population structure and
process, where a population is a group of individuals of a sin-
gle species inhabiting a defined area. The processes studied
by population ecologists include adaptation, extinction, the
distribution and abundance of species, population growth and
regulation, and variation in the reproductive ecology of spe-
cies. Population ecologists are particularly interested in how
these processes are influenced by nonbiological and biological
aspects of the environment.

Biosphere

What role does concentration of
atmospheric CO, play in the
regulation of global
temperature?

Region

How has geologic history
influenced regional diversity
within certain groups of
organisms?

Landscape

How do vegetated corridors
affect the rate of movement by
mammals among isolated forest
fragments?

Ecosystem

How does fire affect nutrient
availability in grassland
ecosystems?

Community

‘What factors influence the
number of large mammal
species living together in
African grasslands?

Interactions

Do predators influence where
zebras feed in the landscape?

Population

‘What factors control zebra
populations?

Individuals

How do zebras regulate their
internal water balance?

Figure 1.1  Levels of ecological organization and examples of the
kinds of questions asked by ecologists working at each level. These ecologi-
cal levels correspond broadly to the sections of this book. ©Calysta Images/
Getty Images RF; Source: NASA-Goddard Space Flight Center; ©Comstock/Punch-
Stock RF; Source: Gary Wilson/USDA Natural Resources Conservation Service; © Anna
Sher; ©Mogens Trolle/Shutterstock RF; ©cinoby/Getty Images RF; ©Glow Images RF



Bringing biological components of the environment into
the picture takes us to the next level of organization, the ecol-
ogy of interactions such as predation, parasitism, and competi-
tion. Ecologists who study interactions between species have
often emphasized the evolutionary effects of the interaction
on the species involved. Other approaches explore the effect
of interactions on population structure or on properties of eco-
logical communities.

The definition of an ecological community as an asso-
ciation of interacting species links community ecology
with the ecology of interactions. Community and ecosys-
tem ecology have a great deal in common, since both are
focused on multispecies systems. However, the objects of
their study differ. While community ecologists concentrate
on understanding environmental influences on the kinds
and diversity of organisms inhabiting an area, ecosystem
ecologists focus on ecological processes such as energy flow
and decomposition.

To simplify their studies, ecologists have long attempted
to identify and study isolated communities and ecosystems.
However, all communities and ecosystems on earth are sub-
ject to exchanges of materials, energy, and organisms with
other communities and ecosystems. The study of these
exchanges, especially among ecosystems, is the intellectual
territory of landscape ecology. However, landscapes are not
isolated either but part of geographic regions subject to large-
scale and long-term regional processes. These regional pro-
cesses are the subjects of geographic ecology. Geographic
ecology in turn leads us to the largest spatial scale and high-
est level of ecological organization—the biosphere, the por-
tions of the earth that support life, including the land, waters,
and atmosphere.

While this description of ecology provides a brief
preview of the material covered in this book, it is a rough
sketch and highly abstract. To move beyond the abstraction
represented by figure 1.1, we need to connect it to the work
of the scientists who have created the discipline of ecol-
ogy. To do so, let’s briefly review the research of ecologists
working at a broad range of ecological levels emphasizing
links between historical foundations and some developing
frontiers (fig. 1.2).

Concept 1.1 Review

1. How does the level of ecological organization an
ecologist studies influence the questions he or she
poses?

2. While an ecologist may focus on a particular level of
ecological organization shown in figure 1.1, might other
levels of organization be relevant, for example, does an
ecologist studying factors limiting numbers in a popula-
tion of zebras need to consider the influences of interac-
tions with other species or the influences of food on the
survival of individuals?

Chapter 1
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(b)

Figure 1.2 Two rapidly developing frontiers in ecology.

(a) Aeroecology: the interdisciplinary study of the ecology of the earth-
atmosphere boundary (Kunz et al. 2008). New tools, such as the
Indigo/FLIR Merlin midthermal camera that took this thermal infra-

red image of flying Brazilian free-tailed bats, Tadarida brasiliensis, have
opened this developing frontier in ecology. This image depicts variation in
the surface temperature of these bats. Thermal infrared technology makes
it possible not only to detect and record the presence of free-ranging noc-
turnal organisms, but also to investigate their physiology and ecology in a
noninvasive manner (see chapter 5). (5) Urban ecology: the study of urban
areas as complex, dynamic ecological systems, influenced by intercon-
nected, biological, physical, and social components. As ecologists focus
their research on the environment where most members of our species
live, they have made unexpected discoveries about the ecology of urban
centers such as the city of Baltimore (see chapter 19).

(a) ©Nickolay I. Hristov and Thomas H. Kunz; (5) ©Jon Bilous/Shutterstock RF

Sampling Ecological Research

LEARNING OUTCOMES
After studying this section you should be able to do the following:

1.5 Describe some emerging frontiers in ecology.

1.6  Explain how the use of stable isotopes has extended
what it is possible to know about the ecology of warblers.

1.7 Compare the spatial and temporal scales addressed
by the research of Robert MacArthur, Nalini
Nadkarni, and Margaret Davis.
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Ecologists design their studies based on their research questions,
the temporal and spatial scale of their studies, and available
research tools. Because the discipline is so broad, ecologi-
cal research can draw from all the physical and biological sci-
ences. The following section of this chapter provides a sample
of ecological questions and approaches to research.

The Ecology of Forest Birds:
Old Tools and New

Robert MacArthur gazed intently through his binoculars. He
was watching a small bird, called a warbler, searching for insects
in the top of a spruce tree. To the casual observer it might have
seemed that MacArthur was a weekend bird-watcher. Yes, he
was intensely interested in the birds he was watching, but he was
just as interested in testing ecological theory.

The year was 1955, and MacArthur was studying the ecol-
ogy of five species of warblers that live together in the spruce
forests of northeastern North America. All five warbler species,
Cape May (Dendroica tigrina), yellow-rumped (D. coronata),
black-throated green (D. virens), blackburnian (D. fusca),
and bay-breasted (D. castanea), are about the same size and
shape and all feed on insects. Theory predicted that two
species with identical ecological requirements would com-
pete with each other and that, as a consequence, they could
not live in the same environment indefinitely. MacArthur
wanted to understand how several warbler species with appar-
ently similar ecological requirements could live together in the
same forest.

The warblers fed mainly by gleaning insects from the bark
and foliage of trees. MacArthur predicted that these warblers

Cape May warbler

New needles and

buds at top of tree of upper branches

Bay-breasted
warbler

Old needles and bare
and lichen-covered
middle branches

New needles and buds

Yellow-rumped
warbler

Bare or lichen-covered lower
trunk and middle branches

might be able to coexist and not compete with each other if
they fed on the insects living in different zones within trees. To
map where the warblers fed, he subdivided trees into vertical
and horizontal zones. He then carefully recorded the amount
of time warblers spent feeding in each.

MacArthur’s prediction proved to be correct. His quan-
titative observations demonstrated that the five warbler spe-
cies in his study area fed in different zones in spruce trees. As
figure 1.3 shows, the Cape May warbler fed mainly among new
needles and buds at the tops of trees. The feeding zone of the
blackburnian warbler overlapped broadly with that of the Cape
May warbler but extended farther down the tree. The black-
throated green warbler fed toward the trees’ interiors. The
bay-breasted warbler concentrated its feeding in the middle
sections of trees. Finally, the yellow-rumped warbler fed mostly
on the ground and low in the trees. MacArthur’s observations
showed that though these warblers live in the same forest, they
extract food from different parts of that forest. He concluded
that feeding in different zones may reduce competition among
the warblers of spruce forests.

MacArthur’s study (1958) of foraging by warblers is a true
classic in the history of ecology. However, like most studies it
raised as many questions as it answered. Scientific research
is important both for what it teaches us directly about nature
and for how it stimulates other studies that improve our under-
standing. MacArthur’s work stimulated numerous studies
of competition among many groups of organisms, including
warblers. Some of these studies produced results that sup-
ported his work and others produced different results. All
added to our knowledge of competition between species and
of warbler ecology.

Black-throated
green warbler

New needles and buds
and some older needles

Figure 1.3  Warbler feeding zones shown in beige. The several warbler species that coexist in the forests of northeastern North America feed in

distinctive zones within forest trees.



Figure 1.4 A male American redstart, Setophaga ruticilla. Mature
male American redstarts are highly territorial, dominating high-quality
feeding territories in their tropical wintering grounds, pushing most
female redstarts and young males into poorer-quality feeding habitats.
©Linda Freshwaters Arndt/Alamy

Nearly half a century after Robert MacArthur studied the
feeding ecology of warblers through the lenses of his binocu-
lars, a team of Canadian and U.S. scientists led by Ryan Norris
(Norris et al. 2005) worked to develop tools capable of pen-
etrating the feeding habitats of wide-ranging migratory birds.
The object of their study was the American redstart (Setophaga
ruticilla), another colorful member of the warbler family
Parulidae (fig. 1.4). American redstarts, like the warblers
studied by MacArthur, are long-distance migrants, nesting in
temperate North America but spending their winters mainly
in tropical Central America, northern South America, and the
Caribbean islands.

Historically, studies of wide-ranging bird species, such as
the American redstart, have focused mainly on their temper-
ate breeding grounds. However, observations by ecologists had
long suggested that the success of an individual migratory bird
during the breeding season may depend critically on the envi-
ronmental conditions it experienced on its tropical wintering
grounds. For example, it has been well established that male
migratory birds, arriving early on the breeding grounds, are
generally in better physical condition compared to those arriv-
ing later. Early arrivals also generally obtain the best breeding
territories and have higher reproductive success.

Variation in arrival times and physical condition led ecolo-
gists to ponder the connection between events on the wintering
grounds and subsequent reproductive success among birds in
their breeding habitats. To answer such a question, we need a
great deal of information, including where individual birds live
on the wintering grounds, how the winter habitat correlates
with physical condition during migration, how winter habitat
influences time of arrival on the breeding grounds, and whether
winter habitat correlates with reproductive success on the
breeding grounds. Clearly, the amount of information required
to answer such questions, concerning environments separated
by thousands of kilometers (fig. 1.5), exceeds what one person,
or even a large team, can learn through the lenses of binoculars.
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American redstarts breed across
much of North America, preferring
forests with abundant shrubs.

American redstarts winter
mainly on the Caribbean
s islands and the surrounding
= mainland.

- Breeding grounds
I:l Wintering grounds

Figure 1.5 Map of the breeding and wintering grounds of the
American redstart, Setophaga ruticilla.

Often, ecologists have pioneered the use of more power-
ful research tools, as the complexity of their questions have
increased. A tool to which ecologists turn increasingly to
understand the ecology of migratory birds is stable isotope
analysis (see chapter 6). Isotopes of a chemical element, for
example, isotopes of carbon, have different atomic masses
as a result of having different numbers of neutrons. Carbon,
for instance, has three isotopes (listed in order of increasing
mass): 1>C, 3C, and *C. Of these three, '>C and "C are sta-
ble isotopes because they do not undergo radioactive decay,
whereas “C decays radioactively and is therefore unstable.
Stable isotopes have proven useful in the study of ecological
processes—for example, identifying food sources, because the
proportions of various isotopes differ across the environment.

Stable isotope analysis provides ecologists with a new
type of “lens” capable of revealing ecological relationships
that would otherwise remain invisible. For example, ecolo-
gists using stable isotope analysis can track habitat use by
American redstarts on their wintering grounds. In Jamaica,
older male American redstarts, along with some females,
spend the winter in higher-productivity mangrove forest habi-
tats, pushing most females and younger males into poorer-
quality, dry scrub habitat. The dominant plants in these two
habitats and the insects that feed on them contain different
proportions of the carbon isotopes 2C and 3C. Therefore,
the tissues of the birds spending their winters in the produc-
tive mangrove habitat (lower 13C) and those spending the
winters in the poor scrub habitat (higher 13C) are in effect
chemically tagged. As a consequence, today’s ecologist can
analyze a very small sample of blood from an American red-
start when it arrives on its temperate breeding ground and
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know the habitat where it spent the winter. When Ryan Nor-
ris and his research team made such measurements, they
found that male redstarts that had spent the winter in the
more productive mangrove habitat arrived on the breeding
grounds earlier and produced significantly more young birds
that survived to fledging.

Stable isotope analysis and the role that it has played in
elucidating the ecology of a diversity of organisms will thread
its way through the text. As is often the case in science, new
tools create new research frontiers. Another of those frontiers
is to be found in the canopies of forests.

Forest Canopy Research:
A Physical and Scientific Frontier

Studies of warblers showcase how ecologists approach
studies of one or a few species. Other ecologists have been
concerned with the ecology of entire forests, lakes, or
grasslands, which they treat as ecosystems. An ecosystem
includes all the organisms that live in an area and the physi-
cal environment with which those organisms interact. Many
ecosystem studies have focused on nutrients, the raw mate-
rials that an organism must acquire from the environment
to live.

For ecologists who study the budgets of nutrients such
as nitrogen, phosphorus, or calcium, one of the first steps is
to inventory their distribution within an ecosystem. Invento-
ries by Nalini Nadkarni (1981, 1984a, 1984b) changed our
ideas of how tropical and temperate rain forests are struc-
tured and how they function. On the rain forest floor, she
had wondered about the diversity of organisms and ecologi-
cal relationships that might be hidden in the canopy high
above. Her wonder soon gave way to determination. With the
aid of mountain-climbing equipment, Nadkarni slowly made
her first ascent into the canopy of the Costa Rican rain for-
est, a world explored by few others and where she was to
become a pioneer (fig. 1.6). Nadkarni not only visited the
canopy but also was among the first to explore the ecology of
this unseen world.

Because of leaching by heavy rains, many rain forest soils
are poor in nutrients such as nitrogen and phosphorus. The
low availability of nutrients in many rain forest soils has pro-
duced one of ecology’s puzzles. How can the prodigious life of
rain forests be maintained on such nutrient-poor soils? Many
factors contribute to the maintenance of this intense biologi-
cal activity. Nadkarni’s research in the treetops uncovered
one of those factors, a significant store of nutrients in the rain
forest canopy.

The nutrient stores in the rain forest canopy are associ-
ated with epiphytes. Epiphytes are plants, such as many orchids
and ferns, that live on the branches and trunks of other plants.
Epiphytes are not parasitic: they do not derive their nutrition
from the plant they grow on. As they grow on the branches of a
tree they begin to trap organic matter, which eventually forms
a mat. Epiphyte mats increase in thickness up to 30 c¢cm, pro-
viding a complex structure that supports a diverse community
of plants and animals.

Figure 1.6 Exploring the rain forest canopy. What Nalini Nadkarni
discovered helped solve an ecological puzzle. Courtesy Nalini Nadkarni,
photo by Dennis Paulson

Epiphyte mats contain significant quantities of nutri-
ents. Nadkarni estimated that these quantities in some
tropical rain forests are equal to about half the nutrient con-
tent of the foliage of the canopy trees. In the temperate rain
forests of the Olympic Peninsula in Washington, the mass
of epiphytes is four times the mass of leaves on their host
trees.

Nadkarni’s research showed that in both temperate
and tropical rain forests, trees access these nutrient stores
by sending out roots from their trunks and branches high
above the ground. These roots grow into the epiphyte mats
and extract nutrients from them. As a consequence of this
research, we now know that to understand the nutrient
economy of rain forests the ecologist must venture into the
treetops.

Easier means of working in the rain forest canopy have
been developed, and this research is no longer limited to
the adventurous and agile. New ways to access the forest
canopy range from hot air balloons and large cranes (see
Investigating the Evidence 16 in Appendix A) to aerial
drones (fig. 1.7). Research projects supported—and made
far easier—by these technologies have included the ecology
of migratory birds in the forest canopy, photosynthesis by
epiphytes living at different canopy heights, and vertical
stratification of habitat use by bats and beetles (Ozanne et



Figure 1.7  Aerial drones now provide a powerful tool for monitor-
ing a wide range of ecosystems and wild populations. ©Halfpoint/Shutter-
stock RF

al. 2003). Nadkarni points out, in response to these develop-
ments, that the canopy as a physical frontier may be closing,
but its exploration as a scientific frontier is just beginning,
particularly as we attempt to predict the ecological conse-
quences of climate change.

Climatic and Ecological Change:
Past and Future

The earth and its life are always changing. However, many of
the most important changes occur over such long periods of
time or at such large spatial scales that they are difficult to
study. Two approaches that provide insights into long-term and
large-scale processes are studies of pollen preserved in lake
sediments and of evolutionary change.

Margaret B. Davis (1983, 1989) carefully searched
through a sample of lake sediments for pollen. The sediments
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had come from a lake in the Appalachian Mountains, and
the pollen they contained would help her document changes
in the community of plants living near the lake during
the past several thousand years. Davis is a paleoecologist
trained to think at very large spatial scales and over very
long periods of time. She has spent much of her professional
career studying changes in the distributions of plants during
the Quaternary period, particularly during the most recent
20,000 years.

Some of the pollen produced by plants that live near a
lake falls on the lake surface, sinks, and becomes trapped in
lake sediments. As lake sediments build up over the centu-
ries, this pollen is preserved and forms a historical record
of the kinds of plants that lived nearby. As the lakeside veg-
etation changes, the mix of pollen preserved in the lake’s
sediments also changes. In the example shown in figure 1.8,
pollen from spruce trees, Picea spp., first appears in lake
sediments about 12,000 years ago; then pollen from beech,
Fagus grandifolia, occurs in the sediments beginning about
8,000 years ago. Chestnut pollen does not appear in the
sediments until about 2,000 years ago. The pollen from all
three tree species continues in the sediment record until
about 1920, when chestnut blight killed most of the chestnut
trees in the vicinity of the lake. Thus, the pollen preserved
in the sediments of lakes can be used to reconstruct the his-
tory of vegetation in the area. Margaret B. Davis, Ruth G.
Shaw, and Julie R. Etterson reviewed extensive evidence
that during climate change, plants evolve, as well as disperse
(Davis and Shaw 2001; Davis, Shaw, and Etterson 2005). As
climate changes, plant populations simultaneously change
their geographic distributions and undergo the evolutionary
process of adaptation, which increases their ability to live
in the new climatic regime. Meanwhile, evidence of evolu-
tionary responses to climate change has been found in many
animal groups. William Bradshaw and Christina Holzapfel
(2006) summarized several studies documenting evolution-
ary change in northern animals, ranging from birds and
insects to small mammals (fig. 1.9), in response to longer
growing seasons with global warming (see chapter 23). Such
research will be essential to predicting ecological responses
to global climate change.

In the remainder of this book we will fill in the details
of the sketch of ecology presented in this chapter. This
brief survey has only hinted at the conceptual basis for the
research described. Throughout this book we emphasize the
conceptual foundations of ecology. We also explore some of
the applications associated with the focal concepts of each
chapter. Of course, the most important conceptual tool used
by ecologists is the scientific method (see Investigating the
Evidence 1 in Appendix A).

We continue our exploration of ecology in section
I with natural history and evolution. Natural history is the
foundation on which ecologists build modern ecology for
which evolution provides a conceptual framework. A major
premise of this book is that knowledge of natural history
and evolution improves our understanding of ecological
relationships.
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Lake profile Chestnut decline
due to blight
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Figure 1.8 The vegetation history of landscapes can be reconstructed using the pollen contained within the sediments of nearby lakes.  (all photos):

Courtesy of the Gretchen and Stanley Jones Palynological Collection and the Botanical Research Institute of Texas

Concept 1.2 Review

1.

How were the warbler studies of Robert MacArthur and
those that focused on the American redstart similar?
How did they differ?

What aspects of Nalini Nadkarni’s research identify it as
“ecosystem ecology”? Give examples of research in for-
est canopies that would address other levels of ecological
organization (for examples, see fig. 1.1).

The discussion of the research by Margaret Davis and
her colleagues did not identify the questions that they
addressed. What research questions can we infer from
the above description of their work?

Figure 1.9 Studies indicate that North American red squirrels,
Tamiasciurus hudsonicus, have been undergoing rapid evolution for
earlier breeding, during a recent period of increased average spring
temperatures in Canada’s Yukon Territory (Réale et al. 2003). ©Paul
Reeves Photography/Shutterstock RF



Ecology Can Inform Environmental
Law and Policy

LEARNING OUTCOMES
After studying this section you should be able to do the following:

1.8 Describe the purposes of the Convention on Inter-
national Trade in Endangered Species of Wild Fauna
and Flora (CITES) and the U.S. Endangered Species
Act (ESA).

1.9  Discuss how subject areas covered in this text are
applicable to identifying and managing endangered
species.

Because ecological science concerns relationships between
organisms and the environment, it is natural to turn to ecology
when environmental concerns arise. Consequently, ecology has
contributed prominently to the development of environmental
law and policy. For example, ecologists have been essential to
evaluating the effects of pollution on the diversity of species
in terrestrial and aquatic communities and on the functioning
of ecosystems. One area where ecology, which includes how
the environment influences the distribution and abundance of
species (covered in chapters 9-12), has played a particularly
significant role is in evaluating the status of individual species
threatened by human impacts on the environment.

Ecological studies of animal and plant populations are
essential to determining when species populations have declined
in numbers to the point where they are in danger of extinction
(see chapter 9). Reports of such declines in the 1960s eventually

Summarny

Ecologists study environmental relationships ranging from those
of individual organisms to factors influencing global-scale pro-
cesses. The research focus and questions posed by ecologists
differ across the levels of ecological organization studied.
Ecologists design their studies based on their research
questions, the temporal and spatial scale of their studies, and
available research tools. With this brief review of research
approaches and topics, we return to the question asked at the
beginning of the chapter: What is ecology? Ecology is indeed
the study of relationships between organisms and the environ-
ment. However, as you can see from the studies reviewed, ecol-
ogists study those relationships over a large range of temporal
and spatial scales using a wide variety of approaches. Ecol-
ogy includes Davis’s studies of vegetation moving across the
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led to the establishment of international treaties and national
laws to protect endangered species. Two prominent protections
came into force in 1973. The first was the Convention on Inter-
national Trade in Endangered Species of Wild Fauna and Flora
(CITES), an international treaty to protect endangered species
from the threat of wildlife trafficking and trade. The second was
the U.S. Endangered Species Act, or ESA.

The ESA extended protection to all threatened and endan-
gered vertebrate animals, invertebrate animals, and plants in
the United States and to species elsewhere around the globe
listed as endangered under the CITES treaty. The species
protected by the ESA have ranged from the large and char-
ismatic, such as grizzly bears and whales, to inconspicuous
plants and insects. Later amendments to the ESA required
that management agencies, such as the U.S. Fish and Wildlife
Service, identify “critical habitat” for threatened and endan-
gered species. This requirement brought studies of the adap-
tations of species to the environment (chapters 4-8) as well
as community, ecosystem, landscape, and geographic ecology
(chapters 16-22), into greater prominence as tools for endan-
gered species management. Because human-caused changes to
the environment now extend to the entire planet, global ecol-
ogy (chapter 23) is increasingly relevant to long-term endan-
gered species protection.

Ecological studies are also essential to determining whether
protected populations have recovered sufficiently to be removed
from the ESA’s list of endangered species, a process called
delisting. There have been a number of high-profile species that
have been delisted in recent years, including the gray whales of
the eastern North Pacific Ocean and bald eagles of the contigu-
ous 48 states. In summary, ecological science has been essen-
tial to identifying, protecting, and managing species vulnerable
to extinction.

North American continent over a span of thousands of years.
Ecology also includes the observational studies of birds in con-
temporary forests by MacArthur. Ecologists may study pro-
cesses on plots measured in square centimeters or, like those
studying the ecology of migratory birds, study areas may span
thousands of kilometers. Important ecological discoveries
have come from Nadkarni’s probing of the rain forest canopy
and from traces of stable isotopes in a droplet of blood. Ecol-
ogy includes all these approaches and many more. Because
ecological science concerns relationships between organisms
and the environment, it is often consulted when environmen-
tal concerns arise. Ecological science has been particularly
important to identifying, protecting, and managing species vul-
nerable to extinction.





