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Chapter 1: Introduction to Biology

Charles Molnar and Jane Gair

Figure 1.1 This NASA image is a composite of several satellite-based views
of Earth. To make the whole-Earth image, NASA scientists combine

observations of different parts of the planet. (credit: modification of work by
NASA)

Viewed from space, Earth offers few clues about the diversity of life forms that reside there. The first forms
of life on Earth are thought to have been microorganisms that existed for billions of years before plants and
animals appeared. The mammals, birds, and flowers so familiar to us are all relatively recent, originating 130 to
200 million years ago. Humans have inhabited this planet for only the last 2.5 million years, and only in the last
200,000 years have humans started looking like we do today.

Media Attributions

» Figure 1.1 by NASA © Public Domain


http://opentextbc.ca/biology/wp-content/uploads/sites/96/2015/02/Figure_01_00_01.jpg
http://opentextbc.ca/biology/wp-content/uploads/sites/96/2015/02/Figure_01_00_01.jpg
https://www.nasa.gov/
https://creativecommons.org/publicdomain/mark/1.0/

1.1 Themes and Concepts of Biology

Charles Molnar and Jane Gair

Learning Objectives

By the end of this section, you will be able to:

+ Identify and describe the properties of life
+ Describe the levels of organization among living things

+ List examples of different sub disciplines in biology

One or more interactive elements has been excluded from this version of the text. You can view them online here:
https://pressbooks.nscc.ca/biology1050/?p=42

Watch the video: Introduction to Concepts of Biology from the author Charles Molner

One or more interactive elements has been excluded from this version of the text. You can view them online here:
https://pressbooks.nscc.ca/biology1050/?p=42

Watch the video: Evolution and Natural Selection

Biology is the science that studies life. What exactly is life? This may sound like a silly question with an obvious
answer, but it is not easy to define life. For example, a branch of biology called virology studies viruses, which
exhibit some of the characteristics of living entities but lack others. It turns out that although viruses can attack
living organisms, cause diseases, and even reproduce, they do not meet the criteria that biologists use to define
life.


https://pressbooks.nscc.ca/biology1050/?p=42
https://www.youtube.com/watch?v=65RRMUrC9mc&list=PLi8sJ5jarQsyUiIn4rUA71ecODy3o9Md5&index=7
https://pressbooks.nscc.ca/biology1050/?p=42
https://www.youtube.com/watch?v=P_ywN7IQ_BA&list=PLi8sJ5jarQsyUiIn4rUA71ecODy3o9Md5&index=9
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From its earliest beginnings, biology has wrestled with four questions: What are the shared properties that make
something “alive”? How do those various living things function? When faced with the remarkable diversity of life,
how do we organize the different kinds of organisms so that we can better understand them? And, finally—what
biologists ultimately seek to understand—how did this diversity arise and how is it continuing? As new organisms
are discovered every day, biologists continue to seek answers to these and other questions.

Properties of Life

All groups of living organisms share several key characteristics or functions: order, sensitivity or response to
stimuli, reproduction, adaptation, growth and development, regulation, homeostasis, and energy processing. When
viewed together, these eight characteristics serve to define life.

Order

Organisms are highly organized structures that consist of one or more cells. Even very simple, single-celled
organisms are remarkably complex. Inside each cell, atoms make up molecules. These in turn make up cell
components or organelles. Multicellular organisms, which may consist of millions of individual cells, have an
advantage over single-celled organisms in that their cells can be specialized to perform specific functions, and
even sacrificed in certain situations for the good of the organism as a whole. How these specialized cells come
together to form organs such as the heart, lung, or skin in organisms like the toad shown in Figure 1. 2 will be
discussed later.

Figure 1.2 A toad represents a highly organized structure consisting of cells,
tissues, organs, and organ systems.

Sensitivity or Response to Stimuli

Organisms respond to diverse stimuli. For example, plants can bend toward a source of light or respond to touch.
Even tiny bacteria can move toward or away from chemicals (a process called chemotaxis) or light (phototaxis).
Movement toward a stimulus is considered a positive response, while movement away from a stimulus is
considered a negative response.


http://opentextbc.ca/biology/wp-content/uploads/sites/96/2015/02/Figure_01_01_01.jpg
http://opentextbc.ca/biology/wp-content/uploads/sites/96/2015/02/Figure_01_01_01.jpg
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Figure 1.3 The leaves of this sensitive plant (Mimosa pudica) will instantly
droop and fold when touched. After a few minutes, the plant returns to its
normal state.

Concept in Action

openstax COLLEGE

g S

Y o

o

Watch this video to see how the sensitive plant responds to a touch stimulus.

Reproduction

Single-celled organisms reproduce by first duplicating their DNA, which is the genetic material, and then dividing
it equally as the cell prepares to divide to form two new cells. Many multicellular organisms (those made up of
more than one cell) produce specialized reproductive cells that will form new individuals. When reproduction
occurs, DNA containing genes is passed along to an organism’s offspring. These genes are the reason that the
offspring will belong to the same species and will have characteristics similar to the parent, such as fur color and

blood type.

Adaptation

All living organisms exhibit a “fit” to their environment. Biologists refer to this fit as adaptation and it is
a consequence of evolution by natural selection, which operates in every lineage of reproducing organisms.
Examples of adaptations are diverse and unique, from heat-resistant Archaea that live in boiling hot springs
to the tongue length of a nectar-feeding moth that matches the size of the flower from which it feeds. All


http://opentextbc.ca/biology/wp-content/uploads/sites/96/2015/02/Figure_01_01_02.jpg
http://opentextbc.ca/biology/wp-content/uploads/sites/96/2015/02/Figure_01_01_02.jpg
http://openstaxcollege.org/l/thigmonasty
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adaptations enhance the reproductive potential of the individual exhibiting them, including their ability to survive
to reproduce. Adaptations are not constant. As an environment changes, natural selection causes the characteristics
of the individuals in a population to track those changes.

Growth and Development

Organisms grow and develop according to specific instructions coded for by their genes. These genes provide
instructions that will direct cellular growth and development, ensuring that a species’ young will grow up to
exhibit many of the same characteristics as its parents.

i

Figure 1.4 Although no two look alike, these kittens have inherited genes
from both parents and share many of the same characteristics.

Regulation

Even the smallest organisms are complex and require multiple regulatory mechanisms to coordinate internal
functions, such as the transport of nutrients, response to stimuli, and coping with environmental stresses. For
example, organ systems such as the digestive or circulatory systems perform specific functions like carrying
oxygen throughout the body, removing wastes, delivering nutrients to every cell, and cooling the body.

Homeostasis

To function properly, cells require appropriate conditions such as proper temperature, pH, and concentrations of
diverse chemicals. These conditions may, however, change from one moment to the next. Organisms are able to
maintain internal conditions within a narrow range almost constantly, despite environmental changes, through a
process called homeostasis or “steady state”—the ability of an organism to maintain constant internal conditions.
For example, many organisms regulate their body temperature in a process known as thermoregulation. Organisms
that live in cold climates, such as the polar bear, have body structures that help them withstand low temperatures
and conserve body heat. In hot climates, organisms have methods (such as perspiration in humans or panting in
dogs) that help them to shed excess body heat.


http://opentextbc.ca/biology/wp-content/uploads/sites/96/2015/02/Figure_01_01_03.jpg
http://opentextbc.ca/biology/wp-content/uploads/sites/96/2015/02/Figure_01_01_03.jpg
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Figure 1.5 Polar bears and other mammals living in ice-covered regions
maintain their body temperature by generating heat and reducing heat loss
through thick fur and a dense layer of fat under their skin.

Energy Processing

All organisms (such as the California condor shown in Figure 1.6) use a source of energy for their metabolic
activities. Some organisms capture energy from the sun and convert it into chemical energy in food; others use
chemical energy from molecules they take in.


http://opentextbc.ca/biology/wp-content/uploads/sites/96/2015/02/Figure_01_01_04.jpg
http://opentextbc.ca/biology/wp-content/uploads/sites/96/2015/02/Figure_01_01_04.jpg
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v .
Figure 1.6 A lot of energy is required for a California condor
to fly. Chemical energy derived from food is used to power
flight. California condors are an endangered species;
scientists have strived to place a wing tag on each bird to
help them identify and locate each individual bird.

Levels of Organization of Living Things

Living things are highly organized and structured, following a hierarchy on a scale from small to large. The atom
is the smallest and most fundamental unit of matter. It consists of a nucleus surrounded by electrons. Atoms form
molecules. A molecule is a chemical structure consisting of at least two atoms held together by a chemical bond.
Many molecules that are biologically important are macromolecules, large molecules that are typically formed
by combining smaller units called monomers. An example of a macromolecule is deoxyribonucleic acid (DNA),
which contains the instructions for the functioning of the organism that contains it.


http://opentextbc.ca/biology/wp-content/uploads/sites/96/2015/02/Figure_01_01_05.jpg
http://opentextbc.ca/biology/wp-content/uploads/sites/96/2015/02/Figure_01_01_05.jpg
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Figure 1.7 A molecule, like this large DNA
molecule, is composed of atoms.

Concept in Action

e 1
!
== Openstax COLLEGE

To see an animation of this DNA molecule, click here.

Some cells contain aggregates of macromolecules surrounded by membranes; these are called organelles.
Organelles are small structures that exist within cells and perform specialized functions. All living things are
made of cells; the cell itself is the smallest fundamental unit of structure and function in living organisms. (This
requirement is why viruses are not considered living: they are not made of cells. To make new viruses, they have
to invade and hijack a living cell; only then can they obtain the materials they need to reproduce.) Some organisms
consist of a single cell and others are multicellular. Cells are classified as prokaryotic or eukaryotic. Prokaryotes
are single-celled organisms that lack organelles surrounded by a membrane and do not have nuclei surrounded by
nuclear membranes; in contrast, the cells of eukaryotes do have membrane-bound organelles and nuclei.

In most multicellular organisms, cells combine to make tissues, which are groups of similar cells carrying out
the same function. Organs are collections of tissues grouped together based on a common function. Organs are
present not only in animals but also in plants. An organ system is a higher level of organization that consists of


http://opentextbc.ca/biology/wp-content/uploads/sites/96/2015/02/Figure_01_01_06.jpg
http://opentextbc.ca/biology/wp-content/uploads/sites/96/2015/02/Figure_01_01_06.jpg
http://openstaxcollege.org/l/rotating_DNA2
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functionally related organs. For example vertebrate animals have many organ systems, such as the circulatory
system that transports blood throughout the body and to and from the lungs; it includes organs such as the heart
and blood vessels. Organisms are individual living entities. For example, each tree in a forest is an organism.
Single-celled prokaryotes and single-celled eukaryotes are also considered organisms and are typically referred to
as microorganisms.

Atom: A basic unit of matter that
consists of a dense central nucleus
surrounded by a cloud of negatively
charged electrons.

-

)
i

o
O

Molecule: A phospholipid, composed
of many atoms.

~

Organelles: Structures that perform
functions within a cell. Highlighted in
blue are a Golgi apparatus and a
nucleus.

~

Cells: Human blood cells.

>

Tissue: Human skin tissue.

o

Organs and organ systems:
Organs such as the stomach and
intestine make up part of the
human digestive system.

&

Organisms, populations, and
communities: In a park, each person
is an organism. Together, all the
people make up a population. All the
plant and animal species in the park
comprise a community.

e

Ecosystem: The ecosystem of
Central Park in New York includes.
living organisms and the environment
in which they live.

-

The biosphere: Encompasses all
the ecosystems on Earth.

Figure 1.8 From an atom to the entire
Earth, biology examines all aspects of
life.

Which of the following statements is false?

1. Tissues exist within organs which exist within organ systems.
2. Communities exist within populations which exist within ecosystems.

3. Organelles exist within cells which exist within tissues.


http://opentextbc.ca/biology/wp-content/uploads/sites/96/2015/02/Figure_01_01_07.png
http://opentextbc.ca/biology/wp-content/uploads/sites/96/2015/02/Figure_01_01_07.png
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4. Communities exist within ecosystems which exist in the biosphere.

All the individuals of a species living within a specific area are collectively called a population. For example, a
forest may include many white pine trees. All of these pine trees represent the population of white pine trees in
this forest. Different populations may live in the same specific area. For example, the forest with the pine trees
includes populations of flowering plants and also insects and microbial populations. A community is the set of
populations inhabiting a particular area. For instance, all of the trees, flowers, insects, and other populations in
a forest form the forest’s community. The forest itself is an ecosystem. An ecosystem consists of all the living
things in a particular area together with the abiotic, or non-living, parts of that environment such as nitrogen in
the soil or rainwater. At the highest level of organization, the biosphere is the collection of all ecosystems, and it
represents the zones of life on Earth. It includes land, water, and portions of the atmosphere.

The Diversity of Life

The science of biology is very broad in scope because there is a tremendous diversity of life on Earth. The
source of this diversity is evolution, the process of gradual change during which new species arise from older
species. Evolutionary biologists study the evolution of living things in everything from the microscopic world to
ecosystems.

In the 18th century, a scientist named Carl Linnaeus first proposed organizing the known species of organisms
into a hierarchical taxonomy. In this system, species that are most similar to each other are put together within
a grouping known as a genus. Furthermore, similar genera (the plural of genus) are put together within a family.
This grouping continues until all organisms are collected together into groups at the highest level. The current
taxonomic system now has eight levels in its hierarchy, from lowest to highest, they are: species, genus, family,
order, class, phylum, kingdom, and domain. Thus species are grouped within genera, genera are grouped within
families, families are grouped within orders, and so on.
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Figure 1.9 This diagram shows the levels of taxonomic hierarchy for a dog, from the broadest
category—domain—to the most specific—species.

The highest level, domain, is a relatively new addition to the system since the 1990s. Scientists now recognize
three domains of life, the Eukarya, the Archaea, and the Bacteria. The domain Eukarya contains organisms that
have cells with nuclei. It includes the kingdoms of fungi, plants, animals, and several kingdoms of protists.
The Archaea, are single-celled organisms without nuclei and include many extremophiles that live in harsh
environments like hot springs. The Bacteria are another quite different group of single-celled organisms without
nuclei. Both the Archaea and the Bacteria are prokaryotes, an informal name for cells without nuclei. The
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recognition in the 1990s that certain “bacteria,” now known as the Archaea, were as different genetically and
biochemically from other bacterial cells as they were from eukaryotes, motivated the recommendation to divide
life into three domains. This dramatic change in our knowledge of the tree of life demonstrates that classifications
are not permanent and will change when new information becomes available.

In addition to the hierarchical taxonomic system, Linnaeus was the first to name organisms using two unique
names, now called the binomial naming system. Before Linnaeus, the use of common names to refer to organisms
caused confusion because there were regional differences in these common names. Binomial names consist of the
genus name (which is capitalized) and the species name (all lower-case). Both names are set in italics when they
are printed. Every species is given a unique binomial which is recognized the world over, so that a scientist in
any location can know which organism is being referred to. For example, the North American blue jay is known
uniquely as Cyanocitta cristata. Our own species is Homo sapiens.

=
&L

(c)

Figure 1.10 These images represent different domains. The scanning electron micrograph shows
(a) bacterial cells belong to the domain Bacteria, while the (b) extremophiles, seen all together
as colored mats in this hot spring, belong to domain Archaea. Both the (c) sunflower and (d) lion
are part of domain Eukarya.

Evolution in Action

Carl Woese and the Phylogenetic Tree

The evolutionary relationships of various life forms on Earth can be summarized in a phylogenetic tree. A
phylogenetic tree is a diagram showing the evolutionary relationships among biological species based on
similarities and differences in genetic or physical traits or both. A phylogenetic tree is composed of branch
points, or nodes, and branches. The internal nodes represent ancestors and are points in evolution when, based on
scientific evidence, an ancestor is thought to have diverged to form two new species. The length of each branch
can be considered as estimates of relative time.

In the past, biologists grouped living organisms into five kingdoms: animals, plants, fungi, protists, and bacteria.
The pioneering work of American microbiologist Carl Woese in the early 1970s has shown, however, that life on
Earth has evolved along three lineages, now called domains—Bacteria, Archaea, and Eukarya. Woese proposed
the domain as a new taxonomic level and Archaea as a new domain, to reflect the new phylogenetic tree. Many
organisms belonging to the Archaea domain live under extreme conditions and are called extremophiles. To
construct his tree, Woese used genetic relationships rather than similarities based on morphology (shape). Various
genes were used in phylogenetic studies. Woese’s tree was constructed from comparative sequencing of the genes
that are universally distributed, found in some slightly altered form in every organism, conserved (meaning that
these genes have remained only slightly changed throughout evolution), and of an appropriate length.
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Figure 1.11 This phylogenetic tree was constructed by microbiologist Carl Woese using genetic
relationships. The tree shows the separation of living organisms into three domains: Bacteria,
Archaea, and Eukarya. Bacteria and Archaea are organisms without a nucleus or other
organelles surrounded by a membrane and, therefore, are prokaryotes.

Branches of Biological Study

One or more interactive elements has been excluded from this version of the text. You can view them online here:
https://pressbooks.nscc.ca/biology1050/?p=42

Watch a video about Science and Medicine

The scope of biology is broad and therefore contains many branches and sub disciplines. Biologists may pursue
one of those sub disciplines and work in a more focused field. For instance, molecular biology studies biological
processes at the molecular level, including interactions among molecules such as DNA, RNA, and proteins, as
well as the way they are regulated. Microbiology is the study of the structure and function of microorganisms.
It is quite a broad branch itself, and depending on the subject of study, there are also microbial physiologists,
ecologists, and geneticists, among others.

Another field of biological study, neurobiology, studies the biology of the nervous system, and although it is
considered a branch of biology, it is also recognized as an interdisciplinary field of study known as neuroscience.
Because of its interdisciplinary nature, this sub discipline studies different functions of the nervous system using
molecular, cellular, developmental, medical, and computational approaches.


http://opentextbc.ca/biology/wp-content/uploads/sites/96/2015/02/Figure_01_01_10.jpg
http://opentextbc.ca/biology/wp-content/uploads/sites/96/2015/02/Figure_01_01_10.jpg
https://pressbooks.nscc.ca/biology1050/?p=42
https://www.youtube.com/watch?v=KUhUytE6AhE&list=PL50LJVchZ8-JScvWocCqyrer9AznISngh&index=1

NSCC Academic Biology 1050 14

Figure 1.12 Researchers work on excavating dinosaur fossils at a site in
Castellén, Spain.

Paleontology, another branch of biology, uses fossils to study life’s history. Zoology and botany are the study of
animals and plants, respectively. Biologists can also specialize as biotechnologists, ecologists, or physiologists, to
name just a few areas. Biotechnologists apply the knowledge of biology to create useful products. Ecologists study
the interactions of organisms in their environments. Physiologists study the workings of cells, tissues and organs.
This is just a small sample of the many fields that biologists can pursue. From our own bodies to the world we
live in, discoveries in biology can affect us in very direct and important ways. We depend on these discoveries for
our health, our food sources, and the benefits provided by our ecosystem. Because of this, knowledge of biology
can benefit us in making decisions in our day-to-day lives.

The development of technology in the twentieth century that continues today, particularly the technology to
describe and manipulate the genetic material, DNA, has transformed biology. This transformation will allow
biologists to continue to understand the history of life in greater detail, how the human body works, our human
origins, and how humans can survive as a species on this planet despite the stresses caused by our increasing
numbers. Biologists continue to decipher huge mysteries about life suggesting that we have only begun to
understand life on the planet, its history, and our relationship to it. For this and other reasons, the knowledge of
biology gained through this textbook and other printed and electronic media should be a benefit in whichever field
you enter.

Forensic Scientist

Forensic science is the application of science to answer questions related to the law. Biologists as well as chemists
and biochemists can be forensic scientists. Forensic scientists provide scientific evidence for use in courts, and
their job involves examining trace material associated with crimes. Interest in forensic science has increased in
the last few years, possibly because of popular television shows that feature forensic scientists on the job. Also,
the development of molecular techniques and the establishment of DNA databases have updated the types of
work that forensic scientists can do. Their job activities are primarily related to crimes against people such as
murder, rape, and assault. Their work involves analyzing samples such as hair, blood, and other body fluids and
also processing DNA found in many different environments and materials. Forensic scientists also analyze other
biological evidence left at crime scenes, such as insect parts or pollen grains. Students who want to pursue careers
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in forensic science will most likely be required to take chemistry and biology courses as well as some intensive
math courses.

Figure 1.13 This forensic scientist works in a DNA extraction room at the
U.S. Army Criminal Investigation Laboratory.

Section Summary

Biology is the science of life. All living organisms share several key properties such as order, sensitivity or
response to stimuli, reproduction, adaptation, growth and development, regulation, homeostasis, and energy
processing. Living things are highly organized following a hierarchy that includes atoms, molecules, organelles,
cells, tissues, organs, and organ systems. Organisms, in turn, are grouped as populations, communities,
ecosystems, and the biosphere. Evolution is the source of the tremendous biological diversity on Earth today. A
diagram called a phylogenetic tree can be used to show evolutionary relationships among organisms. Biology is
very broad and includes many branches and sub disciplines. Examples include molecular biology, microbiology,
neurobiology, zoology, and botany, among others.

Exercises

1. Which of the following statements is false?

A. Tissues exist within organs which exist within organ systems.
B. Communities exist within populations which exist within ecosystems.
C. Organelles exist within cells which exist within tissues.

D. Communities exist within ecosystems which exist in the biosphere.

2. The smallest unit of biological structure that meets the functional requirements of “living” is the

A. organ

B. organelle
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C. cell

D. macromolecule

3. Which of the following sequences represents the hierarchy of biological organization from the most
complex to the least complex level?
A. organelle, tissue, biosphere, ecosystem, population
B. organ, organism, tissue, organelle, molecule
C. organism, community, biosphere, molecule, tissue, organ

D. biosphere, ecosystem, community, population, organism

4. Using examples, explain how biology can be studied from a microscopic approach to a global approach.

Answers
1. B
2. C
3. D
4. Researchers can approach biology from the smallest to the largest, and everything in between. For instance,

an ecologist may study a population of individuals, the population’s community, the community’s
ecosystem, and the ecosystem’s part in the biosphere. When studying an individual organism, a biologist
could examine the cell and its organelles, the tissues that the cells make up, the organs and their respective
organ systems, and the sum total—the organism itself.

Glossary

atom: a basic unit of matter that cannot be broken down by normal chemical reactionsbielogy: the study of living
organisms and their interactions with one another and their environments

biosphere: a collection of all ecosystems on Earth

cell: the smallest fundamental unit of structure and function in living things

community: a set of populations inhabiting a particular area

ecosystem: all living things in a particular area together with the abiotic, nonliving parts of that environment
eukaryote: an organism with cells that have nuclei and membrane-bound organelles

evolution: the process of gradual change in a population that can also lead to new species arising from older species
homeostasis: the ability of an organism to maintain constant internal conditions

macromolecule: a large molecule typically formed by the joining of smaller molecules

molecule: a chemical structure consisting of at least two atoms held together by a chemical bond

organ: a structure formed of tissues operating together to perform a common function

organ system: the higher level of organization that consists of functionally related organs

organelle: a membrane-bound compartment or sac within a cell

organism: an individual living entity




17 1.1 Themes and Concepts of Biology

f

phylogenetic tree: a diagram showing the evolutionary relationships among biological species based on similarities and
differences in genetic or physical traits or both

population: all individuals within a species living within a specific area
prokaryote: a unicellular organism that lacks a nucleus or any other membrane-bound organelle

tissue: a group of similar cells carrying out the same function
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1.2 The Process of Science

Charles Molnar and Jane Gair

Learning Objectives

By the end of this section, you will be able to:

+ Identify the shared characteristics of the natural sciences
+ Understand the process of scientific inquiry
+ Compare inductive reasoning with deductive reasoning

+ Describe the goals of basic science and applied science

One or more interactive elements has been excluded from this version of the text. You can view them online here:
https://pressbooks.nscc.ca/biology1050/?p=50

Watch a video about Scientific Method
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@ (b)

Figure 1.14 Formerly called blue-green algae, the (a) cyanobacteria seen through a light microscope are some of Earth’s oldest
life forms. These (b) stromatolites along the shores of Lake Thetis in Western Australia are ancient structures formed by the
layering of cyanobacteria in shallow waters.

Like geology, physics, and chemistry, biology is a science that gathers knowledge about the natural world.
Specifically, biology is the study of life. The discoveries of biology are made by a community of researchers
who work individually and together using agreed-on methods. In this sense, biology, like all sciences is a social
enterprise like politics or the arts. The methods of science include careful observation, record keeping, logical
and mathematical reasoning, experimentation, and submitting conclusions to the scrutiny of others. Science also
requires considerable imagination and creativity; a well-designed experiment is commonly described as elegant,
or beautiful. Like politics, science has considerable practical implications and some science is dedicated to
practical applications, such as the prevention of disease. Other science proceeds largely motivated by curiosity.
Whatever its goal, there is no doubt that science, including biology, has transformed human existence and will
continue to do so.
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Figure 1.15 Biologists may choose to study Escherichia coli (E. coli), a
bacterium that is a normal resident of our digestive tracts but which is also
sometimes responsible for disease outbreaks. In this micrograph, the
bacterium is visualized using a scanning electron microscope and digital
colorization.

The Nature of Science

https://pressbooks.nscc.ca/biology1050/?p=50

@ One or more interactive elements has been excluded from this version of the text. You can view them online here:

Watch a video about Reduction

Biology is a science, but what exactly is science? What does the study of biology share with other scientific
disciplines? Science (from the Latin scientia, meaning “knowledge”) can be defined as knowledge about the
natural world.

Science is a very specific way of learning, or knowing, about the world. The history of the past 500 years
demonstrates that science is a very powerful way of knowing about the world; it is largely responsible for the
technological revolutions that have taken place during this time. There are however, areas of knowledge and
human experience that the methods of science cannot be applied to. These include such things as answering
purely moral questions, aesthetic questions, or what can be generally categorized as spiritual questions. Science
has cannot investigate these areas because they are outside the realm of material phenomena, the phenomena of
matter and energy, and cannot be observed and measured.

The scientific method is a method of research with defined steps that include experiments and careful observation.
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The steps of the scientific method will be examined in detail later, but one of the most important aspects of
this method is the testing of hypotheses. A hypothesis is a suggested explanation for an event, which can be
tested. Hypotheses, or tentative explanations, are generally produced within the context of a scientific theory. A
scientific theory is a generally accepted, thoroughly tested and confirmed explanation for a set of observations or
phenomena. Scientific theory is the foundation of scientific knowledge. In addition, in many scientific disciplines
(less so in biology) there are scientific laws, often expressed in mathematical formulas, which describe how
elements of nature will behave under certain specific conditions. There is not an evolution of hypotheses through
theories to laws as if they represented some increase in certainty about the world. Hypotheses are the day-to-
day material that scientists work with and they are developed within the context of theories. Laws are concise
descriptions of parts of the world that are amenable to formulaic or mathematical description.

Natural Sciences

What would you expect to see in a museum of natural sciences? Frogs? Plants? Dinosaur skeletons? Exhibits
about how the brain functions? A planetarium? Gems and minerals? Or maybe all of the above? Science includes
such diverse fields as astronomy, biology, computer sciences, geology, logic, physics, chemistry, and mathematics.
However, those fields of science related to the physical world and its phenomena and processes are considered
natural sciences. Thus, a museum of natural sciences might contain any of the items listed above.

Figure 1.16 Some fields of science include astronomy, biology, computer
science, geology, logic, physics, chemistry, and mathematics.

There is no complete agreement when it comes to defining what the natural sciences include. For some experts,
the natural sciences are astronomy, biology, chemistry, earth science, and physics. Other scholars choose to divide
natural sciences into life sciences, which study living things and include biology, and physical sciences, which
study nonliving matter and include astronomy, physics, and chemistry. Some disciplines such as biophysics and
biochemistry build on two sciences and are interdisciplinary.
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Scientific Inquiry

One thing is common to all forms of science: an ultimate goal “to know.” Curiosity and inquiry are the driving
forces for the development of science. Scientists seek to understand the world and the way it operates. Two
methods of logical thinking are used: inductive reasoning and deductive reasoning.

Inductive reasoning is a form of logical thinking that uses related observations to arrive at a general conclusion.
This type of reasoning is common in descriptive science. A life scientist such as a biologist makes observations
and records them. These data can be qualitative (descriptive) or quantitative (consisting of numbers), and the
raw data can be supplemented with drawings, pictures, photos, or videos. From many observations, the scientist
can infer conclusions (inductions) based on evidence. Inductive reasoning involves formulating generalizations
inferred from careful observation and the analysis of a large amount of data. Brain studies often work this way.
Many brains are observed while people are doing a task. The part of the brain that lights up, indicating activity, is
then demonstrated to be the part controlling the response to that task.

Deductive reasoning or deduction is the type of logic used in hypothesis-based science. In deductive reasoning,
the pattern of thinking moves in the opposite direction as compared to inductive reasoning. Deductive reasoning
is a form of logical thinking that uses a general principle or law to forecast specific results. From those general
principles, a scientist can extrapolate and predict the specific results that would be valid as long as the general
principles are valid. For example, a prediction would be that if the climate is becoming warmer in a region, the
distribution of plants and animals should change. Comparisons have been made between distributions in the past
and the present, and the many changes that have been found are consistent with a warming climate. Finding the
change in distribution is evidence that the climate change conclusion is a valid one.

Both types of logical thinking are related to the two main pathways of scientific study: descriptive science
and hypothesis-based science. Descriptive (or discovery) science aims to observe, explore, and discover, while
hypothesis-based science begins with a specific question or problem and a potential answer or solution that can
be tested. The boundary between these two forms of study is often blurred, because most scientific endeavors
combine both approaches. Observations lead to questions, questions lead to forming a hypothesis as a possible
answer to those questions, and then the hypothesis is tested. Thus, descriptive science and hypothesis-based
science are in continuous dialogue.

Hypothesis Testing

Biologists study the living world by posing questions about it and seeking science-based responses. This approach
is common to other sciences as well and is often referred to as the scientific method. The scientific method was
used even in ancient times, but it was first documented by England’s Sir Francis Bacon (1561-1626), who set up
inductive methods for scientific inquiry. The scientific method is not exclusively used by biologists but can be
applied to almost anything as a logical problem-solving method.
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Figurel.17 Sir Francis Bacon is credited with
being the first to document the scientific
method.

The scientific process typically starts with an observation (often a problem to be solved) that leads to a question.
Let’s think about a simple problem that starts with an observation and apply the scientific method to solve the
problem. One Monday morning, a student arrives at class and quickly discovers that the classroom is too warm.
That is an observation that also describes a problem: the classroom is too warm. The student then asks a question:
“Why is the classroom so warm?”

Recall that a hypothesis is a suggested explanation that can be tested. To solve a problem, several hypotheses
may be proposed. For example, one hypothesis might be, “The classroom is warm because no one turned on
the air conditioning.” But there could be other responses to the question, and therefore other hypotheses may be
proposed. A second hypothesis might be, “The classroom is warm because there is a power failure, and so the air
conditioning doesn’t work.”

Once a hypothesis has been selected, a prediction may be made. A prediction is similar to a hypothesis but it
typically has the format “If . . . then . . . .” For example, the prediction for the first hypothesis might be, “If the
student turns on the air conditioning, then the classroom will no longer be too warm.”

A hypothesis must be testable to ensure that it is valid. For example, a hypothesis that depends on what a bear
thinks is not testable, because it can never be known what a bear thinks. It should also be falsifiable, meaning
that it can be disproven by experimental results. An example of an unfalsifiable hypothesis is “Botticelli’s Birth
of Venus is beautiful.” There is no experiment that might show this statement to be false. To test a hypothesis,
a researcher will conduct one or more experiments designed to eliminate one or more of the hypotheses. This
is important. A hypothesis can be disproven, or eliminated, but it can never be proven. Science does not deal in
proofs like mathematics. If an experiment fails to disprove a hypothesis, then we find support for that explanation,
but this is not to say that down the road a better explanation will not be found, or a more carefully designed
experiment will be found to falsify the hypothesis.
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Each experiment will have one or more variables and one or more controls. A variable is any part of the
experiment that can vary or change during the experiment. A control is a part of the experiment that does not
change. Look for the variables and controls in the example that follows. As a simple example, an experiment
might be conducted to test the hypothesis that phosphate limits the growth of algae in freshwater ponds. A series
of artificial ponds are filled with water and half of them are treated by adding phosphate each week, while the
other half are treated by adding a salt that is known not to be used by algae. The variable here is the phosphate
(or lack of phosphate), the experimental or treatment cases are the ponds with added phosphate and the control
ponds are those with something inert added, such as the salt. Just adding something is also a control against the
possibility that adding extra matter to the pond has an effect. If the treated ponds show lesser growth of algae, then
we have found support for our hypothesis. If they do not, then we reject our hypothesis. Be aware that rejecting
one hypothesis does not determine whether or not the other hypotheses can be accepted; it simply eliminates one
hypothesis that is not valid . Using the scientific method, the hypotheses that are inconsistent with experimental
data are rejected.
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Figure 1.18 The scientific method is a series of defined steps that include
experiments and careful observation. If a hypothesis is not supported by data,
a new hypothesis can be proposed.

In the example below, the scientific method is used to solve an everyday problem. Which part in the example
below is the hypothesis? Which is the prediction? Based on the results of the experiment, is the hypothesis
supported? If it is not supported, propose some alternative hypotheses.

A i

My toaster doesn’t toast my bread.
Why doesn’t my toaster work?

There is something wrong with the electrical outlet.

I plug my coffeemaker into the outlet.

If something is wrong with the outlet, my coffeemaker also won’t work when plugged into it.
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6. My coffeemaker works.

In practice, the scientific method is not as rigid and structured as it might at first appear. Sometimes an experiment
leads to conclusions that favor a change in approach; often, an experiment brings entirely new scientific questions
to the puzzle. Many times, science does not operate in a linear fashion; instead, scientists continually draw
inferences and make generalizations, finding patterns as their research proceeds. Scientific reasoning is more
complex than the scientific method alone suggests.

Basic and Applied Science

The scientific community has been debating for the last few decades about the value of different types of science.
Is it valuable to pursue science for the sake of simply gaining knowledge, or does scientific knowledge only
have worth if we can apply it to solving a specific problem or bettering our lives? This question focuses on the
differences between two types of science: basic science and applied science.

Basic science or “pure” science seeks to expand knowledge regardless of the short-term application of that
knowledge. It is not focused on developing a product or a service of immediate public or commercial value. The
immediate goal of basic science is knowledge for knowledge’s sake, though this does not mean that in the end it
may not result in an application.

In contrast, applied science or “technology,” aims to use science to solve real-world problems, making it possible,
for example, to improve a crop yield, find a cure for a particular disease, or save animals threatened by a natural
disaster. In applied science, the problem is usually defined for the researcher.

Some individuals may perceive applied science as “useful” and basic science as “useless.” A question these people
might pose to a scientist advocating knowledge acquisition would be, “What for?” A careful look at the history of
science, however, reveals that basic knowledge has resulted in many remarkable applications of great value. Many
scientists think that a basic understanding of science is necessary before an application is developed; therefore,
applied science relies on the results generated through basic science. Other scientists think that it is time to move
on from basic science and instead to find solutions to actual problems. Both approaches are valid. It is true that
there are problems that demand immediate attention; however, few solutions would be found without the help of
the knowledge generated through basic science.

One example of how basic and applied science can work together to solve practical problems occurred after the
discovery of DNA structure led to an understanding of the molecular mechanisms governing DNA replication.
Strands of DNA, unique in every human, are found in our cells, where they provide the instructions necessary
for life. During DNA replication, new copies of DNA are made, shortly before a cell divides to form new cells.
Understanding the mechanisms of DNA replication enabled scientists to develop laboratory techniques that are
now used to identify genetic diseases, pinpoint individuals who were at a crime scene, and determine paternity.
Without basic science, it is unlikely that applied science would exist.

Another example of the link between basic and applied research is the Human Genome Project, a study in which
each human chromosome was analyzed and mapped to determine the precise sequence of DNA subunits and
the exact location of each gene. (The gene is the basic unit of heredity; an individual’s complete collection of
genes is his or her genome.) Other organisms have also been studied as part of this project to gain a better
understanding of human chromosomes. The Human Genome Project relied on basic research carried out with
non-human organisms and, later, with the human genome. An important end goal eventually became using the
data for applied research seeking cures for genetically related diseases.
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Figure 1.19 The Human Genome Project was a 13-year collaborative effort
among researchers working in several different fields of science. The project
was completed in 2003.

While research efforts in both basic science and applied science are usually carefully planned, it is important to
note that some discoveries are made by serendipity, that is, by means of a fortunate accident or a lucky surprise.
Penicillin was discovered when biologist Alexander Fleming accidentally left a petri dish of Staphylococcus
bacteria open. An unwanted mold grew, killing the bacteria. The mold turned out to be Penicillium, and a
new antibiotic was discovered. Even in the highly organized world of science, luck—when combined with an
observant, curious mind—can lead to unexpected breakthroughs.

Reporting Scientific Work

Whether scientific research is basic science or applied science, scientists must share their findings for other
researchers to expand and build upon their discoveries. Communication and collaboration within and between sub
disciplines of science are key to the advancement of knowledge in science. For this reason, an important aspect of
a scientist’s work is disseminating results and communicating with peers. Scientists can share results by presenting
them at a scientific meeting or conference, but this approach can reach only the limited few who are present.
Instead, most scientists present their results in peer-reviewed articles that are published in scientific journals. Peer-
reviewed articles are scientific papers that are reviewed, usually anonymously by a scientist’s colleagues, or peers.
These colleagues are qualified individuals, often experts in the same research area, who judge whether or not the
scientist’s work is suitable for publication. The process of peer review helps to ensure that the research described
in a scientific paper or grant proposal is original, significant, logical, and thorough. Grant proposals, which are
requests for research funding, are also subject to peer review. Scientists publish their work so other scientists can
reproduce their experiments under similar or different conditions to expand on the findings. The experimental
results must be consistent with the findings of other scientists.
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There are many journals and the popular press that do not use a peer-review system. A large number of online
open-access journals, journals with articles available without cost, are now available many of which use rigorous
peer-review systems, but some of which do not. Results of any studies published in these forums without peer
review are not reliable and should not form the basis for other scientific work. In one exception, journals may
allow a researcher to cite a personal communication from another researcher about unpublished results with the
cited author’s permission.

Section Summary

Biology is the science that studies living organisms and their interactions with one another and their environments.
Science attempts to describe and understand the nature of the universe in whole or in part. Science has many
fields; those fields related to the physical world and its phenomena are considered natural sciences.

A hypothesis is a tentative explanation for an observation. A scientific theory is a well-tested and consistently
verified explanation for a set of observations or phenomena. A scientific law is a description, often in the form of
a mathematical formula, of the behavior of an aspect of nature under certain circumstances. Two types of logical
reasoning are used in science. Inductive reasoning uses results to produce general scientific principles. Deductive
reasoning is a form of logical thinking that predicts results by applying general principles. The common thread
throughout scientific research is the use of the scientific method. Scientists present their results in peer-reviewed
scientific papers published in scientific journals.

Science can be basic or applied. The main goal of basic science is to expand knowledge without any expectation
of short-term practical application of that knowledge. The primary goal of applied research, however, is to solve
practical problems.

Exercises

1. In the example below, the scientific method is used to solve an everyday problem. Which part in the
example below is the hypothesis? Which is the prediction? Based on the results of the experiment, is the
hypothesis supported? If it is not supported, propose some alternative hypotheses.

My toaster doesn’t toast my bread.

Why doesn’t my toaster work?

There is something wrong with the electrical outlet.

If something is wrong with the outlet, my coffeemaker also won’t work when plugged into it.

I plug my coffeemaker into the outlet.

@ vk WD e

My coffeemaker works.

2. A suggested and testable explanation for an event is called a

A. hypothesis

B. variable
C. theory
D. control

3. The type of logical thinking that uses related observations to arrive at a general conclusion is called
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s 1)

deductive reasoning

the scientific method

0w >

hypothesis-based science

D. inductive reasoning
4. Give an example of how applied science has had a direct effect on your daily life.

Answers

1. The hypothesis is #3 (there is something wrong with the electrical outlet), and the prediction is #4 (if
something is wrong with the outlet, then the coffeemaker also won’t work when plugged into the outlet).
The original hypothesis is not supported, as the coffee maker works when plugged into the outlet.
Alternative hypotheses may include (1) the toaster might be broken or (2) the toaster wasn’t turned on.

2. A
3. D

4. Answers will vary. One example of how applied science has had a direct effect on daily life is the presence
of vaccines. Vaccines to prevent diseases such polio, measles, tetanus, and even the influenza affect daily
life by contributing to individual and societal health.

Glossary

applied science: a form of science that solves real-world problems

basic science: science that seeks to expand knowledge regardless of the short-term application of that knowledge
control: a part of an experiment that does not change during the experiment
deductive reasoning: a form of logical thinking that uses a general statement to forecast specific results

descriptive science: a form of science that aims to observe, explore, and find things out

falsifiable: able to be disproven by experimental results

hypothesis: a suggested explanation for an event, which can be tested

hypothesis-based science: a form of science that begins with a specific explanation that is then tested
inductive reasoning: a form of logical thinking that uses related observations to arrive at a general conclusion
life science: a field of science, such as biology, that studies living things

natural science: a field of science that studies the physical world, its phenomena, and processes
peer-reviewed article: a scientific report that is reviewed by a scientist’s colleagues before publication

physical science: a field of science, such as astronomy, physics, and chemistry, that studies nonliving matter

science: knowledge that covers general truths or the operation of general laws, especially when acquired and tested by
the scientific method




NSCC Academic Biology 1050 30

scientific law: a description, often in the form of a mathematical formula, for the behavior of some aspect of nature
under certain specific conditions

scientific method: a method of research with defined steps that include experiments and careful observation
scientific theory: a thoroughly tested and confirmed explanation for observations or phenomena

variable: a part of an experiment that can vary or change

~
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Chapter 2: Introduction to the Chemistry of Life

Charles Molnar and Jane Gair

Figure 2.1 Foods such as bread, fruit, and cheese are rich sources of
biological macromolecules.

The elements carbon, hydrogen, nitrogen, oxygen, sulfur, and phesphorus are the key building blocks of the
chemicals found in living things. They form the carbohydrates, nucleic acids, proteins, and lipids (all of which
will be defined later in this chapter) that are the fundamental molecular components of all organisms. In this
chapter, we will discuss these important building blocks and learn how the unique properties of the atoms of
different elements affect their interactions with other atoms to form the molecules of life. These interactions
determine what atoms combine and the ultimate shape of the molecules and macromolecules, that shape will
determine their function.

Food provides an organism with nutrients—the matter it needs to survive. Many of these critical nutrients come
in the form of biological macromolecules, or large molecules necessary for life. These macromolecules are built
from different combinations of smaller organic molecules. What specific types of biological macromolecules do
living things require? How are these molecules formed? What functions do they serve? In this chapter, we will
explore these questions.
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2.1 The Building Blocks of Molecules

Charles Molnar and Jane Gair

Learning Objectives

By the end of this section, you will be able to:

» Describe matter and elements

+ Describe the interrelationship between protons, neutrons, and electrons, and the ways in which electrons can
be donated or shared between atoms

https://pressbooks.nscc.ca/biology1050/?p=61

@ One or more interactive elements has been excluded from this version of the text. You can view them online here:

Watch a video about Electrons

At its most fundamental level, life is made up of matter. Matter occupies space and has mass. All matter is
composed of elements, substances that cannot be broken down or transformed chemically into other substances.
Each element is made of atoms, each with a constant number of protons and unique properties. A total of 118
elements have been defined; however, only 92 occur naturally, and fewer than 30 are found in living cells. The
remaining 26 elements are unstable and, therefore, do not exist for very long or are theoretical and have yet to be
detected.

Each element is designated by its chemical symbol (such as H, N, O, C, and Na), and possesses unique properties.
These unique properties allow elements to combine and to bond with each other in specific ways.

Atoms

An atom is the smallest component of an element that retains all of the chemical properties of that element. For
example, one hydrogen atom has all of the properties of the element hydrogen, such as it exists as a gas at room
temperature, and it bonds with oxygen to create a water molecule. Hydrogen atoms cannot be broken down into
anything smaller while still retaining the properties of hydrogen. If a hydrogen atom were broken down into
subatomic particles, it would no longer have the properties of hydrogen.
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At the most basic level, all organisms are made of a combination of elements. They contain atoms that combine
together to form molecules. In multicellular organisms, such as animals, molecules can interact to form cells that
combine to form tissues, which make up organs. These combinations continue until entire multicellular organisms
are formed.

All atoms contain protons, electrons, and neutrons. The only exception is hydrogen (H), which is made of one
proton and one electron. A proton is a positively charged particle that resides in the nucleus (the core of the atom)
of an atom and has a mass of 1 and a charge of +1. An electron is a negatively charged particle that travels in
the space around the nucleus. In other words, it resides outside of the nucleus. It has a negligible mass and has a

charge of —1.
Neutrons 0

EIBCrons =— —_— Nucleus

@ Protons

Figure 2.2 Atoms are made up of protons and neutrons located within the
nucleus, and electrons surrounding the nucleus.

Neutrons, like protons, reside in the nucleus of an atom. They have a mass of 1 and no charge. The positive
(protons) and negative (electrons) charges balance each other in a neutral atom, which has a net zero charge.

Because protons and neutrons each have a mass of 1, the mass of an atom is equal to the number of protons and
neutrons of that atom. The number of electrons does not factor into the overall mass, because their mass is so
small.

As stated earlier, each element has its own unique properties. Each contains a different number of protons and
neutrons, giving it its own atomic number and mass number. The atomic number of an element is equal to the
number of protons that element contains. The mass number, or atomic mass, is the number of protons plus the
number of neutrons of that element. Therefore, it is possible to determine the number of neutrons by subtracting
the atomic number from the mass number.

These numbers provide information about the elements and how they will react when combined. Different
elements have different melting and boiling points, and are in different states (liquid, solid, or gas) at room
temperature. They also combine in different ways. Some form specific types of bonds, whereas others do not.
How they combine is based on the number of electrons present. Because of these characteristics, the elements are
arranged into the periodic table of elements, a chart of the elements that includes the atomic number and relative
atomic mass of each element. The periodic table also provides key information about the properties of elements
—often indicated by color-coding. The arrangement of the table also shows how the electrons in each element are
organized and provides important details about how atoms will react with each other to form molecules.

Isotopes are different forms of the same element that have the same number of protons, but a different number of
neutrons. Some elements, such as carbon, potassium, and uranium, have naturally occurring isotopes. Carbon-12,
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the most common isotope of carbon, contains six protons and six neutrons. Therefore, it has a mass number of 12
(six protons and six neutrons) and an atomic number of 6 (which makes it carbon). Carbon-14 contains six protons
and eight neutrons. Therefore, it has a mass number of 14 (six protons and eight neutrons) and an atomic number
of 6, meaning it is still the element carbon. These two alternate forms of carbon are isotopes. Some isotopes are
unstable and will lose protons, other subatomic particles, or energy to form more stable elements. These are called
radioactive isotopes or radioisotopes.
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Figure 2.3 Arranged in columns and rows based on the characteristics of the elements, the periodic table provides key
information about the elements and how they might interact with each other to form molecules. Most periodic tables provide a
key or legend to the information they contain.

How many neutrons do (K) potassium-39 and potassium-40 have, respectively?

Evolution in Action

Carbon Dating

Carbon-14 (14(3) is a naturally occurring radioisotope that is created in the atmosphere by cosmic rays. This is a
continuous process, so more icis always being created. As a living organism develops, the relative level of 4c
in its body is equal to the concentration of 14C in the atmosphere. When an organism dies, it is no longer ingesting
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14¢, 5o the ratio will decline. *C decays to 14N by a process called beta decay; it gives off energy in this slow
process.

After approximately 5,730 years, only one-half of the starting concentration of 14¢ will have been converted to
14N, The time it takes for half of the original concentration of an isotope to decay to its more stable form is called
its half-life. Because the half-life of 4C is long, it is used to age formerly living objects, such as fossils. Using
the ratio of the 14C concentration found in an object to the amount of 14C detected in the atmosphere, the amount
of the isotope that has not yet decayed can be determined. Based on this amount, the age of the fossil can be
calculated to about 50,000 years. Isotopes with longer half-lives, such as potassium-40, are used to calculate the
ages of older fossils. Through the use of carbon dating, scientists can reconstruct the ecology and biogeography
of organisms living within the past 50,000 years.

Figure 2.4 The age of remains that contain carbon and are less than about
50,000 years old, such as this pygmy mammoth, can be determined using
carbon dating.
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To learn more about atoms and isotopes, and how you can tell one isotope from another, visit this site and run the
simulation.
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Chemical Bonds

How elements interact with one another depends on how their electrons are arranged and how many openings for
electrons exist at the outermost region where electrons are present in an atom. Electrons exist at energy levels that
form shells around the nucleus. The closest shell can hold up to two electrons. The closest shell to the nucleus
is always filled first, before any other shell can be filled. Hydrogen has one electron; therefore, it has only one
spot occupied within the lowest shell. Helium has two electrons; therefore, it can completely fill the lowest shell
with its two electrons. If you look at the periodic table, you will see that hydrogen and helium are the only two
elements in the first row. This is because they only have electrons in their first shell. Hydrogen and helium are the
only two elements that have the lowest shell and no other shells.

The second and third energy levels can hold up to eight electrons. The eight electrons are arranged in four pairs
and one position in each pair is filled with an electron before any pairs are completed.

Looking at the periodic table again, you will notice that there are seven rows. These rows correspond to the
number of shells that the elements within that row have. The elements within a particular row have increasing
numbers of electrons as the columns proceed from left to right. Although each element has the same number of
shells, not all of the shells are completely filled with electrons. If you look at the second row of the periodic table,
you will find lithium (Li), beryllium (Be), boron (B), carbon (C), nitrogen (N), oxygen (O), fluorine (F), and neon
(Ne). These all have electrons that occupy only the first and second shells. Lithium has only one electron in its
outermost shell, beryllium has two electrons, boron has three, and so on, until the entire shell is filled with eight
electrons, as is the case with neon.

Not all elements have enough electrons to fill their outermost shells, but an atom is at its most stable when all
of the electron positions in the outermost shell are filled. Because of these vacancies in the outermost shells, we
see the formation of chemical bonds, or interactions between two or more of the same or different elements that
result in the formation of molecules. To achieve greater stability, atoms will tend to completely fill their outer
shells and will bond with other elements to accomplish this goal by sharing electrons, accepting electrons from
another atom, or donating electrons to another atom. Because the outermost shells of the elements with low atomic
numbers (up to calcium, with atomic number 20) can hold eight electrons, this is referred to as the octet rule. An
element can donate, accept, or share electrons with other elements to fill its outer shell and satisfy the octet rule.

When an atom does not contain equal numbers of protons and electrons, it is called an ion. Because the number
of electrons does not equal the number of protons, each ion has a net charge. Positive ions are formed by losing
electrons and are called cations. Negative ions are formed by gaining electrons and are called anions.

For example, sodium only has one electron in its outermost shell. It takes less energy for sodium to donate that
one electron than it does to accept seven more electrons to fill the outer shell. If sodium loses an electron, it now
has 11 protons and only 10 electrons, leaving it with an overall charge of +1. It is now called a sodium ion.

The chlorine atom has seven electrons in its outer shell. Again, it is more energy-efficient for chlorine to gain
one electron than to lose seven. Therefore, it tends to gain an electron to create an ion with 17 protons and 18
electrons, giving it a net negative (-1) charge. It is now called a chloride ion. This movement of electrons from
one element to another is referred to as electron transfer. As illustrates, a sodium atom (Na) only has one electron
in its outermost shell, whereas a chlorine atom (Cl) has seven electrons in its outermost shell. A sodium atom will
donate its one electron to empty its shell, and a chlorine atom will accept that electron to fill its shell, becoming
chloride. Both ions now satisfy the octet rule and have complete outermost shells. Because the number of electrons
is no longer equal to the number of protons, each is now an ion and has a +1 (sodium) or —1 (chloride) charge.
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Figure 2.5 Elements tend to fill their outermost shells with electrons. To do
this, they can either donate or accept electrons from other elements.

lonic Bonds

There are four types of bonds or interactions: ionic, covalent, hydrogen bonds, and van der Waals interactions.
Ionic and covalent bonds are strong interactions that require a larger energy input to break apart. When an element
donates an electron from its outer shell, as in the sodium atom example above, a positive ion is formed. The
element accepting the electron is now negatively charged. Because positive and negative charges attract, these
ions stay together and form an ionic bond, or a bond between ions. The elements bond together with the electron
from one element staying predominantly with the other element. When Na* and CI™ ions combine to produce
NaCl, an electron from a sodium atom stays with the other seven from the chlorine atom, and the sodium and
chloride ions attract each other in a lattice of ions with a net zero charge.

Covalent Bonds

Another type of strong chemical bond between two or more atoms is a covalent bond. These bonds form when a
pair of electrons is shared between two elements and are the strongest and most common form of chemical bond
in living organisms. Covalent bonds form between the elements that make up the biological molecules in our cells.
Unlike ionic bonds, covalent bonds do not dissociate in water.

The hydrogen and oxygen atoms that combine to form water molecules are bound together by covalent bonds. The
electron from the hydrogen atom divides its time between the outer shell of the hydrogen atom and the incomplete
outer shell of the oxygen atom. To completely fill the outer shell of an oxygen atom, two electrons from two
hydrogen atoms are needed, hence the subscript “2” in H2O. The electrons are shared between the atoms, dividing
their time between them to “fill” the outer shell of each. This sharing is a lower energy state for all of the atoms
involved than if they existed without their outer shells filled.

There are two types of covalent bonds: polar and nonpolar. Nonpolar covalent bonds form between two atoms of
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the same element or between different elements that share the electrons equally. For example, an oxygen atom can
bond with another oxygen atom to fill their outer shells. This association is nonpolar because the electrons will be
equally distributed between each oxygen atom. Two covalent bonds form between the two oxygen atoms because
oxygen requires two shared electrons to fill its outermost shell. Nitrogen atoms will form three covalent bonds
(also called triple covalent) between two atoms of nitrogen because each nitrogen atom needs three electrons to
fill its outermost shell. Another example of a nonpolar covalent bond is found in the methane (CH4) molecule.
The carbon atom has four electrons in its outermost shell and needs four more to fill it. It gets these four from four
hydrogen atoms, each atom providing one. These elements all share the electrons equally, creating four nonpolar
covalent bonds.

In a polar covalent bond, the electrons shared by the atoms spend more time closer to one nucleus than to the
other nucleus. Because of the unequal distribution of electrons between the different nuclei, a slightly positive (6+)
or slightly negative (6—) charge develops. The covalent bonds between hydrogen and oxygen atoms in water are
polar covalent bonds. The shared electrons spend more time near the oxygen nucleus, giving it a small negative
charge, than they spend near the hydrogen nuclei, giving these molecules a small positive charge.

Hydrogen Bonds

Ionic and covalent bonds are strong bonds that require considerable energy to break. However, not all bonds
between elements are ionic or covalent bonds. Weaker bonds can also form. These are attractions that occur
between positive and negative charges that do not require much energy to break. Two weak bonds that occur
frequently are hydrogen bonds and van der Waals interactions. These bonds give rise to the unique properties of
water and the unique structures of DNA and proteins.

When polar covalent bonds containing a hydrogen atom form, the hydrogen atom in that bond has a slightly
positive charge. This is because the shared electron is pulled more strongly toward the other element and away
from the hydrogen nucleus. Because the hydrogen atom is slightly positive (6+), it will be attracted to neighboring
negative partial charges (6—). When this happens, a weak interaction occurs between the 8§+ charge of the hydrogen
atom of one molecule and the &— charge of the other molecule. This interaction is called a hydrogen bond. This
type of bond is common; for example, the liquid nature of water is caused by the hydrogen bonds between water
molecules. Hydrogen bonds give water the unique properties that sustain life. If it were not for hydrogen bonding,
water would be a gas rather than a liquid at room temperature.

Covalent bond o
0 )

Figure 2.6 Hydrogen bonds form between slightly positive (§+) and slightly
negative (6—) charges of polar covalent molecules, such as water.

Hydrogen bonds can form between different molecules and they do not always have to include a water molecule.
Hydrogen atoms in polar bonds within any molecule can form bonds with other adjacent molecules. For example,
hydrogen bonds hold together two long strands of DNA to give the DNA molecule its characteristic double-
stranded structure. Hydrogen bonds are also responsible for some of the three-dimensional structure of proteins.
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van der Waals Interactions

Like hydrogen bonds, van der Waals interactions are weak attractions or interactions between molecules. They
occur between polar, covalently bound, atoms in different molecules. Some of these weak attractions are caused
by temporary partial charges formed when electrons move around a nucleus. These weak interactions between
molecules are important in biological systems.

Radiography Technicians

Have you or anyone you know ever had a magnetic resonance imaging (MRI) scan, a mammogram, or an X-ray?
These tests produce images of your soft tissues and organs (as with an MRI or mammogram) or your bones (as
happens in an X-ray) by using either radio waves or special isotopes (radiolabeled or fluorescently labeled) that
are ingested or injected into the body. These tests provide data for disease diagnoses by creating images of your
organs or skeletal system.

MRI imaging works by subjecting hydrogen nuclei, which are abundant in the water in soft tissues, to fluctuating
magnetic fields, which cause them to emit their own magnetic field. This signal is then read by sensors in the
machine and interpreted by a computer to form a detailed image.

Some radiography technologists and technicians specialize in computed tomography, MRI, and mammography.
They produce films or images of the body that help medical professionals examine and diagnose. Radiologists
work directly with patients, explaining machinery, preparing them for exams, and ensuring that their body or
body parts are positioned correctly to produce the needed images. Physicians or radiologists then analyze the test
results.

Radiography technicians can work in hospitals, doctors’ offices, or specialized imaging centers. Training to
become a radiography technician happens at hospitals, colleges, and universities that offer certificates, associate’s
degrees, or bachelor’s degrees in radiography.

Section Summary

Matter is anything that occupies space and has mass. It is made up of atoms of different elements. All of the
92 elements that occur naturally have unique qualities that allow them to combine in various ways to create
compounds or molecules. Atoms, which consist of protons, neutrons, and electrons, are the smallest units of an
element that retain all of the properties of that element. Electrons can be donated or shared between atoms to
create bonds, including ionic, covalent, and hydrogen bonds, as well as van der Waals interactions.

Exercises

1. How many neutrons do (K) potassium-39 and potassium-40 have, respectively?
2. Magnesium has an atomic number of 12. Which of the following statements is true of a neutral magnesium
atom?
A. Tt has 12 protons, 12 electrons, and 12 neutrons.

B. It has 12 protons, 12 electrons, and six neutrons.
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C. It has six protons, six electrons, and no neutrons.

D. It has six protons, six electrons, and six neutrons.
3. Which type of bond represents a weak chemical bond?

A. hydrogen bond

B. ionic bond

C. covalent bond

D. polar covalent bond

4. An isotope of sodium (Na) has a mass number of 22. How many neutrons does it have?

A 11
B. 12
C. 22
D. 44

5. Why are hydrogen bonds and van der Waals interactions necessary for cells?

Answer

Potassium-39 has twenty neutrons. Potassium-40 has twenty-one neutrons.
A
A
A

I

Hydrogen bonds and van der Waals interactions form weak associations between different molecules. They
provide the structure and shape necessary for proteins and DNA within cells so that they function properly.
Hydrogen bonds also give water its unique properties, which are necessary for life.

Glossary

anion: a negative ion formed by gaining electronsatomic number: the number of protons in an atom
cation: a positive ion formed by losing electrons

chemical bond: an interaction between two or more of the same or different elements that results in the formation of
molecules

covalent bond: a type of strong bond between two or more of the same or different elements; forms when electrons are
shared between elements

electron: a negatively charged particle that resides outside of the nucleus in the electron orbital; lacks functional mass
and has a charge of -1

electron transfer: the movement of electrons from one element to another

element: one of 118 unique substances that cannot be broken down into smaller substances and retain the characteristic
of that substance; each element has a specified number of protons and unique properties
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hydrogen bond: a weak bond between partially positively charged hydrogen atoms and partially negatively charged
elements or molecules

ion: an atom or compound that does not contain equal numbers of protons and electrons, and therefore has a net charge
ionic bond: a chemical bond that forms between ions of opposite charges

isotope: one or more forms of an element that have different numbers of neutrons

mass number: the number of protons plus neutrons in an atom

matter: anything that has mass and occupies space

neutron: a particle with no charge that resides in the nucleus of an atom; has a mass of 1

nonpolar covalent bond: a type of covalent bond that forms between atoms when electrons are shared equally between
atoms, resulting in no regions with partial charges as in polar covalent bonds

nucleus: (chemistry) the dense center of an atom made up of protons and (except in the case of a hydrogen atom)
neutrons

octet rule: states that the outermost shell of an element with a low atomic number can hold eight electrons

periodic table of elements: an organizational chart of elements, indicating the atomic number and mass number of each
element; also provides key information about the properties of elements

polar covalent bond:a type of covalent bond in which electrons are pulled toward one atom and away from another,
resulting in slightly positive and slightly negative charged regions of the molecule

proton: a positively charged particle that resides in the nucleus of an atom; has a mass of 1 and a charge of +1
radioactive isotope: an isotope that spontaneously emits particles or energy to form a more stable element

van der Waals interaction: a weak attraction or interaction between molecules caused by slightly positively charged or
slightly negatively charged atoms

Media Attribution

» Figure 2.4 by Bill Faulkner/NPS
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2.2 Water

Charles Molnar and Jane Gair

Learning Objectives

By the end of this section, you will be able to:

 Describe the properties of water that are critical to maintaining life

https://pressbooks.nscc.ca/biology1050/?p=69

@ One or more interactive elements has been excluded from this version of the text. You can view them online here:

Watch a video about Oxygen

Do you ever wonder why scientists spend time looking for water on other planets? It is because water is essential
to life; even minute traces of it on another planet can indicate that life could or did exist on that planet. Water is
one of the more abundant molecules in living cells and the one most critical to life as we know it. Approximately
60-70 percent of your body is made up of water. Without it, life simply would not exist.

Water Is Polar

The hydrogen and oxygen atoms within water molecules form polar covalent bonds. The shared electrons spend
more time associated with the oxygen atom than they do with hydrogen atoms. There is no overall charge to
a water molecule, but there is a slight positive charge on each hydrogen atom and a slight negative charge on
the oxygen atom. Because of these charges, the slightly positive hydrogen atoms repel each other and form the
unique shape. Each water molecule attracts other water molecules because of the positive and negative charges in
the different parts of the molecule. Water also attracts other polar molecules (such as sugars), forming hydrogen
bonds. When a substance readily forms hydrogen bonds with water, it can dissolve in water and is referred to as
hydrophilic (“water-loving”). Hydrogen bonds are not readily formed with nonpolar substances like oils and fats
. These nonpolar compounds are hydroephobic (“water-fearing”) and will not dissolve in water.
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Figure 2.7 As this macroscopic image of oil and water shows, oil is a
nonpolar compound and, hence, will not dissolve in water. Oil and water do
not mix.

Water Stabilizes Temperature

The hydrogen bonds in water allow it to absorb and release heat energy more slowly than many other substances.
Temperature is a measure of the motion (kinetic energy) of molecules. As the motion increases, energy is higher
and thus temperature is higher. Water absorbs a great deal of energy before its temperature rises. Increased energy
disrupts the hydrogen bonds between water molecules. Because these bonds can be created and disrupted rapidly,
water absorbs an increase in energy and temperature changes only minimally. This means that water moderates
temperature changes within organisms and in their environments. As energy input continues, the balance between
hydrogen-bond formation and destruction swings toward the destruction side. More bonds are broken than are
formed. This process results in the release of individual water molecules at the surface of the liquid (such as a
body of water, the leaves of a plant, or the skin of an organism) in a process called evaporation. Evaporation of
sweat, which is 90 percent water, allows for cooling of an organism, because breaking hydrogen bonds requires
an input of energy and takes heat away from the body.

Conversely, as molecular motion decreases and temperatures drop, less energy is present to break the hydrogen
bonds between water molecules. These bonds remain intact and begin to form a rigid, lattice-like structure (e.g.,
ice) (Figure 2.8 a). When frozen, ice is less dense than liquid water (the molecules are farther apart). This means
that ice floats on the surface of a body of water (Figure 2.8 b). In lakes, ponds, and oceans, ice will form on the
surface of the water, creating an insulating barrier to protect the animal and plant life beneath from freezing in the
water. If this did not happen, plants and animals living in water would freeze in a block of ice and could not move
freely, making life in cold temperatures difficult or impossible.
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@ (b)

Figure 2.8 (a) The lattice structure of ice makes it less dense than the freely flowing molecules of liquid water. Ice’s
lower density enables it to (b) float on water. (credit a: modification of work by Jane Whitney; credit b: modification
of work by Carlos Ponte)

Water Is an Excellent Solvent

Because water is polar, with slight positive and negative charges, ionic compounds and polar molecules can
readily dissolve in it. Water is, therefore, what is referred to as a selvent—a substance capable of dissolving
another substance. The charged particles will form hydrogen bonds with a surrounding layer of water molecules.
This is referred to as a sphere of hydration and serves to keep the particles separated or dispersed in the water. In
the case of table salt (NaCl) mixed in water, the sodium and chloride ions separate, or dissociate, in the water, and
spheres of hydration are formed around the ions. A positively charged sodium ion is surrounded by the partially
negative charges of oxygen atoms in water molecules. A negatively charged chloride ion is surrounded by the
partially positive charges of hydrogen atoms in water molecules. These spheres of hydration are also referred to
as hydration shells. The polarity of the water molecule makes it an effective solvent and is important in its many
roles in living systems.
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Figure 2.9 When table salt (NaCl) is mixed in water, spheres of hydration
form around the ions.

Water Is Cohesive

Have you ever filled up a glass of water to the very top and then slowly added a few more drops? Before it
overflows, the water actually forms a dome-like shape above the rim of the glass. This water can stay above the
glass because of the property of cohesion. In cohesion, water molecules are attracted to each other (because of
hydrogen bonding), keeping the molecules together at the liquid-air (gas) interface, although there is no more
room in the glass. Cohesion gives rise to surface tension, the capacity of a substance to withstand rupture when
placed under tension or stress. When you drop a small scrap of paper onto a droplet of water, the paper floats on
top of the water droplet, although the object is denser (heavier) than the water. This occurs because of the surface
tension that is created by the water molecules. Cohesion and surface tension keep the water molecules intact and
the item floating on the top. It is even possible to “float” a steel needle on top of a glass of water if you place it
gently, without breaking the surface tension.
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Figure 2.10 The weight of a needle on top of water pulls the surface tension
downward; at the same time, the surface tension of the water is pulling it up,
suspending the needle on the surface of the water and keeping it from
sinking. Notice the indentation in the water around the needle.

These cohesive forces are also related to the water’s property of adhesion, or the attraction between water
molecules and other molecules. This is observed when water “climbs” up a straw placed in a glass of water. You
will notice that the water appears to be higher on the sides of the straw than in the middle. This is because the
water molecules are attracted to the straw and therefore adhere to it.

Cohesive and adhesive forces are important for sustaining life. For example, because of these forces, water can
flow up from the roots to the tops of plants to feed the plant.

Concept in Action
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To learn more about water, visit the U.S. Geological Survey Water Science for Schools: All About Water! website.

Buffers, pH, Acids, and Bases

The pH of a solution is a measure of its acidity or alkalinity. You have probably used litmus paper, paper that has
been treated with a natural water-soluble dye so it can be used as a pH indicator, to test how much acid or base
(alkalinity) exists in a solution. You might have even used some to make sure the water in an outdoor swimming
pool is properly treated. In both cases, this pH test measures the amount of hydrogen ions that exists in a given
solution. High concentrations of hydrogen ions yield a low pH, whereas low levels of hydrogen ions result in a
high pH. The overall concentration of hydrogen ions is inversely related to its pH and can be measured on the pH
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scale (Figure 2.11). Therefore, the more hydrogen ions present, the lower the pH; conversely, the fewer hydrogen
ions, the higher the pH.

The pH scale ranges from 0 to 14. A change of one unit on the pH scale represents a change in the concentration
of hydrogen ions by a factor of 10, a change in two units represents a change in the concentration of hydrogen
ions by a factor of 100. Thus, small changes in pH represent large changes in the concentrations of hydrogen ions.
Pure water is neutral. It is neither acidic nor basic, and has a pH of 7.0. Anything below 7.0 (ranging from 0.0 to
6.9) is acidic, and anything above 7.0 (from 7.1 to 14.0) is alkaline. The blood in your veins is slightly alkaline
(pH = 7.4). The environment in your stomach is highly acidic (pH = 1 to 2). Orange juice is mildly acidic (pH =
approximately 3.5), whereas baking soda is basic (pH = 9.0).

14
13 Bleach
12 Soapy water
1 Ammonia solution
10 Milk of magnesia
9 Baking soda
8 Seawater
7 Distilled water
6 Urine
5 Black coffee
4 Tomato juice
3 Orange juice
2 Lemon juice
1 Gastric acid
0
Figure 2.11 The pH scale measures the amount of hydrogen ions (H+) in a

substance.

Acids are substances that provide hydrogen ions (H") and lower pH, whereas bases provide hydroxide ions (OH")
and raise pH. The stronger the acid, the more readily it donates H". For example, hydrochloric acid and lemon
juice are very acidic and readily give up H" when added to water. Conversely, bases are those substances that
readily donate OH™. The OH™ ions combine with H' to produce water, which raises a substance’s pH. Sodium
hydroxide and many household cleaners are very alkaline and give up OH ™ rapidly when placed in water, thereby
raising the pH.

Most cells in our bodies operate within a very narrow window of the pH scale, typically ranging only from 7.2


http://opentextbc.ca/biology/wp-content/uploads/sites/96/2015/02/Figure_02_02_05.jpg
http://opentextbc.ca/biology/wp-content/uploads/sites/96/2015/02/Figure_02_02_05.jpg

49 2.2 Water

to 7.6. If the pH of the body is outside of this range, the respiratory system malfunctions, as do other organs in
the body. Cells no longer function properly, and proteins will break down. Deviation outside of the pH range can
induce coma or even cause death.

So how is it that we can ingest or inhale acidic or basic substances and not die? Buffers are the key. Buffers readily
absorb excess H" or OH™, keeping the pH of the body carefully maintained in the aforementioned narrow range.
Carbon dioxide is part of a prominent buffer system in the human body; it keeps the pH within the proper range.
This buffer system involves carbonic acid (H2CO3) and bicarbonate (HCO3") anion. If too much H" enters the
body, bicarbonate will combine with the H" to create carbonic acid and limit the decrease in pH. Likewise, if too
much OH™ is introduced into the system, carbonic acid will rapidly dissociate into bicarbonate and H* ions. The
H" ions can combine with the OH™ ions, limiting the increase in pH. While carbonic acid is an important product
in this reaction, its presence is fleeting because the carbonic acid is released from the body as carbon dioxide gas
each time we breathe. Without this buffer system, the pH in our bodies would fluctuate too much and we would
fail to survive.

Section Summary

Water has many properties that are critical to maintaining life. It is polar, allowing for the formation of hydrogen
bonds, which allow ions and other polar molecules to dissolve in water. Therefore, water is an excellent solvent.
The hydrogen bonds between water molecules give water the ability to hold heat better than many other
substances. As the temperature rises, the hydrogen bonds between water continually break and reform, allowing
for the overall temperature to remain stable, although increased energy is added to the system. Water’s cohesive
forces allow for the property of surface tension. All of these unique properties of water are important in the
chemistry of living organisms.

The pH of a solution is a measure of the concentration of hydrogen ions in the solution. A solution with a high
number of hydrogen ions is acidic and has a low pH value. A solution with a high number of hydroxide ions
is basic and has a high pH value. The pH scale ranges from 0 to 14, with a pH of 7 being neutral. Buffers are
solutions that moderate pH changes when an acid or base is added to the buffer system. Buffers are important in
biological systems because of their ability to maintain constant pH conditions.

Exercises

1. Which of the following statements is not true?

A. Water is polar.
B. Water stabilizes temperature.
C. Water is essential for life.

D. Water is the most abundant atom in Earth’s atmosphere.

2. Using a pH meter, you find the pH of an unknown solution to be 8.0. How would you describe this solution?

A. weakly acidic
B. strongly acidic
C. weakly basic
D. strongly basic
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3. The pH of lemon juice is about 2.0, whereas tomato juice’s pH is about 4.0. Approximately how much of an
increase in hydrogen ion concentration is there between tomato juice and lemon juice?

A. 2 times

B. 10 times
C. 100 times
D. 1000 times

4. Why can some insects walk on water?

Explain why water is an excellent solvent.

Answers
1. D
2. C
3. C
4. Some insects can walk on water, although they are heavier (denser) than water, because of the surface

tension of water. Surface tension results from cohesion, or the attraction between water molecules at the
surface of the body of water [the liquid-air (gas) interface].

5. Water molecules are polar, meaning they have separated partial positive and negative charges. Because of
these charges, water molecules are able to surround charged particles created when a substance dissociates.
The surrounding layer of water molecules stabilizes the ion and keeps differently charged ions from
reassociating, so the substance stays dissolved.

Glossary

acid: a substance that donates hydrogen ions and therefore lowers pH

adhesion: the attraction between water molecules and molecules of a different substance

base: a substance that absorbs hydrogen ions and therefore raises pH

buffer: a solution that resists a change in pH by absorbing or releasing hydrogen or hydroxide ions

cohesion: the intermolecular forces between water molecules caused by the polar nature of water; creates surface
tension

evaporation: the release of water molecules from liquid water to form water vapor

hydrophilic: describes a substance that dissolves in water; water-loving

hydrophobic: describes a substance that does not dissolve in water; water-fearing

litmus paper: filter paper that has been treated with a natural water-soluble dye so it can be used as a pH indicator
pH scale: a scale ranging from 0 to 14 that measures the approximate concentration of hydrogen ions of a substance
solvent: a substance capable of dissolving another substance

surface tension: the cohesive force at the surface of a body of liquid that prevents the molecules from separating

temperature: a measure of molecular motion




51 2.2 Water

References

Humphrey, W., Dalke, A. and Schulten, K., “VMD—Visual Molecular Dynamics”, J. Molec. Graphics, 1996, vol.
14, pp. 33-38. http://www.ks.uiuc.edu/Research/vimd/

Media Attribution

Figure 2.7 by Gautam Dogra

Figure 2.8
o ice lattice by Jane Whitney
o (b) by Carlos Ponte

Figure 2.10 by Cory Zanker

Figure 2.11 by Edward Stevens



2.3 Biological Molecules

Charles Molnar and Jane Gair

Learning Objectives

By the end of this section, you will be able to:

» Describe the ways in which carbon is critical to life
+ Explain the impact of slight changes in amino acids on organisms
» Describe the four major types of biological molecules

+ Understand the functions of the four major types of molecules

https://pressbooks.nscc.ca/biology1050/?p=84

a One or more interactive elements has been excluded from this version of the text. You can view them online here:

Watch a video about Proteins and Enzymes

The large molecules necessary for life that are built from smaller organic molecules are called biological
macromolecules. There are four major classes of biological macromolecules (carbohydrates, lipids, proteins, and
nucleic acids), and each is an important component of the cell and performs a wide array of functions. Combined,
these molecules make up the majority of a cell’s mass. Biological macromolecules are organic, meaning that
they contain carbon. In addition, they may contain hydrogen, oxygen, nitrogen, phosphorus, sulfur, and additional
minor elements.

Carbon

It is often said that life is “carbon-based.” This means that carbon atoms, bonded to other carbon atoms or
other elements, form the fundamental components of many, if not most, of the molecules found uniquely in
living things. Other elements play important roles in biological molecules, but carbon certainly qualifies as
the “foundation” element for molecules in living things. It is the bonding properties of carbon atoms that are
responsible for its important role.
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Carbon Bonding

Carbon contains four electrons in its outer shell. Therefore, it can form four covalent bonds with other atoms
or molecules. The simplest organic carbon molecule is methane (CH4), in which four hydrogen atoms bind to a
carbon atom.

Methare

®
og *t Y0
®

Figure 2.12 Carbon can form four covalent bonds to create an organic
molecule. The simplest carbon molecule is methane (CH4), depicted here.

However, structures that are more complex are made using carbon. Any of the hydrogen atoms can be replaced
with another carbon atom covalently bonded to the first carbon atom. In this way, long and branching chains of
carbon compounds can be made (Figure 2.13 a). The carbon atoms may bond with atoms of other elements, such
as nitrogen, oxygen, and phosphorus (Figure 2.13 b). The molecules may also form rings, which themselves can
link with other rings (Figure 2.13 c). This diversity of molecular forms accounts for the diversity of functions of
the biological macromolecules and is based to a large degree on the ability of carbon to form multiple bonds with
itself and other atoms.
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Figure 2.13 These examples show three
molecules (found in living organisms) that
contain carbon atoms bonded in various ways
to other carbon atoms and the atoms of other
elements. (a) This molecule of stearic acid has
a long chain of carbon atoms. (b) Glycine, a
component of proteins, contains carbon,
nitrogen, oxygen, and hydrogen atoms. (c)
Glucose, a sugar, has a ring of carbon atoms
and one oxygen atom.

Carbohydrates

Carbohydrates are macromolecules with which most consumers are somewhat familiar. To lose weight, some
individuals adhere to “low-carb” diets. Athletes, in contrast, often “carb-load” before important competitions to
ensure that they have sufficient energy to compete at a high level. Carbohydrates are, in fact, an essential part
of our diet; grains, fruits, and vegetables are all natural sources of carbohydrates. Carbohydrates provide energy
to the body, particularly through glucose, a simple sugar. Carbohydrates also have other important functions in
humans, animals, and plants.

Carbohydrates can be represented by the formula (CH20),, where n is the number of carbon atoms in the
molecule. In other words, the ratio of carbon to hydrogen to oxygen is 1:2:1 in carbohydrate molecules.
Carbohydrates are classified into three subtypes: monosaccharides, disaccharides, and polysaccharides.

— <

Moneosaccharides (mono- = “one”; sacchar- = “sweet”) are simple sugars, the most common of which is glucose.
In monosaccharides, the number of carbon atoms usually ranges from three to six. Most monosaccharide names
end with the suffix -ose. Depending on the number of carbon atoms in the sugar, they may be known as trioses
(three carbon atoms), pentoses (five carbon atoms), and hexoses (six carbon atoms).

Monosaccharides may exist as a linear chain or as ring-shaped molecules; in aqueous solutions, they are usually
found in the ring form.

The chemical formula for glucose is CgH1206. In most living species, glucose is an important source of energy.
During cellular respiration, energy is released from glucose, and that energy is used to help make adenosine
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triphosphate (ATP). Plants synthesize glucose using carbon dioxide and water by the process of photosynthesis,
and the glucose, in turn, is used for the energy requirements of the plant. The excess synthesized glucose is often
stored as starch that is broken down by other organisms that feed on plants.

Galactose (part of lactose, or milk sugar) and fructose (found in fruit) are other common monosaccharides.
Although glucose, galactose, and fructose all have the same chemical formula (CgH120s), they differ structurally
and chemically (and are known as isomers) because of differing arrangements of atoms in the carbon chain.
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Figure 2.14 Glucose, galactose, and fructose are isomeric monosaccharides, meaning that they
have the same chemical formula but slightly different structures.

Disaccharides (di- = “two”) form when two monosaccharides undergo a dehydration reaction (a reaction in which
the removal of a water molecule occurs). During this process, the hydroxyl group (-OH) of one monosaccharide
combines with a hydrogen atom of another monosaccharide, releasing a molecule of water (H2O) and forming a
covalent bond between atoms in the two sugar molecules.

Common disaccharides include lactose, maltose, and sucrose. Lactose is a disaccharide consisting of the
monomers glucose and galactose. It is found naturally in milk. Maltose, or malt sugar, is a disaccharide formed
from a dehydration reaction between two glucose molecules. The most common disaccharide is sucrose, or table
sugar, which is composed of the monomers glucose and fructose.

A long chain of monosaccharides linked by covalent bonds is known as a polysaccharide (poly- = “many”). The
chain may be branched or unbranched, and it may contain different types of monosaccharides. Polysaccharides
may be very large molecules. Starch, glycogen, cellulose, and chitin are examples of polysaccharides.

Starch is the stored form of sugars in plants and is made up of amylose and amylopectin (both polymers of
glucose). Plants are able to synthesize glucose, and the excess glucose is stored as starch in different plant parts,
including roots and seeds. The starch that is consumed by animals is broken down into smaller molecules, such as
glucose. The cells can then absorb the glucose.

Glycogen is the storage form of glucose in humans and other vertebrates, and is made up of monomers of glucose.
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Glycogen is the animal equivalent of starch and is a highly branched molecule usually stored in liver and muscle
cells. Whenever glucose levels decrease, glycogen is broken down to release glucose.

Cellulose is one of the most abundant natural biopolymers. The cell walls of plants are mostly made of cellulose,
which provides structural support to the cell. Wood and paper are mostly cellulosic in nature. Cellulose is made
up of glucose monomers that are linked by bonds between particular carbon atoms in the glucose molecule.

Every other glucose monomer in cellulose is flipped over and packed tightly as extended long chains. This gives
cellulose its rigidity and high tensile strength—which is so important to plant cells. Cellulose passing through
our digestive system is called dietary fiber. While the glucose-glucose bonds in cellulose cannot be broken down
by human digestive enzymes, herbivores such as cows, buffalos, and horses are able to digest grass that is rich
in cellulose and use it as a food source. In these animals, certain species of bacteria reside in the rumen (part of
the digestive system of herbivores) and secrete the enzyme cellulase. The appendix also contains bacteria that
break down cellulose, giving it an important role in the digestive systems of ruminants. Cellulases can break down
cellulose into glucose monomers that can be used as an energy source by the animal.

Carbohydrates serve other functions in different animals. Arthropods, such as insects, spiders, and crabs, have an
outer skeleton, called the exoskeleton, which protects their internal body parts. This exoskeleton is made of the
biological macromolecule chitin, which is a nitrogenous carbohydrate. It is made of repeating units of a modified
sugar containing nitrogen.

Thus, through differences in molecular structure, carbohydrates are able to serve the very different functions of
energy storage (starch and glycogen) and structural support and protection (cellulose and chitin).
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Figure 2.15 Although their structures and functions differ, all polysaccharide carbohydrates are made up of
monosaccharides and have the chemical formula (CH20)n.

Registered Dietitian: Obesity is a worldwide health concern, and many diseases, such as diabetes and heart
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disease, are becoming more prevalent because of obesity. This is one of the reasons why registered dietitians are
increasingly sought after for advice. Registered dietitians help plan food and nutrition programs for individuals
in various settings. They often work with patients in health-care facilities, designing nutrition plans to prevent
and treat diseases. For example, dietitians may teach a patient with diabetes how to manage blood-sugar levels by
eating the correct types and amounts of carbohydrates. Dietitians may also work in nursing homes, schools, and
private practices.

To become a registered dietitian, one needs to earn at least a bachelor’s degree in dietetics, nutrition, food
technology, or a related field. In addition, registered dietitians must complete a supervised internship program and
pass a national exam. Those who pursue careers in dietetics take courses in nutrition, chemistry, biochemistry,
biology, microbiology, and human physiology. Dietitians must become experts in the chemistry and functions of
food (proteins, carbohydrates, and fats).

Lipids

Lipids include a diverse group of compounds that are united by a common feature. Lipids are hydrophobic
(“water-fearing”), or insoluble in water, because they are nonpolar molecules. This is because they are
hydrocarbons that include only nonpolar carbon-carbon or carbon-hydrogen bonds. Lipids perform many different
functions in a cell. Cells store energy for long-term use in the form of lipids called fats. Lipids also provide
insulation from the environment for plants and animals. For example, they help keep aquatic birds and mammals
dry because of their water-repelling nature. Lipids are also the building blocks of many hormones and are an
important constituent of the plasma membrane. Lipids include fats, oils, waxes, phospholipids, and steroids.

Figure 2.16 Hydrophobic lipids in the fur of aquatic mammals, such as this
river otter, protect them from the elements.

A fat molecule, such as a triglyceride, consists of two main components—glycerol and fatty acids. Glycerol is an
organic compound with three carbon atoms, five hydrogen atoms, and three hydroxyl (-OH) groups. Fatty acids
have a long chain of hydrocarbons to which an acidic carboxyl group is attached, hence the name “fatty acid.” The
number of carbons in the fatty acid may range from 4 to 36; most common are those containing 12—18 carbons.
In a fat molecule, a fatty acid is attached to each of the three oxygen atoms in the —OH groups of the glycerol
molecule with a covalent bond.
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Figure 2.17 Lipids include fats, such as triglycerides, which are made up of fatty acids and glycerol, phospholipids,

and steroids.

During this covalent bond formation, three water molecules are released. The three fatty acids in the fat may be
similar or dissimilar. These fats are also called triglycerides because they have three fatty acids. Some fatty acids
have common names that specify their origin. For example, palmitic acid, a saturated fatty acid, is derived from
the palm tree. Arachidic acid is derived from Arachis hypogaea, the scientific name for peanuts.

Fatty acids may be saturated or unsaturated. In a fatty acid chain, if there are only single bonds between
neighboring carbons in the hydrocarbon chain, the fatty acid is saturated. Saturated fatty acids are saturated with
hydrogen; in other words, the number of hydrogen atoms attached to the carbon skeleton is maximized.

When the hydrocarbon chain contains a double bond, the fatty acid is an unsaturated fatty acid.

Most unsaturated fats are liquid at room temperature and are called oils. If there is one double bond in the
molecule, then it is known as a monounsaturated fat (e.g., olive oil), and if there is more than one double bond,

then it is known as a polyunsaturated fat (e.g., canola oil).

Saturated fats tend to get packed tightly and are solid at room temperature. Animal fats with stearic acid and
palmitic acid contained in meat, and the fat with butyric acid contained in butter, are examples of saturated fats.
Mammals store fats in specialized cells called adipocytes, where globules of fat occupy most of the cell. In plants,
fat or oil is stored in seeds and is used as a source of energy during embryonic development.

Unsaturated fats or oils are usually of plant origin and contain unsaturated fatty acids. The double bond causes
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a bend or a “kink” that prevents the fatty acids from packing tightly, keeping them liquid at room temperature.
Olive oil, corn oil, canola oil, and cod liver oil are examples of unsaturated fats. Unsaturated fats help to improve
blood cholesterol levels, whereas saturated fats contribute to plaque formation in the arteries, which increases the
risk of a heart attack.

In the food industry, oils are artificially hydrogenated to make them semi-solid, leading to less spoilage and
increased shelf life. Simply speaking, hydrogen gas is bubbled through oils to solidify them. During this
hydrogenation process, double bonds of the cis-conformation in the hydrocarbon chain may be converted to
double bonds in the trans-conformation. This forms a trans-fat from a cis-fat. The orientation of the double bonds
affects the chemical properties of the fat.

cis-fat molecule
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Figure 2.18 During the hydrogenation process, the orientation around the
double bonds is changed, making a trans-fat from a cis-fat. This changes the
chemical properties of the molecule.

Margarine, some types of peanut butter, and shortening are examples of artificially hydrogenated trans-fats.
Recent studies have shown that an increase in trans-fats in the human diet may lead to an increase in levels of
low-density lipoprotein (LDL), or “bad” cholesterol, which, in turn, may lead to plaque deposition in the arteries,
resulting in heart disease. Many fast food restaurants have recently eliminated the use of trans-fats, and U.S. food
labels are now required to list their trans-fat content.

Essential fatty acids are fatty acids that are required but not synthesized by the human body. Consequently, they
must be supplemented through the diet. Omega-3 fatty acids fall into this category and are one of only two known
essential fatty acids for humans (the other being omega-6 fatty acids). They are a type of polyunsaturated fat and
are called omega-3 fatty acids because the third carbon from the end of the fatty acid participates in a double bond.

Salmon, trout, and tuna are good sources of omega-3 fatty acids. Omega-3 fatty acids are important in brain
function and normal growth and development. They may also prevent heart disease and reduce the risk of cancer.

Like carbohydrates, fats have received a lot of bad publicity. It is true that eating an excess of fried foods and other
“fatty” foods leads to weight gain. However, fats do have important functions. Fats serve as long-term energy
storage. They also provide insulation for the body. Therefore, “healthy” unsaturated fats in moderate amounts
should be consumed on a regular basis.
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Phospholipids are the major constituent of the plasma membrane. Like fats, they are composed of fatty acid
chains attached to a glycerol or similar backbone. Instead of three fatty acids attached, however, there are two
fatty acids and the third carbon of the glycerol backbone is bound to a phosphate group. The phosphate group is
modified by the addition of an alcohol.

A phospholipid has both hydrophobic and hydrophilic regions. The fatty acid chains are hydrophobic and exclude
themselves from water, whereas the phosphate is hydrophilic and interacts with water.

Cells are surrounded by a membrane, which has a bilayer of phospholipids. The fatty acids of phospholipids face
inside, away from water, whereas the phosphate group can face either the outside environment or the inside of the
cell, which are both aqueous.

Steroids and Waxes

Unlike the phospholipids and fats discussed earlier, steroids have a ring structure. Although they do not resemble
other lipids, they are grouped with them because they are also hydrophobic. All steroids have four, linked carbon
rings and several of them, like cholesterol, have a short tail.

Cholesterol is a steroid. Cholesterol is mainly synthesized in the liver and is the precursor of many steroid
hormones, such as testosterone and estradiol. It is also the precursor of vitamins E and K. Cholesterol is the
precursor of bile salts, which help in the breakdown of fats and their subsequent absorption by cells. Although
cholesterol is often spoken of in negative terms, it is necessary for the proper functioning of the body. It is a key
component of the plasma membranes of animal cells.

Waxes are made up of a hydrocarbon chain with an alcohol (-OH) group and a fatty acid. Examples of animal
waxes include beeswax and lanolin. Plants also have waxes, such as the coating on their leaves, that helps prevent
them from drying out.

Concept in Action

[=]

et [m]

| I
openstax COLLEGE

%

For an additional perspective on lipids, explore “Biomolecules: The Lipids” through this interactive animation.

Proteins

Proteins are one of the most abundant organic molecules in living systems and have the most diverse range of
functions of all macromolecules. Proteins may be structural, regulatory, contractile, or protective; they may serve
in transport, storage, or membranes; or they may be toxins or enzymes. Each cell in a living system may contain
thousands of different proteins, each with a unique function. Their structures, like their functions, vary greatly.
They are all, however, polymers of amino acids, arranged in a linear sequence.

The functions of proteins are very diverse because there are 20 different chemically distinct amino acids that
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form long chains, and the amino acids can be in any order. For example, proteins can function as enzymes or
hormones. Enzymes, which are produced by living cells, are catalysts in biochemical reactions (like digestion)
and are usually proteins. Each enzyme is specific for the substrate (a reactant that binds to an enzyme) upon which
it acts. Enzymes can function to break molecular bonds, to rearrange bonds, or to form new bonds. An example
of an enzyme is salivary amylase, which breaks down amylose, a component of starch.

Hormones are chemical signaling molecules, usually proteins or steroids, secreted by an endocrine gland or group
of endocrine cells that act to control or regulate specific physiological processes, including growth, development,
metabolism, and reproduction. For example, insulin is a protein hormone that maintains blood glucose levels.

Proteins have different shapes and molecular weights; some proteins are globular in shape whereas others are
fibrous in nature. For example, hemoglobin is a globular protein, but collagen, found in our skin, is a fibrous
protein. Protein shape is critical to its function. Changes in temperature, pH, and exposure to chemicals may lead
to permanent changes in the shape of the protein, leading to a loss of function or denaturation (to be discussed in
more detail later). All proteins are made up of different arrangements of the same 20 kinds of amino acids.

Amino acids are the monomers that make up proteins. Each amino acid has the same fundamental structure,
which consists of a central carbon atom bonded to an amino group (-NH3), a carboxyl group (-COOH), and a
hydrogen atom. Every amino acid also has another variable atom or group of atoms bonded to the central carbon
atom known as the R group. The R group is the only difference in structure between the 20 amino acids; otherwise,
the amino acids are identical.
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Fundamental structure
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Figure 2.19 Amino acids are made up of a central carbon
bonded to an amino group (-NH2), a carboxyl group
(-COOH), and a hydrogen atom. The central carbon’s
fourth bond varies among the different amino acids, as
seen in these examples of alanine, valine, lysine, and
aspartic acid.

The chemical nature of the R group determines the chemical nature of the amino acid within its protein (that is,
whether it is acidic, basic, polar, or nonpolar).

The sequence and number of amino acids ultimately determine a protein’s shape, size, and function. Each amino
acid is attached to another amino acid by a covalent bond, known as a peptide bond, which is formed by a
dehydration reaction. The carboxyl group of one amino acid and the amino group of a second amino acid combine,
releasing a water molecule. The resulting bond is the peptide bond.

The products formed by such a linkage are called polypeptides. While the terms polypeptide and protein are
sometimes used interchangeably, a polypeptide is technically a polymer of amino acids, whereas the term protein
is used for a polypeptide or polypeptides that have combined together, have a distinct shape, and have a unique
function.

Evolution in Action

The Evolutionary Significance of Cytochrome cCytochrome c is an important component of the molecular
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machinery that harvests energy from glucose. Because this protein’s role in producing cellular energy is crucial, it
has changed very little over millions of years. Protein sequencing has shown that there is a considerable amount
of sequence similarity among cytochrome c molecules of different species; evolutionary relationships can be
assessed by measuring the similarities or differences among various species’ protein sequences.

For example, scientists have determined that human cytochrome c contains 104 amino acids. For each cytochrome
¢ molecule that has been sequenced to date from different organisms, 37 of these amino acids appear in the same
position in each cytochrome c. This indicates that all of these organisms are descended from a common ancestor.
On comparing the human and chimpanzee protein sequences, no sequence difference was found. When human and
rhesus monkey sequences were compared, a single difference was found in one amino acid. In contrast, human-
to-yeast comparisons show a difference in 44 amino acids, suggesting that humans and chimpanzees have a more
recent common ancestor than humans and the rhesus monkey, or humans and yeast.

Protein Structure

As discussed earlier, the shape of a protein is critical to its function. To understand how the protein gets its final
shape or conformation, we need to understand the four levels of protein structure: primary, secondary, tertiary,
and quaternary.

The unique sequence and number of amino acids in a polypeptide chain is its primary structure. The unique
sequence for every protein is ultimately determined by the gene that encodes the protein. Any change in the
gene sequence may lead to a different amino acid being added to the polypeptide chain, causing a change in
protein structure and function. In sickle cell anemia, the hemoglobin 3 chain has a single amino acid substitution,
causing a change in both the structure and function of the protein. What is most remarkable to consider is that
a hemoglobin molecule is made up of two alpha chains and two beta chains that each consist of about 150
amino acids. The molecule, therefore, has about 600 amino acids. The structural difference between a normal
hemoglobin molecule and a sickle cell molecule—that dramatically decreases life expectancy in the affected
individuals—is a single amino acid of the 600.

Because of this change of one amino acid in the chain, the normally biconcave, or disc-shaped, red blood cells
assume a crescent or “sickle” shape, which clogs arteries. This can lead to a myriad of serious health problems,
such as breathlessness, dizziness, headaches, and abdominal pain for those who have this disease.

Folding patterns resulting from interactions between the non-R group portions of amino acids give rise to the
secondary structure of the protein. The most common are the alpha (a)-helix and beta ()-pleated sheet structures.
Both structures are held in shape by hydrogen bonds. In the alpha helix, the bonds form between every fourth
amino acid and cause a twist in the amino acid chain.

In the f-pleated sheet, the “pleats” are formed by hydrogen bonding between atoms on the backbone of the
polypeptide chain. The R groups are attached to the carbons, and extend above and below the folds of the pleat.
The pleated segments align parallel to each other, and hydrogen bonds form between the same pairs of atoms on
each of the aligned amino acids. The a-helix and -pleated sheet structures are found in many globular and fibrous
proteins.

The unique three-dimensional structure of a polypeptide is known as its tertiary structure. This structure is caused
by chemical interactions between various amino acids and regions of the polypeptide. Primarily, the interactions
among R groups create the complex three-dimensional tertiary structure of a protein. There may be ionic bonds
formed between R groups on different amino acids, or hydrogen bonding beyond that involved in the secondary
structure. When protein folding takes place, the hydrophobic R groups of nonpolar amino acids lay in the interior
of the protein, whereas the hydrophilic R groups lay on the outside. The former types of interactions are also
known as hydrophobic interactions.
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In nature, some proteins are formed from several polypeptides, also known as subunits, and the interaction of
these subunits forms the quaternary structure. Weak interactions between the subunits help to stabilize the overall
structure. For example, hemoglobin is a combination of four polypeptide subunits.
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Figure 2.20 The four levels of protein structure can be observed in these
illustrations.

Each protein has its own unique sequence and shape held together by chemical interactions. If the protein is
subject to changes in temperature, pH, or exposure to chemicals, the protein structure may change, losing its
shape in what is known as denaturation as discussed earlier. Denaturation is often reversible because the primary
structure is preserved if the denaturing agent is removed, allowing the protein to resume its function. Sometimes
denaturation is irreversible, leading to a loss of function. One example of protein denaturation can be seen when
an egg is fried or boiled. The albumin protein in the liquid egg white is denatured when placed in a hot pan,
changing from a clear substance to an opaque white substance. Not all proteins are denatured at high temperatures;
for instance, bacteria that survive in hot springs have proteins that are adapted to function at those temperatures.
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For an additional perspective on proteins, explore “Biomolecules: The Proteins” through this interactive
animation.

Nucleic Acids

Nucleic acids are key macromolecules in the continuity of life. They carry the genetic blueprint of a cell and carry
instructions for the functioning of the cell.

The two main types of nucleic acids are deoxyribenucleic acid (DNA) and ribonucleic acid (RNA). DNA is the
genetic material found in all living organisms, ranging from single-celled bacteria to multicellular mammals.

The other type of nucleic acid, RNA, is mostly involved in protein synthesis. The DNA molecules never leave the
nucleus, but instead use an RNA intermediary to communicate with the rest of the cell. Other types of RNA are
also involved in protein synthesis and its regulation.

DNA and RNA are made up of monomers known as nucleotides. The nucleotides combine with each other to
form a polynucleotide, DNA or RNA. Each nucleotide is made up of three components: a nitrogenous base, a
pentose (five-carbon) sugar, and a phosphate group . Each nitrogenous base in a nucleotide is attached to a sugar

molecule, which is attached to a phosphate group.
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Figure 2.21 A nucleotide is made up of three components: a nitrogenous
base, a pentose sugar, and a phosphate group.
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DNA Double-Helical Structure

DNA has a double-helical structure. It is composed of two strands, or polymers, of nucleotides. The strands are
formed with bonds between phosphate and sugar groups of adjacent nucleotides. The strands are bonded to each
other at their bases with hydrogen bonds, and the strands coil about each other along their length, hence the
“double helix” description, which means a double spiral.
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Figure 2.22 Chemical structure of DNA, with colored label identifying the four bases as well as
the phosphate and deoxyribose components of the backbone.

The alternating sugar and phosphate groups lie on the outside of each strand, forming the backbone of the DNA.
The nitrogenous bases are stacked in the interior, like the steps of a staircase, and these bases pair; the pairs are
bound to each other by hydrogen bonds. The bases pair in such a way that the distance between the backbones of
the two strands is the same all along the molecule. The rule is that nucleotide A pairs with nucleotide T, and G
with C, see section 9.1 for more details.
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Section Summary

Living things are carbon-based because carbon plays such a prominent role in the chemistry of living things. The
four covalent bonding positions of the carbon atom can give rise to a wide diversity of compounds with many
functions, accounting for the importance of carbon in living things. Carbohydrates are a group of macromolecules
that are a vital energy source for the cell, provide structural support to many organisms, and can be found on
the surface of the cell as receptors or for cell recognition. Carbohydrates are classified as monosaccharides,
disaccharides, and polysaccharides, depending on the number of monomers in the molecule.

Lipids are a class of macromolecules that are nonpolar and hydrophobic in nature. Major types include fats and
oils, waxes, phospholipids, and steroids. Fats and oils are a stored form of energy and can include triglycerides.
Fats and oils are usually made up of fatty acids and glycerol.

Proteins are a class of macromolecules that can perform a diverse range of functions for the cell. They help in
metabolism by providing structural support and by acting as enzymes, carriers or as hormones. The building
blocks of proteins are amino acids. Proteins are organized at four levels: primary, secondary, tertiary, and
quaternary. Protein shape and function are intricately linked; any change in shape caused by changes in
temperature, pH, or chemical exposure may lead to protein denaturation and a loss of function.

Nucleic acids are molecules made up of repeating units of nucleotides that direct cellular activities such as cell
division and protein synthesis. Each nucleotide is made up of a pentose sugar, a nitrogenous base, and a phosphate
group. There are two types of nucleic acids: DNA and RNA.

Exercises

1. An example of a monosaccharide is

A. fructose
B. glucose
C. galactose

D. all of the above
2. Cellulose and starch are examples of
A. monosaccharides
B. disaccharides
C. lipids
D. polysaccharides
3. Phospholipids are important components of
A. the plasma membrane of cells
B. the ring structure of steroids

C. the waxy covering on leaves

D. the double bond in hydrocarbon chains

4. The monomers that make up proteins are called
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5. Explain at least three functions that lipids serve in plants and/or animals.

6. Explain what happens if even one amino acid is substituted for another in a polypeptide chain. Provide a
specific example.Answers
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Fat serves as a valuable way for animals to store energy. It can also provide insulation.
Phospholipids and steroids are important components of cell membranes.

6. A change in gene sequence can lead to a different amino acid being added to a polypeptide chain
instead of the normal one. This causes a change in protein structure and function. For example,
in sickle cell anemia, the hemoglobin 8 chain has a single amino acid substitution. Because of
this change, the disc-shaped red blood cells assume a crescent shape, which can result in serious
health problems.

Glossary

amino acid: a monomer of a protein

carbohydrate: a biological macromolecule in which the ratio of carbon to hydrogen to oxygen is 1:2:1; carbohydrates
serve as energy sources and structural support in cells

cellulose: a polysaccharide that makes up the cell walls of plants and provides structural support to the cell

chitin: a type of carbohydrate that forms the outer skeleton of arthropods, such as insects and crustaceans, and the cell
walls of fungi

denaturation: the loss of shape in a protein as a result of changes in temperature, pH, or exposure to chemicals

deoxyribonucleic acid (DNA): a double-stranded polymer of nucleotides that carries the hereditary information of the
cell

disaccharide: two sugar monomers that are linked together by a peptide bond
enzyme: a catalyst in a biochemical reaction that is usually a complex or conjugated protein

fat: a lipid molecule composed of three fatty acids and a glycerol (triglyceride) that typically exists in a solid form at
room temperature

glycogen: a storage carbohydrate in animals

hormone: a chemical signaling molecule, usually a protein or steroid, secreted by an endocrine gland or group of
endocrine cells; acts to control or regulate specific physiological processes

lipids: a class of macromolecules that are nonpolar and insoluble in water
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p
macromolecule: a large molecule, often formed by polymerization of smaller monomers
monosaccharide: a single unit or monomer of carbohydrates

nucleic acid: a biological macromolecule that carries the genetic information of a cell and carries instructions for the
functioning of the cell

nucleotide: a monomer of nucleic acids; contains a pentose sugar, a phosphate group, and a nitrogenous base
oil: an unsaturated fat that is a liquid at room temperature

phospholipid: a major constituent of the membranes of cells; composed of two fatty acids and a phosphate group
attached to the glycerol backbone

polypeptide: a long chain of amino acids linked by peptide bonds

polysaccharide: a long chain of monosaccharides; may be branched or unbranched

protein: a biological macromolecule composed of one or more chains of amino acids

ribonucleic acid (RNA): a single-stranded polymer of nucleotides that is involved in protein synthesis

saturated fatty acid: a long-chain hydrocarbon with single covalent bonds in the carbon chain; the number of hydrogen

atoms attached to the carbon skeleton is maximized
starch: a storage carbohydrate in plants
steroid: a type of lipid composed of four fused hydrocarbon rings

trans-fat: a form of unsaturated fat with the hydrogen atoms neighboring the double bond across from each other rather

than on the same side of the double bond

triglyceride: a fat molecule; consists of three fatty acids linked to a glycerol molecule

unsaturated fatty acid: a long-chain hydrocarbon that has one or more than one double bonds in the hydrocarbon chain

Media Attribution

» Figure 2.16 by Ken Bosma © CC BY (Attribution)

 Figure 2.20 modification of work by National Human Genome Research Institute © Public Domain

» Figure 2.22 by Madeleine Price Ball © CCO (Creative Commons Zero)



https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/publicdomain/mark/1.0/
https://commons.wikimedia.org/wiki/DNA#/media/File:DNA_chemical_structure.svg
https://creativecommons.org/publicdomain/zero/1.0/

Chapter 3: Population and Community Ecology (OpenStax
19)

70



Introduction

Samantha Fowler; Rebecca Roush; and James Wise

Asian carp jump out of the water in response to electrofishing. The Asian carp in the inset photograph were harvested from the
Little Calumet River in Illinois in May, 2010, using rotenone, a toxin often used as an insecticide, in an effort to learn more

about the population of the species. (credit main image: modification of work by USGS; credit inset: modification of work by Lt.
David French, USCG)

Imagine sailing down a river in a small motorboat on a weekend afternoon; the water is smooth, and you are
enjoying the sunshine and cool breeze when suddenly you are hit in the head by a 20-pound silver carp. This is a
risk now on many rivers and canal systems in Illinois and Missouri because of the presence of Asian carp.

This fish—actually a group of species including the silver, black, grass, and big head carp—has been farmed and
eaten in China for over 1,000 years. It is one of the most important aquaculture food resources worldwide. In the
United States, however, Asian carp is considered a dangerous invasive species that disrupts ecological community
structure to the point of threatening native species.

The effects of invasive species (such as the Asian carp, kudzu vine, predatory snakehead fish, and zebra mussel)
are just one aspect of what ecologists study to understand how populations interact within ecological communities,
and what impact natural and human-induced disturbances have on the characteristics of communities.
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Population Demographics and Dynamics

Samantha Fowler; Rebecca Roush; and James Wise

Learning Objectives

By the end of this section, you will be able to:

* Describe how ecologists measure population size and density
 Describe three different patterns of population distribution
+ Use life tables to calculate mortality rates

+ Describe the three types of survivorship curves and relate them to specific populations

Populations are dynamic entities. Their size and composition fluctuate in response to numerous factors, including
seasonal and yearly changes in the environment, natural disasters such as forest fires and volcanic eruptions, and
competition for resources between and within species. The statistical study of populations is called demography: a
set of mathematical tools designed to describe populations and investigate how they change. Many of these tools
were actually designed to study human populations. For example, life tables, which detail the life expectancy
of individuals within a population, were initially developed by life insurance companies to set insurance rates.
In fact, while the term “demographics” is sometimes assumed to mean a study of human populations, all living
populations can be studied using this approach.

Population Size and Density

Populations are characterized by their population size (total number of individuals) and their population density
(number of individuals per unit area). A population may have a large number of individuals that are distributed
densely, or sparsely. There are also populations with small numbers of individuals that may be dense or very
sparsely distributed in a local area. Population size can affect potential for adaptation because it affects the amount
of genetic variation present in the population. Density can have effects on interactions within a population such
as competition for food and the ability of individuals to find a mate. Smaller organisms tend to be more densely
distributed than larger organisms ([Figure 1]).

Art Connection

72



73 Population Demographics and Dynamics

s N

Relationship between Population and Body Mass in Australian Mammals

3.0 1 o
e Quoll
204 = Bandicoot
’ A  Wombat

Rat-kangaroo
»# Potoroo
Possom species
o Tree kangaroo
1.04 & Wallaby
Kangaroo
Bear cuscus
Glider species

Log density (km?)

0.0 T T T
0.0 1.0 2.0 3.0 4.0 5.0

Log mass (grams)

Figure 1: Australian mammals show a typical inverse relationship between
population density and body size.

As this graph shows, population density typically decreases with increasing body size. Why do you think this is the
case?

Estimating Population Size

The most accurate way to determine population size is to count all of the individuals within the area. However, this
method is usually not logistically or economically feasible, especially when studying large areas. Thus, scientists
usually study populations by sampling a representative portion of each habitat and use this sample to make
inferences about the population as a whole. The methods used to sample populations to determine their size and
density are typically tailored to the characteristics of the organism being studied. For immobile organisms such
as plants, or for very small and slow-moving organisms, a quadrat may be used. A quadrat is a wood, plastic, or
metal square that is randomly located on the ground and used to count the number of individuals that lie within its
boundaries. To obtain an accurate count using this method, the square must be placed at random locations within
the habitat enough times to produce an accurate estimate. This counting method will provide an estimate of both
population size and density. The number and size of quadrat samples depends on the type of organisms and the
nature of their distribution.

For smaller mobile organisms, such as mammals, a technique called mark and recapture is often used. This method
involves marking a sample of captured animals in some way and releasing them back into the environment to mix
with the rest of the population; then, a new sample is captured and scientists determine how many of the marked
animals are in the new sample. This method assumes that the larger the population, the lower the percentage
of marked organisms that will be recaptured since they will have mixed with more unmarked individuals. For
example, if 80 field mice are captured, marked, and released into the forest, then a second trapping 100 field mice
are captured and 20 of them are marked, the population size (N) can be determined using the following equation:
number marked first catch x total number second catch N

number marked second catch

Using our example, the population size would be 400.

80 x 100
— = 400
20
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These results give us an estimate of 400 total individuals in the original population. The true number usually will
be a bit different from this because of chance errors and possible bias caused by the sampling methods.

Species Distribution

In addition to measuring density, further information about a population can be obtained by looking at the
distribution of the individuals throughout their range. A species distribution pattern is the distribution of
individuals within a habitat at a particular point in time—broad categories of patterns are used to describe them.

Individuals within a population can be distributed at random, in groups, or equally spaced apart (more or less).
These are known as random, clumped, and uniform distribution patterns, respectively ([Figure 2]). Different
distributions reflect important aspects of the biology of the species; they also affect the mathematical methods
required to estimate population sizes. An example of random distribution occurs with dandelion and other plants
that have wind-dispersed seeds that germinate wherever they happen to fall in favorable environments. A clumped
distribution, may be seen in plants that drop their seeds straight to the ground, such as oak trees; it can also
be seen in animals that live in social groups (schools of fish or herds of elephants). Uniform distribution is
observed in plants that secrete substances inhibiting the growth of nearby individuals (such as the release of toxic
chemicals by sage plants). It is also seen in territorial animal species, such as penguins that maintain a defined
territory for nesting. The territorial defensive behaviors of each individual create a regular pattern of distribution
of similar-sized territories and individuals within those territories. Thus, the distribution of the individuals within
a population provides more information about how they interact with each other than does a simple density
measurement. Just as lower density species might have more difficulty finding a mate, solitary species with a
random distribution might have a similar difficulty when compared to social species clumped together in groups.

(@) (b) ©

Figure 2: Species may have a random, clumped, or uniform distribution. Plants such as (a) dandelions
with wind-dispersed seeds tend to be randomly distributed. Animals such as (b) elephants that travel in
groups exhibit a clumped distribution. Territorial birds such as (c) penguins tend to have a uniform
distribution. (credit a: modification of work by Rosendahl; credit b: modification of work by Rebecca
Wood; credit c: modification of work by Ben Tubby)

Demography

While population size and density describe a population at one particular point in time, scientists must use
demography to study the dynamics of a population. Demography is the statistical study of population changes
over time: birth rates, death rates, and life expectancies. These population characteristics are often displayed in a
life table.
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Life Tables

Life tables provide important information about the life history of an organism and the life expectancy of
individuals at each age. They are modeled after actuarial tables used by the insurance industry for estimating
human life expectancy. Life tables may include the probability of each age group dying before their next birthday,
the percentage of surviving individuals dying at a particular age interval (their mortality rate, and their life
expectancy at each interval. An example of a life table is shown in [Figure 1] from a study of Dall mountain sheep,
a species native to northwestern North America. Notice that the population is divided into age intervals (column
A). The mortality rate (per 1000) shown in column D is based on the number of individuals dying during the age
interval (column B), divided by the number of individuals surviving at the beginning of the interval (Column C)
multiplied by 1000.

. number of individuals dying
mortality rate = — — x 1000
number of individuals surviving

For example, between ages three and four, 12 individuals die out of the 776 that were remaining from the original
1000 sheep. This number is then multiplied by 1000 to give the mortality rate per thousand.

12
tality rate = — 1000 ~ 15.5
mortality rate -8 X

As can be seen from the mortality rate data (column D), a high death rate occurred when the sheep were between
six months and a year old, and then increased even more from 8 to 12 years old, after which there were few
survivors. The data indicate that if a sheep in this population were to survive to age one, it could be expected to
live another 7.7 years on average, as shown by the life-expectancy numbers in column E.
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This life table of Ovis dalli shows the number of deaths, number of survivors, mortality rate, and life expectancy at
each age interval for Dall mountain sheep.

1
Life Table of Dall Mountain Sheep-

A B C D E

Age Number dyingin  Number surviving at Mortality rate per Life expectancy or mean
interval age interval out of beginning of age interval 1000 alive at beginning lifetime remaining to those
(years) 1000 born out of 1000 born of age interval attaining age interval
0-0.5 54 1000 54.0 7.06

0.5-1 145 946 153.3 —

1-2 12 801 15.0 7.7

2-3 13 789 16.5 6.8

3-4 12 776 15.5 5.9

4-5 30 764 39.3 5.0

5-6 46 734 62.7 4.2

6-7 48 688 69.8 3.4

7-8 69 640 107.8 2.6

8-9 132 571 231.2 1.9

9-10 187 439 426.0 1.3

10-11 156 252 619.0 0.9

11-12 90 96 937.5 0.6

12-13 3 6 500.0 1.2

13-14 3 3 1000 0.7

Survivorship Curves

Another tool used by population ecologists is a survivorship curve, which is a graph of the number of individuals
surviving at each age interval versus time. These curves allow us to compare the life histories of different
populations ([Figure 3]). There are three types of survivorship curves. In a type I curve, mortality is low in
the early and middle years and occurs mostly in older individuals. Organisms exhibiting a type I survivorship
typically produce few offspring and provide good care to the offspring increasing the likelihood of their survival.
Humans and most mammals exhibit a type I survivorship curve. In type II curves, mortality is relatively constant
throughout the entire life span, and mortality is equally likely to occur at any point in the life span. Many bird
populations provide examples of an intermediate or type II survivorship curve. In type III survivorship curves,
early ages experience the highest mortality with much lower mortality rates for organisms that make it to advanced
years. Type III organisms typically produce large numbers of offspring, but provide very little or no care for them.
Trees and marine invertebrates exhibit a type III survivorship curve because very few of these organisms survive
their younger years, but those that do make it to an old age are more likely to survive for a relatively long period
of time.
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Survivorship Curve

Type | (humans)

Type Il (trees)

Number of individuals surviving (log scale)

Time

Figure 3: Survivorship curves show the distribution of
individuals in a population according to age. Humans and
most mammals have a Type I survivorship curve, because
death primarily occurs in the older years. Birds have a Type
II survivorship curve, as death at any age is equally probable.
Trees have a Type III survivorship curve because very few
survive the younger years, but after a certain age, individuals
are much more likely to survive.

Section Summary

Populations are individuals of a species that live in a particular habitat. Ecologists measure characteristics
of populations: size, density, and distribution pattern. Life tables are useful to calculate life expectancies of
individual population members. Survivorship curves show the number of individuals surviving at each age
interval plotted versus time.

Multiple Choice

Which of the following methods will provide information to an ecologist about both the size and density of a
population?

1. mark and recapture
2. mark and release

3. quadrat

4. life table




NSCC Academic Biology 1050 78

Which of the following is best at showing the life expectancy of an individual within a population?

1. quadrat

2. mark and recapture
3. survivorship curve
4. life table

Human populations have which type of survivorship curve?

1. Typel
2. Typell
3. Type Il
4. TypelV

Free Response

Describe how a researcher would determine the size of a penguin population in Antarctica using the mark and
release method.

Footnotes

1. 1 Data Adapted from Edward S. Deevey, Jr., “Life Tables for Natural Populations of Animals,” The
Quarterly Review of Biology 22, no. 4 (December 1947): 283-314.

Glossary

demography

the statistical study of changes in populations over time
life table

a table showing the life expectancy of a population member based on its age
mark and recapture

a method used to determine population size in mobile organisms




79 Population Demographics and Dynamics

mortality rate
the proportion of population surviving to the beginning of an age interval that dies during that age interval
population density
the number of population members divided by the area being measured
population size
the number of individuals in a population
quadrat
a square within which a count of individuals is made that is combined with other such counts to determine
population size and density in slow moving or stationary organisms
species distribution pattern
the distribution of individuals within a habitat at a given point in time
survivorship curve
a graph of the number of surviving population members versus the relative age of the member



Population Growth and Regulation

Samantha Fowler; Rebecca Roush; and James Wise

Learning Objectives

By the end of this section, you will be able to:

» Explain the characteristics of and differences between exponential and logistic growth patterns
» Give examples of exponential and logistic growth in natural populations
* Give examples of how the carrying capacity of a habitat may change

+ Compare and contrast density-dependent growth regulation and density-independent growth regulation
giving examples

Population ecologists make use of a variety of methods to model population dynamics. An accurate model should
be able to describe the changes occurring in a population and predict future changes.

Population Growth

The two simplest models of population growth use deterministic equations (equations that do not account for
random events) to describe the rate of change in the size of a population over time. The first of these models,
exponential growth, describes theoretical populations that increase in numbers without any limits to their growth.
The second model, logistic growth, introduces limits to reproductive growth that become more intense as the
population size increases. Neither model adequately describes natural populations, but they provide points of
comparison.

Exponential Growth

Charles Darwin, in developing his theory of natural selection, was influenced by the English clergyman Thomas
Malthus. Malthus published his book in 1798 stating that populations with abundant natural resources grow
very rapidly; however, they limit further growth by depleting their resources. The early pattern of accelerating
population size is called exponential growth.

The best example of exponential growth in organisms is seen in bacteria. Bacteria are prokaryotes that reproduce
largely by binary fission. This division takes about an hour for many bacterial species. If 1000 bacteria are placed
in a large flask with an abundant supply of nutrients (so the nutrients will not become quickly depleted), the
number of bacteria will have doubled from 1000 to 2000 after just an hour. In another hour, each of the 2000
bacteria will divide, producing 4000 bacteria. After the third hour, there should be 8000 bacteria in the flask.
The important concept of exponential growth is that the growth rate—the number of organisms added in each
reproductive generation—is itself increasing; that is, the population size is increasing at a greater and greater rate.
After 24 of these cycles, the population would have increased from 1000 to more than 16 billion bacteria. When
the population size, N, is plotted over time, a J-shaped growth curve is produced ([Figure 1]a).

The bacteria-in-a-flask example is not truly representative of the real world where resources are usually limited.
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However, when a species is introduced into a new habitat that it finds suitable, it may show exponential growth
for a while. In the case of the bacteria in the flask, some bacteria will die during the experiment and thus not
reproduce; therefore, the growth rate is lowered from a maximal rate in which there is no mortality. The growth
rate of a population is largely determined by subtracting the death rate, D, (number organisms that die during
an interval) from the birth rate, B, (number organisms that are born during an interval). The growth rate can be
expressed in a simple equation that combines the birth and death rates into a single factor: r. This is shown in the
following formula:

Population growth = rN

The value of r can be positive, meaning the population is increasing in size (the rate of change is positive); or
negative, meaning the population is decreasing in size; or zero, in which case the population size is unchanging, a
condition known as zero population growth.

Logistic Growth

Extended exponential growth is possible only when infinite natural resources are available; this is not the case in
the real world. Charles Darwin recognized this fact in his description of the “struggle for existence,” which states
that individuals will compete (with members of their own or other species) for limited resources. The successful
ones are more likely to survive and pass on the traits that made them successful to the next generation at a greater
rate (natural selection). To model the reality of limited resources, population ecologists developed the logistic
growth model.

Carrying Capacity and the Logistic Model

In the real world, with its limited resources, exponential growth cannot continue indefinitely. Exponential growth
may occur in environments where there are few individuals and plentiful resources, but when the number of
individuals gets large enough, resources will be depleted and the growth rate will slow down. Eventually, the
growth rate will plateau or level off ([Figure 1]b). This population size, which is determined by the maximum
population size that a particular environment can sustain, is called the carrying capacity, or K. In real populations,
a growing population often overshoots its carrying capacity, and the death rate increases beyond the birth rate
causing the population size to decline back to the carrying capacity or below it. Most populations usually fluctuate
around the carrying capacity in an undulating fashion rather than existing right at it.

The formula used to calculate logistic growth adds the carrying capacity as a moderating force in the growth
rate. The expression “K — N” is equal to the number of individuals that may be added to a population at a given
time, and “K — N” divided by “K” is the fraction of the carrying capacity available for further growth. Thus, the
exponential growth model is restricted by this factor to generate the logistic growth equation:

s

Population growth = rN [ 7

Notice that when N is almost zero the quantity in brackets is almost equal to 1 (or K/K) and growth is close to
exponential. When the population size is equal to the carrying capacity, or N = K, the quantity in brackets is equal
to zero and growth is equal to zero. A graph of this equation (logistic growth) yields the S-shaped curve ([Figure
1]b). It is a more realistic model of population growth than exponential growth. There are three different sections
to an S-shaped curve. Initially, growth is exponential because there are few individuals and ample resources
available. Then, as resources begin to become limited, the growth rate decreases. Finally, the growth rate levels
off at the carrying capacity of the environment, with little change in population number over time.
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Exponential Growth Logistic Growth
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Figure 1: When resources are unlimited, populations exhibit (a) exponential growth,
shown in a J-shaped curve. When resources are limited, populations exhibit (b) logistic
growth. In logistic growth, population expansion decreases as resources become
scarce, and it levels off when the carrying capacity of the environment is reached. The
logistic growth curve is S-shaped.

Role of Intraspecific Competition

The logistic model assumes that every individual within a population will have equal access to resources and,
thus, an equal chance for survival. For plants, the amount of water, sunlight, nutrients, and space to grow are
the important resources, whereas in animals, important resources include food, water, shelter, nesting space, and
mates.

In the real world, phenotypic variation among individuals within a population means that some individuals will
be better adapted to their environment than others. The resulting competition for resources among population
members of the same species is termed intraspecific competition. Intraspecific competition may not affect
populations that are well below their carrying capacity, as resources are plentiful and all individuals can obtain
what they need. However, as population size increases, this competition intensifies. In addition, the accumulation
of waste products can reduce carrying capacity in an environment.

Examples of Logistic Growth

Yeast, a microscopic fungus used to make bread and alcoholic beverages, exhibits the classical S-shaped curve
when grown in a test tube ([Figure 2]a). Its growth levels off as the population depletes the nutrients that are
necessary for its growth. In the real world, however, there are variations to this idealized curve. Examples in
wild populations include sheep and harbor seals ([Figure 2]b). In both examples, the population size exceeds the
carrying capacity for short periods of time and then falls below the carrying capacity afterwards. This fluctuation
in population size continues to occur as the population oscillates around its carrying capacity. Still, even with this
oscillation, the logistic model is confirmed.

Art Connection
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Figure 2: (a) Yeast grown in ideal conditions in a test tube shows a classical S-shaped logistic growth
curve, whereas (b) a natural population of seals shows real-world fluctuation. The yeast is visualized
using differential interference contrast light micrography. (credit a: scale-bar data from Matt Russell)

If the major food source of seals declines due to pollution or overfishing, which of the following would likely occur?

1. The carrying capacity of seals would decrease, as would the seal population.
2. The carrying capacity of seals would decrease, but the seal population would remain the same.

3. The number of seal deaths would increase, but the number of births would also increase, so the population
size would remain the same.

4. The carrying capacity of seals would remain the same, but the population of seals would decrease.

Population Dynamics and Regulation

The logistic model of population growth, while valid in many natural populations and a useful model, is a
simplification of real-world population dynamics. Implicit in the model is that the carrying capacity of the
environment does not change, which is not the case. The carrying capacity varies annually. For example, some
summers are hot and dry whereas others are cold and wet; in many areas, the carrying capacity during the winter
is much lower than it is during the summer. Also, natural events such as earthquakes, volcanoes, and fires can alter
an environment and hence its carrying capacity. Additionally, populations do not usually exist in isolation. They
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share the environment with other species, competing with them for the same resources (interspecific competition).
These factors are also important to understanding how a specific population will grow.

Population growth is regulated in a variety of ways. These are grouped into density-dependent factors, in which
the density of the population affects growth rate and mortality, and density-independent factors, which cause
mortality in a population regardless of population density. Wildlife biologists, in particular, want to understand
both types because this helps them manage populations and prevent extinction or overpopulation.

Density-dependent Regulation

Most density-dependent factors are biological in nature and include predation, inter- and intraspecific competition,
and parasites. Usually, the denser a population is, the greater its mortality rate. For example, during intra- and
interspecific competition, the reproductive rates of the species will usually be lower, reducing their populations’
rate of growth. In addition, low prey density increases the mortality of its predator because it has more difficulty
locating its food source. Also, when the population is denser, diseases spread more rapidly among the members
of the population, which affect the mortality rate.

Density dependent regulation was studied in a natural experiment with wild donkey populations on two sites in
1

Australia.- On one site the population was reduced by a population control program; the population on the other
site received no interference. The high-density plot was twice as dense as the low-density plot. From 1986 to
1987 the high-density plot saw no change in donkey density, while the low-density plot saw an increase in donkey
density. The difference in the growth rates of the two populations was caused by mortality, not by a difference in
birth rates. The researchers found that numbers of offspring birthed by each mother was unaffected by density.
Growth rates in the two populations were different mostly because of juvenile mortality caused by the mother’s
malnutrition due to scarce high-quality food in the dense population. [Figure 3] shows the difference in age-
specific mortalities in the two populations.

0.7
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Many factors that are typically physical in nature cause 2
mortality of a population regardless of its density. These
factors include weather, natural disasters, and pollution.
An individual deer will be killed in a forest fire
regardless of how many deer happen to be in that area. 0?5 ' 2f5 ' 455 ' GTS ' 815 '210‘5'
Its chances of survival are the same whether the Age (years)
population density is high or low. The same holds true gy re 3: This graph shows the age-specific mortality rates
for cold winter weather. for wild donkeys from high- and low-density populations. The

juvenile mortality is much higher in the high-density
In real-life situations, population regulation is very population because of maternal malnutrition caused by a

complicated and density-dependent and independent shortage of high-quality food.

factors can interact. A dense population that suffers

mortality from a density-independent cause will be able to recover differently than a sparse population. For
example, a population of deer affected by a harsh winter will recover faster if there are more deer remaining to
reproduce.
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Evolution in Action

Why Did the Woolly Mammoth Go Extinct?

Figure 4: The three images include: (a) 1916 mural of a mammoth herd from the
American Museum of Natural History, (b) the only stuffed mammoth in the world is in the
Museum of Zoology located in St. Petersburg, Russia, and (c) a one-month-old baby
mammoth, named Lyuba, discovered in Siberia in 2007. (credit a: modification of work by
Charles R. Knight; credit b: modification of work by “Tanapon”/Flickr; credit c:
modification of work by Matt Howry)

Woolly mammoths began to go extinct about 10,000 years ago, soon after paleontologists believe humans able to hunt
them began to colonize North America and northern Eurasia ([Figure 4]). A mammoth population survived on Wrangel
Island, in the East Siberian Sea, and was isolated from human contact until as recently as 1700 BC. We know a lot about
these animals from carcasses found frozen in the ice of Siberia and other northern regions.

It is commonly thought that climate change and human hunting led to their extinction. A 2008 study estimated that
climate change reduced the mammoth’s range from 3,000,000 square miles 42,000 years ago to 310,000 square miles

2
6,000 years ago.- Through archaeological evidence of kill sites, it is also well documented that humans hunted these
animals. A 2012 studysconcluded that no single factor was exclusively responsible for the extinction of these

magnificent creatures.- In addition to climate change and reduction of habitat, scientists demonstrated another important
factor in the mammoth’s extinction was the migration of human hunters across the Bering Strait to North America
during the last ice age 20,000 years ago.

The maintenance of stable populations was and is very complex, with many interacting factors determining the
outcome. It is important to remember that humans are also part of nature. Once we contributed to a species’ decline
using primitive hunting technology only.
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Demographic-Based Population Models

Population ecologists have hypothesized that suites of characteristics may evolve in species that lead to particular
adaptations to their environments. These adaptations impact the kind of population growth their species
experience. Life history characteristics such as birth rates, age at first reproduction, the numbers of offspring,
and even death rates evolve just like anatomy or behavior, leading to adaptations that affect population growth.
Population ecologists have described a continuum of life-history “strategies” with K-selected species on one
end and r-selected species on the other. K-selected species are adapted to stable, predictable environments.
Populations of K-selected species tend to exist close to their carrying capacity. These species tend to have larger,
but fewer, offspring and contribute large amounts of resources to each offspring. Elephants would be an example
of a K-selected species. r-selected species are adapted to unstable and unpredictable environments. They have
large numbers of small offspring. Animals that are r-selected do not provide a lot of resources or parental care
to offspring, and the offspring are relatively self-sufficient at birth. Examples of r-selected species are marine
invertebrates such as jellyfish and plants such as the dandelion. The two extreme strategies are at two ends of a
continuum on which real species life histories will exist. In addition, life history strategies do not need to evolve
as suites, but can evolve independently of each other, so each species may have some characteristics that trend
toward one extreme or the other.

Section Summary

Populations with unlimited resources grow exponentially—with an accelerating growth rate. When resources
become limiting, populations follow a logistic growth curve in which population size will level off at the carrying
capacity.

Populations are regulated by a variety of density-dependent and density-independent factors. Life-history
characteristics, such as age at first reproduction or numbers of offspring, are characteristics that evolve in
populations just as anatomy or behavior can evolve over time. The model of r— and K-selection suggests that
characters, and possibly suites of characters, may evolve adaptations to population stability near the carrying
capacity (K-selection) or rapid population growth and collapse (r-selection). Species will exhibit adaptations
somewhere on a continuum between these two extremes.

Multiple Choice

Species with limited resources usually exhibit a(n) growth curve.

1. logistic

2. logical

3. experimental
4

exponential
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The maximum growth rate characteristic of a species is called its
1. limit

2. carrying capacity

3. biotic potential

4

exponential growth pattern

The population size of a species capable of being supported by the environment is called its
1. limit

2. carrying capacity

3. biotic potential

4

logistic growth pattern

Species that have many offspring at one time are usually:

1. r-selected

2. K-selected

3. both r- and K-selected
4

not selected

A forest fire is an example of regulation.

1. density-dependent

2. density-independent
3. r-selected

4. K-selected
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Free Response

Describe the growth at various parts of the S-shaped curve of logistic growth.

Give an example of how density-dependent and density-independent factors might interact.

Footnotes

1. 1 David Choquenot, “Density-Dependent Growth, Body Condition, and Demography in Feral
Donkeys: Testing the Food Hypothesis,” Ecology 72, no. 3 (June 1991):805-813.

2. 2 David Nogués-Bravo et al., “Climate Change, Humans, and the Extinction of the Woolly
Mammoth.” PLoS Biol 6 (April 2008): €79, doi:10.1371/journal.pbio.0060079.

3. 3 G.M. MacDonald et al., “Pattern of Extinction of the Woolly Mammoth in Beringia.” Nature
Communications 3, no. 893 (June 2012), doi:10.1038/ncomms1881.

Glossary

birth rate
the number of births within a population at a specific point in time
carrying capacity
the maximum number of individuals of a population that can be supported by the limited resources of a
habitat
death rate
the number of deaths within a population at a specific point in time
density-dependent regulation
the regulation of population in which birth and death rates are dependent on population size
density-independent regulation
the regulation of population in which the death rate is independent of the population size
exponential growth
an accelerating growth pattern seen in populations where resources are not limiting
intraspecific competition
the competition among members of the same species
J-shaped growth curve
the shape of an exponential growth curve
K-selected species
a species suited to stable environments that produce a few, relatively large offspring and provide parental
care
logistic growth
the leveling off of exponential growth due to limiting resources
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r-selected species

a species suited to changing environments that produce many offspring and provide little or no parental care
S-shaped growth curve

the shape of a logistic growth curve
zero population growth

the steady population size where birth rates and death rates are equal



The Human Population

Samantha Fowler; Rebecca Roush; and James Wise

Learning Objectives

By the end of this section, you will be able to:

» Discuss how human population growth can be exponential
+ Explain how humans have expanded the carrying capacity of their habitat
+ Relate population growth and age structure to the level of economic development in different countries

+ Discuss the long-term implications of unchecked human population growth

Concepts of animal population dynamics can be applied to human population growth. Humans are not unique in
their ability to alter their environment. For example, beaver dams alter the stream environment where they are
built. Humans, however, have the ability to alter their environment to increase its carrying capacity, sometimes
to the detriment of other species. Earth’s human population and their use of resources are growing rapidly, to
the extent that some worry about the ability of Earth’s environment to sustain its human population. Long-term
exponential growth carries with it the potential risks of famine, disease, and large-scale death, as well as social
consequences of crowding such as increased crime.

Human technology and particularly our harnessing of the energy contained in fossil fuels have caused
unprecedented changes to Earth’s environment, altering ecosystems to the point where some may be in danger of
collapse. Changes on a global scale including depletion of the ozone layer, desertification and topsoil loss, and
global climate change are caused by human activities.

The world’s human population is presently growing exponentially ([Figure 11).

Population of the World from 1000 AD to the Present Day
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Figure 1: Human population growth since 1000 AD is
exponential.
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A consequence of exponential growth rate is that the time that it takes to add a particular number of humans to the
population is becoming shorter. [Figure 2] shows that 123 years were necessary to add 1 billion humans between
1804 and 1930, but it only took 24 years to add the two billion people between 1975 and 1999. This acceleration
in growth rate will likely begin to decrease in the coming decades. Despite this, the population will continue
to increase and the threat of overpopulation remains, particularly because the damage caused to ecosystems and
biodiversity is lowering the human carrying capacity of the planet.

Time between Billions in World Population Growth

1 billion: 1800
2 hillion: 1930
3 billion: 1960
4 billion: 1975
5 billion; 1987
6 hillion: 1999
7 billion: 2012
8 billion: 2028
9 hillion: 2054

0 20 40 60 80 100 120 140
Years

Source: Population Reference Bureau

Figure 2: The time between the addition of each billion human beings to Earth
decreases over time. (credit: modification of work by Ryan T. Cragun)

Click through this interactive view of how human populations have changed over time.

Overcoming Density-Dependent Regulation

Humans are unique in their ability to alter their environment in myriad ways. This ability is responsible for human
population growth because it resets the carrying capacity and overcomes density-dependent growth regulation.
Much of this ability is related to human intelligence, society, and communication. Humans construct shelters to
protect themselves from the elements and have developed agriculture and domesticated animals to increase their
food supplies. In addition, humans use language to communicate this technology to new generations, allowing
them to improve upon previous accomplishments.

Other factors in human population growth are migration and public health. Humans originated in Africa, but we
have since migrated to nearly all inhabitable land on Earth, thus, increasing the area that we have colonized. Public
health, sanitation, and the use of antibiotics and vaccines have decreased the ability of infectious disease to limit
human population growth in developed countries. In the past, diseases such as the bubonic plaque of the fourteenth
century killed between 30 and 60 percent of Europe’s population and reduced the overall world population by as
many as one hundred million people. Infectious disease continues to have an impact on human population growth.
For example, life expectancy in sub-Saharan Africa, which was increasing from 1950 to 1990, began to decline
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after 1985 largely as a result of EIIV/AIDS mortality. The reduction in life expectancy caused by HIV/AIDS was
estimated to be 7 years for 2005.-

Declining life expectancy is an indicator of higher mortality rates and leads to lower birth rates.

The fundamental cause of the acceleration of growth rate for humans in the past 200 years has been the reduced
death rate due to a development of the technological advances of the industrial age, urbanization that supported
those technologies, and especially the exploitation of the energy in fossil fuels. Fossil fuels are responsible for
dramatically increasing the resources available for human population growth through agriculture (mechanization,
pesticides, and fertilizers) and harvesting wild populations.

Age Structure, Population Growth, and Economic Development

The age structure of a population is an important factor in population dynamics. Age structure is the proportion of
a population in different age classes. Models that incorporate age structure allow better prediction of population
growth, plus the ability to associate this growth with the level of economic development in a region. Countries
with rapid growth have a pyramidal shape in their age structure diagrams, showing a preponderance of younger
individuals, many of whom are of reproductive age ([Figure 3]). This pattern is most often observed in
underdeveloped countries where individuals do not live to old age because of less-than-optimal living conditions,
and there is a high birth rate. Age structures of areas with slow growth, including developed countries such as the
United States, still have a pyramidal structure, but with many fewer young and reproductive-aged individuals and
a greater proportion of older individuals. Other developed countries, such as Italy, have zero population growth.
The age structure of these populations is more conical, with an even greater percentage of middle-aged and older
individuals. The actual growth rates in different countries are shown in [Figure 3], with the highest rates tending
to be in the less economically developed countries of Africa and Asia.

-

Art Connection

AAAG®

Figure 3: Typical age structure diagrams are shown. The rapid growth diagram narrows to a point, indicating
that the number of individuals decreases rapidly with age. In the slow growth model, the number of individuals
decreases steadily with age. Stable population diagrams are rounded on the top, showing that the number of
individuals per age group decreases gradually, and then increases for the older part of the population.

Age structure diagrams for rapidly growing, slow growing, and stable populations are shown in stages 1 through 3.
What type of population change do you think stage 4 represents?
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Figure 4: The percent growth rate of population in different countries is shown. Notice that the highest growth is
occurring in less economically developed countries in Africa and Asia.

Long-Term Consequences of Exponential Human Population Growth

Many dire predictions have been made about the world’s population leading to a major crisis called the
“population explosion.” In the 1968 book The Population Bomb, biologist Dr. Paul R. Ehrlich wrote, “The battle
to feed all of humanity is over. In the 1970s hundreds of millions of people will starve to death in spite of any
crash programs embarked upon now. At this late date nothing can prevent a substantial increase in the world death

rate.”- While many critics view this statement as an exaggeration, the laws of exponential population growth are
still in effect, and unchecked human population growth cannot continue indefinitely.

Efforts to moderate population control led to the one-child policy in China, which imposes fines on urban couples
who have more than one child. Due to the fact that some couples wish to have a male heir, many Chinese couples
continue to have more than one child. The effectiveness of the policy in limiting overall population growth is
controversial, as is the policy itself. Moreover, there are stories of female infanticide having occurred in some
of the more rural areas of the country. Family planning education programs in other countries have had highly
positive effects on limiting population growth rates and increasing standards of living. In spite of population
control policies, the human population continues to grow. Because of the subsequent need to produce more and
more food to feed our population, inequalities in access to food and other resources will continue to widen. The
United Nations estimates the future world population size could vary from 6 billion (a decrease) to 16 billion
people by the year 2100. There is no way to know whether human population growth will moderate to the point
where the crisis described by Dr. Ehrlich will be averted.

Another consequence of population growth is the change and degradation of the natural environment. Many
countries have attempted to reduce the human impact on climate change by limiting their emission of greenhouse
gases. However, a global climate change treaty remains elusive, and many underdeveloped countries trying to
improve their economic condition may be less likely to agree with such provisions without compensation if it
means slowing their economic development. Furthermore, the role of human activity in causing climate change
has become a hotly debated socio-political issue in some developed countries, including the United States. Thus,
we enter the future with considerable uncertainty about our ability to curb human population growth and protect
our environment to maintain the carrying capacity for the human species.
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Visit this website and select “Launch the movie” for an animation discussing the global impacts of human
population growth.

Section Summary

Earth’s human population is growing exponentially. Humans have increased their carrying capacity through
technology, urbanization, and harnessing the energy of fossil fuels. The age structure of a population allows us
to predict population growth. Unchecked human population growth could have dire long-term effects on human
welfare and Earth’s ecosystems.

Multiple Choice

A country with zero population growth is likely to be

1. in Africa

2. in Asia

3. economically developed
4

economically underdeveloped

Which type of country has the greatest proportion of young individuals?

1. economically developed

2. economically underdeveloped

3. countries with zero population growth
4

countries in Europe

Which of the following is not a way that humans have increased the carrying capacity of the environment?
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agriculture
using large amounts of natural resources

domestication of animals

H LN

use of language

Free Response

Describe the age structures in rapidly growing countries, slowly growing countries, and countries with zero
population growth.

Footnotes

1. 1 Danny Dorling, Mary Shaw, and George Davey Smith, “Global Inequality of Life Expectancy due to
AIDS,” BMJ 332, no. 7542 (March 2006): 662-664, doi: 10.1136/bmj.332.7542.662.

2. 2 Paul R. Erlich, prologue to The Population Bomb, (1968; repr., New York: Ballantine, 1970).

Glossary

age structure
the distribution of the proportion of population members in each age class

one-child policy
a policy in China to limit population growth by limiting urban couples to have only one child or face a
penalty of a fine



Community Ecology

Samantha Fowler; Rebecca Roush; and James Wise

Learning Objectives

By the end of this section, you will be able to:

+ Discuss the predator-prey cycle

+ Give examples of defenses against predation and herbivory
+ Describe the competitive exclusion principle

+ Give examples of symbiotic relationships between species

» Describe community structure and succession

In general, populations of one species never live in isolation from populations of other species. The interacting
populations occupying a given habitat form an ecological community. The number of species occupying the same
habitat and their relative abundance is known as the diversity of the community. Areas with low species diversity,
such as the glaciers of Antarctica, still contain a wide variety of living organisms, whereas the diversity of tropical
rainforests is so great that it cannot be accurately assessed. Scientists study ecology at the community level to
understand how species interact with each other and compete for the same resources.

Predation and Herbivory

Perhaps the classical example of species interaction is the predator-prey relationship. The narrowest definition of
the predator-prey interaction describes individuals of one population that kill and then consume the individuals of
another population. Population sizes of predators and prey in a community are not constant over time, and they
may vary in cycles that appear to be related. The most often cited example of predator-prey population dynamics
is seen in the cycling of the lynx (predator) and the snowshoe hare (prey), using 100 years of trapping data from
North America ([Figure 1]). This cycling of predator and prey population sizes has a period of approximately ten
years, with the predator population lagging one to two years behind the prey population. An apparent explanation
for this pattern is that as the hare numbers increase, there is more food available for the lynx, allowing the lynx
population to increase as well. When the lynx population grows to a threshold level, however, they kill so many
hares that hare numbers begin to decline, followed by a decline in the lynx population because of scarcity of
food. When the lynx population is low, the hare population size begins to increase due, in part, to low predation
pressure, starting the cycle anew.

96
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Predator-prey Dynamics
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Figure 1: The cycling of snowshoe hare and lynx populations in Northern
Ontario is an example of predator-prey dynamics.

Defense Mechanisms against Predation and Herbivory

Predation and predator avoidance are strong selective agents. Any heritable character that allows an individual
of a prey population to better evade its predators will be represented in greater numbers in later generations.
Likewise, traits that allow a predator to more efficiently locate and capture its prey will lead to a greater number
of offspring and an increase in the commonness of the trait within the population. Such ecological relationships
between specific populations lead to adaptations that are driven by reciprocal evolutionary responses in those
populations. Species have evolved numerous mechanisms to escape predation and herbivory (the consumption of
plants for food). Defenses may be mechanical, chemical, physical, or behavioral.

Mechanical defenses, such as the presence of armor in animals or thorns in plants, discourage predation and
herbivory by discouraging physical contact ([Figure 2]a). Many animals produce or obtain chemical defenses
from plants and store them to prevent predation. Many plant species produce secondary plant compounds that
serve no function for the plant except that they are toxic to animals and discourage consumption. For example,
the foxglove produces several compounds, including digitalis, that are extremely toxic when eaten ([Figure 21b).
(Biomedical scientists have purposed the chemical produced by foxglove as a heart medication, which has saved
lives for many decades.)

C) (b)
Figure 2: The (a) honey locust tree uses thorns, a mechanical defense, against herbivores,
while the (b) foxglove uses a chemical defense: toxins produces by the plant can cause
nausea, vomiting, hallucinations, convulsions, or death when consumed. (credit a:
modification of work by Huw Williams; credit b: modification of work by Philip Jdgenstedt)
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Many species use their body shape and coloration to avoid being detected by predators. The tropical walking stick
is an insect with the coloration and body shape of a twig, which makes it very hard to see when it is stationary
against a background of real twigs ([Figure 3]a). In another example, the chameleon can change its color to match

its surroundings ([Figure 31b).

(a)

Figure 3: (a) The tropical walking stick and (b) the chameleon use their body shape and/or
coloration to prevent detection by predators. (credit a: modification of work by Linda Tanner; credit
b: modification of work by Frank Vassen)

Some species use coloration as a way of warning predators that they are distasteful or poisonous. For example, the
monarch butterfly caterpillar sequesters poisons from its food (plants and milkweeds) to make itself poisonous or
distasteful to potential predators. The caterpillar is bright yellow and black to advertise its toxicity. The caterpillar
is also able to pass the sequestered toxins on to the adult monarch, which is also dramatically colored black and red
as a warning to potential predators. Fire-bellied toads produce toxins that make them distasteful to their potential
predators. They have bright red or orange coloration on their bellies, which they display to a potential predator
to advertise their poisonous nature and discourage an attack. These are only two examples of warning coloration,
which is a relatively common adaptation. Warning coloration only works if a predator uses eyesight to locate prey
and can learn—a naive predator must experience the negative consequences of eating one before it will avoid
other similarly colored individuals ([Figure 41).

k * "1 : B '
Figure 4: The fire-bellied toad has bright coloration on
its belly that serves to warn potential predators that it is
toxic. (credit: modification of work by Roberto Verzo)

While some predators learn to avoid eating certain potential prey because of their coloration, other species
have evolved mechanisms to mimic this coloration to avoid being eaten, even though they themselves may
not be unpleasant to eat or contain toxic chemicals. In some cases of mimicry, a harmless species imitates the
warning coloration of a harmful species. Assuming they share the same predators, this coloration then protects the
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harmless ones. Many insect species mimic the coloration of wasps, which are stinging, venomous insects, thereby
discouraging predation ([Figure 5]).

(@) (b)
Figure 5: One form of mimicry is when a harmless species mimics the coloration of a harmful

species, as is seen with the (a) wasp (Polistes sp.) and the (b) hoverfly (Syrphus sp.). (credit:
modification of work by Tom Ings)

In other cases of mimicry, multiple species share the same warning coloration, but all of them actually have
defenses. The commonness of the signal improves the compliance of all the potential predators. [Figure 6] shows
a variety of foul-tasting butterflies with similar coloration.

Figure 6: Several unpleasant-tasting Heliconius butterfly
species share a similar color pattern with better-tasting
varieties, an example of mimicry. (credit: Joron M, Papa
R, Beltran M, Chamberlain N, Mavdrez J, et al.)
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Go to this website to view stunning examples of mimicry.

Competitive Exclusion Principle

Resources are often limited within a habitat and multiple species may compete to obtain them. Ecologists have
come to understand that all species have an ecological niche. A niche is the unique set of resources used by a
species, which includes its interactions with other species. The competitive exclusion principle states that two
species cannot occupy the same niche in a habitat: in other words, different species cannot coexist in a community
if they are competing for all the same resources. This principle works because if there is an overlap in resource
use and therefore competition between two species, then traits that lessen reliance on the shared resource will
be selected for leading to evolution that reduces the overlap. If either species is unable to evolve to reduce
competition, then the species that most efficiently exploits the resource will drive the other species to extinction.
An experimental example of this principle is shown in [Figure 7] with two protozoan species: Paramecium aurelia
and Paramecium caudatum. When grown individually in the laboratory, they both thrive. But when they are
placed together in the same test tube (habitat), P. aurelia outcompetes P. caudatum for food, leading to the latter’s
eventual extinction.

P. aurelia alone P. caudatum alone Both species grown together
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Figure 7: Paramecium aurelia and Paramecium caudatum grow well individually, but when they compete
for the same resources, the P. aurelia outcompetes the P. caudatum.

Symbiosis

Symbiotic relationships are close, long-term interactions between individuals of different species. Symbioses may
be commensal, in which one species benefits while the other is neither harmed nor benefited; mutualistic, in which
both species benefit; or parasitic, in which the interaction harms one species and benefits the other.

Commensalism

A commensal relationship occurs when one species benefits from a close prolonged interaction, while the other
neither benefits nor is harmed. Birds nesting in trees provide an example of a commensal relationship ([Figure
8]). The tree is not harmed by the presence of the nest among its branches. The nests are light and produce
little strain on the structural integrity of the branch, and most of the leaves, which the tree uses to get energy
by photosynthesis, are above the nest so they are unaffected. The bird, on the other hand, benefits greatly. If the
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bird had to nest in the open, its eggs and young would be vulnerable to predators. Many potential commensal
relationships are difficult to identify because it is difficult to prove that one partner does not derive some benefit
from the presence of the other.

= ld 1 e

Figure 8: The southern masked-weaver is starting to
make a nest in a tree in Zambezi Valley, Zambia. This
is an example of a commensal relationship, in which
one species (the bird) benefits, while the other (the
tree) neither benefits nor is harmed. (credit:
“Hanay”/Wikimedia Commons)

Mutualism

A second type of symbiotic relationship is called mutualism, in which two species benefit from their interaction.
For example, termites have a mutualistic relationship with protists that live in the insect’s gut ([Figure 9]a). The
termite benefits from the ability of the protists to digest cellulose. However, the protists are able to digest cellulose
only because of the presence of symbiotic bacteria within their cells that produce the cellulase enzyme. The
termite itself cannot do this: without the protozoa, it would not be able to obtain energy from its food (cellulose
from the wood it chews and eats). The protozoa benefit by having a protective environment and a constant supply
of food from the wood chewing actions of the termite. In turn, the protists benefit from the enzymes provided
by their bacterial endosymbionts, while the bacteria benefit from a doubly protective environment and a constant
source of nutrients from two hosts. Lichen are a mutualistic relationship between a fungus and photosynthetic
algae or cyanobacteria ([Figure 91b). The glucose produced by the algae provides nourishment for both organisms,
whereas the physical structure of the lichen protects the algae from the elements and makes certain nutrients in the
atmosphere more available to the algae. The algae of lichens can live independently given the right environment,
but many of the fungal partners are unable to live on their own.
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(@ (b)

Figure 9: (a) Termites form a mutualistic relationship with symbiotic protozoa in their guts, which allow

both organisms to obtain energy from the cellulose the termite consumes. (b) Lichen is a fungus that has

symbiotic photosynthetic algae living in close association. (credit a: modification of work by Scott Bauer,
USDA; credit b: modification of work by Cory Zanker)

Parasitism

A parasite is an organism that feeds off another without immediately killing the organism it is feeding on. In
this relationship, the parasite benefits, but the organism being fed upon, the host, is harmed. The host is usually
weakened by the parasite as it siphons resources the host would normally use to maintain itself. Parasites may
kill their hosts, but there is usually selection to slow down this process to allow the parasite time to complete its
reproductive cycle before it or its offspring are able to spread to another host.

The reproductive cycles of parasites are often very complex, sometimes requiring more than one host species.
A tapeworm causes disease in humans when contaminated, undercooked meat such as pork, fish, or beef is
consumed ([Figure 10]). The tapeworm can live inside the intestine of the host for several years, benefiting from
the host’s food, and it may grow to be over 50 feet long by adding segments. The parasite moves from one host
species to a second host species in order to complete its life cycle. Plasmodium falciparum is another parasite:
the protists that cause malaria, a significant disease in many parts of the world. Living inside human liver and red
blood cells, the organism reproduces asexually in the human host and then sexually in the gut of blood-feeding
mosquitoes to complete its life cycle. Thus malaria is spread from human to mosquito and back to human, one of
many arthropod-borne infectious diseases of humans.
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Tapeworm (Taenia) Infection
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Figure 10: This diagram shows the life cycle of the tapeworm, a human worm parasite. (credit:
modification of work by CDC)

To learn more about “Symbiosis in the Sea,” watch this webisode of Jonathan Bird’s Blue World.

Characteristics of Communities

Communities are complex systems that can be characterized by their structure (the number and size of populations
and their interactions) and dynamics (how the members and their interactions change over time). Understanding
community structure and dynamics allows us to minimize impacts on ecosystems and manage ecological
communities we benefit from.

Biodiversity

Ecologists have extensively studied one of the fundamental characteristics of communities: biodiversity. One
measure of biodiversity used by ecologists is the number of different species in a particular area and their relative
abundance. The area in question could be a habitat, a biome, or the entire biosphere. Species richness is the term
used to describe the number of species living in a habitat or other unit. Species richness varies across the globe
([Figure 11]). Ecologists have struggled to understand the determinants of biodiversity. Species richness is related
to latitude: the greatest species richness occurs near the equator and the lowest richness occurs near the poles.
Other factors influence species richness as well. Island biogeography attempts to explain the great species richness
found in isolated islands, and has found relationships between species richness, island size, and distance from the
mainland.

Relative species abundance is the number individuals in a species relative to the total number of individuals in
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all species within a system. Foundation species, described below, often have the highest relative abundance of
species.

Number of mammal
species per sg km

Jo B 94-128
1123 I 129-154
[ 24-42 [ 155-178
[ 4360 M 179-228
[ 61-93

Figure 11: The greatest species richness for mammals in North
America is associated in the equatorial latitudes. (credit:
modification of work by NASA, CIESIN, Columbia University)

Foundation Species

Foundation species are considered the “base” or “bedrock” of a community, having the greatest influence on its
overall structure. They are often primary producers, and they are typically an abundant organism. For example,
kelp, a species of brown algae, is a foundation species that forms the basis of the kelp forests off the coast of
California.

Foundation species may physically modify the environment to produce and maintain habitats that benefit the
other organisms that use them. Examples include the kelp described above or tree species found in a forest. The
photosynthetic corals of the coral reef also provide structure by physically modifying the environment ([Figure
12]). The exoskeletons of living and dead coral make up most of the reef structure, which protects many other
species from waves and ocean currents.
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ecosystems. (credit: Jim E. Maragos, USFWS)

Keystone Species

A keystone species is one whose presence has inordinate influence in maintaining the prevalence of various
species in an ecosystem, the ecological community’s structure, and sometimes its biodiversity. Pisaster ochraceus,
the intertidal sea star, is a keystone species in the northwestern portion of the United States ([Figure 13]). Studies
have shown that when this organism is removed from communities, mussel populations (their natural prey)
increase, which completely alters the species composition and reduces biodiversity. Another keystone species is
the banded tetra, a fish in tropical streams, which supplies nearly all of the phosphorus, a necessary inorganic
nutrient, to the rest of the community. The banded tetra feeds largely on insects from the terrestrial ecosystem and
then excretes phosphorus into the aquatic ecosystem. The relationships between populations in the community,
and possibly the biodiversity, would change dramatically if these fish were to become extinct.
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Figure 13: The Pisaster ochraceus sea star is a keystone
species. (credit: Jerry Kirkhart)

Invasive Species

Invasive species are non-native organisms that, when introduced to an area out of its native range, alter the
community they invade. In the United States, invasive species like the purple loosestrife (Lythrum salicaria) and
the zebra mussel (Dreissena polymorpha) have altered aquatic ecosystems, and some forests are threatened by
the spread of common buckthorn (Rhamnus cathartica) and garlic mustard (Alliaria petiolata). Some well-known
invasive animals include the emerald ash borer (Agrilus planipennis) and the European starling (Sturnus vulgaris).
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Whether enjoying a forest hike, taking a summer boat trip, or simply walking down an urban street, you have
likely encountered an invasive species.

One of the many recent proliferations of an invasive species concerns the Asian carp in the United States. Asian
carp were introduced to the United States in the 1970s by fisheries (commercial catfish ponds) and by sewage
treatment facilities that used the fish’s excellent filter feeding abilities to clean their ponds of excess plankton.
Some of the fish escaped, and by the 1980s they had colonized many waterways of the Mississippi River basin,
including the Illinois and Missouri Rivers.

Voracious feeders and rapid reproducers, Asian carp may outcompete native species for food and could lead to
their extinction. One species, the grass carp, feeds on phytoplankton and aquatic plants. It competes with native
species for these resources and alters nursery habitats for other fish by removing aquatic plants. Another species,
the silver carp, competes with native fish that feed on zooplankton. In some parts of the Illinois River, Asian
carp constitute 95 percent of the community’s biomass. Although edible, the fish is bony and not desired in the
United States. Moreover, their presence now threatens the native fish and fisheries of the Great Lakes, which are
important to local economies and recreational anglers. Asian carp have even injured humans. The fish, frightened
by the sound of approaching motorboats, thrust themselves into the air, often landing in the boat or directly hitting
boaters.

The Great Lakes and their prized salmon and lake trout fisheries are being threatened by Asian carp. The carp
are not yet present in the Great Lakes, and attempts are being made to prevent its access to the lakes through the
Chicago Ship and Sanitary Canal, which is the only connection between the Mississippi River and Great Lakes
basins. To prevent the Asian carp from leaving the canal, a series of electric barriers have been used to discourage
their migration; however, the threat is significant enough that several states and Canada have sued to have the
Chicago channel permanently cut off from Lake Michigan. Local and national politicians have weighed in on how
to solve the problem. In general, governments have been ineffective in preventing or slowing the introduction of
invasive species.

The issues associated with Asian carp show how population and community ecology, fisheries management, and
politics intersect on issues of vital importance to the human food supply and economy. Socio-political issues like
the Asian carp make extensive use of the sciences of population ecology, the study of members of a particular
species occupying a habitat; and community ecology, the study of the interaction of all species within a habitat.

Community Dynamics

Community dynamics are the changes in community structure and composition over time, often following
environmental disturbances such as volcanoes, earthquakes, storms, fires, and climate change. Communities
with a relatively constant number of species are said to be at equilibrium. The equilibrium is dynamic with
species identities and relationships changing over time, but maintaining relatively constant numbers. Following a
disturbance, the community may or may not return to the equilibrium state.

Succession describes the sequential appearance and disappearance of species in a community over time after a
severe disturbance. In primary succession, newly exposed or newly formed rock is colonized by living organisms;
in secondary succession, a part of an ecosystem is disturbed and remnants of the previous community remain. In
both cases, there is a sequential change in species until a more or less permanent community develops.

Primary Succession and Pioneer Species

Primary succession occurs when new land is formed, for example, following the eruption of volcanoes, such as
those on the Big Island of Hawaii. As lava flows into the ocean, new land is continually being formed. On the
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Big Island, approximately 32 acres of land is added to it its size each year. Weathering and other natural forces
break down the rock enough for the establishment of hearty species such as lichens and some plants, known as
pioneer species ([Figure 14]). These species help to further break down the mineral-rich lava into soil where other,
less hardy but more competitive species, such as grasses, shrubs, and trees, will grow and eventually replace the
pioneer species. Over time the area will reach an equilibrium state, with a set of organisms quite different from
the pioneer species.
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Figure 14: During primary succession in lava on Maui,
Hawaii, succulent plants are the pioneer species. (credit:
Forest and Kim Starr)

Secondary succession

A classic example of secondary succession occurs in oak and hickory forests cleared by wildfire ([Figure 15]).
Wildfires will burn most vegetation, and unless the animals can flee the area, they are killed. Their nutrients,
however, are returned to the ground in the form of ash. Thus, although the community has been dramatically
altered, there is a soil ecosystem present that provides a foundation for rapid recolonization.

Before the fire, the vegetation was dominated by tall trees with access to the major plant energy resource:
sunlight. Their height gave them access to sunlight while also shading the ground and other low-lying species.
After the fire, though, these trees are no longer dominant. Thus, the first plants to grow back are usually annual
plants followed within a few years by quickly growing and spreading grasses and other pioneer species. Due,
at least in part, to changes in the environment brought on by the growth of grasses and forbs, over many years,
shrubs emerge along with small pine, oak, and hickory trees. These organisms are called intermediate species.
Eventually, over 150 years, the forest will reach its equilibrium point and resemble the community before the
fire. This equilibrium state is referred to as the climax community, which will remain until the next disturbance.
The climax community is typically characteristic of a given climate and geology. Although the community
in equilibrium looks the same once it is attained, the equilibrium is a dynamic one with constant changes in
abundance and sometimes species identities. The return of a natural ecosystem after agricultural activities is also
a well-documented secondary succession process.
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Secondary Succession of an Oak and Hickory Forest
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Annual plants grow and are succeeded Shrubs, then pines, and young oak The mature oak and hickory forest
by grasses and perennials. and hickory begin to grow. remains stable until the next disturbance.

Figure 15: Secondary succession is seen in an oak and hickory forest after a forest fire. A sequence of the
community present at three successive times at the same location is depicted.

Section Summary

Communities include all the different species living in a given area. The variety of these species is referred to
as biodiversity. Many organisms have developed defenses against predation and herbivory, including mechanical
defenses, warning coloration, and mimicry. Two species cannot exist indefinitely in the same habitat competing
directly for the same resources. Species may form symbiotic relationships such as commensalism, mutualism, or
parasitism. Community structure is described by its foundation and keystone species. Communities respond to
environmental disturbances by succession: the predictable appearance of different types of plant species, until a
stable community structure is established.

Multiple Choice

The first species to live on new land, such as that formed from volcanic lava, are called

1. climax community
2. keystone species

3. foundation species
4

pioneer species

A symbiotic relationship where both of the co-existing species benefit from the interaction is called

1. commensalism

2. parasitism
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3. mutualism

4. communism

When an invasive species alters the community structure it is introduced to, what can the consequence be?

1. extinction of economically important species
2. reduced predation on some native species

3. increased predation on some native species
4

all of the above

Free Response

Describe the competitive exclusion principle and its effects on competing species.

Describe the potential effects when a keystone species is removed from a community.

Glossary

climax community
the final stage of succession, where a stable community is formed by a characteristic assortment of plant
and animal species

competitive exclusion principle
no two species within a habitat can coexist indefinitely when they compete for the same resources at the
same time and place

environmental disturbance
a change in the environment caused by natural disasters or human activities

foundation species
a species which often forms the major structural portion of the habitat
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host
an organism a parasite lives on
island biogeography
the study of life on island chains and how their geography interacts with the diversity of species found there
keystone species
a species whose presence is key to maintaining biodiversity in an ecosystem and to upholding an ecological
community’s structure
mimicry
an adaptation in which an organism looks like another organism that is dangerous, toxic, or distasteful to its
predators
mutualism
a symbiotic relationship between two species where both species benefit
parasite
an organism that uses resources from another species: the host
pioneer species
the first species to appear in primary and secondary succession
primary succession
the succession on land that previously has had no life
relative species abundance
the absolute population size of a particular species relative to the population size of other species within the
community
secondary succession
the succession in response to environmental disturbances that move a community away from its equilibrium
species richness
the number of different species in a community
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Samantha Fowler; Rebecca Roush; and James Wise

(b)

Figure 1: The (a) Karner blue butterfly and (b) wild lupine live in oak-pine barren habitats in
North America. (credit a: modification of work by John & Karen Hollingsworth, USFWS)

Ecosystem ecology is an extension of organismal, population, and community ecology. The ecosystem comprises
all the biotic components (living things) and abiotic components (non-living things) in a particular geographic
area. Some of the abiotic components include air, water, soil, and climate. Ecosystem biologists study how
nutrients and energy are stored and moved among organisms and the surrounding atmosphere, soil, and water.

Wild lupine and Karner blue butterflies live in an oak-pine barren habitat in portions of Indiana, Michigan,
Minnesota, Wisconsin, and New York ([Figure 1]). This habitat is characterized by natural disturbance in the
form of fire and nutrient-poor soils that are low in nitrogen—important factors in the distribution of the plants
that live in this habitat. Researchers interested in ecosystem ecology study the importance of limited resources in
this ecosystem and the movement of resources (such as nutrients) through the biotic and abiotic portions of the
ecosystem. Researchers also examine how organisms have adapted to their ecosystem.
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Energy Flow through Ecosystems

Samantha Fowler; Rebecca Roush; and James Wise

ing Objectives

By the end of this section, you will be able to:

 Describe the basic types of ecosystems on Earth
+ Differentiate between food chains and food webs and recognize the importance of each
 Describe how organisms acquire energy in a food web and in associated food chains

+ Explain how the efficiency of energy transfers between trophic levels effects ecosystem

An ecosystem is a community of living organisms and their abiotic (non-living) environment. Ecosystems can be
small, such as the tide pools found near the rocky shores of many oceans, or large, such as those found in the
tropical rainforest of the Amazon in Brazil ([Figure 1]).

(0)

Figure 1: A (a) tidal pool ecosystem in Matinicus Island, Maine, is a small ecosystem, while the
(b) Amazon rainforest in Brazil is a large ecosystem. (credit a: modification of work by Jim
Kuhn; credit b: modification of work by Ivan Mlinaric)

There are three broad categories of ecosystems based on their general environment: freshwater, marine, and
terrestrial. Within these three categories are individual ecosystem types based on the environmental habitat and
organisms present.

Ecology of Ecosystems

Life in an ecosystem often involves competition for limited resources, which occurs both within a single species
and between different species. Organisms compete for food, water, sunlight, space, and mineral nutrients. These
resources provide the energy for metabolic processes and the matter to make up organisms’ physical structures.
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Other critical factors influencing community dynamics are the components of its physical environment: a habitat’s
climate (seasons, sunlight, and rainfall), elevation, and geology. These can all be important environmental
variables that determine which organisms can exist within a particular area.

Freshwater ecosystems are the least common, occurring on only 1.8 percent of Earth’s surface. These systems
comprise lakes, rivers, streams, and springs; they are quite diverse, and support a variety of animals, plants, fungi,
protists and prokaryotes.

Marine ecosystems are the most common, comprising 75 percent of Earth’s surface and consisting of three basic
types: shallow ocean, deep ocean water, and deep ocean bottom. Shallow ocean ecosystems include extremely
biodiverse coral reef ecosystems, yet the deep ocean water is known for large numbers of plankton and krill (small
crustaceans) that support it. These two environments are especially important to aerobic respirators worldwide, as
the phytoplankton perform 40 percent of all photosynthesis on Earth. Although not as diverse as the other two,
deep ocean bottom ecosystems contain a wide variety of marine organisms. Such ecosystems exist even at depths
where light is unable to penetrate through the water.

Terrestrial ecosystems, also known for their diversity, are grouped into large categories called biomes. A biome
is a large-scale community of organisms, primarily defined on land by the dominant plant types that exist in
geographic regions of the planet with similar climatic conditions. Examples of biomes include tropical rainforests,
savannas, deserts, grasslands, temperate forests, and tundras. Grouping these ecosystems into just a few biome
categories obscures the great diversity of the individual ecosystems within them. For example, the saguaro cacti
(Carnegiea gigantean) and other plant life in the Sonoran Desert, in the United States, are relatively diverse
compared with the desolate rocky desert of Boa Vista, an island off the coast of Western Africa ([Figure 2]).

(a) (b)
Figure 2: Desert ecosystems, like all ecosystems, can vary greatly. The desert in (a) Saguaro
National Park, Arizona, has abundant plant life, while the rocky desert of (b) Boa Vista island, Cape
Verde, Africa, is devoid of plant life. (credit a: modification of work by Jay Galvin; credit b:
modification of work by Ingo Wélbern)

Ecosystems and Disturbance

Ecosystems are complex with many interacting parts. They are routinely exposed to various disturbances: changes
in the environment that affect their compositions, such as yearly variations in rainfall and temperature. Many
disturbances are a result of natural processes. For example, when lightning causes a forest fire and destroys part
of a forest ecosystem, the ground is eventually populated with grasses, followed by bushes and shrubs, and later
mature trees: thus, the forest is restored to its former state. This process is so universal that ecologists have
given it a name—succession. The impact of environmental disturbances caused by human activities is now as
significant as the changes wrought by natural processes. Human agricultural practices, air pollution, acid rain,
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global deforestation, overfishing, oil spills, and illegal dumping on land and into the ocean all have impacts on
ecosystems.

Equilibrium is a dynamic state of an ecosystem in which, despite changes in species numbers and occurrence,
biodiversity remains somewhat constant. In ecology, two parameters are used to measure changes in ecosystems:
resistance and resilience. The ability of an ecosystem to remain at equilibrium in spite of disturbances is called
resistance. The speed at which an ecosystem recovers equilibrium after being disturbed is called resilience.
Ecosystem resistance and resilience are especially important when considering human impact. The nature of an
ecosystem may change to such a degree that it can lose its resilience entirely. This process can lead to the complete
destruction or irreversible altering of the ecosystem.

Food Chains and Food Webs

A food chain is a linear sequence of organisms through which nutrients and energy pass as one organism eats
another; the levels in the food chain are producers, primary consumers, higher-level consumers, and finally
decomposers. These levels are used to describe ecosystem structure and dynamics. There is a single path through
a food chain. Each organism in a food chain occupies a specific trophic level (energy level), its position in the
food chain or food web.

In many ecosystems, the base, or foundation, of the food chain consists of photosynthetic organisms (plants
or phytoplankton), which are called producers. The organisms that consume the producers are herbivores:
the primary consumers. Secondary consumers are usually carnivores that eat the primary consumers. Tertiary
consumers are carnivores that eat other carnivores. Higher-level consumers feed on the next lower trophic levels,
and so on, up to the organisms at the top of the food chain: the apex consumers. In the Lake Ontario food chain,
shown in [Figure 3], the Chinook salmon is the apex consumer at the top of this food chain.
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ORGANISM TROPHIC LEVEL

Apex (Tertiary)
Consumer

Chinook salmon

Secondary
Consumer

Primary
Consumer

Producer

Green algae

Figure 3: These are the trophic levels of a food chain
in Lake Ontario at the United States—Canada border.
Energy and nutrients flow from photosynthetic green
algae at the base to the top of the food chain: the
Chinook salmon. (credit: modification of work by
National Oceanic and Atmospheric Administration/
NOAA)

One major factor that limits the number of steps in a food chain is energy. Energy is lost at each trophic level and
between trophic levels as heat and in the transfer to decomposers ([Figure 4]). Thus, after a limited number of
trophic energy transfers, the amount of energy remaining in the food chain may not be great enough to support
viable populations at yet a higher trophic level.
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Relative Energy Content in Trophic Levels
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Figure 4: The relative energy in trophic levels in a Silver Springs, Florida, ecosystem is shown.
Each trophic level has less energy available, and usually, but not always, supports a smaller
mass of organisms at the next level.

There is a one problem when using food chains to describe most ecosystems. Even when all organisms are
grouped into appropriate trophic levels, some of these organisms can feed on more than one trophic level;
likewise, some of these organisms can also be fed on from multiple trophic levels. In addition, species feed on
and are eaten by more than one species. In other words, the linear model of ecosystems, the food chain, is a
hypothetical, overly simplistic representation of ecosystem structure. A holistic model—which includes all the
interactions between different species and their complex interconnected relationships with each other and with the
environment—is a more accurate and descriptive model for ecosystems. A food web is a concept that accounts
for the multiple trophic (feeding) interactions between each species and the many species it may feed on, or that
feed on it. In a food web, the several trophic connections between each species and the other species that interact
with it may cross multiple trophic levels. The matter and energy movements of virtually all ecosystems are more
accurately described by food webs ([Figure 5]).
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Figure 5: This food web shows the interactions between organisms across trophic
levels. Arrows point from an organism that is consumed to the organism that
consumes it. All the producers and consumers eventually become nourishment for
the decomposers (fungi, mold, earthworms, and bacteria in the soil). (credit
“fox”: modification of work by Kevin Bacher, NPS; credit “owl”: modification of
work by John and Karen Hollingsworth, USFWS; credit “snake”: modification
of work by Steve Jurvetson; credit “robin”: modification of work by Alan

Vernon; credit “frog”: modification of work by Alessandro Catenazzi; credit
“spider”: modification of work by “Sanba38"/Wikimedia Commons; credit
“centipede”: modification of work by “Bauerph”/Wikimedia Commons; credit
“squirrel”: modification of work by Dawn Huczek; credit “mouse”: modification
of work by NIGMS, NIH; credit “sparrow”: modification of work by David Friel;
credit “beetle”: modification of work by Scott Bauer, USDA Agricultural
Research Service; credit “mushrooms”: modification of work by Chris Wee;
credit “mold”: modification of work by Dr. Lucille Georg, CDC; credit
“earthworm”: modification of work by Rob Hille; credit “bacteria”:
modification of work by Don Stalons, CDC)

Head to this online interactive simulator to investigate food web function. In the Interactive Labs box, under Food
Web, click Step 1. Read the instructions first, and then click Step 2 for additional instructions. When you are
ready to create a simulation, in the upper-right corner of the Interactive Labs box, click OPEN SIMULATOR.

Two general types of food webs are often shown interacting within a single ecosystem. A grazing food web
has plants or other photosynthetic organisms at its base, followed by herbivores and various carnivores. A
detrital food web consists of a base of organisms that feed on decaying organic matter (dead organisms),
including decomposers (which break down dead and decaying organisms) and detritivores (which consume
organic detritus). These organisms are usually bacteria, fungi, and invertebrate animals that recycle organic
material back into the biotic part of the ecosystem as they themselves are consumed by other organisms. As
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ecosystems require a method to recycle material from dead organisms, grazing food webs have an associated
detrital food web. For example, in a meadow ecosystem, plants may support a grazing food web of different
organisms, primary and other levels of consumers, while at the same time supporting a detrital food web of
bacteria and fungi feeding off dead plants and animals. Simultaneously, a detrital food web can contribute energy
to a grazing food web, as when a robin eats an earthworm.

How Organisms Acquire Energy in a Food Web

All living things require energy in one form or another. Energy is used by most complex metabolic pathways
(usually in the form of ATP), especially those responsible for building large molecules from smaller compounds.
Living organisms would not be able to assemble macromolecules (proteins, lipids, nucleic acids, and complex
carbohydrates) from their monomers without a constant energy input.

Food-web diagrams illustrate how energy flows directionally through ecosystems. They can also indicate how
efficiently organisms acquire energy, use it, and how much remains for use by other organisms of the food web.
Energy is acquired by living things in two ways: autotrophs harness light or chemical energy and heterotrophs
acquire energy through the consumption and digestion of other living or previously living organisms.

Photosynthetic and chemosynthetic organisms are autotrophs, which are organisms capable of synthesizing their
own food (more specifically, capable of using inorganic carbon as a carbon source). Photosynthetic autotrophs
(photoautotrophs) use sunlight as an energy source, and chemosynthetic autotrophs (chemoautotrophs) use
inorganic molecules as an energy source. Autotrophs are critical for most ecosystems: they are the producer
trophic level. Without these organisms, energy would not be available to other living organisms, and life itself
would not be possible.

Photoautotrophs, such as plants, algae, and photosynthetic bacteria, are the energy source for a majority of the
world’s ecosystems. These ecosystems are often described by grazing and detrital food webs. Photoautotrophs
harness the Sun’s solar energy by converting it to chemical energy in the form of ATP (and NADP). The energy
stored in ATP is used to synthesize complex organic molecules, such as glucose. The rate at which photosynthetic
producers incorporate energy from the Sun is called gross primary productivity. However, not all of the energy
incorporated by producers is available to the other organisms in the food web because producers must also grow
and reproduce, which consumes energy. Net primary productivity is the energy that remains in the producers after
accounting for these organisms’ respiration and heat loss. The net productivity is then available to the primary
consumers at the next trophic level.

Chemoautotrophs are primarily bacteria and archaea that are found in rare ecosystems where sunlight is not
available, such as those associated with dark caves or hydrothermal vents at the bottom of the ocean ([Figure 6 ]).
Many chemoautotrophs in hydrothermal vents use hydrogen sulfide (HS), which is released from the vents as a
source of chemical energy; this allows them to synthesize complex organic molecules, such as glucose, for their
own energy and, in turn, supplies energy to the rest of the ecosystem.
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Figure 6: Swimming shrimp, a few squat lobsters, and hundreds of vent
mussels are seen at a hydrothermal vent at the bottom of the ocean. As no
sunlight penetrates to this depth, the ecosystem is supported by
chemoautotrophic bacteria and organic material that sinks from the ocean’s
surface. This picture was taken in 2006 at the submerged NW Eifuku volcano
off the coast of Japan by the National Oceanic and Atmospheric
Administration (NOAA). The summit of this highly active volcano lies 1535 m
below the surface.

Consequences of Food Webs: Biological Magnification

One of the most important consequences of ecosystem dynamics in terms of human impact is biomagnification.
Biomagnification is the increasing concentration of persistent, toxic substances in organisms at each successive
trophic level. These are substances that are fat soluble, not water soluble, and are stored in the fat reserves of
each organism. Many substances have been shown to biomagnify, including classical studies with the pesticide
dichlorodiphenyltrichloroethane (DDT), which were described in the 1960s bestseller, Silent Spring by Rachel
Carson. DDT was a commonly used pesticide before its dangers to apex consumers, such as the bald eagle,
became known. In aquatic ecosystems, organisms from each trophic level consumed many organisms in the lower
level, which caused DDT to increase in birds (apex consumers) that ate fish. Thus, the birds accumulated sufficient
amounts of DDT to cause fragility in their eggshells. This effect increased egg breakage during nesting and was
shown to have devastating effects on these bird populations. The use of DDT was banned in the United States in
the 1970s.

Other substances that biomagnify are polychlorinated biphenyls (PCB), which were used as coolant liquids in
the United States until their use was banned in 1979, and heavy metals, such as mercury, lead, and cadmium.
These substances are best studied in aquatic ecosystems, where predatory fish species accumulate very high
concentrations of toxic substances that are at quite low concentrations in the environment and in producers. As
illustrated in a study performed by the NOAA in the Saginaw Bay of Lake Huron of the North American Great
Lakes ([Figure 7]), PCB concentrations increased from the producers of the ecosystem (phytoplankton) through
the different trophic levels of fish species. The apex consumer, the walleye, has more than four times the amount
of PCBs compared to phytoplankton. Also, based on results from other studies, birds that eat these fish may have
PCB levels at least one order of magnitude higher than those found in the lake fish.
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Figure 7: This chart shows the PCB concentrations found at the
various trophic levels in the Saginaw Bay ecosystem of Lake Huron.
Notice that the fish in the higher trophic levels accumulate more
PCBs than those in lower trophic levels. (credit: Patricia Van Hoof,
NOAA)

Other concerns have been raised by the biomagnification of heavy metals, such as mercury and cadmium, in
certain types of seafood. The United States Environmental Protection Agency recommends that pregnant women
and young children should not consume any swordfish, shark, king mackerel, or tilefish because of their high
mercury content. These individuals are advised to eat fish low in mercury: salmon, shrimp, pollock, and catfish.
Biomagnification is a good example of how ecosystem dynamics can affect our everyday lives, even influencing
the food we eat.

Section Summary

Ecosystems exist underground, on land, at sea, and in the air. Organisms in an ecosystem acquire energy in a
variety of ways, which is transferred between trophic levels as the energy flows from the base to the top of the
food web, with energy being lost at each transfer. There is energy lost at each trophic level, so the lengths of food
chains are limited because there is a point where not enough energy remains to support a population of consumers.
Fat soluble compounds biomagnify up a food chain causing damage to top consumers. even when environmental
concentrations of a toxin are low.
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Decomposers are associated with which class of food web?

1
2
3.
4

grazing
detrital
inverted

aquatic

The producer in an ocean grazing food web is usually a

1
2
3.
4

plant
animal
fungi

plankton

Which term describes the process whereby toxic substances increase along trophic levels of an ecosystem?

1
2
3.
4

biomassification
biomagnification
bioentropy
heterotrophy

Free Response

Compare grazing and detrital food webs. Why would they both be present in the same ecosystem?
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Glossary

autotroph
an organism capable of synthesizing its own food molecules from smaller inorganic molecules
apex consumer
an organism at the top of the food chain
biomagnification
an increasing concentration of persistent, toxic substances in organisms at each trophic level, from the
producers to the apex consumers
biome
a large-scale community of organisms, primarily defined on land by the dominant plant types that exist in
geographic regions of the planet with similar climatic conditions
chemoautotroph
an organism capable of synthesizing its own food using energy from inorganic molecules
detrital food web
a type of food web that is supported by dead or decaying organisms rather than by living autotrophs; these
are often associated with grazing food webs within the same ecosystem
ecosystem
a community of living organisms and their interactions with their abiotic environment
equilibrium
the steady state of a system in which the relationships between elements of the system do not change
food chain
a linear sequence of trophic (feeding) relationships of producers, primary consumers, and higher level
consumers
food web
a web of trophic (feeding) relationships among producers, primary consumers, and higher level consumers
in an ecosystem
grazing food web
a type of food web in which the producers are either plants on land or phytoplankton in the water; often
associated with a detrital food web within the same ecosystem
gross primary productivity
the rate at which photosynthetic producers incorporate energy from the Sun
net primary productivity
the energy that remains in the producers after accounting for the organisms’ respiration and heat loss
photoautotroph
an organism that uses sunlight as an energy source to synthesize its own food molecules
primary consumer
the trophic level that obtains its energy from the producers of an ecosystem
producer
the trophic level that obtains its energy from sunlight, inorganic chemicals, or dead or decaying organic
material
resilience (ecological)
the speed at which an ecosystem recovers equilibrium after being disturbed
resistance (ecological)
the ability of an ecosystem to remain at equilibrium in spite of disturbances
secondary consumer
a trophic level in an ecosystem, usually a carnivore that eats a primary consumer
tertiary consumer
a trophic level in an ecosystem, usually carnivores that eat other carnivores
trophic level
the position of a species or group of species in a food chain or a food web
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Biogeochemical Cycles

Samantha Fowler; Rebecca Roush; and James Wise

Learning Objectives

By the end of this section, you will be able to:

 Discuss the biogeochemical cycles of water, carbon, nitrogen, phosphorus, and sulfur

+ Explain how human activities have impacted these cycles and the resulting potential consequences for Earth

L J

Energy flows directionally through ecosystems, entering as sunlight (or inorganic molecules for chemoautotrophs)
and leaving as heat during the transfers between trophic levels. Rather than flowing through an ecosystem, the
matter that makes up living organisms is conserved and recycled. The six most common elements associated
with organic molecules—carbon, nitrogen, hydrogen, oxygen, phosphorus, and sulfur—take a variety of chemical
forms and may exist for long periods in the atmosphere, on land, in water, or beneath Earth’s surface. Geologic
processes, such as weathering, erosion, water drainage, and the subduction of the continental plates, all play a
role in the cycling of elements on Earth. Because geology and chemistry have major roles in the study of this
process, the recycling of inorganic matter between living organisms and their nonliving environment is called a
biogeochemical cycle.

Water, which contains hydrogen and oxygen, is essential to all living processes. The hydrosphere is the area of
Earth where water movement and storage occurs: as liquid water on the surface (rivers, lakes, oceans) and beneath
the surface (groundwater) or ice, (polar ice caps and glaciers), and as water vapor in the atmosphere. Carbon is
found in all organic macromolecules and is an important constituent of fossil fuels. Nitrogen is a major component
of our nucleic acids and proteins and is critical to human agriculture. Phosphorus, a major component of nucleic
acids, is one of the main ingredients (along with nitrogen) in artificial fertilizers used in agriculture, which has
environmental impacts on our surface water. Sulfur, critical to the three-dimensional folding of proteins (as in
disulfide binding), is released into the atmosphere by the burning of fossil fuels.

The cycling of these elements is interconnected. For example, the movement of water is critical for the leaching
of nitrogen and phosphate into rivers, lakes, and oceans. The ocean is also a major reservoir for carbon. Thus,
mineral nutrients are cycled, either rapidly or slowly, through the entire biosphere between the biotic and abiotic
world and from one living organism to another.

Head to this website to learn more about biogeochemical cycles.

The Water Cycle

Water is essential for all living processes. The human body is more than one-half water and human cells are more
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than 70 percent water. Thus, most land animals need a supply of fresh water to survive. Of the stores of water on
Earth, 97.5 percent is salt water ([Figure 1]). Of the remaining water, 99 percent is locked as underground water
or ice. Thus, less than one percent of fresh water is present in lakes and rivers. Many living things are dependent
on this small amount of surface fresh water supply, a lack of which can have important effects on ecosystem
dynamics. Humans, of course, have developed technologies to increase water availability, such as digging wells to
harvest groundwater, storing rainwater, and using desalination to obtain drinkable water from the ocean. Although
this pursuit of drinkable water has been ongoing throughout human history, the supply of fresh water continues to
be a major issue in modern times.

Freshwater 2.5%
(35,000,000 km?)

Lakes and rivers 0.3% ===

Groundwater (soil moisture, swamp
water, permafrost) 30.8%

Glaciers and permanent snow cover \ [ E
68.9% \ Saltwater 97.5%

{1,365,000,000 km?)

Figure 1: Only 2.5 percent of water on Earth is fresh water, and less than 1 percent of
fresh water is easily accessible to living things.

The various processes that occur during the cycling of water are illustrated in [Figure 2]. The processes include
the following:

* evaporation and sublimation

» condensation and precipitation
* subsurface water flow

+ surface runoff and snowmelt

» streamflow

The water cycle is driven by the Sun’s energy as it warms the oceans and other surface waters. This leads to
evaporation (water to water vapor) of liquid surface water and sublimation (ice to water vapor) of frozen water,
thus moving large amounts of water into the atmosphere as water vapor. Over time, this water vapor condenses
into clouds as liquid or frozen droplets and eventually leads to precipitation (rain or snow), which returns water
to Earth’s surface. Rain reaching Earth’s surface may evaporate again, flow over the surface, or percolate into the
ground. Most easily observed is surface runoff: the flow of fresh water either from rain or melting ice. Runoff can
make its way through streams and lakes to the oceans or flow directly to the oceans themselves.

In most natural terrestrial environments rain encounters vegetation before it reaches the soil surface. A significant
percentage of water evaporates immediately from the surfaces of plants. What is left reaches the soil and begins
to move down. Surface runoff will occur only if the soil becomes saturated with water in a heavy rainfall. Most
water in the soil will be taken up by plant roots. The plant will use some of this water for its own metabolism, and
some of that will find its way into animals that eat the plants, but much of it will be lost back to the atmosphere
through a process known as evapotranspiration. Water enters the vascular system of the plant through the roots
and evaporates, or transpires, through the stomata of the leaves. Water in the soil that is not taken up by a plant
and that does not evaporate is able to percolate into the subsoil and bedrock. Here it forms groundwater.
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Groundwater is a significant reservoir of fresh water. It exists in the pores between particles in sand and gravel, or
in the fissures in rocks. Shallow groundwater flows slowly through these pores and fissures and eventually finds
its way to a stream or lake where it becomes a part of the surface water again. Streams do not flow because they are
replenished from rainwater directly; they flow because there is a constant inflow from groundwater below. Some
groundwater is found very deep in the bedrock and can persist there for millennia. Most groundwater reservoirs,
or aquifers, are the source of drinking or irrigation water drawn up through wells. In many cases these aquifers
are being depleted faster than they are being replenished by water percolating down from above.

Rain and surface runoff are major ways in which minerals, including carbon, nitrogen, phosphorus, and sulfur,
are cycled from land to water. The environmental effects of runoff will be discussed later as these cycles are
described.

—

he \WWater. Gycle

Sublimation
gl |

3 x k3
Evapotranspirati
Deguhlin@gn nspiration E racorathn

ﬁ
|
:
E |
:
F
|
|
|

B O R R O R N B eI eeeeeaeaceeae?]

Figure 2: Water from the land and oceans enters the atmosphere by evaporation or sublimation, where it
condenses into clouds and falls as rain or snow. Precipitated water may enter freshwater bodies or
infiltrate the soil. The cycle is complete when surface or groundwater reenters the ocean. (credit:
modification of work by John M. Evans and Howard Perlman, USGS)

The Carbon Cycle

Carbon is the fourth most abundant element in living organisms. Carbon is present in all organic molecules, and its
role in the structure of macromolecules is of primary importance to living organisms. Carbon compounds contain
energy, and many of these compounds from plants and algae have remained stored as fossilized carbon, which
humans use as fuel. Since the 1800s, the use of fossil fuels has accelerated. As global demand for Earth’s limited
fossil fuel supplies has risen since the beginning of the Industrial Revolution, the amount of carbon dioxide in our
atmosphere has increased as the fuels are burned. This increase in carbon dioxide has been associated with climate
change and is a major environmental concern worldwide.

The carbon cycle is most easily studied as two interconnected subcycles: one dealing with rapid carbon exchange
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among living organisms and the other dealing with the long-term cycling of carbon through geologic processes.
The entire carbon cycle is shown in [Figure 3].
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Flgure 3: Carbon dioxide gas exists in the atmosphere and is dissolved in water. Photosynthesis converts
carbon dioxide gas to organic carbon, and respiration cycles the organic carbon back into carbon dioxide
gas. Long-term storage of organic carbon occurs when matter from living organisms is buried deep
underground and becomes fossilized. Volcanic activity and, more recently, human emissions bring this
stored carbon back into the carbon cycle. (credit: modification of work by John M. Evans and Howard
Perlman, USGS)

The Biological Carbon Cycle

Living organisms are connected in many ways, even between ecosystems. A good example of this connection
is the exchange of carbon between heterotrophs and autotrophs within and between ecosystems by way of
atmospheric carbon dioxide. Carbon dioxide is the basic building block that autotrophs use to build multi-carbon,
high-energy compounds, such as glucose. The energy harnessed from the Sun is used by these organisms to
form the covalent bonds that link carbon atoms together. These chemical bonds store this energy for later use in
the process of respiration. Most terrestrial autotrophs obtain their carbon dioxide directly from the atmosphere,
while marine autotrophs acquire it in the dissolved form (carbonic acid, HCO3™). However the carbon dioxide is
acquired, a byproduct of fixing carbon in organic compounds is oxygen. Photosynthetic organisms are responsible
for maintaining approximately 21 percent of the oxygen content of the atmosphere that we observe today.

The partners in biological carbon exchange are the heterotrophs (especially the primary consumers, largely
herbivores). Heterotrophs acquire the high-energy carbon compounds from the autotrophs by consuming them and
breaking them down by respiration to obtain cellular energy, such as ATP. The most efficient type of respiration,
aerobic respiration, requires oxygen obtained from the atmosphere or dissolved in water. Thus, there is a constant
exchange of oxygen and carbon dioxide between the autotrophs (which need the carbon) and the heterotrophs
(which need the oxygen). Autotrophs also respire and consume the organic molecules they form: using oxygen
and releasing carbon dioxide. They release more oxygen gas as a waste product of photosynthesis than they use
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for their own respiration; therefore, there is excess available for the respiration of other aerobic organisms. Gas
exchange through the atmosphere and water is one way that the carbon cycle connects all living organisms on
Earth.

The Biogeochemical Carbon Cycle

The movement of carbon through land, water, and air is complex, and, in many cases, it occurs much more slowly
geologically than the movement between living organisms. Carbon is stored for long periods in what are known
as carbon reservoirs, which include the atmosphere, bodies of liquid water (mostly oceans), ocean sediment, soil,
rocks (including fossil fuels), and Earth’s interior.

As stated, the atmosphere is a major reservoir of carbon in the form of carbon dioxide that is essential to the
process of photosynthesis. The level of carbon dioxide in the atmosphere is greatly influenced by the reservoir of
carbon in the oceans. The exchange of carbon between the atmosphere and water reservoirs influences how much
carbon is found in each, and each one affects the other reciprocally. Carbon dioxide (CO2) from the atmosphere
dissolves in water and, unlike oxygen and nitrogen gas, reacts with water molecules to form ionic compounds.
Some of these ions combine with calcium ions in the seawater to form calcium carbonate (CaCO3), a major
component of the shells of marine organisms. These organisms eventually form sediments on the ocean floor.
Over geologic time, the calcium carbonate forms limestone, which comprises the largest carbon reservoir on
Earth.

On land, carbon is stored in soil as organic carbon as a result of the decomposition of living organisms or from
weathering of terrestrial rock and minerals. Deeper under the ground, at land and at sea, are fossil fuels, the
anaerobically decomposed remains of plants that take millions of years to form. Fossil fuels are considered a
non-renewable resource because their use far exceeds their rate of formation. A non-renewable resource is either
regenerated very slowly or not at all. Another way for carbon to enter the atmosphere is from land (including land
beneath the surface of the ocean) by the eruption of volcanoes and other geothermal systems. Carbon sediments
from the ocean floor are taken deep within Earth by the process of subduction: the movement of one tectonic
plate beneath another. Carbon is released as carbon dioxide when a volcano erupts or from volcanic hydrothermal
vents.

Carbon dioxide is also added to the atmosphere by the animal husbandry practices of humans. The large
number of land animals raised to feed Earth’s growing human population results in increased carbon-dioxide
levels in the atmosphere caused by their respiration. This is another example of how human activity indirectly
affects biogeochemical cycles in a significant way. Although much of the debate about the future effects of
increasing atmospheric carbon on climate change focuses on fossils fuels, scientists take natural processes, such
as volcanoes, plant growth, soil carbon levels, and respiration, into account as they model and predict the future
impact of this increase.

The Nitrogen Cycle

Getting nitrogen into the living world is difficult. Plants and phytoplankton are not equipped to incorporate
nitrogen from the atmosphere (which exists as tightly bonded, triple covalent N2) even though this molecule
comprises approximately 78 percent of the atmosphere. Nitrogen enters the living world via free-living and
symbiotic bacteria, which incorporate nitrogen into their macromolecules through nitrogen fixation (conversion
of N»). Cyanobacteria live in most aquatic ecosystems where sunlight is present; they play a key role in nitrogen
fixation. Cyanobacteria are able to use inorganic sources of nitrogen to “fix” nitrogen. Rhizobium bacteria live
symbiotically in the root nodules of legumes (such as peas, beans, and peanuts) and provide them with the organic
nitrogen they need. Free-living bacteria, such as Azotobacter, are also important nitrogen fixers.
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Organic nitrogen is especially important to the study of ecosystem dynamics since many ecosystem processes,
such as primary production and decomposition, are limited by the available supply of nitrogen. As shown in
Figure 4], the nitrogen that enters living systems by nitrogen fixation is eventually converted from organic
nitrogen back into nitrogen gas by bacteria. This process occurs in three steps in terrestrial systems:
ammonification, nitrification, and denitrification. First, the ammonification process converts nitrogenous waste
from living animals or from the remains of dead animals into ammonium (NH4" ) by certain bacteria and fungi.
Second, this ammonium is then converted to nitrites (NO2 ) by nitrifying bacteria, such as Nitrosomonas, through
nitrification. Subsequently, nitrites are converted to nitrates (NO3 ) by similar organisms. Lastly, the process of
denitrification occurs, whereby bacteria, such as Pseudomonas and Clostridium, convert the nitrates into nitrogen
gas, thus allowing it to re-enter the atmosphere.
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Figure 4: Nitrogen enters the living world from the atmosphere through nitrogen-fixing bacteria. This nitrogen
and nitrogenous waste from animals is then processed back into gaseous nitrogen by soil bacteria, which also
supply terrestrial food webs with the organic nitrogen they need. (credit: modification of work by John M. Evans
and Howard Perlman, USGS)

Which of the following statements about the nitrogen cycle is false?

1. Ammonification converts organic nitrogenous matter from living organisms into ammonium (NHg4").
2. Denitrification by bacteria converts nitrates (NO3™)to nitrogen gas (N2).

3. Nitrification by bacteria converts nitrates (NO3™)to nitrites (NO2 ")
4

Nitrogen fixing bacteria convert nitrogen gas (N2) into organic compounds.

Human activity can release nitrogen into the environment by two primary means: the combustion of fossil fuels, which
releases different nitrogen oxides, and by the use of artificial fertilizers (which contain nitrogen and phosphorus
compounds) in agriculture, which are then washed into lakes, streams, and rivers by surface runoff. Atmospheric
nitrogen (other than Np) is associated with several effects on Earth’s ecosystems including the production of acid rain
(as nitric acid, HNO3) and greenhouse gas effects (as nitrous oxide, N2O), potentially causing climate change. A major
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effect from fertilizer runoff is saltwater and freshwater eutrophication, a process whereby nutrient runoff causes the
overgrowth of algae and a number of consequential problems.

A similar process occurs in the marine nitrogen cycle, where the ammonification, nitrification, and denitrification
processes are performed by marine bacteria and archaea. Some of this nitrogen falls to the ocean floor as sediment,
which can then be moved to land in geologic time by uplift of Earth’s surface, and thereby incorporated into terrestrial
rock. Although the movement of nitrogen from rock directly into living systems has been traditionally seen as
insignificant compared with nitrogen fixed from the atmosphere, a recent stlidy showed that this process may indeed be

significant and should be included in any study of the global nitrogen cycle.-

The Phosphorus Cycle

Phosphorus is an essential nutrient for living processes; it is a major component of nucleic acids and
phospholipids, and, as calcium phosphate, makes up the supportive components of our bones. Phosphorus is often
the limiting nutrient (necessary for growth) in aquatic, particularly freshwater, ecosystems.

Phosphorus occurs in nature as the phosphate ion (PO43'). In addition to phosphate runoff as a result of human
activity, natural surface runoff occurs when it is leached from phosphate-containing rock by weathering, thus
sending phosphates into rivers, lakes, and the ocean. This rock has its origins in the ocean. Phosphate-containing
ocean sediments form primarily from the bodies of ocean organisms and from their excretions. However, volcanic
ash, aerosols, and mineral dust may also be significant phosphate sources. This sediment then is moved to land
over geologic time by the uplifting of Earth’s surface. ([Figure 5])

Phosphorus is also reciprocally exchanged between phosphate dissolved in the ocean and marine organisms. The
movement of phosphate from the ocean to the land and through the soil is extremely slow, with the average
phosphate ion having an oceanic residence time between 20,000 and 100,000 years.
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Flgure 5: In nature, phosphorus exists as the phosphate ion (PO43 -). Weathermg of rocks and volcanic
activity releases phosphate into the soil, water, and air, where it becomes available to terrestrial food
webs. Phosphate enters the oceans in surface runoff, groundwater flow, and river flow. Phosphate
dissolved in ocean water cycles into marine food webs. Some phosphate from the marine food webs falls to
the ocean floor, where it forms sediment. (credit: modification of work by John M. Evans and Howard
Perlman, USGS)

Excess phosphorus and nitrogen that enter these ecosystems from fertilizer runoff and from sewage cause
excessive growth of algae. The subsequent death and decay of these organisms depletes dissolved oxygen, which
leads to the death of aquatic organisms, such as shellfish and finfish. This process is responsible for dead zones
in lakes and at the mouths of many major rivers and for massive fish kills, which often occur during the summer

months (see [Figure 6]).
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Figure 6: Dead zones occur when phosphorus and nitrogen from fertilizers cause excessive growth of
microorganisms, which depletes oxygen and kills fauna. Worldwide, large dead zones are found in areas of
high population density. (credit: Robert Simmon, Jesse Allen, NASA Earth Observatory)

A dead zone is an area in lakes and oceans near the mouths of rivers where large areas are periodically depleted
of their normal flora and fauna; these zones can be caused by eutrophication, oil spills, dumping toxic chemicals,
and other human activities. The number of dead zones has increased for several years, and more than 400 of
these zones were present as of 2008. One of the worst dead zones is off the coast of the United States in the
Gulf of Mexico: fertilizer runoff from the Mississippi River basin created a dead zone of over 8,463 square miles.
Phosphate and nitrate runoff from fertilizers also negatively affect several lake and bay ecosystems including the
Chesapeake Bay in the eastern United States.

Chesapeake Bay
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Figure 7: This (a) satellite image shows the Chesapeake Bay, an
ecosystem dffected by phosphate and nitrate runoff. A (b) member
of the Army Corps of Engineers holds a clump of oysters being used
as a part of the oyster restoration effort in the bay. (credit a:
modification of work by NASA/MODIS; credit b: modification of
work by U.S. Army)

The Chesapeake Bay ([Figure 7]a) is one of the most scenic areas on Earth; it is now in distress and is recognized
as a case study of a declining ecosystem. In the 1970s, the Chesapeake Bay was one of the first aquatic
ecosystems to have identified dead zones, which continue to kill many fish and bottom-dwelling species such as
clams, oysters, and worms. Several species have declined in the Chesapeake Bay because surface water runoff
contains excess nutrients from artificial fertilizer use on land. The source of the fertilizers (with high nitrogen and
phosphate content) is not limited to agricultural practices. There are many nearby urban areas and more than 150
rivers and streams empty into the bay that are carrying fertilizer runoff from lawns and gardens. Thus, the decline
of the Chesapeake Bay is a complex issue and requires the cooperation of industry, agriculture, and individual
homeowners.

Of particular interest to conservationists is the oyster population ([Figure 71b); it is estimated that more than
200,000 acres of oyster reefs existed in the bay in the 1700s, but that number has now declined to only 36,000
acres. Oyster harvesting was once a major industry for Chesapeake Bay, but it declined 88 percent between 1982
and 2007. This decline was caused not only by fertilizer runoff and dead zones, but also because of overharvesting.
Oysters require a certain minimum population density because they must be in close proximity to reproduce.
Human activity has altered the oyster population and locations, thus greatly disrupting the ecosystem.

The restoration of the oyster population in the Chesapeake Bay has been ongoing for several years with mixed
success. Not only do many people find oysters good to eat, but the oysters also clean up the bay. They are filter
feeders, and as they eat, they clean the water around them. Filter feeders eat by pumping a continuous stream
of water over finely divided appendages (gills in the case of oysters) and capturing prokaryotes, plankton, and
fine organic particles in their mucus. In the 1700s, it was estimated that it took only a few days for the oyster
population to filter the entire volume of the bay. Today, with the changed water conditions, it is estimated that the
present population would take nearly a year to do the same job.

Restoration efforts have been ongoing for several years by non-profit organizations such as the Chesapeake Bay
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Foundation. The restoration goal is to find a way to increase population density so the oysters can reproduce more
efficiently. Many disease-resistant varieties (developed at the Virginia Institute of Marine Science for the College
of William and Mary) are now available and have been used in the construction of experimental oyster reefs.
Efforts by Virginia and Delaware to clean and restore the bay have been hampered because much of the pollution
entering the bay comes from other states, which emphasizes the need for interstate cooperation to gain successful
restoration.

The new, hearty oyster strains have also spawned a new and economically viable industry—oyster
aquaculture—which not only supplies oysters for food and profit, but also has the added benefit of cleaning the
bay.

The Sulfur Cycle

B i T

e Sulfur Gycle

Decomposition 9%
(H:S) J

N . Marine
NS ecosystems
—

Soil sulfates (4—35-] \‘/
~F ~

(50.*)

|
|

|

|

}

e me moeIE oMo MO 36 M M M M AT M T M A W T W M IO M M S M M 3T XM T3 3B A AT e e M E M N R 3 M a3 3t

Figure 8: Sulfur dioxide from the atmosphere becomes available to terrestrial and marine ecosystems
when it is dissolved in precipitation as weak sulfuric acid or when it falls directly to Earth as fallout.
Weathering of rocks also makes sulfates available to terrestrial ecosystems. Decomposition of living
organisms returns sulfates to the ocean, soil, and atmosphere. (credit: modification of work by John M.
Evans and Howard Perlman, USGS)

Sulfur is an essential element for the macromolecules of living things. As part of the amino acid cysteine, it
is involved in the formation of proteins. As shown in [Figure 8], sulfur cycles between the oceans, land, and
atmosphere. Atmospheric sulfur is found in the form of sulfur dioxide (SO3), which enters the atmosphere in three
ways: first, from the decomposition of organic molecules; second, from volcanic activity and geothermal vents;
and, third, from the burning of fossil fuels by humans.
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On land, sulfur is deposited in four major ways: precipitation, direct fallout from the atmosphere, rock weathering,
and geothermal vents ([Figure 91). Atmospheric sulfur is found in the form of sulfur dioxide (SO2), and as rain
falls through the atmosphere, sulfur is dissolved in the form of weak sulfuric acid (H2SO4). Sulfur can also fall
directly from the atmosphere in a process called fallout. Also, as sulfur-containing rocks weather, sulfur is released
into the soil. These rocks originate from ocean sediments that are moved to land by the geologic uplifting of ocean
sediments. Terrestrial ecosystems can then make use of these soil sulfates (SO42'), which enter the food web by
being taken up by plant roots. When these plants decompose and die, sulfur is released back into the atmosphere
as hydrogen sulfide (H2S) gas.

Figure 9: At this sulfur vent in Lassen Volcanic National Park in
northeastern California, the yellowish sulfur deposits are visible
near the mouth of the vent. (credit: “Calbear22"/Wikimedia
Commons)

Sulfur enters the ocean in runoff from land, from atmospheric fallout, and from underwater geothermal vents.
Some ecosystems rely on chemoautotrophs using sulfur as a biological energy source. This sulfur then supports
marine ecosystems in the form of sulfates.

Human activities have played a major role in altering the balance of the global sulfur cycle. The burning of
large quantities of fossil fuels, especially from coal, releases larger amounts of hydrogen sulfide gas into the
atmosphere. As rain falls through this gas, it creates the phenomenon known as acid rain, which damages the
natural environment by lowering the pH of lakes, thus killing many of the resident plants and animals. Acid rain
is corrosive rain caused by rainwater falling to the ground through sulfur dioxide gas, turning it into weak sulfuric
acid, which causes damage to aquatic ecosystems. Acid rain also affects the man-made environment through
the chemical degradation of buildings. For example, many marble monuments, such as the Lincoln Memorial in
Washington, DC, have suffered significant damage from acid rain over the years. These examples show the wide-
ranging effects of human activities on our environment and the challenges that remain for our future.

Section Summary

Mineral nutrients are cycled through ecosystems and their environment. Of particular importance are water,
carbon, nitrogen, phosphorus, and sulfur. All of these cycles have major impacts on ecosystem structure and
function. As human activities have caused major disturbances to these cycles, their study and modeling is
especially important. Ecosystems have been damaged by a variety of human activities that alter the natural
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biogeochemical cycles due to pollution, oil spills, and events causing global climate change. The health of the
biosphere depends on understanding these cycles and how to protect the environment from irreversible damage.

Multiple Choice

The majority of the water found on Earth is:
ice
water vapor

1
2
3. fresh water
4

salt water

The process whereby oxygen is depleted by the growth of microorganisms due to excess nutrients in aquatic
systems is called

1. dead zoning

2. eutrophication

3. retrophication

Free Response

Why are drinking water supplies still a major concern for many countries?

Most of the water on Earth is salt water, which humans cannot drink unless the salt is removed. Some fresh
water is locked in glaciers and polar ice caps, or is present in the atmosphere. The earth’s water supplies are
threatened by pollution and exhaustion. The effort to supply fresh drinking water to the planet’s ever-expanding
human population is seen as a major challenge in this century.

Footnotes

1. 1 Scott L. Morford, Benjamin Z. Houlton, and Randy A. Dahlgren, “Increased Forest Ecosystem
Carbon and Nitrogen Storage from Nitrogen Rich Bedrock,” Nature 477, no. 7362 (2011): 78-81.
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Glossary

acid rain
a corrosive rain caused by rainwater mixing with sulfur dioxide gas as it fall through the atmosphere,
turning it into weak sulfuric acid, causing damage to aquatic ecosystems

biogeochemical cycle
the cycling of minerals and nutrients through the biotic and abiotic world

dead zone
an area in a lake and ocean near the mouths of rivers where large areas are depleted of their normal flora
and fauna; these zones can be caused by eutrophication, oil spills, dumping of toxic chemicals, and other
human activities

eutrophication
the process whereby nutrient runoff causes the excess growth of microorganisms and plants in aquatic
systems

fallout
the direct deposition of solid minerals on land or in the ocean from the atmosphere

hydrosphere
the region of the planet in which water exists, including the atmosphere that contains water vapor and the
region beneath the ground that contains groundwater

non-renewable resource
a resource, such as a fossil fuel, that is either regenerated very slowly or not at all

subduction
the movement of one tectonic plate beneath another



Terrestrial Biomes
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Learning Objectives

By the end of this section, you will be able to:

+ Identify the two major abiotic factors that determine the type of terrestrial biome in an area

* Recognize distinguishing characteristics of each of the eight major terrestrial biomes

. J

Earth’s biomes can be either terrestrial or aquatic. Terrestrial biomes are based on land, while aquatic biomes
include both ocean and freshwater biomes. The eight major terrestrial biomes on Earth are each distinguished by
characteristic temperatures and amount of precipitation. Annual totals and fluctuations of precipitation affect the
kinds of vegetation and animal life that can exist in broad geographical regions. Temperature variation on a daily
and seasonal basis is also important for predicting the geographic distribution of a biome. Since a biome is defined
by climate, the same biome can occur in geographically distinct areas with similar climates ([Figure 11). There
are also large areas on Antarctica, Greenland, and in mountain ranges that are covered by permanent glaciers and
support very little life. Strictly speaking, these are not considered biomes and in addition to extremes of cold, they
are also often deserts with very low precipitation.

I Tropical forest | Savanna I Desert Il Chaparral [ Temperate forest
|Boreal forest B Tundra I Mountains Polar ice [ Temperate grassland

Figure 1: Each of the world’s eight major biomes is distinguished by characteristic
temperatures and amount of precipitation. Polar ice caps and mountains are also
shown.

Tropical Forest

Tropical rainforests are also referred to as tropical wet forests. This biome is found in equatorial regions ([Figure
11). Tropical rainforests are the most diverse terrestrial biome. This biodiversity is still largely unknown to science
and is under extraordinary threat primarily through logging and deforestation for agriculture. Tropical rainforests
have also been described as nature’s pharmacy because of the potential for new drugs that is largely hidden in the
chemicals produced by the huge diversity of plants, animals, and other organisms. The vegetation is characterized
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by plants with spreading roots and broad leaves that fall off throughout the year, unlike the trees of deciduous
forests that lose their leaves in one season. These forests are “evergreen,” year-round.

The temperature and sunlight profiles of tropical rainforests are stable in comparison to that of other terrestrial
biomes, with average temperatures ranging from 20°C to 34°C (68°F to 93°F). Month-to-month temperatures are
relatively constant in tropical rainforests, in contrast to forests further from the equator. This lack of temperature
seasonality leads to year-round plant growth, rather than the seasonal growth seen in other biomes. In contrast to
other ecosystems, a more constant daily amount of sunlight (11-12 hours per day) provides more solar radiation,
thereby a longer period of time for plant growth.

The annual rainfall in tropical rainforests ranges from 250 cm to more than 450 cm (8.2—14.8 ft) with considerable
seasonal variation. Tropical rainforests have wet months in which there can be more than 30 cm (11-12 in) of
precipitation, as well as dry months in which there are fewer than 10 cm (3.5 in) of rainfall. However, the driest
month of a tropical rainforest can still exceed the annual rainfall of some other biomes, such as deserts.

Figure 2: Species diversity is very high in tropical wet forests, such as these
forests of Madre de Dios, Peru, near the Amazon River. (credit: Roosevelt
Garcia)

Tropical rainforests have high net primary productivity because the annual temperatures and precipitation values
support rapid plant growth ([Figure 2]). However, the high rainfall quickly leaches nutrients from the soils of
these forests, which are typically low in nutrients. Tropical rainforests are characterized by vertical layering of
vegetation and the formation of distinct habitats for animals within each layer. On the forest floor is a sparse layer
of plants and decaying plant matter. Above that is an understory of short, shrubby foliage. A layer of trees rises
above this understory and is topped by a closed upper canopy—the uppermost overhead layer of branches and
leaves. Some additional trees emerge through this closed upper canopy. These layers provide diverse and complex
habitats for the variety of plants, animals, and other organisms within the tropical wet forests. Many species of
animals use the variety of plants and the complex structure of the tropical wet forests for food and shelter. Some
organisms live several meters above ground rarely ever descending to the forest floor.

Rainforests are not the only forest biome in the tropics; there are also tropical dry forests, which are characterized
by a dry season of varying lengths. These forests commonly experience leaf loss during the dry season to
one degree or another. The loss of leaves from taller trees during the dry season opens up the canopy and
allows sunlight to the forest floor that allows the growth of thick ground-level brush, which is absent in tropical
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rainforests. Extensive tropical dry forests occur in Africa (including Madagascar), India, southern Mexico, and
South America.

Savannas
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Figure 3: Although savannas are dominated by grasses, small woodlands,
such as this one in Mount Archer National Park in Queensland, Australia,
may dot the landscape. (credit: “Ethel Aardvark”/Wikimedia Commons)

Savannas are grasslands with scattered trees, and they are found in Africa, South America, and northern Australia
([Figure 1]). Savannas are hot, tropical areas with temperatures averaging from 24°C-29°C (75°F-84°F) and an
annual rainfall of 51-127 cm (20-50 in). Savannas have an extensive dry season and consequent fires. As a result,
scattered in the grasses and forbs (herbaceous flowering plants) that dominate the savanna, there are relatively
few trees ([Figure 3]). Since fire is an important source of disturbance in this biome, plants have evolved well-
developed root systems that allow them to quickly re-sprout after a fire.

Deserts

Subtropical deserts exist between 15° and 30° north and south latitude and are centered on the Tropic of Cancer
and the Tropic of Capricorn ([Figure 1]). Deserts are frequently located on the downwind or lee side of mountain
ranges, which create a rain shadow after prevailing winds drop their water content on the mountains. This
is typical of the North American deserts, such as the Mohave and Sonoran deserts. Deserts in other regions,
such as the Sahara Desert in northern Africa or the Namib Desert in southwestern Africa are dry because of
the high-pressure, dry air descending at those latitudes. Subtropical deserts are very dry; evaporation typically
exceeds precipitation. Subtropical hot deserts can have daytime soil surface temperatures above 60°C (140°F) and
nighttime temperatures approaching 0°C (32°F). The temperature drops so far because there is little water vapor
in the air to prevent radiative cooling of the land surface. Subtropical deserts are characterized by low annual
precipitation of fewer than 30 cm (12 in) with little monthly variation and lack of predictability in rainfall. Some
years may receive tiny amounts of rainfall, while others receive more. In some cases, the annual rainfall can be as
low as 2 cm (0.8 in) in subtropical deserts located in central Australia (“the Outback”) and northern Africa.

The low species diversity of this biome is closely related to its low and unpredictable precipitation. Despite the
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relatively low diversity, desert species exhibit fascinating adaptations to the harshness of their environment. Very
dry deserts lack perennial vegetation that lives from one year to the next; instead, many plants are annuals that
grow quickly and reproduce when rainfall does occur, then they die. Perennial plants in deserts are characterized
by adaptations that conserve water: deep roots, reduced foliage, and water-storing stems ([Figure 4]). Seed plants
in the desert produce seeds that can lie dormant for extended periods between rains. Most animal life in subtropical
deserts has adapted to a nocturnal life, spending the hot daytime hours beneath the ground. The Namib Desert
is the oldest on the planet, and has probably been dry for more than 55 million years. It supports a number of
endemic species (species found only there) because of this great age. For example, the unusual gymnosperm
Welwitschia mirabilis is the only extant species of an entire order of plants. There are also five species of reptiles
considered endemic to the Namib.

In addition to subtropical deserts there are cold deserts that experience freezing temperatures during the winter
and any precipitation is in the form of snowfall. The largest of these deserts are the Gobi Desert in northern China
and southern Mongolia, the Taklimakan Desert in western China, the Turkestan Desert, and the Great Basin Desert
of the United States.

e 3

Figure 4: Many desert plants have tiny leaves or no leaves at all to reduce water loss.
The leaves of ocotillo, shown here in the Chihuahuan Desert in Big Bend National
Park, Texas, appear only after rainfall and then are shed. (credit “bare ocotillo™:
“Leaflet”/Wikimedia Commons)

Chaparral

The chaparral is also called scrub forest and is found in California, along the Mediterranean Sea, and along the
southern coast of Australia ([Figure 1]). The annual rainfall in this biome ranges from 65 cm to 75 cm (25.6-29.5
in) and the majority of the rain falls in the winter. Summers are very dry and many chaparral plants are dormant
during the summertime. The chaparral vegetation is dominated by shrubs and is adapted to periodic fires, with
some plants producing seeds that germinate only after a hot fire. The ashes left behind after a fire are rich in
nutrients like nitrogen that fertilize the soil and promote plant regrowth. Fire is a natural part of the maintenance
of this biome and frequently threatens human habitation in this biome in the U.S. ([Figure 5]).
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Figure 5: The chaparral is dominated by shrubs. (credit: Miguel Vieira)

Temperate Grasslands

Temperate grasslands are found throughout central North America, where they are also known as prairies, and in
Eurasia, where they are known as steppes ([Figure 1]). Temperate grasslands have pronounced annual fluctuations
in temperature with hot summers and cold winters. The annual temperature variation produces specific growing
seasons for plants. Plant growth is possible when temperatures are warm enough to sustain plant growth, which
occurs in the spring, summer, and fall.

Annual precipitation ranges from 25.4 cm to 88.9 cm (10-35 in). Temperate grasslands have few trees except for
those found growing along rivers or streams. The dominant vegetation tends to consist of grasses. The treeless
condition is maintained by low precipitation, frequent fires, and grazing ([Figure 6]). The vegetation is very dense
and the soils are fertile because the subsurface of the soil is packed with the roots and rhizomes (underground
stems) of these grasses. The roots and rhizomes act to anchor plants into the ground and replenish the organic
material (humus) in the soil when they die and decay.
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Figure 6: The American bison (Bison bison), more commonly called the
buffalo, is a grazing mammal that once populated American prairies in huge
numbers. (credit: Jack Dykinga, USDA ARS)

Fires, which are a natural disturbance in temperate grasslands, can be ignited by lightning strikes. It also appears
that the lightning-caused fire regime in North American grasslands was enhanced by intentional burning by
humans. When fire is suppressed in temperate grasslands, the vegetation eventually converts to scrub and dense
forests. Often, the restoration or management of temperate grasslands requires the use of controlled burns to
suppress the growth of trees and maintain the grasses.

Temperate Forests

Temperate forests are the most common biome in eastern North America, Western Europe, Eastern Asia, Chile,
and New Zealand ([Figure 1]). This biome is found throughout mid-latitude regions. Temperatures range between
-30°C and 30°C (—22°F to 86°F) and drop to below freezing on an annual basis. These temperatures mean
that temperate forests have defined growing seasons during the spring, summer, and early fall. Precipitation is
relatively constant throughout the year and ranges between 75 cm and 150 cm (29.5-59 in).

Deciduous trees are the dominant plant in this biome with fewer evergreen conifers. Deciduous trees lose their
leaves each fall and remain leafless in the winter. Thus, little photosynthesis occurs during the dormant winter
period. Each spring, new leaves appear as temperature increases. Because of the dormant period, the net primary
productivity of temperate forests is less than that of tropical rainforests. In addition, temperate forests show far
less diversity of tree species than tropical rainforest biomes.

The trees of the temperate forests leaf out and shade much of the ground; however, more sunlight reaches the
ground in this biome than in tropical rainforests because trees in temperate forests do not grow as tall as the trees
in tropical rainforests. The soils of the temperate forests are rich in inorganic and organic nutrients compared
to tropical rainforests. This is because of the thick layer of leaf litter on forest floors and reduced leaching of
nutrients by rainfall. As this leaf litter decays, nutrients are returned to the soil. The leaf litter also protects soil
from erosion, insulates the ground, and provides habitats for invertebrates and their predators ([Figure 7]).
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Figure 7: Deciduous trees are the dominant plant in the temperate forest. (credit:
Oliver Herold)

Boreal Forests

The boreal forest, also known as taiga or coniferous forest, is found roughly between 50° and 60° north latitude
across most of Canada, Alaska, Russia, and northern Europe ([Figure 1]). Boreal forests are also found above
a certain elevation (and below high elevations where trees cannot grow) in mountain ranges throughout the
Northern Hemisphere. This biome has cold, dry winters and short, cool, wet summers. The annual precipitation is
from 40 cm to 100 cm (15.7-39 in) and usually takes the form of snow; little evaporation occurs because of the
cold temperatures.

The long and cold winters in the boreal forest have led to the predominance of cold-tolerant cone-bearing plants.
These are evergreen coniferous trees like pines, spruce, and fir, which retain their needle-shaped leaves year-
round. Evergreen trees can photosynthesize earlier in the spring than deciduous trees because less energy from the
Sun is required to warm a needle-like leaf than a broad leaf. Evergreen trees grow faster than deciduous trees in
the boreal forest. In addition, soils in boreal forest regions tend to be acidic with little available nitrogen. Leaves
are a nitrogen-rich structure and deciduous trees must produce a new set of these nitrogen-rich structures each
year. Therefore, coniferous trees that retain nitrogen-rich needles in a nitrogen limiting environment may have
had a competitive advantage over the broad-leafed deciduous trees.

The net primary productivity of boreal forests is lower than that of temperate forests and tropical wet forests.
The aboveground biomass of boreal forests is high because these slow-growing tree species are long-lived and
accumulate standing biomass over time. Species diversity is less than that seen in temperate forests and tropical
rainforests. Boreal forests lack the layered forest structure seen in tropical rainforests or, to a lesser degree,
temperate forests. The structure of a boreal forest is often only a tree layer and a ground layer. When conifer
needles are dropped, they decompose more slowly than broad leaves; therefore, fewer nutrients are returned to the
soil to fuel plant growth ([Figure 8]).
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Figure 8: The boreal forest (taiga) has low lying plants and conifer trees.
(credit: L.B. Brubaker, NOAA)

Arctic Tundra

The Arctic tundra lies north of the subarctic boreal forests and is located throughout the Arctic regions of the
Northern Hemisphere ([Figure 1]). Tundra also exists at elevations above the tree line on mountains. The average
winter temperature is —34°C (—29.2°F) and the average summer temperature is 3°C-12°C (37°F —52°F). Plants in
the Arctic tundra have a short growing season of approximately 50-60 days. However, during this time, there are
almost 24 hours of daylight and plant growth is rapid. The annual precipitation of the Arctic tundra is low (15-25
cm or 6-10 in) with little annual variation in precipitation. And, as in the boreal forests, there is little evaporation
because of the cold temperatures.
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Figure 9: Low-growing plants such as shrub willow dominate the tundra
landscape during the summer, shown here in the Arctic National Wildlife
Refuge. (credit: Arctic National Wildlife Refuge, USFWS)

Plants in the Arctic tundra are generally low to the ground and include low shrubs, grasses, lichens, and small
flowering plants ([Figure 9]). There is little species diversity, low net primary productivity, and low aboveground
biomass. The soils of the Arctic tundra may remain in a perennially frozen state referred to as permafrost. The
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permafrost makes it impossible for roots to penetrate far into the soil and slows the decay of organic matter, which
inhibits the release of nutrients from organic matter. The melting of the permafrost in the brief summer provides
water for a burst of productivity while temperatures and long days permit it. During the growing season, the
ground of the Arctic tundra can be completely covered with plants or lichens.

Watch this Assignment Discovery: Biomes video for an overview of biomes. To explore further, select one of the
biomes on the extended playlist: desert, savanna, temperate forest, temperate grassland, tropic, tundra.

Section Summary

Earth has terrestrial and aquatic biomes. Aquatic biomes include both freshwater and marine environments.
There are eight major terrestrial biomes: tropical rainforests, savannas, subtropical deserts, chaparral, temperate
grasslands, temperate forests, boreal forests, and Arctic tundra. The same biome can occur in different geographic
locations with similar climates. Temperature and precipitation, and variations in both, are key abiotic factors that
shape the composition of animal and plant communities in terrestrial biomes. Some biomes, such as temperate
grasslands and temperate forests, have distinct seasons with cold and hot weather alternating throughout the year.
In warm, moist biomes, such as the tropical rainforest, net primary productivity is high as warm temperatures,
abundant water, and a year-round growing season fuel plant growth. Other biomes, such as deserts and tundra,
have low primary productivity due to extreme temperatures and a shortage of water.

Multiple Choice

Which of the following biomes is characterized by abundant water resources?

1. deserts

2. boreal forests
3. savanna
4

tropical wet forests

Which of the following biomes is characterized by short growing seasons?

1. deserts
2. tropical wet forests

3. Arctic tundra
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4. savanna

Why is the tundra treeless?

1. lack of sufficient water

2. permanently frozen ground
3. winters too harsh
4

too many fires

Free Response

The extremely low precipitation of subtropical desert biomes might lead one to expect fire to be a major
disturbance factor; however, fire is more common in the temperate grassland biome than in the subtropical desert
biome. Why is this?

In what ways are the subtropical desert and the Arctic tundra similar?

Glossary

arctic tundra
a biome characterized by low average temperatures, brief growing seasons, the presence of permafrost, and
limited precipitation largely in the form of snow in which the dominant vegetation are low shrubs, lichens,
mosses, and small herbaceous plants

boreal forest
a biome found in temperate and subarctic regions characterized by short growing seasons and dominated
structurally by coniferous trees

canopy
the branches and foliage of trees that form a layer of overhead coverage in a forest

chaparral
a biome found in temperate coastal regions characterized by low trees and dry-adapted shrubs and forbs
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permafrost
a perennially frozen portion of the Arctic tundra soil
savanna
a biome located in the tropics with an extended dry season and characterized by a grassland with sparsely
distributed trees
subtropical desert
a biome found in the subtropics with hot daily temperatures, very low and unpredictable precipitation, and
characterized by a limited dry-adapted vegetation
temperate forest
a biome found in temperate regions with moderate rainfall and dominated structurally by deciduous trees
temperate grassland
a biome dominated by grasses and herbaceous plants due to low precipitation, periodic fires, and grazing
tropical rainforest
a biome found near the equator characterized by stable temperatures with abundant and seasonal rainfall in
which trees form the structurally important vegetation
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Learning Objective

By the end of this section, you will be able to:

+ Describe the effects of abiotic factors on the composition of plant and animal communities in aquatic
biomes

» Compare the characteristics of the ocean zones

» Summarize the characteristics of standing water and flowing water in freshwater biomes

Like terrestrial biomes, aquatic biomes are influenced by abiotic factors. In the case of aquatic biomes the abiotic
factors include light, temperature, flow regime, and dissolved solids. The aquatic medium—water— has different
physical and chemical properties than air. Even if the water in a pond or other body of water is perfectly clear
(there are no suspended particles), water, on its own, absorbs light. As one descends deep enough into a body of
water, eventually there will be a depth at which the sunlight cannot reach. While there are some abiotic and biotic
factors in a terrestrial ecosystem that shade light (like fog, dust, or insect swarms), these are not usually permanent
features of the environment. The importance of light in aquatic biomes is central to the communities of organisms
found in both freshwater and marine ecosystems because it controls productivity through photosynthesis.

In addition to light, solar radiation warms bodies of water and many exhibit distinct layers of water at differing
temperatures. The water temperature affects the organisms’ rates of growth and the amount of dissolved oxygen
available for respiration.

The movement of water is also important in many aquatic biomes. In rivers, the organisms must obviously be
adapted to the constant movement of the water around them, but even in larger bodies of water such as the oceans,
regular currents and tides impact availability of nutrients, food resources, and the presence of the water itself.

Finally, all natural water contains dissolved solids, or salts. Fresh water contains low levels of such dissolved
substances because the water is rapidly recycled through evaporation and precipitation. The oceans have a
relatively constant high salt content. Aquatic habitats at the interface of marine and freshwater ecosystems have
complex and variable salt environments that range between freshwater and marine levels. These are known as
brackish water environments. Lakes located in closed drainage basins concentrate salt in their waters and can have
extremely high salt content that only a few and highly specialized species are able to inhabit.

Marine Biomes

The ocean is a continuous body of salt water that is relatively uniform in chemical composition. It is a weak
solution of mineral salts and decayed biological matter. Within the ocean, coral reefs are a second type of marine
biome. Estuaries, coastal areas where salt water and fresh water mix, form a third unique marine biome.

The ocean is categorized by several zones ([Figure 2]). All of the ocean’s open water is referred to as the pelagic
realm (or zone). The benthic realm (or zone) extends along the ocean bottom from the shoreline to the deepest
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parts of the ocean floor. From the surface to the bottom or the limit to which photosynthesis occurs is the photic
zone (approximately 200 m or 650 ft). At depths greater than 200 m, light cannot penetrate; thus, this is referred to
as the aphotic zone. The majority of the ocean is aphotic and lacks sufficient light for photosynthesis. The deepest
part of the ocean, the Challenger Deep (in the Mariana Trench, located in the western Pacific Ocean), is about
11,000 m (about 6.8 mi) deep. To give some perspective on the depth of this trench, the ocean is, on average, 4267
m or 14,000 ft deep.

Ocean

The physical diversity of the ocean has a significant influence on the diversity of organisms that live within it. The
ocean is categorized into different zones based on how far light reaches into the water. Each zone has a distinct
group of species adapted to the biotic and abiotic conditions particular to that zone.

The intertidal zone ([Figure 2]) is the oceanic region that is closest to land. With each tidal cycle, the intertidal
zone alternates between being inundated with water and left high and dry. Generally, most people think of this
portion of the ocean as a sandy beach. In some cases, the intertidal zone is indeed a sandy beach, but it can also
be rocky, muddy, or dense with tangled roots in mangrove forests. The intertidal zone is an extremely variable
environment because of tides. Organisms may be exposed to air at low tide and are underwater during high
tide. Therefore, living things that thrive in the intertidal zone are often adapted to being dry for long periods
of time. The shore of the intertidal zone is also repeatedly struck by waves and the organisms found there are
adapted to withstand damage from the pounding action of the waves ([Figure 1]). The exoskeletons of shoreline
crustaceans (such as the shore crab, Carcinus maenas) are tough and protect them from desiccation (drying out)
and wave damage. Another consequence of the pounding waves is that few algae and plants establish themselves
in constantly moving sand or mud.
&
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Figure 1: Sea stars, sea urchins, and mussel shells are often found in the intertidal
zone, shown here in Kachemak Bay, Alaska. (credit: NOAA)

The neritic zone ([Figure 2]) extends from the margin of the intertidal zone to depths of about 200 m (or
650 ft) at the edge of the continental shelf. When the water is relatively clear, photosynthesis can occur in
the neritic zone. The water contains silt and is well-oxygenated, low in pressure, and stable in temperature.
These factors all contribute to the neritic zone having the highest productivity and biodiversity of the ocean.
Phytoplankton, including photosynthetic bacteria and larger species of algae, are responsible for the bulk of this
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primary productivity. Zooplankton, protists, small fishes, and shrimp feed on the producers and are the primary
food source for most of the world’s fisheries. The majority of these fisheries exist within the neritic zone.

Beyond the neritic zone is the open ocean area known as the oceanic zone ([Figure 2]). Within the oceanic
zone there is thermal stratification. Abundant phytoplankton and zooplankton support populations of fish and
whales. Nutrients are scarce and this is a relatively less productive part of the marine biome. When photosynthetic
organisms and the organisms that feed on them die, their bodies fall to the bottom of the ocean where they remain;
the open ocean lacks a process for bringing the organic nutrients back up to the surface.

Beneath the pelagic zone is the benthic realm, the deepwater region beyond the continental shelf ([Figure 21). The
bottom of the benthic realm is comprised of sand, silt, and dead organisms. Temperature decreases as water depth
increases. This is a nutrient-rich portion of the ocean because of the dead organisms that fall from the upper layers
of the ocean. Because of this high level of nutrients, a diversity of fungi, sponges, sea anemones, marine worms,
sea stars, fishes, and bacteria exists.

The deepest part of the ocean is the abyssal zone, which is at depths of 4000 m or greater. The abyssal zone
([Figure 2]) is very cold and has very high pressure, high oxygen content, and low nutrient content. There
are a variety of invertebrates and fishes found in this zone, but the abyssal zone does not have photosynthetic
organisms. Chemosynthetic bacteria use the hydrogen sulfide and other minerals emitted from deep hydrothermal
vents. These chemosynthetic bacteria use the hydrogen sulfide as an energy source and serve as the base of the
food chain found around the vents.

Art Connection
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Figure 2: The ocean is divided into different zones based on water depth, distance from the
shoreline, and light penetration.

In which of the following regions would you expect to find photosynthetic organisms?

1. The aphotic zone, the neritic zone, the oceanic zone, and the benthic realm.
2. The photic zone, the intertidal zone, the neritic zone, and the oceanic zone.
3. The photic zone, the abyssal zone, the neritic zone, and the oceanic zone.
4

The pelagic realm, the aphotic zone, the neritic zone, and the oceanic zone.
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Coral Reefs

Coral reefs are ocean ridges formed by marine invertebrates living in warm shallow waters within the photic zone
of the ocean. They are found within 30° north and south of the equator. The Great Barrier Reef is a well-known
reef system located several miles off the northeastern coast of Australia. Other coral reefs are fringing islands,
which are directly adjacent to land, or atolls, which are circular reefs surrounding a former island that is now
underwater. The coral-forming colonies of organisms (members of phylum Cnidaria) secrete a calcium carbonate
skeleton. These calcium-rich skeletons slowly accumulate, thus forming the underwater reef ([Figure 3]). Corals
found in shallower waters (at a depth of approximately 60 m or about 200 ft) have a mutualistic relationship
with photosynthetic unicellular protists. The relationship provides corals with the majority of the nutrition and the
energy they require. The waters in which these corals live are nutritionally poor and, without this mutualism, it
would not be possible for large corals to grow because there are few planktonic organisms for them to feed on.
Some corals living in deeper and colder water do not have a mutualistic relationship with protists; these corals
must obtain their energy exclusively by feeding on plankton using stinging cells on their tentacles.

In this National Oceanic and Atmospheric Administration (NOAA) video, marine ecologist Dr. Peter Etnoyer
discusses his research on coral organisms
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Figure 3: Coral reefs are formed by the calcium carbonate skeletons
of coral organisms, which are marine invertebrates in the phylum
Cnidaria. (credit: Terry Hughes)
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Coral reefs are one of the most diverse biomes. It is estimated that more than 4000 fish species inhabit coral
reefs. These fishes can feed on coral, the cryptofauna (invertebrates found within the calcium carbonate
structures of the coral reefs), or the seaweed and algae that are associated with the coral. These species include
predators, herbivores, or planktivores. Predators are animal species that hunt and are carnivores or “flesh eaters.”
Herbivores eat plant material, and planktivores eat plankton.

(@ )
Evolution in Action

Global Decline of Coral Reefslt takes a long time to build a coral reef. The animals that create coral reefs do so over
thousands of years, continuing to slowly deposit the calcium carbonate that forms their characteristic ocean homes.
Bathed in warm tropical waters, the coral animals and their symbiotic protist partners evolved to survive at the upper
limit of ocean water temperature.

Together, climate change and human activity pose dual threats to the long-term survival of the world’s coral reefs. The
main cause of killing of coral reefs is warmer-than-usual surface water. As global warming raises ocean temperatures,
coral reefs are suffering. The excessive warmth causes the coral organisms to expel their endosymbiotic, food-producing
protists, resulting in a phenomenon known as bleaching. The colors of corals are a result of the particular protist
endosymbiont, and when the protists leave, the corals lose their color and turn white, hence the term “bleaching.”

Rising levels of atmospheric carbon dioxide further threaten the corals in other ways; as carbon dioxide dissolves in
ocean waters, it lowers pH, thus increasing ocean acidity. As acidity increases, it interferes with the calcification that
normally occurs as coral animals build their calcium carbonate homes.

When a coral reef begins to die, species diversity plummets as animals lose food and shelter. Coral reefs are also
economically important tourist destinations, so the decline of coral reefs poses a serious threat to coastal economies.

Human population growth has damaged corals in other ways, too. As human coastal populations increase, the runoff of
sediment and agricultural chemicals has increased, causing some of the once-clear tropical waters to become cloudy. At
the same time, overfishing of popular fish species has allowed the predator species that eat corals to go unchecked.

Although a rise in global temperatures of 1°C—2°C (a conservative scientific projection) in the coming decades may not
seem large, it is very significant to this biome. When change occurs rapidly, species can become extinct before evolution
leads to newly adapted species. Many scientists believe that global warming, with its rapid (in terms of evolutionary
time) and inexorable increases in temperature, is tipping the balance beyond the point at which many of the world’s
coral reefs can recover.

Estuaries: Where the Ocean Meets Fresh Water

Estuaries are biomes that occur where a river, a source of fresh water, meets the ocean. Therefore, both fresh
water and salt water are found in the same vicinity; mixing results in a diluted (brackish) salt water. Estuaries
form protected areas where many of the offspring of crustaceans, mollusks, and fish begin their lives. Salinity
is an important factor that influences the organisms and the adaptations of the organisms found in estuaries. The
salinity of estuaries varies and is based on the rate of flow of its freshwater sources. Once or twice a day, high
tides bring salt water into the estuary. Low tides occurring at the same frequency reverse the current of salt water

([Figure 4]).
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Figure 4: As estuary is where fresh water and salt water meet, such
as the mouth of the Klamath River in California, shown here.
(credit: U.S. Army Corps of Engineers)

The daily mixing of fresh water and salt water is a physiological challenge for the plants and animals that
inhabit estuaries. Many estuarine plant species are halophytes, plants that can tolerate salty conditions. Halophytic
plants are adapted to deal with salt water spray and salt water on their roots. In some halophytes, filters in
the roots remove the salt from the water that the plant absorbs. Animals, such as mussels and clams (phylum
Mollusca), have developed behavioral adaptations that expend a lot of energy to function in this rapidly changing
environment. When these animals are exposed to low salinity, they stop feeding, close their shells, and switch
from aerobic respiration (in which they use gills) to anaerobic respiration (a process that does not require oxygen).
When high tide returns to the estuary, the salinity and oxygen content of the water increases, and these animals
open their shells, begin feeding, and return to aerobic respiration.

Freshwater Biomes

Freshwater biomes include lakes, ponds, and wetlands (standing water) as well as rivers and streams (flowing
water). Humans rely on freshwater biomes to provide aquatic resources for drinking water, crop irrigation,
sanitation, recreation, and industry. These various roles and human benefits are referred to as ecosystem services.
Lakes and ponds are found in terrestrial landscapes and are therefore connected with abiotic and biotic factors
influencing these terrestrial biomes.

Lakes and Ponds

Lakes and ponds can range in area from a few square meters to thousands of square kilometers. Temperature is an
important abiotic factor affecting living things found in lakes and ponds. During the summer in temperate regions,
thermal stratification of deep lakes occurs when the upper layer of water is warmed by the Sun and does not mix
with deeper, cooler water. The process produces a sharp transition between the warm water above and cold water
beneath. The two layers do not mix until cooling temperatures and winds break down the stratification and the
water in the lake mixes from top to bottom. During the period of stratification, most of the productivity occurs in
the warm, well-illuminated, upper layer, while dead organisms slowly rain down into the cold, dark layer below
where decomposing bacteria and cold-adapted species such as lake trout exist. Like the ocean, lakes and ponds
have a photic layer in which photosynthesis can occur. Phytoplankton (algae and cyanobacteria) are found here
and provide the base of the food web of lakes and ponds. Zooplankton, such as rotifers and small crustaceans,
consume these phytoplankton. At the bottom of lakes and ponds, bacteria in the aphotic zone break down dead
organisms that sink to the bottom.
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Figure 5: The uncontrolled growth of algae in
this waterway has resulted in an algal bloom.

Nitrogen and particularly phosphorus are important limiting nutrients in lakes and ponds. Therefore, they are
determining factors in the amount of phytoplankton growth in lakes and ponds. When there is a large input of
nitrogen and phosphorus (e.g., from sewage and runoff from fertilized lawns and farms), the growth of algae
skyrockets, resulting in a large accumulation of algae called an algal bloom. Algal blooms ([Figure 5]) can
become so extensive that they reduce light penetration in water. As a result, the lake or pond becomes aphotic and
photosynthetic plants cannot survive. When the algae die and decompose, severe oxygen depletion of the water
occurs. Fishes and other organisms that require oxygen are then more likely to die.

Rivers and Streams

Rivers and the narrower streams that feed into the rivers are continuously moving bodies of water that carry water
from the source or headwater to the mouth at a lake or ocean. The largest rivers include the Nile River in Africa,
the Amazon River in South America, and the Mississippi River in North America ([Figure 6]).

(@) (b)
Figure 6: Rivers range from (a) narrow and shallow to (b) wide and slow moving. (credit a: modification of
work by Cory Zanker; credit b: modification of work by David DeHetre)

Abiotic features of rivers and streams vary along the length of the river or stream. Streams begin at a point of
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origin referred to as source water. The source water is usually cold, low in nutrients, and clear. The channel (the
width of the river or stream) is narrower here than at any other place along the length of the river or stream.
Headwater streams are of necessity at a higher elevation than the mouth of the river and often originate in regions
with steep grades leading to higher flow rates than lower elevation stretches of the river.

Faster-moving water and the short distance from its origin results in minimal silt levels in headwater streams;
therefore, the water is clear. Photosynthesis here is mostly attributed to algae that are growing on rocks; the swift
current inhibits the growth of phytoplankton. Photosynthesis may be further reduced by tree cover reaching over
the narrow stream. This shading also keeps temperatures lower. An additional input of energy can come from
leaves or other organic material that falls into a river or stream from the trees and other plants that border the
water. When the leaves decompose, the organic material and nutrients in the leaves are returned to the water. The
leaves also support a food chain of invertebrates that eat them and are in turn eaten by predatory invertebrates and
fish. Plants and animals have adapted to this fast-moving water. For instance, leeches (phylum Annelida) have
elongated bodies and suckers on both ends. These suckers attach to the substrate, keeping the leech anchored in
place. In temperate regions, freshwater trout species (phylum Chordata) may be an important predator in these
fast-moving and colder river and streams.

As the river or stream flows away from the source, the width of the channel gradually widens, the current slows,
and the temperature characteristically increases. The increasing width results from the increased volume of water
from more and more tributaries. Gradients are typically lower farther along the river, which accounts for the
slowing flow. With increasing volume can come increased silt, and as the flow rate slows, the silt may settle, thus
increasing the deposition of sediment. Phytoplankton can also be suspended in slow-moving water. Therefore,
the water will not be as clear as it is near the source. The water is also warmer as a result of longer exposure to
sunlight and the absence of tree cover over wider expanses between banks. Worms (phylum Annelida) and insects
(phylum Arthropoda) can be found burrowing into the mud. Predatory vertebrates (phylum Chordata) include
waterfowl, frogs, and fishes. In heavily silt-laden rivers, these predators must find food in the murky waters, and,
unlike the trout in the clear waters at the source, these vertebrates cannot use vision as their primary sense to find
food. Instead, they are more likely to use taste or chemical cues to find prey.

When a river reaches the ocean or a large lake, the water typically slows dramatically and any silt in the river
water will settle. Rivers with high silt content discharging into oceans with minimal currents and wave action will
build deltas, low-elevation areas of sand and mud, as the silt settles onto the ocean bottom. Rivers with low silt
content or in areas where ocean currents or wave action are high create estuarine areas where the fresh water and
salt water mix.

Wetlands

Wetlands are environments in which the soil is either permanently or periodically saturated with water. Wetlands
are different from lakes and ponds because wetlands exhibit a near continuous cover of emergent vegetation.
Emergent vegetation consists of wetland plants that are rooted in the soil but have portions of leaves, stems, and
flowers extending above the water’s surface. There are several types of wetlands including marshes, swamps,
bogs, mudflats, and salt marshes ([Figure 7]).



NSCC Academic Biology 1050 158

Figure 7: Located in southern Florida, Everglades National Park is vast array of
wetland environments, including sawgrass marshes, cypress swamps, and estuarine
mangrove forests. Here, a great egret walks among cypress trees. (credit: NPS)

Freshwater marshes and swamps are characterized by slow and steady water flow. Bogs develop in depressions
where water flow is low or nonexistent. Bogs usually occur in areas where there is a clay bottom with poor
percolation. Percolation is the movement of water through the pores in the soil or rocks. The water found in a bog
is stagnant and oxygen depleted because the oxygen that is used during the decomposition of organic matter is
not replaced. As the oxygen in the water is depleted, decomposition slows. This leads to organic acids and other
acids building up and lowering the pH of the water. At a lower pH, nitrogen becomes unavailable to plants. This
creates a challenge for plants because nitrogen is an important limiting resource. Some types of bog plants (such
as sundews, pitcher plants, and Venus flytraps) capture insects and extract the nitrogen from their bodies. Bogs
have low net primary productivity because the water found in bogs has low levels of nitrogen and oxygen.

Section Summary

Aquatic biomes include both saltwater and freshwater biomes. The abiotic factors important for the structuring of
aquatic biomes can be different than those seen in terrestrial biomes. Sunlight is an important factor in bodies of
water, especially those that are very deep, because of the role of photosynthesis in sustaining certain organisms.
Other important factors include temperature, water movement, and salt content. Oceans may be thought of as
consisting of different zones based on water depth, distance from the shoreline, and light penetrance. Different
kinds of organisms are adapted to the conditions found in each zone. Coral reefs are unique marine ecosystems
that are home to a wide variety of species. Estuaries are found where rivers meet the ocean; their shallow waters
provide nourishment and shelter for young crustaceans, mollusks, fishes, and many other species. Freshwater
biomes include lakes, ponds, rivers, streams, and wetlands. Bogs are an interesting type of wetland characterized
by standing water, a lower pH, and a lack of nitrogen.
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Multiple Choice

Where would you expect to find the most photosynthesis in an ocean biome?

1. aphotic zone
2. abyssal zone
3. benthic realm
4

intertidal zone

A key feature of estuaries is

1. low light conditions and high productivity
2. salt water and fresh water

3. frequent algal blooms
4

little or no vegetation

Free Response

Describe the conditions and challenges facing organisms living in the intertidal zone.

Glossary

abyssal zone
the deepest part of the ocean at depths of 4000 m or greater
algal bloom
a rapid increase of algae in an aquatic system
aphotic zone
the part of the ocean where photosynthesis cannot occur
benthic realm
(also, benthic zone) the part of the ocean that extends along the ocean bottom from the shoreline to the
deepest parts of the ocean floor
channel
the bed and banks of a river or stream
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coral reef
an ocean ridge formed by marine invertebrates living in warm shallow waters within the photic zone
cryptofauna
the invertebrates found within the calcium carbonate substrate of coral reefs
ecosystem services
the human benefits provided by natural ecosystems
emergent vegetation
the plants living in bodies of water that are rooted in the soil but have portions of leaves, stems, and flowers
extending above the water’s surface
estuary
a region where fresh water and salt water mix where a river discharges into an ocean or sea
intertidal zone
the part of the ocean that is closest to land; parts extend above the water at low tide
neritic zone
the part of the ocean that extends from low tide to the edge of the continental shelf
oceanic zone
the part of the ocean that begins offshore where the water measures 200 m deep or deeper
pelagic realm
(also, pelagic zone) the open ocean waters that are not close to the bottom or near the shore
photic zone
the upper layer of ocean water in which photosynthesis is able to take place
planktivore
an animal that eats plankton
source water
the point of origin of a river or stream
wetland
environment in which the soil is either permanently or periodically saturated with water
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Introduction

Samantha Fowler; Rebecca Roush; and James Wise

Habitat destruction through deforestation, especially of tropical rainforests as seen in this
satellite view of Amazon rainforests in Brazil, is a major cause of the current decline in
biodiversity. (credit: modification of work by Jesse Allen and Robert Simmon, NASA Earth
Observatory)

Biologists estimate that species extinctions are currently 500-1000 times the rate seen previously in Earth’s
history when there were no unusual geological or climatic events occurring. Biologists call the previous rate the
“background” rate of extinction. The current high rates will cause a precipitous decline in the biodiversity (the
diversity of species) of the planet in the next century or two. The losses will include many species we know today.
Although it is sometimes difficult to predict which species will become extinct, many are listed as endangered
(at great risk of extinction). However, the majority of extinctions will be of species that science has not yet even
described.

Most of these “invisible” species that will become extinct currently live in tropical rainforests like those of the
Amazon basin. These rainforests are the most diverse ecosystems on the planet and are being destroyed rapidly
by deforestation, which biologists believe is driving many rare species with limited distributions extinct. Between
1970 and 2011, almost 20 percent of the Amazon rainforest was lost. Rates are higher in other tropical rainforests.
What we are likely to notice on a day-to-day basis as a result of biodiversity loss is that food will be more difficult
to produce, clean water will be more difficult to find, and the rate of development of new medicines will become
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slower, as we depend upon other species for much of these services. This increased loss of biodiversity is almost
entirely a result of human activities as we destroy species’ habitats, introduce disruptive species into ecosystems,
hunt some species to extinction, continue to warm the planet with greenhouse gases, and influence nature in other
ways. Slowing the loss of biodiversity is within our abilities if we make dramatic changes in our consumptive
behavior and identify and protect the elements of our ecosystems that we depend on for our lives and welfare.



Importance of Biodiversity

Samantha Fowler; Rebecca Roush; and James Wise

Learning Objectives

By the end of this section, you will be able to:

 Describe biodiversity as the equilibrium of naturally fluctuating rates of extinction and speciation

+ Identify benefits of biodiversity to humans

Figure 1: This tropical lowland rainforest in Madagascar is
an example of a high biodiversity habitat. This particular
location is protected within a national forest, yet only 10
percent of the original coastal lowland forest remains, and
research suggests half the original biodiversity has been lost.
(credit: Frank Vassen)

Biodiversity is a broad term for biological variety, and it can be measured at a number of organizational levels.
Traditionally, ecologists have measured biodiversity by taking into account both the number of species and the
number of individuals in each of those species. However, biologists are using measures of biodiversity at several
levels of biological organization (including genes, populations, and ecosystems) to help focus efforts to preserve
the biologically and technologically important elements of biodiversity.

When biodiversity loss through extinction is thought of as the loss of the passenger pigeon, the dodo, or, even,
the woolly mammoth there seems to be no reason to care about it because these events happened long ago. How
is the loss practically important for the welfare of the human species? Would these species have made our lives
any better? From the perspective of evolution and ecology, the loss of a particular individual species, with some
exceptions, may seem unimportant, but the current accelerated extinction rate means the loss of tens of thousands
of species within our lifetimes. Much of this loss is occurring in tropical rainforests like the one pictured in [Figure
1], which are especially high-diversity ecosystems that are being cleared for timber and agriculture. This is likely
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to have dramatic effects on human welfare through the collapse of ecosystems and in added costs to maintain food
production, clean air and water, and improve human health.

Biologists recognize that human populations are embedded in ecosystems and are dependent on them, just as is
every other species on the planet. Agriculture began after early hunter-gatherer societies first settled in one place
and heavily modified their immediate environment: the ecosystem in which they existed. This cultural transition
has made it difficult for humans to recognize their dependence on living things other than crops and domesticated
animals on the planet. Today our technology smoothes out the extremes of existence and allows many of us to live
longer, more comfortable lives, but ultimately the human species cannot exist without its surrounding ecosystems.
Our ecosystems provide our food. This includes living plants that grow in soil ecosystems and the animals that eat
these plants (or other animals) as well as photosynthetic organisms in the oceans and the other organisms that eat
them. Our ecosystems have provided and will provide many of the medications that maintain our health, which
are commonly made from compounds found in living organisms. Ecosystems provide our clean water, which is
held in lake and river ecosystems or passes through terrestrial ecosystems on its way into groundwater.

Types of Biodiversity

A common meaning of biodiversity is simply the number of species in a location or on Earth; for example, the
American Ornithologists’ Union lists 2078 species of birds in North and Central America. This is one measure
of the bird biodiversity on the continent. More sophisticated measures of diversity take into account the relative
abundances of species. For example, a forest with 10 equally common species of trees is more diverse than a
forest that has 10 species of trees wherein just one of those species makes up 95 percent of the trees rather than
them being equally distributed. Biologists have also identified alternate measures of biodiversity, some of which
are important in planning how to preserve biodiversity.

Genetic and Chemical Biodiversity

Genetic diversity is one alternate concept of biodiversity. Genetic diversity (or variation) is the raw material
for adaptation in a species. A species’ future potential for adaptation depends on the genetic diversity held in
the genomes of the individuals in populations that make up the species. The same is true for higher taxonomic
categories. A genus with very different types of species will have more genetic diversity than a genus with species
that look alike and have similar ecologies. The genus with the greatest potential for subsequent evolution is the
most genetically diverse one.

Most genes code for proteins, which in turn carry out the metabolic processes that keep organisms alive and
reproducing. Genetic diversity can also be conceived of as chemical diversity in that species with different genetic
makeups produce different assortments of chemicals in their cells (proteins as well as the products and byproducts
of metabolism). This chemical diversity is important for humans because of the potential uses for these chemicals,
such as medications. For example, the drug eptifibatide is derived from rattlesnake venom and is used to prevent
heart attacks in individuals with certain heart conditions.

At present, it is far cheaper to discover compounds made by an organism than to imagine them and then synthesize
them in a laboratory. Chemical diversity is one way to measure diversity that is important to human health and
welfare. Through selective breeding, humans have domesticated animals, plants, and fungi, but even this diversity
is suffering losses because of market forces and increasing globalism in human agriculture and migration. For
example, international seed companies produce only a very few varieties of a given crop and provide incentives
around the world for farmers to buy these few varieties while abandoning their traditional varieties, which are far
more diverse. The human population depends on crop diversity directly as a stable food source and its decline is
troubling to biologists and agricultural scientists.
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Ecosystems Diversity

It is also useful to define ecosystem diversity: the number of different ecosystems on Earth or in a geographical
area. Whole ecosystems can disappear even if some of the species might survive by adapting to other ecosystems.
The loss of an ecosystem means the loss of the interactions between species, the loss of unique features of
coadaptation, and the loss of biological productivity that an ecosystem is able to create. An example of a largely
extinct ecosystem in North America is the prairie ecosystem ([Figure 2]). Prairies once spanned central North
America from the boreal forest in northern Canada down into Mexico. They are now all but gone, replaced by
crop fields, pasture lands, and suburban sprawl. Many of the species survive, but the hugely productive ecosystem
that was responsible for creating our most productive agricultural soils is now gone. As a consequence, their soils
are now being depleted unless they are maintained artificially at greater expense. The decline in soil productivity
occurs because the interactions in the original ecosystem have been lost; this was a far more important loss than
the relatively few species that were driven extinct when the prairie ecosystem was destroyed.
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Figure 2: The variety of ecosystems on Earth—from coral reef to prairie—enables a great
diversity of species to exist. (credit “coral reef”: modification of work by Jim Maragos, USFWS;
credit: “prairie”: modification of work by Jim Minnerath, USFWS)

Current Species Diversity

Despite considerable effort, knowledge of the species that inhabit the planet is limited. A recent estimate suggests
that the eukaryote species for which science has names, about 1.5 million species, account for less than 20 percent
of the total number of eukaryote species present on the planet (8.7 million species, by one estimate). Estimates of
numbers of prokaryotic species are largely guesses, but biologists agree that science has only just begun to catalog
their diversity. Even with what is known, there is no centralized repository of names or samples of the described
species; therefore, there is no way to be sure that the 1.5 million descriptions is an accurate number. It is a best
guess based on the opinions of experts on different taxonomic groups. Given that Earth is losing species at an
accelerating pace, science knows little about what is being lost. [Figure 1] presents recent estimates of biodiversity
in different groups.
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This table shows the estimated number of species by taxonomic group—including both described (named and studied)
and predicted (yet to be named) species.

Estimated Numbers of Described and Predicted species

Source: Mora et al Source: Chapman Source: Groombridge and Jenkins

2011 2009 2002

Described Predicted  Described Predicted  Described Predicted
Animals 1,124,516 9,920,000 1,424,153 6,836,330 1,225,500 10,820,000
Photosynthetic protists 17,892 34,900 25,044 200,500 — —
Fungi 44,368 616,320 98,998 1,500,000 72,000 1,500,000
Plants 224,244 314,600 310,129 390,800 270,000 320,000
er‘:t‘i'SlilS“OtOSymhe“C 16,236 72,800 28,871 1,000,000 80,000 600,000
Prokaryotes — — 10,307 1,000,000 10,175 —
Total 1,438,769 10,960,000 1,897,502 10,897,630 1,657,675 13,240,000

There are various initiatives to catalog described species in accessible and more organized ways, and the internet
is facilitating that effort. Nevertheless, at the current rate of species description, which according to the State of
1

Observed Species- reports is 17,000—20,000 new species a year, it would take close to 500 years to describe all of
the species currently in existence. The task, however, is becoming increasingly impossible over time as extinction
removes species from Earth faster than they can be described.

Naming and counting species may seem an unimportant pursuit given the other needs of humanity, but it is not
simply an accounting. Describing species is a complex process by which biologists determine an organism’s
unique characteristics and whether or not that organism belongs to any other described species. It allows biologists
to find and recognize the species after the initial discovery to follow up on questions about its biology. That
subsequent research will produce the discoveries that make the species valuable to humans and to our ecosystems.
Without a name and description, a species cannot be studied in depth and in a coordinated way by multiple
scientists.

Patterns of Biodiversity

Biodiversity is not evenly distributed on the planet. Lake Victoria contained almost 500 species of cichlids (only
one family of fishes present in the lake) before the introduction of an exotic species in the 1980s and 1990s caused
a mass extinction. All of these species were found only in Lake Victoria, which is to say they were endemic.
Endemic species are found in only one location. For example, the blue jay is endemic to North America, while
the Barton Springs salamander is endemic to the mouth of one spring in Austin, Texas. Endemics with highly
restricted distributions, like the Barton Springs salamander, are particularly vulnerable to extinction. Higher
taxonomic levels, such as genera and families, can also be endemic.

Lake Huron contains about 79 species of fish, all of which are found in many other lakes in North America. What
accounts for the difference in diversity between Lake Victoria and Lake Huron? Lake Victoria is a tropical lake,
while Lake Huron is a temperate lake. Lake Huron in its present form is only about 7,000 years old, while Lake
Victoria in its present form is about 15,000 years old. These two factors, latitude and age, are two of several
hypotheses biogeographers have suggested to explain biodiversity patterns on Earth.
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Biogeography

Biogeography is the study of the distribution of the world’s species both in the past and in the present. The work
of biogeographers is critical to understanding our physical environment, how the environment affects species, and
how changes in environment impact the distribution of a species.

There are three main fields of study under the heading of biogeography: ecological biogeography, historical
biogeography (called paleobiogeography), and conservation biogeography. Ecological biogeography studies the
current factors affecting the distribution of plants and animals. Historical biogeography, as the name implies,
studies the past distribution of species. Conservation biogeography, on the other hand, is focused on the protection
and restoration of species based upon the known historical and current ecological information. Each of these fields
considers both zoogeography and phytogeography—the past and present distribution of animals and plants.

One of the oldest observed patterns in ecology is that biodiversity in almost every taxonomic group of organism
increases as latitude declines. In other words, biodiversity increases closer to the equator ([Figure 31]).

Number of species
o o1 m 2-3 M 46 m 7-10 M 11-15
1 16-20 [ 21-30 = 31-40 [ 41-60 B 61-144
Figure 3: This map illustrates the number of amphibian species across the globe and shows
the trend toward higher biodiversity at lower latitudes. A similar pattern is observed for most
taxonomic groups.

It is not yet clear why biodiversity increases closer to the equator, but hypotheses include the greater age of the
ecosystems in the tropics versus temperate regions, which were largely devoid of life or drastically impoverished
during the last ice age. The greater age provides more time for speciation. Another possible explanation is the
greater energy the tropics receive from the sun versus the lesser energy input in temperate and polar regions.
But scientists have not been able to explain how greater energy input could translate into more species. The
complexity of tropical ecosystems may promote speciation by increasing the habitat heterogeneity, or number of
ecological niches, in the tropics relative to higher latitudes. The greater heterogeneity provides more opportunities
for coevolution, specialization, and perhaps greater selection pressures leading to population differentiation.
However, this hypothesis suffers from some circularity—ecosystems with more species encourage speciation,
but how did they get more species to begin with? The tropics have been perceived as being more stable than
temperate regions, which have a pronounced climate and day-length seasonality. The tropics have their own forms
of seasonality, such as rainfall, but they are generally assumed to be more stable environments and this stability
might promote speciation.

Regardless of the mechanisms, it is certainly true that biodiversity is greatest in the tropics. The number of
endemic species is higher in the tropics. The tropics also contain more biodiversity hotspots. At the same time, our
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knowledge of the species living in the tropics is lowest and because of recent, heavy human activity the potential
for biodiversity loss is greatest.

Importance of Biodiversity

Loss of biodiversity eventually threatens other species we do not impact directly because of their
interconnectedness; as species disappear from an ecosystem other species are threatened by the changes in
available resources. Biodiversity is important to the survival and welfare of human populations because it has
impacts on our health and our ability to feed ourselves through agriculture and harvesting populations of wild
animals.

Human Health

Many medications are derived from natural chemicals made by a diverse group of organisms. For example, many
plants produce secondary plant compounds, which are toxins used to protect the plant from insects and other
animals that eat them. Some of these secondary plant compounds also work as human medicines. Contemporary
societies that live close to the land often have a broad knowledge of the medicinal uses of plants growing in their
area. For centuries in Europe, older knowledge about the medical uses of plants was compiled in herbals—books
that identified the plants and their uses. Humans are not the only animals to use plants for medicinal reasons.
The other great apes, orangutans, chimpanzees, bonobos, and gorillas have all been observed self-medicating with
plants.

Modern pharmaceutical science also recognizes the importance of these plant compounds. Examples of significant
medicines derived from plant compounds include aspirin, codeine, digoxin, atropine, and vincristine ([Figure 41]).
Many medications were once derived from plant extracts but are now synthesized. It is estimated that, at one time,
25 percent of modern drugs contained at least one plant extract. That number has probably decreased to about 10
percent as natural plant ingredients are replaced by synthetic versions of the plant compounds. Antibiotics, which
are responsible for extraordinary improvements in health and lifespans in developed countries, are compounds
largely derived from fungi and bacteria.

Figure 4: Catharanthus roseus, the Madagascar
periwinkle, has various medicinal properties. Among
other uses, it is a source of vincristine, a drug used in
the treatment of lymphomas. (credit: Forest and Kim
Starr)

In recent years, animal venoms and poisons have excited intense research for their medicinal potential. By 2007,
the FDA had approved five drugs based on animal toxins to treat diseases such as hypertension, chronic pain, and
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diabetes. Another five drugs are undergoing clinical trials and at least six drugs are being used in other countries.
Other toxins under investigation come from mammals, snakes, lizards, various amphibians, fish, snails, octopuses,
and scorpions.

Aside from representing billions of dollars in profits, these medications improve people’s lives. Pharmaceutical
companies are actively looking for new natural compounds that can function as medicines. It is estimated that one
third of pharmaceutical research and development is spent on natural compounds and that about 35 percent of new
drugs brought to market between 1981 and 2002 were from natural compounds.

Finally, it has been argued that humans benefit psychologically from living in a biodiverse world. The chief
proponent of this idea is entomologist E. O. Wilson. He argues that human evolutionary history has adapted us to
living in a natural environment and that built environments generate stresses that affect human health and well-
being. There is considerable research into the psychologically regenerative benefits of natural landscapes that
suggest the hypothesis may hold some truth.

Agricultural

Since the beginning of human agriculture more than 10,000 years ago, human groups have been breeding and
selecting crop varieties. This crop diversity matched the cultural diversity of highly subdivided populations of
humans. For example, potatoes were domesticated beginning around 7,000 years ago in the central Andes of Peru
and Bolivia. The people in this region traditionally lived in relatively isolated settlements separated by mountains.
The potatoes grown in that region belong to seven species and the number of varieties likely is in the thousands.
Each variety has been bred to thrive at particular elevations and soil and climate conditions. The diversity is driven
by the diverse demands of the dramatic elevation changes, the limited movement of people, and the demands
created by crop rotation for different varieties that will do well in different fields.

Potatoes are only one example of agricultural diversity. Every plant, animal, and fungus that has been cultivated by
humans has been bred from original wild ancestor species into diverse varieties arising from the demands for food
value, adaptation to growing conditions, and resistance to pests. The potato demonstrates a well-known example
of the risks of low crop diversity: during the tragic Irish potato famine (1845-1852 AD), the single potato variety
grown in Ireland became susceptible to a potato blight—wiping out the crop. The loss of the crop led to famine,
death, and mass emigration. Resistance to disease is a chief benefit to maintaining crop biodiversity and lack of
diversity in contemporary crop species carries similar risks. Seed companies, which are the source of most crop
varieties in developed countries, must continually breed new varieties to keep up with evolving pest organisms.
These same seed companies, however, have participated in the decline of the number of varieties available as they
focus on selling fewer varieties in more areas of the world replacing traditional local varieties.

The ability to create new crop varieties relies on the diversity of varieties available and the availability of wild
forms related to the crop plant. These wild forms are often the source of new gene variants that can be bred with
existing varieties to create varieties with new attributes. Loss of wild species related to a crop will mean the loss of
potential in crop improvement. Maintaining the genetic diversity of wild species related to domesticated species
ensures our continued supply of food.

Since the 1920s, government agriculture departments have maintained seed banks of crop varieties as a way to
maintain crop diversity. This system has flaws because over time seed varieties are lost through accidents and
there is no way to replace them. In 2008, the Svalbard Global seed Vault, located on Spitsbergen island, Norway,
([Figure 5]) began storing seeds from around the world as a backup system to the regional seed banks. If a regional
seed bank stores varieties in Svalbard, losses can be replaced from Svalbard should something happen to the
regional seeds. The Svalbard seed vault is deep into the rock of the arctic island. Conditions within the vault are
maintained at ideal temperature and humidity for seed survival, but the deep underground location of the vault in
the arctic means that failure of the vault’s systems will not compromise the climatic conditions inside the vault.



171 Importance of Biodiversity

Art Connection

The Svalbard seed vault is located on Spitsbergen island in
Norway, which has an arctic climate. Why might an arctic
climate be good for seed storage?

Although crops are largely under our control, our ability to grow
them is dependent on the biodiversity of the ecosystems in
which they are grown. That biodiversity creates the conditions
under which crops are able to grow through what are known as
ecosystem services—valuable conditions or processes that are
carried out by an ecosystem. Crops are not grown, for the most
part, in built environments. They are grown in soil. Although
some agricultural soils are rendered sterile using controversial
pesticide treatments, most contain a huge diversity of organisms
that maintain nutrient cycles—breaking down organic matter
into nutrient compounds that crops need for growth. These
organisms also maintain soil texture that affects water and
oxygen dynamics in the soil that are necessary for plant growth.
Replacing the work of these organisms in forming arable soil is
not practically possible. These kinds of processes are called
ecosystem services. They occur within ecosystems, such as soil ecosystems, as a result of the diverse metabolic
activities of the organisms living there, but they provide benefits to human food production, drinking water availability,
and breathable air.

T - e e z IR
Figure 5: The Svalbard Global Seed Vault is a storage
facility for seeds of Earth’s diverse crops. (credit: Mari
Tefre, Svalbard Global Seed Vault)

Other key ecosystem services related to food production are plant pollination and crop pest control. It is estimated that
honeybee pollination within the United States brings in $1.6 billion per year; other pollinators contribute up to $6.7
billion. Over 150 crops in the United States require pollination to produce. Many honeybee populations are managed by
beekeepers who rent out their hives’ services to farmers. Honeybee populations in North America have been suffering
large losses caused by a syndrome known as colony collapse disorder, a new phenomenon with an unclear cause. Other
pollinators include a diverse array of other bee species and various insects and birds. Loss of these species would make
growing crops requiring pollination impossible, increasing dependence on other crops.

Finally, humans compete for their food with crop pests, most of which are insects. Pesticides control these competitors,
but these are costly and lose their effectiveness over time as pest populations adapt. They also lead to collateral damage
by killing non-pest species as well as beneficial insects like honeybees, and risking the health of agricultural workers
and consumers. Moreover, these pesticides may migrate from the fields where they are applied and do damage to other
ecosystems like streams, lakes, and even the ocean. Ecologists believe that the bulk of the work in removing pests is
actually done by predators and parasites of those pests, but the impact has not been well studied. A review found that in
74 percent of studies that looked for an effect of landscape complexity (forests and fallow fields near to crop fields) on
natural enemies of pests, the greater the complexity, the greater the effect of pest-suppressing organisms. Another
experimental study found that introducing multiple enemies of pea aphids (an important alfalfa pest) increased the yield
of alfalfa significantly. This study shows that a diversity of pests is more effective at control than one single pest. Loss
of diversity in pest enemies will inevitably make it more difficult and costly to grow food. The world’s growing human
population faces significant challenges in the increasing costs and other difficulties associated with producing food.

Wild Food Sources

In addition to growing crops and raising food animals, humans obtain food resources from wild populations,
primarily wild fish populations. For about one billion people, aquatic resources provide the main source of animal
protein. But since 1990, production from global fisheries has declined. Despite considerable effort, few fisheries
on Earth are managed sustainability.

Fishery extinctions rarely lead to complete extinction of the harvested species, but rather to a radical restructuring
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of the marine ecosystem in which a dominant species is so over-harvested that it becomes a minor player,
ecologically. In addition to humans losing the food source, these alterations affect many other species in ways
that are difficult or impossible to predict. The collapse of fisheries has dramatic and long-lasting effects on local
human populations that work in the fishery. In addition, the loss of an inexpensive protein source to populations
that cannot afford to replace it will increase the cost of living and limit societies in other ways. In general, the fish
taken from fisheries have shifted to smaller species and the larger species are overfished. The ultimate outcome
could clearly be the loss of aquatic systems as food sources.

Visit this website to view a brief video discussing a study of declining fisheries.

Section Summary

Biodiversity exists at multiple levels of organization, and is measured in different ways depending on the goals
of those taking the measurements. These include numbers of species, genetic diversity, chemical diversity, and
ecosystem diversity. The number of described species is estimated to be 1.5 million with about 17,000 new species
being described each year. Estimates for the total number of eukaryotic species on Earth vary but are on the order
of 10 million. Biodiversity is negatively correlated with latitude for most taxa, meaning that biodiversity is higher
in the tropics. The mechanism for this pattern is not known with certainty, but several plausible hypotheses have
been advanced.

Humans use many compounds that were first discovered or derived from living organisms as medicines:
secondary plant compounds, animal toxins, and antibiotics produced by bacteria and fungi. More medicines are
expected to be discovered in nature. Loss of biodiversity will impact the number of pharmaceuticals available to
humans. Biodiversity may provide important psychological benefits to humans.

Crop diversity is a requirement for food security, and it is being lost. The loss of wild relatives to crops also
threatens breeders’ abilities to create new varieties. Ecosystems provide ecosystem services that support human
agriculture: pollination, nutrient cycling, pest control, and soil development and maintenance. Loss of biodiversity
threatens these ecosystem services and risks making food production more expensive or impossible. Wild food
sources are mainly aquatic, but few are being managed for sustainability. Fisheries’ ability to provide protein to
human populations is threatened when extinction occurs.

Multiple Choice

The number of currently described species on the planet is about

1. 17,000
2. 150,000
3. 1.5 million
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4. 10 million

A secondary plant compound might be used for which of the following?

1. anew crop variety
2. anew drug

3. asoil nutrient
4

a crop pest

Pollination is an example of

1. apossible source of new drugs
2. chemical diversity

3. an ecosystem service
4

crop pest control

Free Response

Explain how biodiversity loss can impact crop diversity.

Describe two types of compounds from living things that are used as medications.
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Footnotes

1. 1 International Institute for Species Exploration (IISE), 2011 State of Observed Species (SOS). Tempe,
AZ: 1ISE, 2011. Accessed May, 20, 2012. http://species.asu.edu/SOS.

Glossary

biodiversity
the variety of a biological system, typically conceived as the number of species, but also applying to genes,
biochemistry, and ecosystems
chemical diversity
the variety of metabolic compounds in an ecosystem
ecosystem diversity
the variety of ecosystems
endemic species
a species native to one place
extinction
the disappearance of a species from Earth; local extinction is the disappearance of a species from a region
genetic diversity
the variety of genes and alleles in a species or other taxonomic group or ecosystem; the term can refer to
allelic diversity or genome-wide diversity
habitat heterogeneity
the number of ecological niches
secondary plant compound
a compound produced as a byproduct of plant metabolic processes that is typically toxic, but is sequestered
by the plant to defend against herbivores



Threats to Biodiversity

Samantha Fowler; Rebecca Roush; and James Wise

Learning Objectives

By the end of this section, you will be able to:

+ Identify significant threats to biodiversity
+ Explain the effects of habitat loss, exotic species, and hunting on biodiversity

+ Identify the early and predicted effects of climate change on biodiversity
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Figure 1:Atmospheric carbon dioxide levels fluctuate in a cyclical manner. However,
the burning of fossil fuels in recent history has caused a dramatic increase in the
levels of carbon dioxide in the Earth’s atmosphere, which have now reached levels
never before seen on Earth. Scientists predict that the addition of this “greenhouse
gas” to the atmosphere is resulting in climate change that will significantly impact
biodiversity in the coming century.

The core threat to biodiversity on the planet, and therefore a threat to human welfare, is the combination of
human population growth and the resources used by that population. The human population requires resources to
survive and grow, and those resources are being removed unsustainably from the environment. The three greatest
proximate threats to biodiversity are habitat loss, overharvesting, and introduction of exotic species. The first
two of these are a direct result of human population growth and resource use. The third results from increased
mobility and trade. A fourth major cause of extinction, anthropogenic (human-caused) climate change, has not yet
had a large impact, but it is predicted to become significant during this century. Global climate change is also a
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consequence of human population needs for energy and the use of fossil fuels to meet those needs ([Figure 1]).
Environmental issues, such as toxic pollution, have specific targeted effects on species, but are not generally seen
as threats at the magnitude of the others.

Habitat Loss

Figure 2: An oil palm plantation in Sabah province Borneo,
Malaysia, replaces native forest habitat that a variety of
species depended on to live. (credit: Lian Pin Koh)

Humans rely on technology to modify their environment and replace certain functions that were once performed
by the natural ecosystem. Other species cannot do this. Elimination of their habitat—whether it is a forest, coral
reef, grassland, or flowing river—will kill the individuals in the species. Remove the entire habitat within the
range of a species and, unless they are one of the few species that do well in human-built environments, the species
will become extinct. Human destruction of habitats (habitats generally refer to the part of the ecosystem required
by a particular species) accelerated in the latter half of the twentieth century. Consider the exceptional biodiversity
of Sumatra: it is home to one species of orangutan, a species of critically endangered elephant, and the Sumatran
tiger, but half of Sumatra’s forest is now gone. The neighboring island of Borneo, home to the other species of
orangutan, has lost a similar area of forest. Forest loss continues in protected areas of Borneo. The orangutan in
Borneo is listed as endangered by the International Union for Conservation of Nature (IUCN), but it is simply the
most visible of thousands of species that will not survive the disappearance of the forests of Borneo. The forests
are removed for timber and to plant palm oil plantations ([Figure 2]). Palm oil is used in many products including
food products, cosmetics, and biodiesel in Europe. A 5-year estimate of global forest cover loss for the years from
2000 to 2005 was 3.1 percent. Much loss (2.4 percent) occurred in the humid tropics where forest loss is primarily
from timber extraction. These losses certainly also represent the extinction of species unique to those areas.

Preventing Habitat Destruction with Wise Wood Choices

Most consumers do not imagine that the home improvement products they buy might be contributing to habitat
loss and species extinctions. Yet the market for illegally harvested tropical timber is huge, and the wood products
often find themselves in building supply stores in the United States. One estimate is that 10 percent of the imported
timber stream in the United States, which is the world’s largest consumer of wood products, is potentially illegally
logged. In 2006, this amounted to $3.6 billion in wood products. Most of the illegal products are imported from
countries that act as intermediaries and are not the originators of the wood.

How is it possible to determine if a wood product, such as flooring, was harvested sustainably or even legally?
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The Forest Stewardship Council (FSC) certifies sustainably harvested forest products; therefore, looking for their
certification on flooring and other hardwood products is one way to ensure that the wood has not been taken
illegally from a tropical forest. Certification applies to specific products, not to a producer; some producers’
products may not have certification while other products are certified. There are certifications other than the FSC,
but these are run by timber companies creating a conflict of interest. Another approach is to buy domestic wood
species. While it would be great if there was a list of legal versus illegal woods, it is not that simple. Logging
and forest management laws vary from country to country; what is illegal in one country may be legal in another.
Where and how a product is harvested and whether the forest from which it comes is being sustainably maintained
all factor into whether a wood product will be certified by the FSC. It is always a good idea to ask questions about
where a wood product came from and how the supplier knows that it was harvested legally.

Habitat destruction can affect ecosystems other than forests. Rivers and streams are important ecosystems and are
frequently the target of habitat modification through building and from damming or water removal. Damming of
rivers affects flows and access to all parts of a river. Altering a flow regime can reduce or eliminate populations
that are adapted to seasonal changes in flow. For example, an estimated 91 percent of river lengths in the United
States have been modified with damming or bank modifications. Many fish species in the United States, especially
rare species or species with restricted distributions, have seen declines caused by river damming and habitat loss.
Research has confirmed that species of amphibians that must carry out parts of their life cycles in both aquatic
and terrestrial habitats are at greater risk of population declines and extinction because of the increased likelihood
that one of their habitats or access between them will be lost. This is of particular concern because amphibians
have been declining in numbers and going extinct more rapidly than many other groups for a variety of possible
reasons.

Overharvesting

Overharvesting is a serious threat to many species, but particularly to aquatic species. There are many examples
of regulated fisheries (including hunting of marine mammals and harvesting of crustaceans and other species)
monitored by fisheries scientists that have nevertheless collapsed. The western Atlantic cod fishery is the most
spectacular recent collapse. While it was a hugely productive fishery for 400 years, the introduction of modern
factory trawlers in the 1980s and the pressure on the fishery led to it becoming unsustainable. The causes of
fishery collapse are both economic and political in nature. Most fisheries are managed as a common resource,
available to anyone willing to fish, even when the fishing territory lies within a country’s territorial waters.
Common resources are subject to an economic pressure known as the tragedy of the commons, in which fishers
have little motivation to exercise restraint in harvesting a fishery when they do not own the fishery. The general
outcome of harvests of resources held in common is their overexploitation. While large fisheries are regulated to
attempt to avoid this pressure, it still exists in the background. This overexploitation is exacerbated when access
to the fishery is open and unregulated and when technology gives fishers the ability to overfish. In a few fisheries,
the biological growth of the resource is less than the potential growth of the profits made from fishing if that time
and money were invested elsewhere. In these cases—whales are an example—economic forces will drive toward
fishing the population to extinction.

Explore a U.S. Fish & Wildlife Service interactive map of critical habitat for endangered and threatened species
in the United States. To begin, select “Visit the online mapper.”

For the most part, fishery extinction is not equivalent to biological extinction—the last fish of a species is rarely
fished out of the ocean. But there are some instances in which true extinction is a possibility. Whales have slow-
growing populations and are at risk of complete extinction through hunting. Also, there are some species of sharks
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with restricted distributions that are at risk of extinction. The groupers are another population of generally slow-
growing fishes that, in the Caribbean, includes a number of species that are at risk of extinction from overfishing.

Coral reefs are extremely diverse marine ecosystems that face peril from several processes. Reefs are home to 1/3
of the world’s marine fish species—about 4000 species—despite making up only one percent of marine habitat.
Most home marine aquaria house coral reef species that are wild-caught organisms—not cultured organisms.
Although no marine species is known to have been driven extinct by the pet trade, there are studies showing that
populations of some species have declined in response to harvesting, indicating that the harvest is not sustainable
at those levels. There are also concerns about the effect of the pet trade on some terrestrial species such as turtles,
amphibians, birds, plants, and even the orangutans.

View a brief video discussing the role of marine ecosystems in supporting human welfare and the decline of
ocean ecosystems.

Bush meat is the generic term used for wild animals killed for food. Hunting is practiced throughout the
world, but hunting practices, particularly in equatorial Africa and parts of Asia, are believed to threaten several
species with extinction. Traditionally, bush meat in Africa was hunted to feed families directly; however, recent
commercialization of the practice now has bush meat available in grocery stores, which has increased harvest rates
to the level of unsustainability. Additionally, human population growth has increased the need for protein foods
that are not being met from agriculture. Species threatened by the bush meat trade are mostly mammals including
many monkeys and the great apes living in the Congo basin.

Exotic Species

Exotic species are species that have been intentionally or unintentionally introduced by humans into an ecosystem
in which they did not evolve. Human transportation of people and goods, including the intentional transport
of organisms for trade, has dramatically increased the introduction of species into new ecosystems. These new
introductions are sometimes at distances that are well beyond the capacity of the species to ever travel itself and
outside the range of the species’ natural predators.

Most exotic species introductions probably fail because of the low number of individuals introduced or poor
adaptation to the ecosystem they enter. Some species, however, have characteristics that can make them especially
successful in a new ecosystem. These exotic species often undergo dramatic population increases in their new
habitat and reset the ecological conditions in the new environment, threatening the species that exist there. When
this happens, the exotic species also becomes an invasive species. Invasive species can threaten other species
through competition for resources, predation, or disease.

Explore this interactive global database of exotic or invasive species.
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Figure 3: The brown tree snake, Boiga irregularis, is an
exotic species that has caused numerous extinctions on the
island of Guam since its accidental introduction in 1950.
(credit: NPS)

Lakes and islands are particularly vulnerable to extinction threats from introduced species. In Lake Victoria,
the intentional introduction of the Nile perch was largely responsible for the extinction of about 200 species of
cichlids. The accidental introduction of the brown tree snake via aircraft ([Figure 3]) from the Solomon Islands to
Guam in 1950 has led to the extinction of three species of birds and three to five species of reptiles endemic to the
island. Several other species are still threatened. The brown tree snake is adept at exploiting human transportation
as a means to migrate; one was even found on an aircraft arriving in Corpus Christi, Texas. Constant vigilance
on the part of airport, military, and commercial aircraft personnel is required to prevent the snake from moving
from Guam to other islands in the Pacific, especially Hawaii. Islands do not make up a large area of land on the
globe, but they do contain a disproportionate number of endemic species because of their isolation from mainland
ancestors.
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Figure 4: This Limosa harlequin frog (Atelopus
limosus), an endangered species from Panama,
died from a fungal disease called
chytridiomycosis. The red lesions are
symptomatic of the disease. (credit: Brian
Gratwicke)

Many introductions of aquatic species, both marine and freshwater, have occurred when ships have dumped
ballast water taken on at a port of origin into waters at a destination port. Water from the port of origin is pumped
into tanks on a ship empty of cargo to increase stability. The water is drawn from the ocean or estuary of the
port and typically contains living organisms such as plant parts, microorganisms, eggs, larvae, or aquatic animals.
The water is then pumped out before the ship takes on cargo at the destination port, which may be on a different
continent. The zebra mussel was introduced to the Great Lakes from Europe prior to 1988 in ship ballast. The
zebra mussels in the Great Lakes have cost the industry millions of dollars in clean up costs to maintain water
intakes and other facilities. The mussels have also altered the ecology of the lakes dramatically. They threaten
native mollusk populations, but have also benefited some species, such as smallmouth bass. The mussels are filter
feeders and have dramatically improved water clarity, which in turn has allowed aquatic plants to grow along
shorelines, providing shelter for young fish where it did not exist before. The European green crab, Carcinus
maenas, was introduced to San Francisco Bay in the late 1990s, likely in ship ballast water, and has spread north
along the coast to Washington. The crabs have been found to dramatically reduce the abundance of native clams
and crabs with resulting increases in the prey of native crabs.

Invading exotic species can also be disease organisms. It now appears that the global decline in amphibian species
recognized in the 1990s is, in some part, caused by the fungus Batrachochytrium dendrobatidis, which causes the
disease chytridiomycosis ([Figure 4]). There is evidence that the fungus is native to Africa and may have been
spread throughout the world by transport of a commonly used laboratory and pet species: the African clawed frog,
Xenopus laevis. It may well be that biologists themselves are responsible for spreading this disease worldwide.
The North American bullfrog, Rana catesbeiana, which has also been widely introduced as a food animal but
which easily escapes captivity, survives most infections of B. dendrobatidis and can act as a reservoir for the
disease.
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Figure 5: This little brown bat in Greeley Mine,
Vermont, March 26, 2009, was found to have
white-nose syndrome. (credit: modification of
work by Marvin Moriarty, USFWS)

Early evidence suggests that another fungal pathogen, Geomyces destructans, introduced from Europe is
responsible for white-nose syndrome, which infects cave-hibernating bats in eastern North America and has
spread from a point of origin in western New York State ([Figure 5]). The disease has decimated bat populations
and threatens extinction of species already listed as endangered: the Indiana bat, Myotis sodalis, and potentially
the Virginia big-eared bat, Corynorhinus townsendii virginianus. How the fungus was introduced is unknown,
but one logical presumption would be that recreational cavers unintentionally brought the fungus on clothes or
equipment from Europe.

Climate Change

Climate change, and specifically the anthropogenic warming trend presently underway, is recognized as a major
extinction threat, particularly when combined with other threats such as habitat loss. Anthropogenic warming of
the planet has been observed and is hypothesized to continue due to past and continuing emission of greenhouse
gases, primarily carbon dioxide and methane, into the atmosphere caused by the burning of fossil fuels and
deforestation. These gases decrease the degree to which Earth is able to radiate heat energy created by the sunlight
that enters the atmosphere. The changes in climate and energy balance caused by increasing greenhouse gases
are complex and our understanding of them depends on predictions generated from detailed computer models.
Scientists generally agree the present warming trend is caused by humans and some of the likely effects include
dramatic and dangerous climate changes in the coming decades. However, there is still debate and a lack of
understanding about specific outcomes. Scientists disagree about the likely magnitude of the effects on extinction
rates, with estimates ranging from 15 to 40 percent of species committed to extinction by 2050. Scientists do
agree that climate change will alter regional climates, including rainfall and snowfall patterns, making habitats
less hospitable to the species living in them. The warming trend will shift colder climates toward the north and
south poles, forcing species to move with their adapted climate norms, but also to face habitat gaps along the
way. The shifting ranges will impose new competitive regimes on species as they find themselves in contact with
other species not present in their historic range. One such unexpected species contact is between polar bears and
grizzly bears. Previously, these two species had separate ranges. Now, their ranges are overlapping and there are
documented cases of these two species mating and producing viable offspring. Changing climates also throw off
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the delicate timing adaptations that species have to seasonal food resources and breeding times. Scientists have
already documented many contemporary mismatches to shifts in resource availability and timing.

Range shifts are already being observed: for example, on average, European bird species ranges have moved 91
km (56.5 mi) northward. The same study suggested that the optimal shift based on warming trends was double that
distance, suggesting that the populations are not moving quickly enough. Range shifts have also been observed in
plants, butterflies, other insects, freshwater fishes, reptiles, amphibians, and mammals.

Climate gradients will also move up mountains, eventually crowding species higher in altitude and eliminating the
habitat for those species adapted to the highest elevations. Some climates will completely disappear. The rate of
warming appears to be accelerated in the arctic, which is recognized as a serious threat to polar bear populations
that require sea ice to hunt seals during the winter months: seals are the only source of protein available to polar
bears. A trend to decreasing sea ice coverage has occurred since observations began in the mid-twentieth century.
The rate of decline observed in recent years is far greater than previously predicted by climate models ([Figure

Figure 6: The effect of global warming can be seen in the continuing retreat of Grinnell Glacier. The mean
annual temperature in Glacier National Park has increased 1.33°C since 1900. The loss of a glacier
results in the loss of summer meltwaters, sharply reducing seasonal water supplies and severely affecting
local ecosystems. (credit: USGS, GNP Archives)

Finally, global warming will raise ocean levels due to meltwater from glaciers and the greater volume occupied
by warmer water. Shorelines will be inundated, reducing island size, which will have an effect on some species,
and a number of islands will disappear entirely. Additionally, the gradual melting and subsequent refreezing of
the poles, glaciers, and higher elevation mountains—a cycle that has provided freshwater to environments for
centuries—will be altered. This could result in an overabundance of salt water and a shortage of fresh water.

Section Summary

The core threats to biodiversity are human population growth and unsustainable resource use. To date, the most
significant causes of extinction are habitat loss, introduction of exotic species, and overharvesting. Climate change
is predicted to be a significant cause of extinction in the coming century. Habitat loss occurs through deforestation,
damming of rivers, and other activities. Overharvesting is a threat particularly to aquatic species, but the taking
of bush meat in the humid tropics threatens many species in Asia, Africa, and the Americas. Exotic species have
been the cause of a number of extinctions and are especially damaging to islands and lakes. Exotic species’
introductions are increasing because of the increased mobility of human populations and growing global trade and
transportation. Climate change is forcing range changes that may lead to extinction. It is also affecting adaptations
to the timing of resource availability that negatively affects species in seasonal environments. The impacts of
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climate change are currently greatest in the arctic. Global warming will also raise sea levels, eliminating some
islands and reducing the area of all others.

Multiple Choice

Converting a prairie to a farm field is an example of

1. overharvesting
2. habitat loss

3. exotic species
4

climate change

Which two extinction risks may be a direct result of the pet trade?

1. climate change and exotic species introduction
2. habitat loss and overharvesting

3. overharvesting and exotic species introduction
4

habitat loss and climate change

What kind of ecosystem are exotic species especially threatening to?

1. deserts

2. marine ecosystems
3. islands
4

tropical forests
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Free Response

Describe the mechanisms by which human population growth and resource use causes increased extinction rates.

Explain what extinction threats a frog living on a mountainside in Costa Rica might face.

Glossary

bush meat
a wild-caught animal used as food (typically mammals, birds, and reptiles); usually referring to hunting in
the tropics of sub-Saharan Africa, Asia, and the Americas
chytridiomycosis
a disease of amphibians caused by the fungus Batrachochytrium dendrobatidis; thought to be a major cause
of the global amphibian decline
exotic species
(also, invasive species) a species that has been introduced to an ecosystem in which it did not evolve
tragedy of the commons
an economic principle that resources held in common will inevitably be over-exploited
white-nose syndrome
a disease of cave-hibernating bats in the eastern United States and Canada associated with the fungus
Geomyces destructans



Preserving Biodiversity

Samantha Fowler; Rebecca Roush; and James Wise

Learning Objectives

By the end of this section, you will be able to:

 Describe biodiversity as the equilibrium of naturally fluctuating rates of extinction and speciation
+ Explain the legislative framework for conservation

+ Identify the factors important in conservation preserve design

+ Identify examples of the effects of habitat restoration

+ Identify the role of zoos in biodiversity conservation

Preserving biodiversity is an extraordinary challenge that must be met by greater understanding of biodiversity
itself, changes in human behavior and beliefs, and various preservation strategies.

Change in Biodiversity through Time

The number of species on the planet, or in any geographical area, is the result of an equilibrium of two
evolutionary processes that are ongoing: speciation and extinction. Both are natural “birth” and “death” processes
of macroevolution. When speciation rates begin to outstrip extinction rates, the number of species will increase;
likewise, the reverse is true when extinction rates begin to overtake speciation rates. Throughout the history of
life on Earth, as reflected in the fossil record, these two processes have fluctuated to a greater or lesser extent,
sometimes leading to dramatic changes in the number of species on the planet as reflected in the fossil record

([Figure 1]).
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Figure 1: Extinction intensity as reflected in the fossil record has fluctuated
throughout Earth’s history. Sudden and dramatic losses of biodiversity, called
mass extinctions, have occurred five times.

Paleontologists have identified five strata in the fossil record that appear to show sudden and dramatic (greater
than half of all extant species disappearing from the fossil record) losses in biodiversity. These are called mass
extinctions. There are many lesser, yet still dramatic, extinction events, but the five mass extinctions have attracted
the most research into their causes. An argument can be made that the five mass extinctions are only the five most
extreme events in a continuous series of large extinction events throughout the fossil record (since 542 million
years ago). In most cases, the hypothesized causes are still controversial; in one, the most recent, the cause seems
clear. The most recent extinction in geological time, about 65 million years ago, saw the disappearance of the
dinosaurs and many other species. Most scientists now agree the cause of this extinction was the impact of a
large asteroid in the present-day Yucatan Peninsula and the subsequent energy release and global climate changes
caused by dust ejected into the atmosphere.

Recent and Current Extinction Rates

A sixth, or Holocene, mass extinction has mostly to do with the activities of Homo sapiens. There are numerous
recent extinctions of individual species that are recorded in human writings. Most of these are coincident with the
expansion of the European colonies since the 1500s.

One of the earlier and popularly known examples is the dodo bird. The dodo bird lived in the forests of Mauritius,
an island in the Indian Ocean. The dodo bird became extinct around 1662. It was hunted for its meat by sailors
and was easy prey because the dodo, which did not evolve with humans, would approach people without fear.
Introduced pigs, rats, and dogs brought to the island by European ships also killed dodo young and eggs ([Figure
21).
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Figure 2: The dodo bird was hunted to
extinction around 1662. (credit: Ed Uthman,
taken in Natural History Museum, London,
England)

Steller’s sea cow became extinct in 1768; it was related to the manatee and probably once lived along the
northwest coast of North America. Steller’s sea cow was discovered by Europeans in 1741, and it was hunted for
meat and oil. A total of 27 years elapsed between the sea cow’s first contact with Europeans and extinction of
the species. The last Steller’s sea cow was killed in 1768. In another example, the last living passenger pigeon
died in a zoo in Cincinnati, Ohio, in 1914. This species had once migrated in the millions but declined in numbers
because of overhunting and loss of habitat through the clearing of forests for farmland.

These are only a few of the recorded extinctions in the past 500 years. The International Union for Conservation
of Nature (IUCN) keeps a list of extinct and endangered species called the Red List. The list is not complete, but
it describes 380 vertebrates that became extinct after 1500 AD, 86 of which were driven extinct by overhunting
or overfishing.

Estimates of Present-day Extinction Rates

Estimates of extinction rates are hampered by the fact that most extinctions are probably happening without being
observed. The extinction of a bird or mammal is often noticed by humans, especially if it has been hunted or used
in some other way. But there are many organisms that are less noticeable to humans (not necessarily of less value)
and many that are undescribed.

The background extinction rate is estimated to be about 1 per million species years (E/MSY). One “species year”
is one species in existence for one year. One million species years could be one species persisting for one million
years, or a million species persisting for one year. If it is the latter, then one extinction per million species years
would be one of those million species becoming extinct in that year. For example, if there are 10 million species
in existence, then we would expect 10 of those species to become extinct in a year. This is the background rate.

One contemporary extinction-rate estimate uses the extinctions in the written record since the year 1500. For birds
alone, this method yields an estimate of 26 E/MSY, almost three times the background rate. However, this value
may be underestimated for three reasons. First, many existing species would not have been described until much
later in the time period and so their loss would have gone unnoticed. Second, we know the number is higher than
the written record suggests because now extinct species are being described from skeletal remains that were never
mentioned in written history. And third, some species are probably already extinct even though conservationists
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are reluctant to name them as such. Taking these factors into account raises the estimated extinction rate to nearer
100 E/MSY. The predicted rate by the end of the century is 1500 E/MSY.
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Forest area (km?)
Figure 3: A typical species-area curve shows the cumulative number of species
found as more and more area is sampled. The curve has also been interpreted to
show the effect on species numbers of destroying habitat; a reduction in habitat
of 90 percent from 100 km2 to 10 km2 reduces the number of species supported
by about 50 percent.

A second approach to estimating present-time extinction rates is to correlate species loss with habitat loss, and it
is based on measuring forest-area loss and understanding species—area relationships. The species-area relationship
is the rate at which new species are seen when the area surveyed is increased ([Figure 3]). Likewise, if the
habitat area is reduced, the number of species seen will also decline. This kind of relationship is also seen in
the relationship between an island’s area and the number of species present on the island: as one increases, so
does the other, though not in a straight line. Estimates of extinction rates based on habitat loss and species—area
relationships have suggested that with about 90 percent of habitat loss an expected 50 percent of species would
become extinct. [Figure 3] shows that reducing forest area from 100 km? to 10 kmz, a decline of 90 percent,
reduces the number of species by about 50 percent. Species—area estimates have led to estimates of present-day
species extinction rates of about 1000 E/MSY and higher. In general, actual observations do not show this amount
of loss and one explanation put forward is that there is a delay in extinction. According to this explanation,
it takes some time for species to fully suffer the effects of habitat loss and they linger on for some time after
their habitat is destroyed, but eventually they will become extinct. Recent work has also called into question
the applicability of the species-area relationship when estimating the loss of species. This work argues that the
species—area relationship leads to an overestimate of extinction rates. Using an alternate method would bring
estimates down to around 500 E/MSY in the coming century. Note that this value is still 500 times the background
rate.

Go to this website for an interactive exploration of endangered and extinct species, their ecosystems, and the
causes of their endangerment or extinction.
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Conservation of Biodiversity

The threats to biodiversity at the genetic, species, and ecosystem levels have been recognized for some time. In
the United States, the first national park with land set aside to remain in a wilderness state was Yellowstone Park
in 1890. However, attempts to preserve nature for various reasons have occurred for centuries. Today, the main
efforts to preserve biodiversity involve legislative approaches to regulate human and corporate behavior, setting
aside protected areas, and habitat restoration.

Changing Human Behavior

Legislation has been enacted to protect species throughout the world. The legislation includes international treaties
as well as national and state laws. The Convention on International Trade in Endangered Species of Wild Fauna
and Flora (CITES) treaty came into force in 1975. The treaty, and the national legislation that supports it, provides
a legal framework for preventing “listed” species from being transported across nations’ borders, thus protecting
them from being caught or killed in the first place when the purpose involves international trade. The listed
species that are protected to one degree or another by the treaty number some 33,000. The treaty is limited in its
reach because it only deals with international movement of organisms or their parts. It is also limited by various
countries’ ability or willingness to enforce the treaty and supporting legislation. The illegal trade in organisms and
their parts is probably a market in the hundreds of millions of dollars.

Within many countries there are laws that protect endangered species and that regulate hunting and fishing. In
the United States, the Endangered Species Act was enacted in 1973. When an at-risk species is listed by the
Act, the U.S. Fish & Wildlife Service is required by law to develop a management plan to protect the species
and bring it back to sustainable numbers. The Act, and others like it in other countries, is a useful tool, but it
suffers because it is often difficult to get a species listed, or to get an effective management plan in place once
a species is listed. Additionally, species may be controversially taken off the list without necessarily having had
a change in their situation. More fundamentally, the approach to protecting individual species rather than entire
ecosystems (although the management plans commonly involve protection of the individual species’ habitat) is
both inefficient and focuses efforts on a few highly visible and often charismatic species, perhaps at the expense
of other species that go unprotected.

The Migratory Bird Treaty Act (MBTA) is an agreement between the United States and Canada that was signed
into law in 1918 in response to declines in North American bird species caused by hunting. The Act now lists over
800 protected species. It makes it illegal to disturb or kill the protected species or distribute their parts (much of
the hunting of birds in the past was for their feathers). Examples of protected species include northern cardinals,
the red-tailed hawk, and the American black vulture.

Global warming is expected to be a major driver of biodiversity loss. Many governments are concerned about the
effects of anthropogenic global warming, primarily on their economies and food resources. Since greenhouse gas
emissions do not respect national boundaries, the effort to curb them is an international one. The international
response to global warming has been mixed. The Kyoto Protocol, an international agreement that came out of
the United Nations Framework Convention on Climate Change that committed countries to reducing greenhouse
gas emissions by 2012, was ratified by some countries, but spurned by others. Two countries that were especially
important in terms of their potential impact that did not ratify the Kyoto protocol were the United States and
China. Some goals for reduction in greenhouse gasses were met and exceeded by individual countries, but,
worldwide, the effort to limit greenhouse gas production is not succeeding. The intended replacement for the
Kyoto Protocol has not materialized because governments cannot agree on timelines and benchmarks. Meanwhile,
the resulting costs to human societies and biodiversity predicted by a majority of climate scientists will be high.

As already mentioned, the non-profit, non-governmental sector plays a large role in conservation effort both
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in North America and around the world. The approaches range from species-specific organizations to the
broadly focused IUCN and Trade Records Analysis of Flora and Fauna in Commerce (TRAFFIC). The Nature
Conservancy takes a novel approach. It purchases land and protects it in an attempt to set up preserves for
ecosystems. Ultimately, human behavior will change when human values change. At present, the growing
urbanization of the human population is a force that mitigates against valuing biodiversity, because many people
no longer come in contact with natural environments and the species that inhabit them.

Conservation in Preserves

Establishment of wildlife and ecosystem preserves is one of the key tools in conservation efforts ([Figure 4]). A
preserve is an area of land set aside with varying degrees of protection for the organisms that exist within the
boundaries of the preserve. Preserves can be effective for protecting both species and ecosystems, but they have
some serious drawbacks.

Figure 4: National parks, such as Grand Teton National Park
in Wyoming, help conserve biodiversity. (credit: Don DeBold)

A simple measure of success in setting aside preserves for biodiversity protection is to set a target percentage
of land or marine habitat to protect. However, a more detailed preserve design and choice of location is usually
necessary because of the way protected lands are allocated and how biodiversity is distributed: protected lands
tend to contain less economically valuable resources rather than being set aside specifically for the species or
ecosystems at risk. In 2003, the IUCN World Parks Congress estimated that 11.5 percent of Earth’s land surface
was covered by preserves of various kinds. This area is greater than previous goals; however, it only represents 9
out of 14 recognized major biomes and research has shown that 12 percent of all species live outside preserves;
these percentages are much higher when threatened species are considered and when only high quality preserves
are considered. For example, high quality preserves include only about 50 percent of threatened amphibian
species. The conclusion must be that either the percentage of area protected must be increased, the percentage
of high quality preserves must be increased, or preserves must be targeted with greater attention to biodiversity
protection. Researchers argue that more attention to the latter solution is required.

A biodiversity hotspot is a conservation concept developed by Norman Myers in 1988. Hotspots are geographical
areas that contain high numbers of endemic species. The purpose of the concept was to identify important
locations on the planet for conservation efforts, a kind of conservation triage. By protecting hotspots, governments
are able to protect a larger number of species. The original criteria for a hotspot included the presence of 1500
or more species of endemic plants and 70 percent of the area disturbed by human activity. There are now 34
biodiversity hotspots ([Figure 5]) that contain large numbers of endemic species, which include half of Earth’s
endemic plants.
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Figure 5: Conservation International has identified 34 biodiversity hotspots. Although these cover only 2.3
percent of the Earth’s surface, 42 percent of the terrestrial vertebrate species and 50 percent of the world’s
plants are endemic to those hotspots.

There has been extensive research into optimal preserve designs for maintaining biodiversity. The fundamental
principles behind much of the research have come from the seminal theoretical work of Robert H. MacArthur

and Edward O. Wilson published in 1967 on island biogeography.l This work sought to understand the factors
affecting biodiversity on islands. Conservation preserves can be seen as “islands” of habitat within “an ocean” of
non-habitat. In general, large preserves are better because they support more species, including species with large
home ranges; they have more core area of optimal habitat for individual species; they have more niches to support
more species; and they attract more species because they can be found and reached more easily.

Preserves perform better when there are partially protected buffer zones around them of suboptimal habitat. The
buffer allows organisms to exit the boundaries of the preserve without immediate negative consequences from
hunting or lack of resources. One large preserve is better than the same area of several smaller preserves because
there is more core habitat unaffected by less hospitable ecosystems outside the preserve boundary. For this same
reason, preserves in the shape of a square or circle will be better than a preserve with many thin “arms.” If
preserves must be smaller, then providing wildlife corridors between them so that species and their genes can
move between the preserves; for example, preserves along rivers and streams will make the smaller preserves
behave more like a large one. All of these factors are taken into consideration when planning the nature of a
preserve before the land is set aside.

In addition to the physical specifications of a preserve, there are a variety of regulations related to the use of
a preserve. These can include anything from timber extraction, mineral extraction, regulated hunting, human
habitation, and nondestructive human recreation. Many of the decisions to include these other uses are made
based on political pressures rather than conservation considerations. On the other hand, in some cases, wildlife
protection policies have been so strict that subsistence-living indigenous populations have been forced from
ancestral lands that fell within a preserve. In other cases, even if a preserve is designed to protect wildlife, if
the protections are not or cannot be enforced, the preserve status will have little meaning in the face of illegal
poaching and timber extraction. This is a widespread problem with preserves in the tropics.

Some of the limitations on preserves as conservation tools are evident from the discussion of preserve design.
Political and economic pressures typically make preserves smaller, never larger, so setting aside areas that are



NSCC Academic Biology 1050 192

large enough is difficult. Enforcement of protections is also a significant issue in countries without the resources
or political will to prevent poaching and illegal resource extraction.

Climate change will create inevitable problems with the location of preserves as the species within them migrate
to higher latitudes as the habitat of the preserve becomes less favorable. Planning for the effects of global warming
on future preserves, or adding new preserves to accommodate the changes expected from global warming is in
progress, but will only be as effective as the accuracy of the predictions of the effects of global warming on future
habitats.

Finally, an argument can be made that conservation preserves reinforce the cultural perception that humans are
separate from nature, can exist outside of it, and can only operate in ways that do damage to biodiversity. Creating
preserves reduces the pressure on human activities outside the preserves to be sustainable and non-damaging to
biodiversity. Ultimately, the political, economic, and human demographic pressures will degrade and reduce the
size of conservation preserves if the activities outside them are not altered to be less damaging to biodiversity.

Check out this interactive global data system of protected areas. Review data about specific protected areas by
location or study statistics on protected areas by country or region.

Habitat Restoration

Habitat restoration holds considerable promise as a mechanism for maintaining or restoring biodiversity. Of
course once a species has become extinct, its restoration is impossible. However, restoration can improve the
biodiversity of degraded ecosystems. Reintroducing wolves, a top predator, to Yellowstone National Park in 1995
led to dramatic changes in the ecosystem that increased biodiversity. The wolves ([Figure 6]) function to suppress
elk and coyote populations and provide more abundant resources to the guild of carrion eaters. Reducing elk
populations has allowed revegetation of riparian (the areas along the banks of a stream or river) areas, which
has increased the diversity of species in that habitat. Suppression of coyotes has increased the species previously
suppressed by this predator. The number of species of carrion eaters has increased because of the predatory
activities of the wolves. In this habitat, the wolf is a keystone species, meaning a species that is instrumental
in maintaining diversity within an ecosystem. Removing a keystone species from an ecological community
causes a collapse in diversity. The results from the Yellowstone experiment suggest that restoring a keystone
species effectively can have the effect of restoring biodiversity in the community. Ecologists have argued for the
identification of keystone species where possible and for focusing protection efforts on these species. It makes
sense to return the keystone species to the ecosystems where they have been removed.
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Figure 6: This photograph shows the Gibbon wolf pack in
Yellowstone National Park, March 1, 2007. Wolves have been
identified as a keystone species. (credit: Doug Smith, NPS)

Other large-scale restoration experiments underway involve dam removal. In the United States, since the
mid-1980s, many aging dams are being considered for removal rather than replacement because of shifting beliefs
about the ecological value of free-flowing rivers. The measured benefits of dam removal include restoration of
naturally fluctuating water levels (often the purpose of dams is to reduce variation in river flows), which leads to
increased fish diversity and improved water quality. In the Pacific Northwest, dam removal projects are expected
to increase populations of salmon, which is considered a keystone species because it transports nutrients to inland
ecosystems during its annual spawning migrations. In other regions, such as the Atlantic coast, dam removal has
allowed the return of other spawning anadromous fish species (species that are born in fresh water, live most of
their lives in salt water, and return to fresh water to spawn). Some of the largest dam removal projects have yet to
occur or have happened too recently for the consequences to be measured. The large-scale ecological experiments
that these removal projects constitute will provide valuable data for other dam projects slated either for removal
or construction.

The Role of Zoos and Captive Breeding

Zoos have sought to play a role in conservation efforts both through captive breeding programs and education
([Figure 7]). The transformation of the missions of zoos from collection and exhibition facilities to organizations
that are dedicated to conservation is ongoing. In general, it has been recognized that, except in some specific
targeted cases, captive breeding programs for endangered species are inefficient and often prone to failure when
the species are reintroduced to the wild. Zoo facilities are far too limited to contemplate captive breeding programs
for the numbers of species that are now at risk. Education, on the other hand, is a potential positive impact of
zoos on conservation efforts, particularly given the global trend to urbanization and the consequent reduction in
contacts between people and wildlife. A number of studies have been performed to look at the effectiveness of
zoos on people’s attitudes and actions regarding conservation; at present, the results tend to be mixed.
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Figure 7: Zoos and captive breeding programs
help preserve many endangered species, such as
this golden lion tamarin. (credit: Garrett
Ziegler)

Section Summary

Five mass extinctions with losses of more than 50 percent of extant species are observable in the fossil record.
Recent extinctions are recorded in written history and are the basis for one method of estimating contemporary
extinction rates. The other method uses measures of habitat loss and species-area relationships. Estimates of
contemporary extinction rates vary but are as high as 500 times the background rate, as determined from the fossil
record, and are predicted to rise.

There is a legislative framework for biodiversity protection. International treaties such as CITES regulate
the transportation of endangered species across international borders. Legislation within individual countries
protecting species and agreements on global warming have had limited success; there is at present no international
agreement on targets for greenhouse gas emissions. In the United States, the Endangered Species Act protects
listed species but is hampered by procedural difficulties and a focus on individual species. The Migratory Bird
Act is an agreement between Canada and the United States to protect migratory birds. The non-profit sector is
also very active in conservation efforts in a variety of ways.

Conservation preserves are a major tool in biodiversity protection. Presently, 11 percent of Earth’s land surface
is protected in some way. The science of island biogeography has informed the optimal design of preserves;
however, preserves have limitations imposed by political and economic forces. In addition, climate change will
limit the effectiveness of present preserves in the future. A downside of preserves is that they may lessen the
pressure on human societies to function more sustainably outside the preserves.

Habitat restoration has the potential to restore ecosystems to previous biodiversity levels before species become
extinct. Examples of restoration include reintroduction of keystone species and removal of dams on rivers. Zoos
have attempted to take a more active role in conservation and can have a limited role in captive breeding programs.
Zoos also have a useful role in education.
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Multiple Choice

Certain species of parrot cannot be brought to the United States to be sold as pets. What is the name of the
legislation that makes this illegal?

1. Red List

2. Migratory Bird Act

3. CITES

4. Endangered Species Act (ESA)

What is the name of the first international agreement on climate change?

1. Red List

2. Montreal Protocol

3. International Union for the Conservation of Nature (IUCN)
4

Kyoto Protocol

Free Response

Describe two considerations in conservation preserve design.

Describe what happens to an ecosystem when a keystone species is removed.

Footnotes

1. 1 Robert H. MacArthur and Edward O. Wilson, E. O., The Theory of Island Biogeography (Princeton,
N.J.: Princeton University Press, 1967).
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Glossary

biodiversity hotspot
a concept originated by Norman Myers to describe a geographical region with a large number of endemic
species and a large percentage of degraded habitat

extinction rate
the number of species becoming extinct over time, sometimes defined as extinctions per million
species—years to make numbers manageable (E/MSY)

species-area relationship
the relationship between area surveyed and number of species encountered; typically measured by
incrementally increasing the area of a survey and determining the cumulative numbers of species
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Chapter 3: Introduction to Cell Structure and Function

Charles Molnar and Jane Gair

Figure 3.1 (a) Nasal sinus cells (viewed with a light microscope), (b) onion cells (viewed with a light microscope), and (c) Vibrio
tasmaniensis bacterial cells (viewed using a scanning electron microscope) are from very different organisms, yet all share
certain characteristics of basic cell structure. Close your eyes and picture a brick wall. What is the basic building block of that
wall? It is a single brick, of course. Like a brick wall, your body is composed of basic building blocks, and the building blocks of
your body are cells. An average human is thought to have 37.2 trillion cells.

Your body has many kinds of cells, each specialized for a specific purpose. Just as a home is made from a variety
of building materials, the human body is constructed from many cell types. For example, epithelial cells protect
the surface of the body and cover the organs and body cavities within. Bone cells help to support and protect the
body. Cells of the immune system fight invading bacteria. Additionally, red blood cells carry oxygen throughout
the body. Each of these cell types plays a vital role during the growth, development, and day-to-day maintenance
of the body. In spite of their enormous variety, however, all cells share certain fundamental characteristics.

Media Attribution

Figure 3.1
Nasal sinus cell: modification of work by Ed Uthman, MD;
Onion cell: modification of work by Umberto Salvagnin;

Vibrio tasmaniensis bacterial cells: modification of work by Anthony D’Onofrio; scale-bar data from Matt Russell
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3.1 How Cells Are Studied

Charles Molnar and Jane Gair

Learning Objectives

By the end of this section, you will be able to:

 Describe the roles of cells in organisms
+ Compare and contrast light microscopy and electron microscopy

+ Summarize the cell theory

https://pressbooks.nscc.ca/biology1050/?p=94

a One or more interactive elements has been excluded from this version of the text. You can view them online here:

Watch a video about Eukaryotic cells

https://pressbooks.nscc.ca/biology1050/?p=94

a One or more interactive elements has been excluded from this version of the text. You can view them online here:

Watch a video about Diffusion

A cell is the smallest unit of a living thing. A living thing, like you, is called an organism. Thus, cells are the basic
building blocks of all organisms.

In multicellular organisms, several cells of one particular kind interconnect with each other and perform shared
functions to form tissues (for example, muscle tissue, connective tissue, and nervous tissue), several tissues
combine to form an organ (for example, stomach, heart, or brain), and several organs make up an organ system
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(such as the digestive system, circulatory system, or nervous system). Several systems functioning together form
an organism (such as an elephant, for example).

There are many types of cells, and all are grouped into one of two broad categories: prokaryotic and eukaryotic.
Animal cells, plant cells, fungal cells, and protist cells are classified as eukaryotic, whereas bacteria and archaea
cells are classified as prokaryotic. Before discussing the criteria for determining whether a cell is prokaryotic or
eukaryotic, let us first examine how biologists study cells.

Microscopy

Cells vary in size. With few exceptions, individual cells are too small to be seen with the naked eye, so scientists
use microscopes to study them. A microscope is an instrument that magnifies an object. Most images of cells are
taken with a microscope and are called micrographs.

Light Microscopes

To give you a sense of the size of a cell, a typical human red blood cell is about eight millionths of a meter or eight
micrometers (abbreviated as jum) in diameter; the head of a pin is about two thousandths of a meter (millimeters,
or mm) in diameter. That means that approximately 250 red blood cells could fit on the head of a pin.

The optics of the lenses of a light microscope changes the orientation of the image. A specimen that is right-
side up and facing right on the microscope slide will appear upside-down and facing left when viewed through
a microscope, and vice versa. Similarly, if the slide is moved left while looking through the microscope, it will
appear to move right, and if moved down, it will seem to move up. This occurs because microscopes use two
sets of lenses to magnify the image. Due to the manner in which light travels through the lenses, this system of
lenses produces an inverted image (binoculars and a dissecting microscope work in a similar manner, but include
an additional magnification system that makes the final image appear to be upright).

Most student microscopes are classified as light microscopes (Figure 3.2 a). Visible light both passes through and
is bent by the lens system to enable the user to see the specimen. Light microscopes are advantageous for viewing
living organisms, but since individual cells are generally transparent, their components are not distinguishable
unless they are colored with special stains. Staining, however, usually kills the cells.

Light microscopes commonly used in the undergraduate college laboratory magnify up to approximately 400
times. Two parameters that are important in microscopy are magnification and resolving power. Magnification
is the degree of enlargement of an object. Resolving power is the ability of a microscope to allow the eye to
distinguish two adjacent structures as separate; the higher the resolution, the closer those two objects can be,
and the better the clarity and detail of the image. When oil immersion lenses are used, magnification is usually
increased to 1,000 times for the study of smaller cells, like most prokaryotic cells. Because light entering a
specimen from below is focused onto the eye of an observer, the specimen can be viewed using light microscopy.
For this reason, for light to pass through a specimen, the sample must be thin or translucent.

Concept in Action
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A second type of microscope used in laboratories is the dissecting microscope (Figure 3.2 b). These microscopes
have a lower magnification (20 to 80 times the object size) than light microscopes and can provide a three-
dimensional view of the specimen. Thick objects can be examined with many components in focus at the same
time. These microscopes are designed to give a magnified and clear view of tissue structure as well as the
anatomy of the whole organism. Like light microscopes, most modern dissecting microscopes are also binocular,
meaning that they have two separate lens systems, one for each eye. The lens systems are separated by a certain
distance, and therefore provide a sense of depth in the view of their subject to make manipulations by hand easier.
Dissecting microscopes also have optics that correct the image so that it appears as if being seen by the naked eye
and not as an inverted image. The light illuminating a sample under a dissecting microscope typically comes from
above the sample, but may also be directed from below.
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Figure 3.2 (a) Most light microscopes used in a college biology lab can magnify cells up to approximately 400
times. (b) Dissecting microscopes have a lower magnification than light microscopes and are used to examine larger
objects, such as tissues.

Electron Microscopes

In contrast to light microscopes, electron microscopes use a beam of electrons instead of a beam of light. Not
only does this allow for higher magnification and, thus, more detail (Figure 3.4), it also provides higher resolving
power. Preparation of a specimen for viewing under an electron microscope will kill it; therefore, live cells cannot
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be viewed using this type of microscopy. In addition, the electron beam moves best in a vacuum, making it
impossible to view living materials.

In a scanning electron microscope, a beam of electrons moves back and forth across a cell’s surface, rendering
the details of cell surface characteristics by reflection. Cells and other structures are usually coated with a metal
like gold. In a transmission electron microscope, the electron beam is transmitted through the cell and provides
details of a cell’s internal structures. As you might imagine, electron microscopes are significantly more bulky
and expensive than are light microscopes.
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Figure 3.3 Salmonella bacteria are viewed with a light microscope.

Figure 3.4 This scanning electron micrograph shows Salmonella bacteria (in
red) invading human cells.

Cytotechnologist: Have you ever heard of a medical test called a Pap smear? In this test, a doctor takes a small
sample of cells from the uterine cervix of a patient and sends it to a medical lab where a cytotechnologist stains
the cells and examines them for any changes that could indicate cervical cancer or a microbial infection.
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Cytotechnologists (cyto— = cell) are professionals who study cells through microscopic examinations and other
laboratory tests. They are trained to determine which cellular changes are within normal limits or are abnormal.
Their focus is not limited to cervical cells; they study cellular specimens that come from all organs. When they
notice abnormalities, they consult a pathologist, who is a medical doctor who can make a clinical diagnosis.

Cytotechnologists play vital roles in saving people’s lives. When abnormalities are discovered early, a patient’s
treatment can begin sooner, which usually increases the chances of successful treatment.

lﬁm

Figure 3.5 These uterine cervix cells, viewed through a light microscope,
were obtained from a Pap smear. Normal cells are on the left. The cells on
the right are infected with human papillomavirus.

Cell Theory

The microscopes we use today are far more complex than those used in the 1600s by Antony van Leeuwenhoek,
a Dutch shopkeeper who had great skill in crafting lenses. Despite the limitations of his now-ancient lenses,
van Leeuwenhoek observed the movements of protists (a type of single-celled organism) and sperm, which he
collectively termed “animalcules.”

In a 1665 publication called Micrographia, experimental scientist Robert Hooke coined the term “cell” (from the
Latin cella, meaning “small room”) for the box-like structures he observed when viewing cork tissue through a
lens. In the 1670s, van Leeuwenhoek discovered bacteria and protozoa. Later advances in lenses and microscope
construction enabled other scientists to see different components inside cells.

By the late 1830s, botanist Matthias Schleiden and zoologist Theodor Schwann were studying tissues and
proposed the unified cell theory, which states that all living things are composed of one or more cells, that the
cell is the basic unit of life, and that all new cells arise from existing cells. These principles still stand today.

Section Summary

A cell is the smallest unit of life. Most cells are so small that they cannot be viewed with the naked eye.
Therefore, scientists must use microscopes to study cells. Electron microscopes provide higher magnification,
higher resolution, and more detail than light microscopes. The unified cell theory states that all organisms are
composed of one or more cells, the cell is the basic unit of life, and new cells arise from existing cells.
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Exercises

1. When viewing a specimen through a light microscope, scientists use to distinguish the
individual components of cells.
A. abeam of electrons
B. radioactive isotopes
C. special stains

D. high temperatures

2. The is the basic unit of life.
A. organism
B. cell
C. tissue
D. organ

3. What are the advantages and disadvantages of light, transmission, and scanning electron microscopes?

Answers
1. C
2. B

3. The advantages of light microscopes are that they are easily obtained, and the light beam does not kill the
cells. However, typical light microscopes are somewhat limited in the amount of detail that they can reveal.
Electron microscopes are ideal because you can view intricate details, but they are bulky and costly, and
preparation for the microscopic examination kills the specimen. Transmission electron microscopes are
designed to examine the internal structures of a cell, whereas a scanning electron microscope only allows
visualization of the surface of a structure.

microscope: the instrument that magnifies an objectunified cell theory: the biological concept that states that all
organisms are composed of one or more cells, the cell is the basic unit of life, and new cells arise from existing cells

Media Attributions
 Figure 3.3 by modification of work by CDC, Armed Forces Institute of Pathology, Charles N.
Farmer © Public Domain

* Figure 3.4 modification of work by Rocky Mountain Laboratories, NIAID, NIH; scale-bar data from
Matt Russell

+ Figure 3.5 modification of work by Ed Uthman; scale-bar data from Matt Russell © CC BY-SA
(Attribution ShareAlike)
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3.2 Comparing Prokaryotic and Eukaryotic Cells

Charles Molnar and Jane Gair

Learning Objectives

By the end of this section, you will be able to:

» Name examples of prokaryotic and eukaryotic organisms
+ Compare and contrast prokaryotic cells and eukaryotic cells

» Describe the relative sizes of different kinds of cells

. J

Cells fall into one of two broad categories: prokaryotic and eukaryotic. The predominantly single-celled
organisms of the domains Bacteria and Archaea are classified as prokaryotes (pro— = before; —karyon— = nucleus).
Animal cells, plant cells, fungi, and protists are eukaryotes (eu— = true).

Components of Prokaryotic Cells

All cells share four common components: 1) a plasma membrane, an outer covering that separates the cell’s
interior from its surrounding environment; 2) cytoplasm, consisting of a jelly-like region within the cell in which
other cellular components are found; 3) DNA, the genetic material of the cell; and 4) ribosomes, particles that
synthesize proteins. However, prokaryotes differ from eukaryotic cells in several ways.

A prokaryotic cell is a simple, single-celled (unicellular) organism that lacks a nucleus, or any other membrane-
bound organelle. We will shortly come to see that this is significantly different in eukaryotes. Prokaryotic DNA
is found in the central part of the cell: a darkened region called the nucleoid.

205
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Figure 3.6 This figure shows the generalized structure of a prokaryotic cell.

Unlike Archaea and eukaryotes, bacteria have a cell wall made of peptidoglycan, comprised of sugars and amino
acids, and many have a polysaccharide capsule (Figure 3.6). The cell wall acts as an extra layer of protection,
helps the cell maintain its shape, and prevents dehydration. The capsule enables the cell to attach to surfaces in its
environment. Some prokaryotes have flagella, pili, or fimbriae. Flagella are used for locomotion, while most pili
are used to exchange genetic material during a type of reproduction called conjugation.

Eukaryotic Cells

In nature, the relationship between form and function is apparent at all levels, including the level of the cell,
and this will become clear as we explore eukaryotic cells. The principle “form follows function” is found in
many contexts. For example, birds and fish have streamlined bodies that allow them to move quickly through the
medium in which they live, be it air or water. It means that, in general, one can deduce the function of a structure
by looking at its form, because the two are matched.

A eukaryotic cell is a cell that has a membrane-bound nucleus and other membrane-bound compartments
or sacs, called organelles, which have specialized functions. The word eukaryotic means “true kernel” or “true
nucleus,” alluding to the presence of the membrane-bound nucleus in these cells. The word “organelle” means
“little organ,” and, as already mentioned, organelles have specialized cellular functions, just as the organs of your
body have specialized functions.

Cell Size

At 0.1-5.0 pm in diameter, prokaryotic cells are significantly smaller than eukaryotic cells, which have diameters
ranging from 10-100 pm (Figure 3.7). The small size of prokaryotes allows ions and organic molecules that
enter them to quickly spread to other parts of the cell. Similarly, any wastes produced within a prokaryotic cell
can quickly move out. However, larger eukaryotic cells have evolved different structural adaptations to enhance
cellular transport. Indeed, the large size of these cells would not be possible without these adaptations. In general,
cell size is limited because volume increases much more quickly than does cell surface area. As a cell becomes
larger, it becomes more and more difficult for the cell to acquire sufficient materials to support the processes
inside the cell, because the relative size of the surface area across which materials must be transported declines.
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Figure 3.7 This figure shows the relative sizes of different kinds of cells and cellular components.
An adult human is shown for comparison.

Section Summary

Prokaryotes are predominantly single-celled organisms of the domains Bacteria and Archaea. All prokaryotes
have plasma membranes, cytoplasm, ribosomes, a cell wall, DNA, and lack membrane-bound organelles. Many
also have polysaccharide capsules. Prokaryotic cells range in diameter from 0.1-5.0 pm.

Like a prokaryotic cell, a eukaryotic cell has a plasma membrane, cytoplasm, and ribosomes, but a eukaryotic cell
is typically larger than a prokaryotic cell, has a true nucleus (meaning its DNA is surrounded by a membrane),
and has other membrane-bound organelles that allow for compartmentalization of functions. Eukaryotic cells tend
to be 10 to 100 times the size of prokaryotic cells.

Exercises

1. Which of these do all prokaryotes and eukaryotes share?

A. nuclear envelope
B. cell walls
C. organelles

D. plasma membrane

2. A typical prokaryotic cell compared to a eukaryotic cell.

A. is smaller in size by a factor of 100

B. is similar in size
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s 1)

C. is smaller in size by a factor of one million

D. is larger in size by a factor of 10

3. Describe the structures that are characteristic of a prokaryotic cell.

Answers
1. D
2. A

3. Prokaryotic cells are surrounded by a plasma membrane and have DNA, cytoplasm, and ribosomes, like
eukaryotic cells. They also have cell walls and may have a cell capsule. Prokaryotes have a single large
chromosome that is not surrounded by a nuclear membrane. Prokaryotes may have flagella or motility, pili
for conjugation, and fimbriae for adhesion to surfaces.

Glossary

eukaryotic cell: a cell that has a membrane-bound nucleus and several other membrane-bound compartments or sacs
organelle: a membrane-bound compartment or sac within a cell

prokaryotic cell: a unicellular organism that lacks a nucleus or any other membrane-bound organelle




3.3 Eukaryotic Cells

Charles Molnar and Jane Gair

Learning Objectives

By the end of this section, you will be able to:

 Describe the structure of eukaryotic plant and animal cells
« State the role of the plasma membrane
+ Summarize the functions of the major cell organelles

+ Describe the cytoskeleton and extracellular matrix

One or more interactive elements has been excluded from this version of the text. You can view them online here:
https://pressbooks.nscc.ca/biology1050/?p=114

Watch a video about: Oxygen in the Atmosphere

At this point, it should be clear that eukaryotic cells have a more complex structure than do prokaryotic cells.
Organelles allow for various functions to occur in the cell at the same time. Before discussing the functions
of organelles within a eukaryotic cell, let us first examine two important components of the cell: the plasma
membrane and the cytoplasm.

209


https://pressbooks.nscc.ca/biology1050/?p=114
https://www.youtube.com/watch?v=KSIzoF4YPmI&list=PLi8sJ5jarQsyUiIn4rUA71ecODy3o9Md5&index=6

NSCC Academic Biology 1050 210

Nucleus Cytoskeleton
Nuclear envelope: Microtubules: form the
membrane enclosing mitotic spindle and
the nucleus. Protein-lined maintain cell shape.
pores allow material to —— Centrosome: microtubule-
move Iin éf”d out. organizing center.
Chromatin: DNA plus — — Intermediate filaments:
associated proteins. fibrous proteins that hold
Nucleolus: — organelles in place.
condensed region = Microfilaments:
where ribosomes == fibrous proteins;
are formed. ﬁ form the cellular

- corex.

. . e \.r
Peroxisome: @ | Plasma
<o

metabolizes membrane

waste .
b Lysosome:
digests food and
So=s". O waste materials.
e ®

% Golgi apparatus:
: modifies proteins.

Endoplasmic

reticulum Cytoplasm
Rough: associated . .
with ribosomes; Mitochondria:
makes secretory and Vacuole  Produce energy.

membrane proteins.
Smooth: makes lipids. -

(@)
Figure 3.8 (a) This figure shows a typical animal cell

Plasmodesmata: Endoplasmic reticulum Nucleus: contains
channels connect smooth rough chromatin, a
two plant cells nuclear envelope,

_ and a nucleolus,
Cell wall: maintains as in an animal cell
cell shape
Plasma
membrane
Cytoplasm

Ribosomes

Central vacuole;
filled with cell sap Golgi
that maintains apparatus

pressure against
cell wall

Mitochondria

Cytoskeleton:
microtubules Peroxisome
intermediate

filaments Chloroplast: site Plastid: stores
microfilaments of photosynthesis pigments

(b)
Figure 3.8 (b) This figures shows a typical plant cell.


http://opentextbc.ca/biology/wp-content/uploads/sites/96/2015/02/Figure_03_03_01a_new.png
http://opentextbc.ca/biology/wp-content/uploads/sites/96/2015/02/Figure_03_03_01a_new.png
http://opentextbc.ca/biology/wp-content/uploads/sites/96/2015/02/Figure_03_03_01b_new.png
http://opentextbc.ca/biology/wp-content/uploads/sites/96/2015/02/Figure_03_03_01b_new.png

211 3.3 Eukaryotic Cells

What structures does a plant cell have that an animal cell does not have? What structures does an animal cell
have that a plant cell does not have? Plant cells have plasmodesmata, a cell wall, a large central vacuole,
chloroplasts, and plastids. Animal cells have lysosomes and centrosomes.

The Plasma Membrane

Like prokaryotes, eukaryotic cells have a plasma membrane (Figure 3.9) made up of a phoespholipid bilayer
with embedded proteins that separates the internal contents of the cell from its surrounding environment. A
phospholipid is a lipid molecule composed of two fatty acid chains, a glycerol backbone, and a phosphate group.
The plasma membrane regulates the passage of some substances, such as organic molecules, ions, and water,
preventing the passage of some to maintain internal conditions, while actively bringing in or removing others.
Other compounds move passively across the membrane.

Glycoprotein: protein with Glycolipid: lipid with
[ e carbohydrate attached /

carbohydrate
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Figure 3.9 The plasma membrane is a phospholipid bilayer with embedded proteins. There are
other components, such as cholesterol and carbohydrates, which can be found in the membrane
in addition to phospholipids and protein.

The plasma membranes of cells that specialize in absorption are folded into fingerlike projections called microvilli
(singular = microvillus). This folding increases the surface area of the plasma membrane. Such cells are typically
found lining the small intestine, the organ that absorbs nutrients from digested food. This is an excellent example
of form matching the function of a structure.

People with celiac disease have an immune response to gluten, which is a protein found in wheat, barley, and rye.
The immune response damages microvilli, and thus, afflicted individuals cannot absorb nutrients. This leads to
malnutrition, cramping, and diarrhea. Patients suffering from celiac disease must follow a gluten-free diet.

The Cytoplasm

The cytoplasm comprises the contents of a cell between the plasma membrane and the nuclear envelope (a
structure to be discussed shortly). It is made up of organelles suspended in the gel-like cytosol, the cytoskeleton,
and various chemicals. Even though the cytoplasm consists of 70 to 80 percent water, it has a semi-solid
consistency, which comes from the proteins within it. However, proteins are not the only organic molecules found
in the cytoplasm. Glucose and other simple sugars, polysaccharides, amino acids, nucleic acids, fatty acids, and
derivatives of glycerol are found there too. Ions of sodium, potassium, calcium, and many other elements are also
dissolved in the cytoplasm. Many metabolic reactions, including protein synthesis, take place in the cytoplasm.


http://opentextbc.ca/biology/wp-content/uploads/sites/96/2015/02/Figure_03_04_01.jpg
http://opentextbc.ca/biology/wp-content/uploads/sites/96/2015/02/Figure_03_04_01.jpg

NSCC Academic Biology 1050 212

The Cytoskeleton

If you were to remove all the organelles from a cell, would the plasma membrane and the cytoplasm be the only
components left? No. Within the cytoplasm, there would still be ions and organic molecules, plus a network
of protein fibers that helps to maintain the shape of the cell, secures certain organelles in specific positions,
allows cytoplasm and vesicles to move within the cell, and enables unicellular organisms to move independently.
Collectively, this network of protein fibers is known as the cytoskeleton. There are three types of fibers within
the cytoskeleton: microfilaments, also known as actin filaments, intermediate filaments, and microtubules (Figure
3.10).

A Imermediate flaments

= Microfilaments

Microtubles

Figure 3.10 Microfilaments, intermediate
filaments, and microtubules compose a cell’s
cytoskeleton.

Microfilaments are the thinnest of the cytoskeletal fibers and function in moving cellular components, for
example, during cell division. They also maintain the structure of microvilli, the extensive folding of the
plasma membrane found in cells dedicated to absorption. These components are also common in muscle cells
and are responsible for muscle cell contraction. Intermediate filaments are of intermediate diameter and have
structural functions, such as maintaining the shape of the cell and anchoring organelles. Keratin, the compound
that strengthens hair and nails, forms one type of intermediate filament. Microtubules are the thickest of the
cytoskeletal fibers. These are hollow tubes that can dissolve and reform quickly. Microtubules guide organelle
movement and are the structures that pull chromosomes to their poles during cell division. They are also the
structural components of flagella and cilia. In cilia and flagella, the microtubules are organized as a circle of nine
double microtubules on the outside and two microtubules in the center.

The centrosome is a region near the nucleus of animal cells that functions as a microtubule-organizing center. It
contains a pair of centrioles, two structures that lie perpendicular to each other. Each centriole is a cylinder of nine
triplets of microtubules.

The centrosome replicates itself before a cell divides, and the centrioles play a role in pulling the duplicated
chromosomes to opposite ends of the dividing cell. However, the exact function of the centrioles in cell division
is not clear, since cells that have the centrioles removed can still divide, and plant cells, which lack centrioles, are
capable of cell division.
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Flagella and Cilia

Flagella (singular = flagellum) are long, hair-like structures that extend from the plasma membrane and are used
to move an entire cell, (for example, sperm, Euglena). When present, the cell has just one flagellum or a few
flagella. When cilia (singular = cilium) are present, however, they are many in number and extend along the entire
surface of the plasma membrane. They are short, hair-like structures that are used to move entire cells (such as
paramecium) or move substances along the outer surface of the cell (for example, the cilia of cells lining the
fallopian tubes that move the ovum toward the uterus, or cilia lining the cells of the respiratory tract that move
particulate matter toward the throat that mucus has trapped).

The Endomembrane System

The endomembrane system (endo = within) is a group of membranes and organelles in eukaryotic cells
that work together to modify, package, and transport lipids and proteins. It includes the nuclear envelope,
lysosomes, vesicles, endoplasmic reticulum and the Golgi apparatus, which we will cover shortly. Although not
technically within the cell, the plasma membrane is included in the endomembrane system because, as you will
see, it interacts with the other endomembranous organelles.

The Nucleus

Typically, the nucleus is the most prominent organelle in a cell. The nucleus (plural = nuclei) houses the cell’s
DNA in the form of chromatin and directs the synthesis of ribosomes and proteins. Let us look at it in more detail

(Figure 3.11).

Endoplasmic
reticulum

Mucleolus
Chromatin
Mucleoplasm
Muclear pore

Muclear envelope

Figure 3.11 The outermost boundary of the nucleus is the
nuclear envelope. Notice that the nuclear envelope
consists of two phospholipid bilayers (membranes)—an
outer membrane and an inner membrane—in contrast to
the plasma membrane, which consists of only one
phospholipid bilayer.

The nuclear envelope is a double-membrane structure that constitutes the outermost portion of the nucleus
(Figure 3.11). Both the inner and outer membranes of the nuclear envelope are phospholipid bilayers.

The nuclear envelope is punctuated with pores that control the passage of ions, molecules, and RNA between the
nucleoplasm and the cytoplasm.

To understand chromatin, it is helpful to first consider chromosomes. Chromosomes are structures within the
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nucleus that are made up of DNA, the hereditary material, and proteins. This combination of DNA and proteins
is called chromatin. In eukaryotes, chromosomes are linear structures. Every species has a specific number of
chromosomes in the nucleus of its body cells. For example, in humans, the chromosome number is 46, whereas in
fruit flies, the chromosome number is eight.

Chromosomes are only visible and distinguishable from one another when the cell is getting ready to divide. When
the cell is in the growth and maintenance phases of its life cycle, the chromosomes resemble an unwound, jumbled
bunch of threads.

Histone: a protein associated
with DA

Figure 3.12 This image shows various levels of the
organization of chromatin (DNA and protein).

Chramosormes

Figure 3.13 This image shows paired chromosomes.
(credit: modification of work by NIH; scale-bar data from
Matt Russell)

We already know that the nucleus directs the synthesis of ribosomes, but how does it do this? Some chromosomes
have sections of DNA that encode ribosomal RNA. A darkly stained area within the nucleus, called the nucleolus
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(plural = nucleoli), aggregates the ribosomal RNA with associated proteins to assemble the ribosomal subunits
that are then transported through the nuclear pores into the cytoplasm.

The Endoplasmic Reticulum

The endoplasmic reticulum (ER) is a series of interconnected membranous tubules that collectively modify
proteins and synthesize lipids. However, these two functions are performed in separate areas of the endoplasmic
reticulum: the rough endoplasmic reticulum and the smooth endoplasmic reticulum, respectively.

The hollow portion of the ER tubules is called the lumen or cisternal space. The membrane of the ER, which is a
phospholipid bilayer embedded with proteins, is continuous with the nuclear envelope.

The rough endoplasmic reticulum (RER) is so named because the ribosomes attached to its cytoplasmic surface
give it a studded appearance when viewed through an electron microscope.

The ribosomes synthesize proteins while attached to the ER, resulting in the transfer of their newly synthesized
proteins into the lumen of the RER where they undergo modifications such as folding or addition of sugars. The
RER also makes phospholipids for cell membranes.

If the phospholipids or modified proteins are not destined to stay in the RER, they will be packaged within vesicles
and transported from the RER by budding from the membrane. Since the RER is engaged in modifying proteins
that will be secreted from the cell, it is abundant in cells that secrete proteins, such as the liver.

The smooth endoplasmic reticulum (SER) is continuous with the RER but has few or no ribosomes on its
cytoplasmic surface. The SER’s functions include synthesis of carbohydrates, lipids (including phospholipids),
and steroid hormones; detoxification of medications and poisons; alcohol metabolism; and storage of calcium
ions.

The Golgi Apparatus

We have already mentioned that vesicles can bud from the ER, but where do the vesicles go? Before reaching
their final destination, the lipids or proteins within the transport vesicles need to be sorted, packaged, and tagged
so that they wind up in the right place. The sorting, tagging, packaging, and distribution of lipids and proteins
take place in the Golgi apparatus (also called the Golgi body), a series of flattened membranous sacs.
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Figure 3.14 The Golgi apparatus in this transmission electron micrograph of
a white blood cell is visible as a stack of semicircular flattened rings in the
lower portion of this image. Several vesicles can be seen near the Golgi
apparatus. (credit: modification of work by Louisa Howard; scale-bar data
from Matt Russell)
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The Golgi apparatus has a receiving face near the endoplasmic reticulum and a releasing face on the side away
from the ER, toward the cell membrane. The transport vesicles that form from the ER travel to the receiving face,
fuse with it, and empty their contents into the lumen of the Golgi apparatus. As the proteins and lipids travel
through the Golgi, they undergo further modifications. The most frequent modification is the addition of short
chains of sugar molecules. The newly modified proteins and lipids are then tagged with small molecular groups
to enable them to be routed to their proper destinations.

Finally, the modified and tagged proteins are packaged into vesicles that bud from the opposite face of the Golgi.
While some of these vesicles, transport vesicles, deposit their contents into other parts of the cell where they will
be used, others, secretory vesicles, fuse with the plasma membrane and release their contents outside the cell.

The amount of Golgi in different cell types again illustrates that form follows function within cells. Cells that
engage in a great deal of secretory activity (such as cells of the salivary glands that secrete digestive enzymes or
cells of the immune system that secrete antibodies) have an abundant number of Golgi.

In plant cells, the Golgi has an additional role of synthesizing polysaccharides, some of which are incorporated
into the cell wall and some of which are used in other parts of the cell.

Lysosomes

In animal cells, the lysosomes are the cell’s “garbage disposal.” Digestive enzymes within the lysosomes aid
the breakdown of proteins, polysaccharides, lipids, nucleic acids, and even worn-out organelles. In single-celled
eukaryotes, lysosomes are important for digestion of the food they ingest and the recycling of organelles. These
enzymes are active at a much lower pH (more acidic) than those located in the cytoplasm. Many reactions that
take place in the cytoplasm could not occur at a low pH, thus the advantage of compartmentalizing the eukaryotic
cell into organelles is apparent.

Lysosomes also use their hydrolytic enzymes to destroy disease-causing organisms that might enter the cell. A
good example of this occurs in a group of white blood cells called macrophages, which are part of your body’s
immune system. In a process known as phagocytosis, a section of the plasma membrane of the macrophage
invaginates (folds in) and engulfs a pathogen. The invaginated section, with the pathogen inside, then pinches
itself off from the plasma membrane and becomes a vesicle. The vesicle fuses with a lysosome. The lysosome’s
hydrolytic enzymes then destroy the pathogen (Figure 3.15).

Bactarium Vesicle

Macrophage

Figure 3.15 A macrophage has phagocytized a potentially pathogenic
bacterium into a vesicle, which then fuses with a lysosome within the cell so
that the pathogen can be destroyed. Other organelles are present in the cell,
but for simplicity, are not shown.
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Vesicles and Vacuoles

Vesicles and vacuoles are membrane-bound sacs that function in storage and transport. Vacuoles are somewhat
larger than vesicles, and the membrane of a vacuole does not fuse with the membranes of other cellular
components. Vesicles can fuse with other membranes within the cell system. Additionally, enzymes within plant
vacuoles can break down macromolecules.

Figure 3.16 The endomembrane system works to modify,
package, and transport lipids and proteins.

Why does the cis face of the Golgi not face the plasma membrane?

<l— Because that face receives chemicals from the ER, which is toward the center of the cell. —>

Ribosomes

Ribosomes are the cellular structures responsible for protein synthesis. When viewed through an electron
microscope, free ribosomes appear as either clusters or single tiny dots floating freely in the cytoplasm.
Ribosomes may be attached to either the cytoplasmic side of the plasma membrane or the cytoplasmic side of
the endoplasmic reticulum. Electron microscopy has shown that ribosomes consist of large and small subunits.
Ribosomes are enzyme complexes that are responsible for protein synthesis.

Because protein synthesis is essential for all cells, ribosomes are found in practically every cell, although they
are smaller in prokaryotic cells. They are particularly abundant in immature red blood cells for the synthesis of
hemoglobin, which functions in the transport of oxygen throughout the body.
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Mitochondria

Mitochondria (singular = mitochondrion) are often called the “powerhouses” or “energy factories” of a cell
because they are responsible for making adenosine triphosphate (ATP), the cell’s main energy-carrying molecule.
The formation of ATP from the breakdown of glucose is known as cellular respiration. Mitochondria are oval-
shaped, double-membrane organelles (Figure 3.17) that have their own ribosomes and DNA. Each membrane is a
phospholipid bilayer embedded with proteins. The inner layer has folds called cristae, which increase the surface
area of the inner membrane. The area surrounded by the folds is called the mitochondrial matrix. The cristae and
the matrix have different roles in cellular respiration.

In keeping with our theme of form following function, it is important to point out that muscle cells have a very
high concentration of mitochondria because muscle cells need a lot of energy to contract.

Mitochondrial
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Figure 3.17 This transmission electron micrograph shows a mitochondrion as
viewed with an electron microscope. Notice the inner and outer membranes,
the cristae, and the mitochondrial matrix.

Peroxisomes

Peroxisomes are small, round organelles enclosed by single membranes. They carry out oxidation reactions that
break down fatty acids and amino acids. They also detoxify many poisons that may enter the body. Alcohol is
detoxified by peroxisomes in liver cells. A byproduct of these oxidation reactions is hydrogen peroxide, H2O2,
which is contained within the peroxisomes to prevent the chemical from causing damage to cellular components
outside of the organelle. Hydrogen peroxide is safely broken down by peroxisomal enzymes into water and
oxygen.

Animal Cells versus Plant Cells

Despite their fundamental similarities, there are some striking differences between animal and plant cells (see
Table 3.1). Animal cells have centrioles, centrosomes (discussed under the cytoskeleton), and lysosomes, whereas
plant cells do not. Plant cells have a cell wall, chloroplasts, plasmodesmata, and plastids used for storage, and a
large central vacuole, whereas animal cells do not.

The Cell Wall

In Figure 3.8 b, the diagram of a plant cell, you see a structure external to the plasma membrane called the cell
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wall. The cell wall is a rigid covering that protects the cell, provides structural support, and gives shape to the cell.
Fungal and protist cells also have cell walls.

While the chief component of prokaryotic cell walls is peptidoglycan, the major organic molecule in the plant cell
wall is cellulose, a polysaccharide made up of long, straight chains of glucose units. When nutritional information
refers to dietary fiber, it is referring to the cellulose content of food.

Chloroplasts

Like mitochondria, chloroplasts also have their own DNA and ribosomes. Chloroplasts function in photosynthesis
and can be found in eukaryotic cells such as plants and algae. In photosynthesis, carbon dioxide, water, and light
energy are used to make glucose and oxygen. This is the major difference between plants and animals: Plants
(autotrophs) are able to make their own food, like glucose, whereas animals (heterotrophs) must rely on other
organisms for their organic compounds or food source.

Like mitochondria, chloroplasts have outer and inner membranes, but within the space enclosed by a chloroplast’s
inner membrane is a set of interconnected and stacked, fluid-filled membrane sacs called thylakoids (Figure 3.18).
Each stack of thylakoids is called a granum (plural = grana). The fluid enclosed by the inner membrane and
surrounding the grana is called the stroma.

Intermembrane Quter
space membrane

Inner
membrane

Granum
(stack of
thylakoids)

Thylakoid (aqueous fluid)

Figure 3.18 This simplified diagram of a chloroplast shows the outer
membrane, inner membrane, thylakoids, grana, and stroma.

The chloroplasts contain a green pigment called chlorophyll, which captures the energy of sunlight for
photosynthesis. Like plant cells, photosynthetic protists also have chloroplasts. Some bacteria also perform
photosynthesis, but they do not have chloroplasts. Their photosynthetic pigments are located in the thylakoid
membrane within the cell itself.

Evolution in Action

Endosymbiosis: We have mentioned that both mitochondria and chloroplasts contain DNA and ribosomes. Have
you wondered why? Strong evidence points to endosymbiosis as the explanation.

Symbiosis is a relationship in which organisms from two separate species live in close association and typically
exhibit specific adaptations to each other. Endosymbiosis (endo-= within) is a relationship in which one organism
lives inside the other. Endosymbiotic relationships abound in nature. Microbes that produce vitamin K live inside
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the human gut. This relationship is beneficial for us because we are unable to synthesize vitamin K. It is also
beneficial for the microbes because they are protected from other organisms and are provided a stable habitat and
abundant food by living within the large intestine.

Scientists have long noticed that bacteria, mitochondria, and chloroplasts are similar in size. We also know that
mitochondria and chloroplasts have DNA and ribosomes, just as bacteria do and they resemble the types found
in bacteria. Scientists believe that host cells and bacteria formed a mutually beneficial endosymbiotic relationship
when the host cells ingested aerobic bacteria and cyanobacteria but did not destroy them. Through evolution, these
ingested bacteria became more specialized in their functions, with the aerobic bacteria becoming mitochondria
and the photosynthetic bacteria becoming chloroplasts.

The Central Vacuole

Previously, we mentioned vacuoles as essential components of plant cells. If you look at Figure 3.8 b, you will see
that plant cells each have a large, central vacuole that occupies most of the cell. The central vacuole plays a key
role in regulating the cell’s concentration of water in changing environmental conditions. In plant cells, the liquid
inside the central vacuole provides turgor pressure, which is the outward pressure caused by the fluid inside the
cell. Have you ever noticed that if you forget to water a plant for a few days, it wilts? That is because as the water
concentration in the soil becomes lower than the water concentration in the plant, water moves out of the central
vacuoles and cytoplasm and into the soil. As the central vacuole shrinks, it leaves the cell wall unsupported. This
loss of support to the cell walls of a plant results in the wilted appearance. Additionally, this fluid has a very bitter
taste, which discourages consumption by insects and animals. The central vacuole also functions to store proteins
in developing seed cells.

Extracellular Matrix of Animal Cells

Most animal cells release materials into the extracellular space. The primary components of these materials are
glycoproteins and the protein collagen. Collectively, these materials are called the extracellular matrix (Figure
3.19). Not only does the extracellular matrix hold the cells together to form a tissue, but it also allows the cells
within the tissue to communicate with each other.
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Figure 3.19 The extracellular matrix consists of a network of
substances secreted by cells.

Blood clotting provides an example of the role of the extracellular matrix in cell communication. When the cells
lining a blood vessel are damaged, they display a protein receptor called tissue factor. When tissue factor binds
with another factor in the extracellular matrix, it causes platelets to adhere to the wall of the damaged blood vessel,
stimulates adjacent smooth muscle cells in the blood vessel to contract (thus constricting the blood vessel), and
initiates a series of steps that stimulate the platelets to produce clotting factors.

Intercellular Junctions

Cells can also communicate with each other by direct contact, referred to as intercellular junctions. There are
some differences in the ways that plant and animal cells do this. Plasmodesmata (singular = plasmodesma) are
junctions between plant cells, whereas animal cell contacts include tight and gap junctions, and desmosomes.

In general, long stretches of the plasma membranes of neighboring plant cells cannot touch one another because
they are separated by the cell walls surrounding each cell. Plasmodesmata are numerous channels that pass
between the cell walls of adjacent plant cells, connecting their cytoplasm and enabling signal molecules and
nutrients to be transported from cell to cell (Figure 3.20 a).
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Figure 3.20 There are four kinds of connections between cells. (a) A
plasmodesma is a channel between the cell walls of two adjacent plant cells.
(b) Tight junctions join adjacent animal cells. (c) Desmosomes join two
animal cells together. (d) Gap junctions act as channels between animal
cells.

A tight junction is a watertight seal between two adjacent animal cells (Figure 3.20 b). Proteins hold the cells
tightly against each other. This tight adhesion prevents materials from leaking between the cells. Tight junctions
are typically found in the epithelial tissue that lines internal organs and cavities, and composes most of the skin.
For example, the tight junctions of the epithelial cells lining the urinary bladder prevent urine from leaking into
the extracellular space.

Also found only in animal cells are desmosomes, which act like spot welds between adjacent epithelial cells
(Figure 3.20 c). They keep cells together in a sheet-like formation in organs and tissues that stretch, like the skin,
heart, and muscles.

Gap junctions in animal cells are like plasmodesmata in plant cells in that they are channels between adjacent
cells that allow for the transport of ions, nutrients, and other substances that enable cells to communicate (Figure
3.20 d). Structurally, however, gap junctions and plasmodesmata differ.
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Cell
Component

Plasma
membrane

Cytoplasm
Nucleoid
Nucleus

Ribosomes

Mitochondria
Peroxisomes

Vesicles and
vacuoles

Centrosome

Lysosomes

Cell wall

Chloroplasts

Endoplasmic
reticulum

Golgi
apparatus

Cytoskeleton

Flagella

Cilia

Table 3.1 Components of Prokaryotic and Eukaryotic Cells and Their Functions

Function

Separates cell from external environment; controls passage of
organic molecules, ions, water, oxygen, and wastes into and
out of the cell

Provides structure to cell; site of many metabolic reactions;
medium in which organelles are found

Location of DNA

Cell organelle that houses DNA and directs synthesis of
ribosomes and proteins

Protein synthesis
ATP production/cellular respiration

Oxidizes and breaks down fatty acids and amino acids, and
detoxifies poisons

Storage and transport; digestive function in plant cells

Unspecified role in cell division in animal cells; organizing
center of microtubules in animal cells

Digestion of macromolecules; recycling of worn-out organelles

Protection, structural support and maintenance of cell shape

Photosynthesis
Modifies proteins and synthesizes lipids

Modifies, sorts, tags, packages, and distributes lipids and
proteins

Maintains cell’s shape, secures organelles in specific positions,
allows cytoplasm and vesicles to move within the cell, and
enables unicellular organisms to move independently

Cellular locomotion

Cellular locomotion, movement of particles along extracellular
surface of plasma membrane, and filtration

Section Summary
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Like a prokaryotic cell, a eukaryotic cell has a plasma membrane, cytoplasm, and ribosomes, but a eukaryotic cell
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is typically larger than a prokaryotic cell, has a true nucleus (meaning its DNA is surrounded by a membrane), and
has other membrane-bound organelles that allow for compartmentalization of functions. The plasma membrane
is a phospholipid bilayer embedded with proteins. The nucleolus within the nucleus is the site for ribosome
assembly. Ribosomes are found in the cytoplasm or are attached to the cytoplasmic side of the plasma membrane
or endoplasmic reticulum. They perform protein synthesis. Mitochondria perform cellular respiration and produce
ATP. Peroxisomes break down fatty acids, amino acids, and some toxins. Vesicles and vacuoles are storage and
transport compartments. In plant cells, vacuoles also help break down macromolecules.

Animal cells also have a centrosome and lysosomes. The centrosome has two bodies, the centrioles, with an
unknown role in cell division. Lysosomes are the digestive organelles of animal cells.

Plant cells have a cell wall, chloroplasts, and a central vacuole. The plant cell wall, whose primary component is
cellulose, protects the cell, provides structural support, and gives shape to the cell. Photosynthesis takes place in
chloroplasts. The central vacuole expands, enlarging the cell without the need to produce more cytoplasm.

The endomembrane system includes the nuclear envelope, the endoplasmic reticulum, Golgi apparatus,
lysosomes, vesicles, as well as the plasma membrane. These cellular components work together to modify,
package, tag, and transport membrane lipids and proteins.

The cytoskeleton has three different types of protein elements. Microfilaments provide rigidity and shape to the
cell, and facilitate cellular movements. Intermediate filaments bear tension and anchor the nucleus and other
organelles in place. Microtubules help the cell resist compression, serve as tracks for motor proteins that move
vesicles through the cell, and pull replicated chromosomes to opposite ends of a dividing cell. They are also the
structural elements of centrioles, flagella, and cilia.

Animal cells communicate through their extracellular matrices and are connected to each other by tight junctions,
desmosomes, and gap junctions. Plant cells are connected and communicate with each other by plasmodesmata.

Exercises

1. What structures does a plant cell have that an animal cell does not have? What structures does an animal cell
have that a plant cell does not have?

2. Why does the cis face of the Golgi not face the plasma membrane?

3. Which of the following is found both in eukaryotic and prokaryotic cells?

A. nucleus
B. mitochondrion
C. vacuole

D. ribosome

4. Which of the following is not a component of the endomembrane system?
A. mitochondrion
B. Golgi apparatus

C. endoplasmic reticulum

D. lysosome

5. In the context of cell biology, what do we mean by form follows function? What are at least two examples
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s 1)

of this concept?

Answers
1. Plant cells have plasmodesmata, a cell wall, a large central vacuole, chloroplasts, and plastids. Animal cells
have lysosomes and centrosomes.
Because that face receives chemicals from the ER, which is toward the center of the cell.
D
A

L

“Form follows function” refers to the idea that the function of a body part dictates the form of that body
part. As an example, organisms like birds or fish that fly or swim quickly through the air or water have
streamlined bodies that reduce drag. At the level of the cell, in tissues involved in secretory functions, such
as the salivary glands, the cells have abundant Golgi.

Glossary

cell wall: a rigid cell covering made of cellulose in plants, peptidoglycan in bacteria, non-peptidoglycan compounds in
Archaea, and chitin in fungi that protects the cell, provides structural support, and gives shape to the cell

central vacuole: a large plant cell organelle that acts as a storage compartment, water reservoir, and site of
macromolecule degradation

chloroplast: a plant cell organelle that carries out photosynthesis

cilium: (plural: cilia) a short, hair-like structure that extends from the plasma membrane in large numbers and is used to
move an entire cell or move substances along the outer surface of the cell

cytoplasm: the entire region between the plasma membrane and the nuclear envelope, consisting of organelles
suspended in the gel-like cytosol, the cytoskeleton, and various chemicals

cytoskeleton: the network of protein fibers that collectively maintains the shape of the cell, secures some organelles in
specific positions, allows cytoplasm and vesicles to move within the cell, and enables unicellular organisms to move

cytosol: the gel-like material of the cytoplasm in which cell structures are suspended

desmosome: a linkage between adjacent epithelial cells that forms when cadherins in the plasma membrane attach to
intermediate filaments

endomembrane system: the group of organelles and membranes in eukaryotic cells that work together to modify,
package, and transport lipids and proteins

endoplasmic reticulum (ER): a series of interconnected membranous structures within eukaryotic cells that
collectively modify proteins and synthesize lipids

extracellular matrix: the material, primarily collagen, glycoproteins, and proteoglycans, secreted from animal cells
that holds cells together as a tissue, allows cells to communicate with each other, and provides mechanical protection
and anchoring for cells in the tissue

flagellum: (plural: flagella) the long, hair-like structure that extends from the plasma membrane and is used to move the
cell

gap junction: a channel between two adjacent animal cells that allows ions, nutrients, and other low-molecular weight
substances to pass between the cells, enabling the cells to communicate
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Golgi apparatus: a eukaryotic organelle made up of a series of stacked membranes that sorts, tags, and packages lipids
and proteins for distribution

lysosome: an organelle in an animal cell that functions as the cell’s digestive component; it breaks down proteins,
polysaccharides, lipids, nucleic acids, and even worn-out organelles

mitochondria: (singular: mitochondrion) the cellular organelles responsible for carrying out cellular respiration,
resulting in the production of ATP, the cell’s main energy-carrying molecule

nuclear envelope: the double-membrane structure that constitutes the outermost portion of the nucleus
nucleolus: the darkly staining body within the nucleus that is responsible for assembling ribosomal subunits
nucleus: the cell organelle that houses the cell’s DNA and directs the synthesis of ribosomes and proteins

peroxisome: a small, round organelle that contains hydrogen peroxide, oxidizes fatty acids and amino acids, and
detoxifies many poisons

plasma membrane: a phospholipid bilayer with embedded (integral) or attached (peripheral) proteins that separates the
internal contents of the cell from its surrounding environment

plasmodesma: (plural: plasmodesmata) a channel that passes between the cell walls of adjacent plant cells, connects
their cytoplasm, and allows materials to be transported from cell to cell

ribosome: a cellular structure that carries out protein synthesis

rough endoplasmic reticulum (RER): the region of the endoplasmic reticulum that is studded with ribosomes and
engages in protein modification

smooth endoplasmic reticulum (SER): the region of the endoplasmic reticulum that has few or no ribosomes on its
cytoplasmic surface and synthesizes carbohydrates, lipids, and steroid hormones; detoxifies chemicals like pesticides,
preservatives, medications, and environmental pollutants, and stores calcium ions

tight junction: a firm seal between two adjacent animal cells created by protein adherence
vacuole: a membrane-bound sac, somewhat larger than a vesicle, that functions in cellular storage and transport

vesicle: a small, membrane-bound sac that functions in cellular storage and transport; its membrane is capable of fusing
with the plasma membrane and the membranes of the endoplasmic reticulum and Golgi apparatus
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3.4 The Cell Membrane

Charles Molnar and Jane Gair

Learning Objectives

By the end of this section, you will be able to:

» Understand the fluid mosaic model of membranes

+ Describe the functions of phospholipids, proteins, and carbohydrates in membranes

. J

A cell’s plasma membrane defines the boundary of the cell and determines the nature of its contact with the
environment. Cells exclude some substances, take in others, and excrete still others, all in controlled quantities.
Plasma membranes enclose the borders of cells, but rather than being a static bag, they are dynamic and constantly
in flux. The plasma membrane must be sufficiently flexible to allow certain cells, such as red blood cells and white
blood cells, to change shape as they pass through narrow capillaries. These are the more obvious functions of a
plasma membrane. In addition, the surface of the plasma membrane carries markers that allow cells to recognize
one another, which is vital as tissues and organs form during early development, and which later plays a role in
the “self” versus “non-self” distinction of the immune response.

The plasma membrane also carries receptors, which are attachment sites for specific substances that interact with
the cell. Each receptor is structured to bind with a specific substance. For example, surface receptors of the
membrane create changes in the interior, such as changes in enzymes of metabolic pathways. These metabolic
pathways might be vital for providing the cell with energy, making specific substances for the cell, or breaking
down cellular waste or toxins for disposal. Receptors on the plasma membrane’s exterior surface interact with
hormones or neurotransmitters, and allow their messages to be transmitted into the cell. Some recognition sites
are used by viruses as attachment points. Although they are highly specific, pathogens like viruses may evolve
to exploit receptors to gain entry to a cell by mimicking the specific substance that the receptor is meant to bind.
This specificity helps to explain why human immunodeficiency virus (HIV) or any of the five types of hepatitis
viruses invade only specific cells.

Fluid Mosaic Model

In 1972, S. J. Singer and Garth L. Nicolson proposed a new model of the plasma membrane that, compared to
earlier understanding, better explained both microscopic observations and the function of the plasma membrane.
This was called the fluid mosaic model. The model has evolved somewhat over time, but still best accounts
for the structure and functions of the plasma membrane as we now understand them. The fluid mosaic model
describes the structure of the plasma membrane as a mosaic of components—including phospholipids,
cholesterol, proteins, and carbohydrates—in which the components are able to flow and change position,
while maintaining the basic integrity of the membrane. Both phospholipid molecules and embedded proteins are
able to diffuse rapidly and laterally in the membrane. The fluidity of the plasma membrane is necessary for the
activities of certain enzymes and transport molecules within the membrane. Plasma membranes range from 5-10

227
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nm thick. As a comparison, human red blood cells, visible via light microscopy, are approximately 8 pm thick, or
approximately 1,000 times thicker than a plasma membrane.
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Figure 3.21 The fluid mosaic model of the plasma membrane structure describes the plasma membrane as a fluid
combination of phospholipids, cholesterol, proteins, and carbohydrates.

The plasma membrane is made up primarily of a bilayer of phospholipids with embedded proteins, carbohydrates,
glycolipids, and glycoproteins, and, in animal cells, cholesterol. The amount of cholesterol in animal plasma
membranes regulates the fluidity of the membrane and changes based on the temperature of the cell’s
environment. In other words, cholesterol acts as antifreeze in the cell membrane and is more abundant in animals
that live in cold climates.

The main fabric of the membrane is composed of two layers of phospholipid molecules, and the polar ends of
these molecules (which look like a collection of balls in an artist’s rendition of the model) (Figure 3.22) are in
contact with aqueous fluid both inside and outside the cell. Thus, both surfaces of the plasma membrane are
hydrophilic. In contrast, the interior of the membrane, between its two surfaces, is a hydrophobic or nonpolar
region because of the fatty acid tails. This region has no attraction for water or other polar molecules.
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Figure 3.22 This phospholipid molecule is
composed of a hydrophilic head and two
hydrophobic tails. The hydrophilic head group
consists of a phosphate-containing group attached
to a glycerol molecule. The hydrophobic tails, each
containing either a saturated or an unsaturated
fatty acid, are long hydrocarbon chains.

Proteins make up the second major chemical component of plasma membranes. Integral proteins are embedded
in the plasma membrane and may span all or part of the membrane. Integral proteins may serve as channels or
pumps to move materials into or out of the cell. Peripheral proteins are found on the exterior or interior surfaces
of membranes, attached either to integral proteins or to phospholipid molecules. Both integral and peripheral
proteins may serve as enzymes, as structural attachments for the fibers of the cytoskeleton, or as part of the cell’s
recognition sites.

Carbohydrates are the third major component of plasma membranes. They are always found on the exterior
surface of cells and are bound either to proteins (forming glycoproteins) or to lipids (forming glycolipids). These
carbohydrate chains may consist of 2—60 monosaccharide units and may be either straight or branched. Along
with peripheral proteins, carbohydrates form specialized sites on the cell surface that allow cells to recognize each
other.

Evolutionin Action

How Viruses Infect Specific OrgansSpecific glycoprotein molecules exposed on the surface of the cell membranes
of host cells are exploited by many viruses to infect specific organs. For example, HIV is able to penetrate the
plasma membranes of specific kinds of white blood cells called T-helper cells and monocytes, as well as some
cells of the central nervous system. The hepatitis virus attacks only liver cells.

These viruses are able to invade these cells, because the cells have binding sites on their surfaces that the
viruses have exploited with equally specific glycoproteins in their coats. (Figure 3.23). The cell is tricked by
the mimicry of the virus coat molecules, and the virus is able to enter the cell. Other recognition sites on the
virus’s surface interact with the human immune system, prompting the body to produce antibodies. Antibodies
are made in response to the antigens (or proteins associated with invasive pathogens). These same sites serve as
places for antibodies to attach, and either destroy or inhibit the activity of the virus. Unfortunately, these sites on
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HIV are encoded by genes that change quickly, making the production of an effective vaccine against the virus
very difficult. The virus population within an infected individual quickly evolves through mutation into different
populations, or variants, distinguished by differences in these recognition sites. This rapid change of viral surface
markers decreases the effectiveness of the person’s immune system in attacking the virus, because the antibodies
will not recognize the new variations of the surface patterns.

Cytoplasm

Figure 3.23 HIV docks at and binds to the CD4 receptor, a
glycoprotein on the surface of T cells, before entering, or
infecting, the cell.

Section Summary

The modern understanding of the plasma membrane is referred to as the fluid mosaic model. The plasma
membrane is composed of a bilayer of phospholipids, with their hydrophobic, fatty acid tails in contact with each
other. The landscape of the membrane is studded with proteins, some of which span the membrane. Some of these
proteins serve to transport materials into or out of the cell. Carbohydrates are attached to some of the proteins and
lipids on the outward-facing surface of the membrane. These form complexes that function to identify the cell to
other cells. The fluid nature of the membrane owes itself to the configuration of the fatty acid tails, the presence
of cholesterol embedded in the membrane (in animal cells), and the mosaic nature of the proteins and protein-
carbohydrate complexes, which are not firmly fixed in place. Plasma membranes enclose the borders of cells, but
rather than being a static bag, they are dynamic and constantly in flux.

Exercises
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s 1)

1. Which plasma membrane component can be either found on its surface or embedded in the membrane
structure?
A. protein
B. cholesterol
C. carbohydrate
D. phospholipid

2. The tails of the phospholipids of the plasma membrane are composed of and are ?

A. phosphate groups; hydrophobic
B. fatty acid groups; hydrophilic
C. phosphate groups; hydrophilic
D. fatty acid groups; hydrophobic

3. Why is it advantageous for the cell membrane to be fluid in nature?

Answers
1. A
2. D

3. The fluidity of the cell membrane is necessary for the operation of some enzymes and transport mechanisms
within the membrane.

fluid mosaic model: a model of the structure of the plasma membrane as a mosaic of components, including
phospholipids, cholesterol, proteins, and glycolipids, resulting in a fluid rather than static character

Media Attribution

» Figure 3.23: modification of work by US National Institutes of Health/National Institute of Allergy
and Infectious Diseases
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Learning Objectives

By the end of this section, you will be able to:

» Explain why and how passive transport occurs
» Understand the processes of osmosis and diffusion

+ Define tonicity and describe its relevance to passive transport

. J

Plasma membranes must allow certain substances to enter and leave a cell, while preventing harmful material
from entering and essential material from leaving. In other words, plasma membranes are selectively
permeable—they allow some substances through but not others. If they were to lose this selectivity, the cell
would no longer be able to sustain itself, and it would be destroyed. Some cells require larger amounts of specific
substances than do other cells; they must have a way of obtaining these materials from the extracellular fluids.
This may happen passively, as certain materials move back and forth, or the cell may have special mechanisms
that ensure transport. Most cells expend most of their energy, in the form of adenosine triphosphate (ATP), to
create and maintain an uneven distribution of ions on the opposite sides of their membranes. The structure of the
plasma membrane contributes to these functions, but it also presents some problems.

The most direct forms of membrane transport are passive. Passive transport is a naturally occurring
phenomenon and does not require the cell to expend energy to accomplish the movement. In passive transport,
substances move from an area of higher concentration to an area of lower concentration in a process called
diffusion. A physical space in which there is a different concentration of a single substance is said to have a
concentration gradient.

Selective Permeability

Plasma membranes are asymmetric, meaning that despite the mirror image formed by the phospholipids, the
interior of the membrane is not identical to the exterior of the membrane. Integral proteins that act as channels or
pumps work in one direction. Carbohydrates, attached to lipids or proteins, are also found on the exterior surface
of the plasma membrane. These carbohydrate complexes help the cell bind substances that the cell needs in the
extracellular fluid. This adds considerably to the selective nature of plasma membranes.

Recall that plasma membranes have hydrophilic and hydrophobic regions. This characteristic helps the movement
of certain materials through the membrane and hinders the movement of others. Lipid-soluble material can
easily slip through the hydrophobic lipid core of the membrane. Substances such as the fat-soluble vitamins
A, D, E, and K readily pass through the plasma membranes in the digestive tract and other tissues. Fat-soluble
drugs also gain easy entry into cells and are readily transported into the body’s tissues and organs. Molecules of
oxygen and carbon dioxide have no charge and pass through by simple diffusion.
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Polar substances, with the exception of water, present problems for the membrane. While some polar molecules
connect easily with the outside of a cell, they cannot readily pass through the lipid core of the plasma
membrane. Additionally, whereas small ions could easily slip through the spaces in the mosaic of the membrane,
their charge prevents them from doing so. Ions such as sodium, potassium, calcium, and chloride must have a
special means of penetrating plasma membranes. Simple sugars and amino acids also need help with transport
across plasma membranes.

Diffusion

Diffusion is a passive process of transport. A single substance tends to move from an area of high concentration
to an area of low concentration until the concentration is equal across the space. You are familiar with diffusion
of substances through the air. For example, think about someone opening a bottle of perfume in a room filled with
people. The perfume is at its highest concentration in the bottle and is at its lowest at the edges of the room. The
perfume vapor will diffuse, or spread away, from the bottle, and gradually, more and more people will smell the
perfume as it spreads. Materials move within the cell’s cytosol by diffusion, and certain materials move through
the plasma membrane by diffusion (Figure 3.24). Diffusion expends no energy. Rather the different concentrations
of materials in different areas are a form of potential energy, and diffusion is the dissipation of that potential
energy as materials move down their concentration gradients, from high to low.

O O Extracellular fluid O
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Figure 3.24 Diffusion through a permeable membrane follows the concentration gradient of a substance, moving the
substance from an area of high concentration to one of low concentration.

Each separate substance in a medium, such as the extracellular fluid, has its own concentration gradient,
independent of the concentration gradients of other materials. Additionally, each substance will diffuse according
to that gradient.

Several factors affect the rate of diffusion.

» Extent of the concentration gradient: The greater the difference in concentration, the more rapid the
diffusion. The closer the distribution of the material gets to equilibrium, the slower the rate of diffusion
becomes.

* Mass of the molecules diffusing: More massive molecules move more slowly, because it is more
difficult for them to move between the molecules of the substance they are moving through; therefore,
they diffuse more slowly.

» Temperature: Higher temperatures increase the energy and therefore the movement of the molecules,
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increasing the rate of diffusion.

» Solvent density: As the density of the solvent increases, the rate of diffusion decreases. The molecules
slow down because they have a more difficult time getting through the denser medium.

Concept in Action

For an animation of the diffusion process in action, view this short video on cell membrane transport.

One or more interactive elements has been excluded from this version of the text. You
can view them online here: https://pressbooks.nscc.ca/biology1050/?p=125#0embed-1

Facilitated transport

In facilitated transport, also called facilitated diffusion, material moves across the plasma membrane with the
assistance of transmembrane proteins down a concentration gradient (from high to low concentration) without
the expenditure of cellular energy. However, the substances that undergo facilitated transport would otherwise
not diffuse easily or quickly across the plasma membrane. The solution to moving polar substances and other
substances across the plasma membrane rests in the proteins that span its surface. The material being transported
is first attached to protein or glycoprotein receptors on the exterior surface of the plasma membrane. This allows
the material that is needed by the cell to be removed from the extracellular fluid. The substances are then passed
to specific integral proteins that facilitate their passage, because they form channels or pores that allow certain
substances to pass through the membrane. The integral proteins involved in facilitated transport are collectively
referred to as transport proteins, and they function as either channels for the material or carriers.

Osmosis

Osmosis is the diffusion of water through a semipermeable membrane according to the concentration gradient
of water across the membrane. Whereas diffusion transports material across membranes and within cells, osmosis
transports only water across a membrane and the membrane limits the diffusion of solutes in the water. Osmosis
is a special case of diffusion. Water, like other substances, moves from an area of higher concentration to one
of lower concentration. Imagine a beaker with a semipermeable membrane, separating the two sides or halves
(Figure 3.25). On both sides of the membrane, the water level is the same, but there are different concentrations
on each side of a dissolved substance, or solute, that cannot cross the membrane. If the volume of the water is
the same, but the concentrations of solute are different, then there are also different concentrations of water, the
solvent, on either side of the membrane.


http://openstaxcollege.org/l/passive_trnsprt
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Figure 3.25 In osmosis, water always moves from an area of higher
concentration (of water) to one of lower concentration (of water). In this
system, the solute cannot pass through the selectively permeable membrane.

A principle of diffusion is that the molecules move around and will spread evenly throughout the medium if
they can. However, only the material capable of getting through the membrane will diffuse through it. In this
example, the solute cannot diffuse through the membrane, but the water can. Water has a concentration gradient
in this system. Therefore, water will diffuse down its concentration gradient, crossing the membrane to the side
where it is less concentrated. This diffusion of water through the membrane—osmosis—will continue until the
concentration gradient of water goes to zero. Osmosis proceeds constantly in living systems.

Tonicity

Tonicity describes the amount of solute in a solution. The measure of the tonicity of a solution, or the total amount
of solutes dissolved in a specific amount of solution, is called its osmolarity. Three terms—hypotonic, isotonic,
and hypertonic—are used to relate the osmolarity of a cell to the osmolarity of the extracellular fluid that contains
the cells. In a hypotonic solution, such as tap water, the extracellular fluid has a lower concentration of solutes
than the fluid inside the cell, and water enters the cell. (In living systems, the point of reference is always the
cytoplasm, so the prefix hypo— means that the extracellular fluid has a lower concentration of solutes, or a lower
osmolarity, than the cell cytoplasm.) It also means that the extracellular fluid has a higher concentration of water
than does the cell. In this situation, water will follow its concentration gradient and enter the cell. This may cause
an animal cell to burst, or lyse.

In a hypertonic solution (the prefix hyper— refers to the extracellular fluid having a higher concentration of solutes
than the cell’s cytoplasm), the fluid contains less water than the cell does, such as seawater. Because the cell has
a lower concentration of solutes, the water will leave the cell. In effect, the solute is drawing the water out of the
cell. This may cause an animal cell to shrivel, or crenate.

In an isotonic solution, the extracellular fluid has the same osmolarity as the cell. If the concentration of solutes
of the cell matches that of the extracellular fluid, there will be no net movement of water into or out of the cell.
Blood cells in hypertonic, isotonic, and hypotonic solutions take on characteristic appearances (Figure 3.26).
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Figure 3.26 Osmotic pressure changes the shape of red blood cells in
hypertonic, isotonic, and hypotonic solutions.

A doctor injects a patient with what the doctor thinks is isotonic saline solution. The patient dies, and autopsy
reveals that many red blood cells have been destroyed. Do you think the solution the doctor injected was really
isotonic?

<!-No, it must have been hypotonic, as a hypotonic solution would cause water to enter the cells, thereby making
them burst. —>

Some organisms, such as plants, fungi, bacteria, and some protists, have cell walls that surround the plasma
membrane and prevent cell lysis. The plasma membrane can only expand to the limit of the cell wall, so the cell
will not lyse. In fact, the cytoplasm in plants is always slightly hypertonic compared to the cellular environment,
and water will always enter a cell if water is available. This influx of water produces turgor pressure, which
stiffens the cell walls of the plant (Figure 3.27). In nonwoody plants, turgor pressure supports the plant. If the
plant cells become hypertonic, as occurs in drought or if a plant is not watered adequately, water will leave the
cell. Plants lose turgor pressure in this condition and wilt.

Hypertonic Isotonic Hypotonic

Figure 3.27 The turgor pressure within a plant cell depends on the tonicity of the solution that it
is bathed in.

Section Summary

The passive forms of transport, diffusion and osmosis, move material of small molecular weight. Substances
diffuse from areas of high concentration to areas of low concentration, and this process continues until the
substance is evenly distributed in a system. In solutions of more than one substance, each type of molecule
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diffuses according to its own concentration gradient. Many factors can affect the rate of diffusion, including
concentration gradient, the sizes of the particles that are diffusing, and the temperature of the system.

In living systems, diffusion of substances into and out of cells is mediated by the plasma membrane. Some
materials diffuse readily through the membrane, but others are hindered, and their passage is only made possible
by protein channels and carriers. The chemistry of living things occurs in aqueous solutions, and balancing the
concentrations of those solutions is an ongoing problem. In living systems, diffusion of some substances would
be slow or difficult without membrane proteins.

Exercises

Answers

4.

1.

A doctor injects a patient with what he thinks is isotonic saline solution. The patient dies, and autopsy
reveals that many red blood cells have been destroyed. Do you think the solution the doctor injected was
really isotonic?

Water moves via 0smosis

A. throughout the cytoplasm
B. from an area with a high concentration of other solutes to a lower one
C. from an area with a low concentration of solutes to an area with a higher one

D. from an area with a low concentration of water to one of higher concentration

The principal force driving movement in diffusion is

A. temperature
B. particle size
C. concentration gradient

D. membrane surface area

Why does osmosis occur?

No, it must have been hypotonic, as a hypotonic solution would cause water to enter the cells, thereby
making them burst.

C
C

Water moves through a semipermeable membrane in osmosis because there is a concentration gradient
across the membrane of solute and solvent. The solute cannot effectively move to balance the concentration
on both sides of the membrane, so water moves to achieve this balance.

concentration gradient: an area of high concentration across from an area of low concentration
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diffusion: a passive process of transport of low-molecular weight material down its concentration gradient

facilitated transport: a process by which material moves down a concentration gradient (from high to low
concentration) using integral membrane proteins

hypertonic: describes a solution in which extracellular fluid has higher osmolarity than the fluid inside the cell
hypotonic: describes a solution in which extracellular fluid has lower osmolarity than the fluid inside the cell
isotonic: describes a solution in which the extracellular fluid has the same osmolarity as the fluid inside the cell

osmolarity: the total amount of substances dissolved in a specific amount of solution

osmosis: the transport of water through a semipermeable membrane from an area of high water concentration to an area
of low water concentration across a membrane

passive transport: a method of transporting material that does not require energy
selectively permeable: the characteristic of a membrane that allows some substances through but not others
solute: a substance dissolved in another to form a solution

tonicity: the amount of solute in a solution.

Media Attributions

* Figure 3.24: modification of work by Mariana Ruiz Villarreal
» Figure 3.26: modification of work by Mariana Ruiz Villarreal

 Figure 3.27: modification of work by Mariana Ruiz Villarreal
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Charles Molnar and Jane Gair

Learning Objectives

By the end of this section, you will be able to:

» Understand how electrochemical gradients affect ions
+ Describe endocytosis, including phagocytosis, pinocytosis, and receptor-mediated endocytosis

+ Understand the process of exocytosis

Active transport mechanisms require the use of the cell’s energy, usually in the form of adenosine triphosphate
(ATP). If a substance must move into the cell against its concentration gradient, that is, if the concentration of the
substance inside the cell must be greater than its concentration in the extracellular fluid, the cell must use energy
to move the substance. Some active transport mechanisms move small-molecular weight material, such as ions,
through the membrane.

In addition to moving small ions and molecules through the membrane, cells also need to remove and take in
larger molecules and particles. Some cells are even capable of engulfing entire unicellular microorganisms. You
might have correctly hypothesized that the uptake and release of large particles by the cell requires energy. A large
particle, however, cannot pass through the membrane, even with energy supplied by the cell.

Electrochemical Gradient

We have discussed simple concentration gradients—differential concentrations of a substance across a space or
a membrane—but in living systems, gradients are more complex. Because cells contain proteins, most of which
are negatively charged, and because ions move into and out of cells, there is an electrical gradient, a difference
of charge, across the plasma membrane. The interior of living cells is electrically negative with respect to the
extracellular fluid in which they are bathed; at the same time, cells have higher concentrations of potassium (K")
and lower concentrations of sodium (Na") than does the extracellular fluid. Thus, in a living cell, the concentration
gradient and electrical gradient of Na* promotes diffusion of the ion into the cell, and the electrical gradient of
Na" (a positive ion) tends to drive it inward to the negatively charged interior. The situation is more complex,
however, for other elements such as potassium. The electrical gradient of K™ promotes diffusion of the ion into the
cell, but the concentration gradient of K™ promotes diffusion out of the cell (Figure 3.28). The combined gradient
that affects an ion is called its electrochemical gradient, and it is especially important to muscle and nerve cells.
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Figure 3.28 Electrochemical gradients arise from the combined effects of concentration
gradients and electrical gradients.
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Moving Against a Gradient

To move substances against a concentration or an electrochemical gradient, the cell must use energy. This energy
is harvested from ATP that is generated through cellular metabolism. Active transport mechanisms, collectively
called pumps or carrier proteins, work against electrochemical gradients. With the exception of ions, small
substances constantly pass through plasma membranes. Active transport maintains concentrations of ions and
other substances needed by living cells in the face of these passive changes. Much of a cell’s supply of metabolic
energy may be spent maintaining these processes. Because active transport mechanisms depend on cellular
metabolism for energy, they are sensitive to many metabolic poisons that interfere with the supply of ATP.

Two mechanisms exist for the transport of small-molecular weight material and macromolecules. Primary active
transport moves ions across a membrane and creates a difference in charge across that membrane. The primary
active transport system uses ATP to move a substance, such as an ion, into the cell, and often at the same time,
a second substance is moved out of the cell. The sodium-potassium pump, an important pump in animal cells,
expends energy to move potassium ions into the cell and a different number of sodium ions out of the cell (Figure
3.29). The action of this pump results in a concentration and charge difference across the membrane.
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Figure 3.29 The sodium-potassium pump move potassium and sodium ions across the plasma membrane.

Secondary active transport describes the movement of material using the energy of the electrochemical gradient
established by primary active transport. Using the energy of the electrochemical gradient created by the primary
active transport system, other substances such as amino acids and glucose can be brought into the cell through
membrane channels. ATP itself is formed through secondary active transport using a hydrogen ion gradient in the
mitochondrion.

Endocytosis

Endocytosis is a type of active transport that moves particles, such as large molecules, parts of cells, and even
whole cells, into a cell. There are different variations of endocytosis, but all share a common characteristic: The
plasma membrane of the cell invaginates, forming a pocket around the target particle. The pocket pinches off,
resulting in the particle being contained in a newly created vacuole that is formed from the plasma membrane.

Phagocytosis

Pinocytosis

Receptor-mediated
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(a) (b) (c)
Figure 3.30 Three variations of endocytosis are shown. (a) In one form of endocytosis, phagocytosis, the cell membrane
surrounds the particle and pinches off to form an intracellular vacuole. (b) In another type of endocytosis, pinocytosis, the cell
membrane surrounds a small volume of fluid and pinches off, forming a vesicle. (c) In receptor-mediated endocytosis, uptake of
substances by the cell is targeted to a single type of substance that binds at the receptor on the external cell membrane.
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Phagocytosis is the process by which large particles, such as cells, are taken in by a cell. For example, when
microorganisms invade the human body, a type of white blood cell called a neutrophil removes the invader
through this process, surrounding and engulfing the microorganism, which is then destroyed by the neutrophil

(Figure 3.30).

A variation of endocytosis is called pinocytosis. This literally means “cell drinking” and was named at a time
when the assumption was that the cell was purposefully taking in extracellular fluid. In reality, this process takes
in solutes that the cell needs from the extracellular fluid (Figure 3.30).

A targeted variation of endocytosis employs binding proteins in the plasma membrane that are specific for
certain substances (Figure 3.30). The particles bind to the proteins and the plasma membrane invaginates,
bringing the substance and the proteins into the cell. If passage across the membrane of the target of receptor-
mediated endocytosis is ineffective, it will not be removed from the tissue fluids or blood. Instead, it will stay
in those fluids and increase in concentration. Some human diseases are caused by a failure of receptor-mediated
endocytosis. For example, the form of cholesterol termed low-density lipoprotein or LDL (also referred to as
“bad” cholesterol) is removed from the blood by receptor-mediated endocytosis. In the human genetic disease
familial hypercholesterolemia, the LDL receptors are defective or missing entirely. People with this condition
have life-threatening levels of cholesterol in their blood, because their cells cannot clear the chemical from their
blood.

Exocytosis

In contrast to these methods of moving material into a cell is the process of exocytosis. Exocytosis is the opposite
of the processes discussed above in that its purpose is to expel material from the cell into the extracellular
fluid. A particle enveloped in membrane fuses with the interior of the plasma membrane. This fusion opens the
membranous envelope to the exterior of the cell, and the particle is expelled into the extracellular space (Figure
3.31).
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Figure 3.31 In exocytosis, a vesicle migrates to the plasma membrane, binds,
and releases its contents to the outside of the cell.

Section Summary

The combined gradient that affects an ion includes its concentration gradient and its electrical gradient. Living
cells need certain substances in concentrations greater than they exist in the extracellular space. Moving
substances up their electrochemical gradients requires energy from the cell. Active transport uses energy stored
in ATP to fuel the transport. Active transport of small molecular-size material uses integral proteins in the cell
membrane to move the material—these proteins are analogous to pumps. Some pumps, which carry out primary
active transport, couple directly with ATP to drive their action. In secondary transport, energy from primary
transport can be used to move another substance into the cell and up its concentration gradient.

Endocytosis methods require the direct use of ATP to fuel the transport of large particles such as macromolecules;
parts of cells or whole cells can be engulfed by other cells in a process called phagocytosis. In phagocytosis,
a portion of the membrane invaginates and flows around the particle, eventually pinching off and leaving the
particle wholly enclosed by an envelope of plasma membrane. Vacuoles are broken down by the cell, with the
particles used as food or dispatched in some other way. Pinocytosis is a similar process on a smaller scale. The
cell expels waste and other particles through the reverse process, exocytosis. Wastes are moved outside the cell,
pushing a membranous vesicle to the plasma membrane, allowing the vesicle to fuse with the membrane and
incorporating itself into the membrane structure, releasing its contents to the exterior of the cell.
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Exercises

1. Active transport must function continuously because

A. plasma membranes wear out

B. cells must be in constant motion

C. facilitated transport opposes active transport

D. diffusion is constantly moving the solutes in the other direction

2. Where does the cell get energy for active transport processes?

Answers

1. D

2. The cell harvests energy from ATP produced by its own metabolism to power active transport processes,
such as pumps.

-
.

Glossary

active transport: the method of transporting material that requires energy

electrochemical gradient: a gradient produced by the combined forces of the electrical gradient and the chemical
gradient

endocytosis: a type of active transport that moves substances, including fluids and particles, into a cell
exocytosis: a process of passing material out of a cell

phagocytosis: a process that takes macromolecules that the cell needs from the extracellular fluid; a variation of
endocytosis

pinocytosis: a process that takes solutes that the cell needs from the extracellular fluid; a variation of endocytosis

receptor-mediated endocytosis: a variant of endocytosis that involves the use of specific binding proteins in the
plasma membrane for specific molecules or particles

Media Attributions

+ Figure 3.28: modification of work by “Synaptitude”/Wikimedia Commons
+ Figure 3.29: modification of work by Mariana Ruiz Villarreal

* Figure 3.30: modification of work by Mariana Ruiz Villarreal

Figure 3.31: modification of work by Mariana Ruiz Villarreal
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Chapter 4: Introduction to How Cells Obtain Energy

Charles Molnar and Jane Gair

Figure 4.1 A hummingbird needs energy to maintain prolonged flight. The
bird obtains its energy from taking in food and transforming the energy
contained in food molecules into forms of energy to power its flight through a
series of biochemical reactions. (credit: modification of work by Cory
Zanker)

Virtually every task performed by living organisms requires energy. Energy is needed to perform heavy labor
and exercise, but humans also use energy while thinking, and even during sleep. In fact, the living cells of every
organism constantly use energy. Nutrients and other molecules are imported into the cell, metabolized (broken
down) and possibly synthesized into new molecules, modified if needed, transported around the cell, and possibly
distributed to the entire organism. For example, the large proteins that make up muscles are built from smaller
molecules imported from dietary amino acids. Complex carbohydrates are broken down into simple sugars that
the cell uses for energy. Just as energy is required to both build and demolish a building, energy is required for
the synthesis and breakdown of molecules as well as the transport of molecules into and out of cells. In addition,
processes such as ingesting and breaking down pathogenic bacteria and viruses, exporting wastes and toxins,
and movement of the cell require energy. From where, and in what form, does this energy come? How do living
cells obtain energy, and how do they use it? This chapter will discuss different forms of energy and the physical
laws that govern energy transfer. This chapter will also describe how cells use energy and replenish it, and how
chemical reactions in the cell are performed with great efficiency.
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4.1 Energy and Metabolism

Charles Molnar and Jane Gair

Learning Objectives

By the end of this section, you will be able to:

« Explain what metabolic pathways are

« State the first and second laws of thermodynamics

+ Explain the difference between kinetic and potential energy
+ Describe endergonic and exergonic reactions

+ Discuss how enzymes function as molecular catalysts

https://pressbooks.nscc.ca/biology1050/?p=150

@ One or more interactive elements has been excluded from this version of the text. You can view them online here:

https://www.youtube.com/watch?v=UuskiicY8iY &list=P1.i8sJ5jarQsyUiln4rUA 71ecODy309Md5&index=8

Scientists use the term bioenergetics to describe the concept of energy flow (Figure 4.2) through living systems,
such as cells. Cellular processes such as the building and breaking down of complex molecules occur through
stepwise chemical reactions. Some of these chemical reactions are spontaneous and release energy, whereas
others require energy to proceed. Just as living things must continually consume food to replenish their energy
supplies, cells must continually produce more energy to replenish that used by the many energy-requiring
chemical reactions that constantly take place. Together, all of the chemical reactions that take place inside cells,
including those that consume or generate energy, are referred to as the cell’s metabolism.
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Figure 4.2 Ultimately, most life forms get their energy from the sun. Plants
use photosynthesis to capture sunlight, and herbivores eat the plants to

obtain energy. Carnivores eat the herbivores, and eventual decomposition of
plant and animal material contributes to the nutrient pool.

Metabolic Pathways

Consider the metabolism of sugar. This is a classic example of one of the many cellular processes that use and
produce energy. Living things consume sugars as a major energy source, because sugar molecules have a great
deal of energy stored within their bonds. For the most part, photosynthesizing organisms like plants produce these
sugars. During photosynthesis, plants use energy (originally from sunlight) to convert carbon dioxide gas (CO32)
into sugar molecules (like glucose: CgH1206¢). They consume carbon dioxide and produce oxygen as a waste
product. This reaction is summarized as:

6CO2 + 6H20 + energy -> CgH1206+ 602

Because this process involves synthesizing an energy-storing molecule, it requires energy input to proceed. During
the light reactions of photosynthesis, energy is provided by a molecule called adenosine triphosphate (ATP),
which is the primary energy currency of all cells. Just as the dollar is used as currency to buy goods, cells use
molecules of ATP as energy currency to perform immediate work. In contrast, energy-storage molecules such as
glucose are consumed only to be broken down to use their energy. The reaction that harvests the energy of a sugar
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molecule in cells requiring oxygen to survive can be summarized by the reverse reaction to photosynthesis. In this
reaction, oxygen is consumed and carbon dioxide is released as a waste product. The reaction is summarized as:

CgH1206 + 602

> 6C0O2 + 6H20 + energy
Both of these reactions involve many steps.

The processes of making and breaking down sugar molecules illustrate two examples of metabolic pathways.
A metabolic pathway is a series of chemical reactions that takes a starting molecule and modifies it, step-
by-step, through a series of metabolic intermediates, eventually yielding a final product. In the example of
sugar metabolism, the first metabolic pathway synthesized sugar from smaller molecules, and the other pathway
broke sugar down into smaller molecules. These two opposite processes—the first requiring energy and the
second producing energy—are referred to as anabolic pathways (building polymers) and catabolic pathways
(breaking down polymers into their monomers), respectively. Consequently, metabolism is composed of
synthesis (anabolism) and degradation (catabolism) (Figure 4.3).

It is important to know that the chemical reactions of metabolic pathways do not take place on their own. Each
reaction step is facilitated, or catalyzed, by a protein called an enzyme. Enzymes are important for catalyzing
all types of biological reactions—those that require energy as well as those that release energy.

Metabolic pathways

Anabolic: Small molecules are built into large ones. Energy is required.

000 0 v = 0000

Catabolic: Large molecules are broken down into small ones. Energy is released.

0000 =0 0 ® O =

Figure 4.3 Catabolic pathways are those that generate energy by breaking down larger molecules. Anabolic
pathways are those that require energy to synthesize larger molecules. Both types of pathways are required for
maintaining the cell’s energy balance.

Energy

Thermodynamics refers to the study of energy and energy transfer involving physical matter. The matter relevant
to a particular case of energy transfer is called a system, and everything outside of that matter is called the
surroundings. For instance, when heating a pot of water on the stove, the system includes the stove, the pot, and
the water. Energy is transferred within the system (between the stove, pot, and water). There are two types of
systems: open and closed. In an open system, energy can be exchanged with its surroundings. The stovetop system
is open because heat can be lost to the air. A closed system cannot exchange energy with its surroundings.

Biological organisms are open systems. Energy is exchanged between them and their surroundings as they use
energy from the sun to perform photosynthesis or consume energy-storing molecules and release energy to the
environment by doing work and releasing heat. Like all things in the physical world, energy is subject to physical
laws. The laws of thermodynamics govern the transfer of energy in and among all systems in the universe.
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In general, energy is defined as the ability to do work, or to create some kind of change. Energy exists in different
forms. For example, electrical energy, light energy, and heat energy are all different types of energy. To appreciate
the way energy flows into and out of biological systems, it is important to understand two of the physical laws
that govern energy.

Thermodynamics

The first law of thermodynamics states that the total amount of energy in the universe is constant and conserved.
In other words, there has always been, and always will be, exactly the same amount of energy in the universe.
Energy exists in many different forms. According to the first law of thermodynamics, energy may be transferred
from place to place or transformed into different forms, but it cannet be created or destroyed. The transfers and
transformations of energy take place around us all the time. Light bulbs transform electrical energy into light and
heat energy. Gas stoves transform chemical energy from natural gas into heat energy. Plants perform one of the
most biologically useful energy transformations on earth: that of converting the energy of sunlight to chemical
energy stored within organic molecules (Figure 4.2). Some examples of energy transformations are shown in

Figure 4.4.

The challenge for all living organisms is to obtain energy from their surroundings in forms that they can transfer
or transform into usable energy to do work. Living cells have evolved to meet this challenge. Chemical energy
stored within organic molecules such as sugars and fats is transferred and transformed through a series of cellular
chemical reactions into energy within molecules of ATP. Energy in ATP molecules is easily accessible to do work.
Examples of the types of work that cells need to do include building complex molecules, transporting materials,
powering the motion of cilia or flagella, and contracting muscle fibers to create movement.
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Energy Transformations

oty |

Chemical energy Light energy

Kinetic energy Chemical energy

Figure 4.4 Shown are some examples of energy transferred and transformed
from one system to another and from one form to another. The food we
consume provides our cells with the energy required to carry out bodily
functions, just as light energy provides plants with the means to create the
chemical energy they need. (credit “ice cream”: modification of work by D.
Sharon Pruitt; credit “kids”: modification of work by Max from Providence;
credit “leaf”: modification of work by Cory Zanker)

A living cell’s primary tasks of obtaining, transforming, and using energy to do work may seem simple. However,
the second law of thermodynamics explains why these tasks are harder than they appear. All energy transfers
and transformations are never completely efficient. In every energy transfer, some amount of energy is lost
in a form that is unusable. In most cases, this form is heat energy. Thermodynamically, heat energy is defined as
the energy transferred from one system to another that is not work. For example, when a light bulb is turned on,
some of the energy being converted from electrical energy into light energy is lost as heat energy. Likewise, some
energy is lost as heat energy during cellular metabolic reactions.

An important concept in physical systems is that of order and disorder. The more energy that is lost by a
system to its surroundings, the less ordered and more random the system is. Scientists refer to the measure
of randomness or disorder within a system as entropy. High entropy means high disorder and low energy.
Molecules and chemical reactions have varying entropy as well. For example, entropy increases as molecules at a
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high concentration in one place diffuse and spread out. The second law of thermodynamics says that energy will
always be lost as heat in energy transfers or transformations.

Living things are highly ordered, requiring constant energy input to be maintained in a state of low entropy.

Potential and Kinetic Energy

When an object is in motion, there is energy associated with that object. Think of a wrecking ball. Even a slow-
moving wrecking ball can do a great deal of damage to other objects. Energy associated with objects in motion is
called kinetic energy (Figure 4.5). A speeding bullet, a walking person, and the rapid movement of molecules in
the air (which produces heat) all have kinetic energy.

Now what if that same motionless wrecking ball is lifted two stories above ground with a crane? If the suspended
wrecking ball is unmoving, is there energy associated with it? The answer is yes. The energy that was required
to lift the wrecking ball did not disappear, but is now stored in the wrecking ball by virtue of its position and the
force of gravity acting on it. This type of energy is called potential energy (Figure 4.5). If the ball were to fall, the
potential energy would be transformed into kinetic energy until all of the potential energy was exhausted when
the ball rested on the ground. Wrecking balls also swing like a pendulum; through the swing, there is a constant
change of potential energy (highest at the top of the swing) to kinetic energy (highest at the bottom of the swing).
Other examples of potential energy include the energy of water held behind a dam or a person about to skydive
out of an airplane.

Figure 4.5 Still water has potential energy; moving water, such as in a waterfall or a rapidly flowing river, has
kinetic energy. (credit “dam”: modification of work by “Pascal”/Flickr; credit “waterfall”: modification of work by
Frank Gualtieri)

Potential energy is not only associated with the location of matter, but also with the structure of matter. Even
a spring on the ground has potential energy if it is compressed; so does a rubber band that is pulled taut. On
a molecular level, the bonds that hold the atoms of molecules together exist in a particular structure that has
potential energy. Remember that anabolic cellular pathways require energy to synthesize complex molecules from
simpler ones and catabolic pathways release energy when complex molecules are broken down. The fact that
energy can be released by the breakdown of certain chemical bonds implies that those bonds have potential energy.
In fact, there is potential energy stored within the bonds of all the food molecules we eat, which is eventually
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harnessed for use. This is because these bonds can release energy when broken. The type of potential energy that
exists 