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Dimension 3

DISCIPLINARY CORE IDEAS—
PHYSICAL SCIENCES

ost systems or processes depend at some level on physical and chemical
subprocesses that occur within it, whether the system in question is a

star, Earth’s atmosphere, a river, a bicycle, the human brain, or a living
cell. Large-scale systems often have emergent properties that cannot be explained
on the basis of atomic-scale processes; nevertheless, to understand the physical and
chemical basis of a system, one must ultimately consider the structure of matter at
the atomic and subatomic scales to discover how it influences the system’s larger
scale structures, properties, and functions. Similarly, understanding a process at
any scale requires awareness of the interactions occurring—in terms of the forces
between objects, the related energy transfers, and their consequences. In this way,
the physical sciences—physics and chemistry—underlie all natural and human-
created phenomena, although other kinds of information transfers, such as those
facilitated by the genetic code or communicated between organisms, may also be
critical to understanding their behavior. An overarching goal for learning in the
physical sciences, therefore, is to help students see that there are mechanisms of
cause and effect in all systems and processes that can be understood through a
common set of physical and chemical principles.

The committee developed four core ideas in the physical sciences—three
of which parallel those identified in previous documents, including the National
Science Education Standards and Benchmarks for Science Literacy [1, 2]. The
three core ideas are PS1: Matter and Its Interactions, PS2: Motion and Stability:

Forces and Interactions, and PS3: Energy.
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We also introduce a fourth core idea: PS4: Waves and Their Applications
in Technologies for Information Transfer—which introduces students to the ways
in which advances in the physical sciences during the 20th century underlie all
sophisticated technologies available today. This idea is included in recognition of
the fact that organizing science instruction around disciplinary core ideas tends to
leave out the applications of those ideas. The committee included this fourth idea
to stress the interplay of physical science and technology, as well as to expand
students’ understanding of light and sound as mechanisms of both energy trans-
fer (see LS3) and transfer of information between objects that are not in contact.
Modern communication, information, and imaging technologies are applications
of scientific understandings of light and sound and their interactions with mat-
ter. They are pervasive in our lives today and are also critical tools without which
much of modern science could not be done. See Box 5-1 for a summary of these
four core ideas and their components.

The first three physical science core ideas answer two fundamental
questions—“What is everything made of?” and “Why do things happen?”—
that are not unlike questions that students themselves might ask. These core
ideas can be applied to explain and predict a wide variety of phenomena that
occur in people’s everyday lives, such as the evaporation of a puddle of water,
the transmission of sound, the digital storage and transmission of information,
the tarnishing of metals, and photosynthesis. And because such explanations
and predictions rely on a basic understanding of matter and energy, students’
abilities to conceive of the interactions of matter and energy are central to their
science education.

The historical division between the two subjects of physics and chemistry is
transcended in modern science, as the same physical principles are seen to apply
from subatomic scales to the scale of the universe itself. For this reason we have
chosen to present the two subjects together, thereby ensuring a more coherent
approach to the core ideas across all grades. The designation of physical science
courses at the high school level as either physics or chemistry is not precluded by
our grouping of these disciplines; what is important is that all students are offered
a course sequence that gives them the opportunity and support to learn about all
these ideas and to recognize the connections between them.
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BOX 5-1

CORE AND COMPONENT IDEAS IN THE PHYSICAL SCIENCES

Core Idea PS1: Matter and Its Interactions
PS1.A: Structure and Properties of Matter
PS1.B: Chemical Reactions

PS1.C: Nuclear Processes

Core Idea PS2: Motion and Stability: Forces and Interactions
PS2.A: Forces and Motion
PS2.B: Types of Interactions

PS2.C: Stability and Instability in Physical Systems

Core Idea PS3: Energy
PS3.A: Definitions of Energy
PS3.B: Conservation of Energy and Energy Transfer
PS3.C: Relationship Between Energy and Forces

PS3.D: Energy in Chemical Processes and Everyday Life

Core Idea PS4: Waves and Their Applications in Technologies for Information Transfer
PS4.A: Wave Properties
PS4.B: Electromagnetic Radiation

PS4.C: Information Technologies and Instrumentation
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Core Idea PS1

Matter and Its Interactions

How can one explain the structure, properties, and interactions of matter?

The existence of atoms, now supported by evidence from modern instruments,
was first postulated as a model that could explain both qualitative and quantita-
tive observations about matter (e.g., Brownian motion, ratios of reactants and
products in chemical reactions). Matter can be understood in terms of the types
of atoms present and the interactions both between and within them. The states
(i.e., solid, liquid, gas, or plasma), properties (e.g., hardness, conductivity), and
reactions (both physical and chemical) of matter can be described and predicted
based on the types, interactions, and motions of the atoms within it. Chemical
reactions, which underlie so many observed phenomena in living and nonliv-
ing systems alike, conserve the number of atoms of each type but change their
arrangement into molecules. Nuclear reactions involve changes in the types of
atomic nuclei present and are key to the energy release from the sun and the bal-
ance of isotopes in matter.

PS1.A: STRUCTURE AND PROPERTIES OF MATTER

How do particles combine to form the variety of matter one observes?

While too small to be seen with visible light, atoms have substructures of their
own. They have a small central region or nucleus—containing protons and
neutrons—surrounded by a larger region containing electrons. The number of pro-
tons in the atomic nucleus (atomic number) is the defining characteristic of each
element; different isotopes of the same element differ in the number of neutrons
only. Despite the immense variation and number of substances, there are only
some 100 different stable elements.

Each element has characteristic chemical properties. The periodic table, a
systematic representation of known elements, is organized horizontally by increas-
ing atomic number and vertically by families of elements with related chemical
properties. The development of the periodic table (which occurred well before
atomic substructure was understood) was a major advance, as its patterns sug-
gested and led to the identification of additional elements with particular proper-
ties. Moreover, the table’s patterns are now recognized as related to the atom’s
outermost electron patterns, which play an important role in explaining chemical
reactivity and bond formation, and the periodic table continues to be a useful way

to organize this information.
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The substructure of atoms determines how they combine and rearrange to
form all of the world’s substances. Electrical attractions and repulsions between
charged particles (i.e., atomic nuclei and electrons) in matter explain the struc-
ture of atoms and the forces between atoms that cause them to form molecules
(via chemical bonds), which range in size from two to thousands of atoms (e.g.,
in biological molecules such as proteins). Atoms also combine due to these forces
to form extended structures,
such as crystals or metals.
The varied properties (e.g.,
hardness, conductivity) of
the materials one encounters,
both natural and manufac-
tured, can be understood
in terms of the atomic and
molecular constituents pres-
ent and the forces within and
between them.

Within matter, atoms

and their constituents are

constantly in motion. The

arrangement and motion of

atoms vary in characteristic

ways, depending on the sub-

stance and its current state

(e.g., solid, liquid). Chemical composition, temperature, and pressure affect such
arrangements and motions of atoms, as well as the ways in which they interact.
Under a given set of conditions, the state and some properties (e.g., density,
elasticity, viscosity) are the same for different bulk quantities of a substance,
whereas other properties (e.g., volume, mass) provide measures of the size of the
sample at hand.

Materials can be characterized by their intensive measureable properties.
Different materials with different properties are suited to different uses. The ability
to image and manipulate placement of individual atoms in tiny structures allows
for the design of new types of materials with particular desired functionality (e.g.,
plastics, nanoparticles). Moreover, the modern explanation of how particular
atoms influence the properties of materials or molecules is critical to understand-
ing the physical and chemical functioning of biological systems.
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Grade Band Endpoints for PS1.A

By the end of grade 2. Different kinds of matter exist (e.g., wood, metal, water),
and many of them can be either solid or liquid, depending on temperature.
Matter can be described and classified by its observable properties (e.g., visual,
aural, textural), by its uses, and by whether it occurs naturally or is manufac-
tured. Different properties are suited to different purposes. A great variety of
objects can be built up from a small set of pieces (e.g., blocks, construction
sets). Objects or samples of a substance can be weighed, and their size can

be described and measured. (Boundary: volume is introduced only for liquid

measure.)

By the end of grade 5. Matter of any type can be subdivided into particles that
are too small to see, but even then the matter still exists and can be detected by
other means (e.g., by weighing or by its effects on other objects). For example,
a model showing that gases are made from matter particles that are too small
to see and are moving freely around in space can explain many observations,
including the inflation and shape of a balloon; the effects of air on larger par-
ticles or objects (e.g., leaves in wind, dust suspended in air); and the appearance
of visible scale water droplets in condensation, fog, and, by extension, also in
clouds or the contrails of a jet. The amount (weight) of matter is conserved
when it changes form, even in transitions in which it seems to vanish (e.g., sugar
in solution, evaporation in a closed container). Measurements of a variety of
properties (e.g., hardness, reflectivity) can be used to identify particular materi-
als. (Boundary: At this grade level, mass and weight are not distinguished, and
no attempt is made to define the unseen particles or explain the atomic-scale
mechanism of evaporation and condensation.)

By the end of grade 8. All substances are made from some 100 different types of
atoms, which combine with one another in various ways. Atoms form molecules
that range in size from two to thousands of atoms. Pure substances are made from
a single type of atom or molecule; each pure substance has characteristic physical
and chemical properties (for any bulk quantity under given conditions) that can be
used to identify it.

Gases and liquids are made of molecules or inert atoms that are moving
about relative to each other. In a liquid, the molecules are constantly in contact
with each other; in a gas, they are widely spaced except when they happen to
collide. In a solid, atoms are closely spaced and vibrate in position but do not
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change relative locations. Solids may be formed from molecules, or they may be
extended structures with repeating subunits (e.g., crystals). The changes of state
that occur with variations in temperature or pressure can be described and pre-
dicted using these models of matter. (Boundary: Predictions here are qualitative,
not quantitative.)

By the end of grade 12. Each atom has a charged substructure consisting of a
nucleus, which is made of protons and neutrons, surrounded by electrons. The
periodic table orders elements horizontally by the number of protons in the atom’s
nucleus and places those with similar chemical properties in columns. The repeat-
ing patterns of this table reflect patterns of outer electron states. The structure
and interactions of matter at the bulk scale are determined by electrical forces
within and between atoms. Stable forms of matter are those in which the electric
and magnetic field energy is minimized. A stable molecule has less energy, by an
amount known as the binding energy, than the same set of atoms separated; one
must provide at least this energy in order to take the molecule apart.

PS1.B: CHEMICAL REACTIONS

How do substances combine or change (react) to make new substances? How does

one characterize and explain these reactions and make predictions about them?

Many substances react chemically with other substances to form new substances
with different properties. This change in properties results from the ways in which
atoms from the original substances are combined and rearranged in the new sub-
stances. However, the total number of each type of atom is conserved (does not
change) in any chemical process, and thus mass does not change either. The prop-
erty of conservation can be used, along with knowledge of the chemical properties
of particular elements, to describe and predict the outcomes of reactions. Changes
in matter in which the molecules do not change, but their positions and their
motion relative to each other do change also occur (e.g., the forming of a solution,

] Understanding chemical reactions and the properties of elements
is essential not only to the physical sciences but also is foundational
knowledge for the life sciences and the earth and space sciences. ]
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a change of state). Such changes are generally easier to reverse (return to original
conditions) than chemical changes.

“Collision theory” provides a qualitative model for explaining the rates of
chemical reactions. Higher rates occur at higher temperatures because atoms are
typically moving faster and thus collisions are more frequent; also, a larger frac-
tion of the collisions have sufficient energy to initiate the process. Although a
solution or a gas may have constant chemical composition—that is, be in a steady
state—chemical reactions may be occurring within it that are dynamically bal-
anced with reactions in opposite directions proceeding at equal rates.

Any chemical process involves a change in chemical bonds and the related
bond energies and thus in the total chemical binding energy. This change is
matched by a difference between the total kinetic energy of the set of reactant
molecules before the collision and that of the set of product molecules after the
collision (conservation of energy). Some reactions release energy (e.g., burning fuel
in the presence of oxygen), and others require energy input (e.g., synthesis of sug-
ars from carbon dioxide and water).

Understanding chemical reactions and the properties of elements is essential
not only to the physical sciences but also is foundational knowledge for the life
sciences and the earth and space sciences. The cycling of matter and associated
transfers of energy in systems, of any scale, depend on physical and chemical pro-
cesses. The reactivity of hydrogen ions gives rise to many biological and geophysi-
cal phenomena. The capacity of carbon atoms to form the backbone of extended
molecular structures is essential to the chemistry of life. The carbon cycle involves
transfers between carbon in the atmosphere—in the form of carbon dioxide—and
carbon in living matter or formerly living matter (including fossil fuels). The pro-
portion of oxygen molecules (i.e., oxygen in the form O,)in the atmosphere also

changes in this cycle.

Grade Band Endpoints for PS1.B

By the end of grade 2. Heating or cooling a substance may cause changes that can
be observed. Sometimes these changes are reversible (e.g., melting and freezing),
and sometimes they are not (e.g., baking a cake, burning fuel).

By the end of grade 5. When two or more different substances are mixed,

a new substance with different properties may be formed; such occurrences
depend on the substances and the temperature. No matter what reaction or
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change in properties occurs, the total weight of the substances does not change.
(Boundary: Mass and weight are not distinguished at this grade level.)

By the end of grade 8. Substances react chemically in characteristic ways. In a
chemical process, the atoms that make up the original substances are regrouped
into different molecules, and these new substances have different properties from
those of the reactants. The total number of each type of atom is conserved, and
thus the mass does not change. Some chemical reactions release energy, others
store energy.

By the end of grade 12. Chemical processes, their rates, and whether or not ener-
gy is stored or released can be understood in terms of the collisions of molecules
and the rearrangements of atoms into new molecules, with consequent changes
in total binding energy (i.e., the sum of all bond energies in the set of molecules)
that are matched by changes in kinetic energy. In many situations, a dynamic and
condition-dependent balance between a reaction and the reverse reaction deter-
mines the numbers of all types of molecules present.

The fact that atoms are conserved, together with knowledge of the chemical
properties of the elements involved, can be used to describe and predict chemical
reactions. Chemical processes and properties of materials underlie many important
biological and geophysical phenomena.

PS1.C: NUCLEAR PROCESSES

What forces hold nuclei together and mediate nuclear processes?

Phenomena involving nuclei are important to understand, as they explain the for-
mation and abundance of the elements, radioactivity, the release of energy from
the sun and other stars, and the generation of nuclear power. To explain and pre-
dict nuclear processes, two additional types of interactions—known as strong and
weak nuclear interactions—must be introduced. They play a fundamental role in
nuclei, although not at larger scales because their effects are very short range.
The strong nuclear interaction provides the primary force that holds nuclei
together and determines nuclear binding energies. Without it, the electromagnetic
forces between protons would make all nuclei other than hydrogen unstable.
Nuclear processes mediated by these interactions include fusion, fission, and the
radioactive decays of unstable nuclei. These processes involve changes in nuclear
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binding energies and masses (as described by E = mc?), and typically they release
much more energy per atom involved than do chemical processes.

Nuclear fusion is a process in which a collision of two small nuclei eventu-
ally results in the formation of a single more massive nucleus with greater net
binding energy and hence a release of energy. It occurs only under conditions of
extremely high temperature and pressure. Nuclear fusion occurring in the cores
of stars provides the energy released (as light) from those stars. The Big Bang
produced matter in the form of hydrogen and smaller amounts of helium and
lithium. Over time, stars (including supernova explosions) have produced and
dispersed all the more massive atoms, starting from primordial low-mass ele-
ments, chiefly hydrogen.

Nuclear fission is a process in which a massive nucleus splits into two or
more smaller nuclei, which fly apart at high energy. The produced nuclei are often
not stable and undergo subsequent radioactive decays. A common fission fragment
is an alpha particle, which is just another name for a helium nucleus, given before
this type of “radiation” was identified.

In addition to alpha particles, other types of radioactive decays produce
other forms of radiation, originally labeled as “beta” and “gamma” particles and
now recognized as electrons or positrons, and photons (i.e., high-frequency elec-
tromagnetic radiation), respectively. Because of the high-energy release in nuclear
transitions, the emitted radiation (whether it be alpha, beta, or gamma type) can
ionize atoms and may thereby cause damage to biological tissue.

Nouclear fission and radioactive decays limit the set of stable isotopes of ele-
ments and the size of the largest stable nucleus. Spontaneous radioactive decays
follow a characteristic exponential decay law, with a specific lifetime (time scale)
for each such process; the lifetimes of different nuclear decay processes range from
fractions of a second to thousands of years. Some unstable but long-lived isotopes
are present in rocks and minerals. Knowledge of their nuclear lifetimes allows
radiometric dating to be used to determine the ages of rocks and other materials
from the isotope ratios present.

In fission, fusion, and beta decay processes, atoms change type, but the total
number of protons plus neutrons is conserved. Beta processes involve an addition-
al type of interaction (the weak interaction) that can change neutrons into protons
or vice versa, along with the emission or absorption of electrons or positrons and
of neutrinos. Isolated neutrons decay by this process.
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Core Idea PS2

Grade Band Endpoints for PS1.C
By the end of grade 2. [Intentionally left blank.]

By the end of grade 5. [Intentionally left blank.]

By the end of grade 8. Nuclear fusion can result in the merging of two nuclei to
form a larger one, along with the release of significantly more energy per atom
than any chemical process. It occurs only under conditions of extremely high
temperature and pressure. Nuclear fusion taking place in the cores of stars pro-
vides the energy released (as light) from those stars and produced all of the more
massive atoms from primordial hydrogen. Thus the elements found on Earth and
throughout the universe (other than hydrogen and most of helium, which are pri-
mordial) were formed in the stars or supernovas by fusion processes.

By the end of grade 12. Nuclear processes, including fusion, fission, and radio-
active decays of unstable nuclei, involve changes in nuclear binding energies. The
total number of neutrons plus protons does not change in any nuclear process.
Strong and weak nuclear interactions determine nuclear stability and processes.
Spontaneous radioactive decays follow a characteristic exponential decay law.
Nuclear lifetimes allow radiometric dating to be used to determine the ages of
rocks and other materials from the isotope ratios present.

Normal stars cease producing light after having converted all of the material
in their cores to carbon or, for more massive stars, to iron. Elements more massive
than iron are formed by fusion processes but only in the extreme conditions of

supernova explosions, which explains why they are relatively rare.

Motion and Stability: Forces and Interactions

How can one explain and predict interactions between objects and within systems
of objects?

Interactions between any two objects can cause changes in one or both of them.
An understanding of the forces between objects is important for describing how
their motions change, as well as for predicting stability or instability in systems at
any scale. All forces between objects arise from a few types of interactions: grav-
ity, electromagnetism, and the strong and weak nuclear interactions.
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PS2.A: FORCES AND MOTION

How can one predict an object’s continued motion, changes in motion, or stability?

Interactions of an object with another object can be explained and predicted

using the concept of forces, which can cause a change in motion of one or both

of the interacting objects. An individual force acts on one particular object and is
described by its strength and direction.

The strengths of forces can be measured
and their values compared.

What happens when a force is
applied to an object depends not only
on that force but also on all the other
forces acting on that object. A static
object typically has multiple forces act-
ing on it, but they sum to zero. If the
total (vector sum) force on an object
is not zero, however, its motion will
change. Sometimes forces on an object

can also change its shape or orienta-

tion. For any pair of interacting objects,
the force exerted by the first object on the second object is equal in strength to
the force that the second object exerts on the first but in the opposite direction
(Newton’s third law).

At the macroscale, the motion of an object subject to forces is governed by
Newton’s second law of motion. Under everyday circumstances, the mathematical
expression of this law in the form F = ma (total force = mass times acceleration)
accurately predicts changes in the motion of a single macroscopic object of a given
mass due to the total force on it. But at speeds close to the speed of light, the sec-
ond law is not applicable without modification. Nor does it apply to objects at the
molecular, atomic, and subatomic scales, or to an object whose mass is changing
at the same time as its speed.

A understanding of the forces between objects is important for
describing how their motions change, as well as for predicting stability or
instability in systems at any scale. ]
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For speeds that are small compared with the speed of light, the momentum
of an object is defined as its mass times its velocity. For any system of interact-
ing objects, the total momentum within the system changes only due to transfer
of momentum into or out of the system, either because of external forces acting
on the system or because of matter flows. Within an isolated system of interact-
ing objects, any change in momentum of one object is balanced by an equal and
oppositely directed change in the total momentum of the other objects. Thus total
momentum is a conserved quantity.

Grade Band Endpoints for PS2.A

By the end of grade 2. Objects pull or push each other when they collide or are
connected. Pushes and pulls can have different strengths and directions. Pushing or
pulling on an object can change the speed or direction of its motion and can start or
stop it. An object sliding on a surface or sitting on a slope experiences a pull due to
friction on the object due to the surface that opposes the object’s motion.

By the end of grade 5. Each force acts on one particular object and has both

a strength and a direction. An object at rest typically has multiple forces act-
ing on it, but they add to give zero net force on the object. Forces that do not
sum to zero can cause changes in the object’s speed or direction of motion.
(Boundary: Qualitative and conceptual, but not quantitative addition of forces
are used at this level.) The patterns of an object’s motion in various situations
can be observed and measured; when past motion exhibits a regular pattern,
future motion can be predicted from it. (Boundary: Technical terms, such as
magnitude, velocity, momentum, and vector quantity, are not introduced at this
level, but the concept that some quantities need both size and direction to be
described is developed.)

By the end of grade 8. For any pair of interacting objects, the force exerted by the
first object on the second object is equal in strength to the force that the second
object exerts on the first but in the opposite direction (Newton’s third law). The
motion of an object is determined by the sum of the forces acting on it; if the total
force on the object is not zero, its motion will change. The greater the mass of the
object, the greater the force needed to achieve the same change in motion. For any
given object, a larger force causes a larger change in motion. Forces on an object
can also change its shape or orientation. All positions of objects and the directions

of forces and motions must be described in an arbitrarily chosen reference frame
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and arbitrarily chosen units of size. In order to share information with other peo-
ple, these choices must also be shared.

By the end of grade 12. Newton’s second law accurately predicts changes in the
motion of macroscopic objects, but it requires revision for subatomic scales or for
speeds close to the speed of light. (Boundary: No details of quantum physics or
relativity are included at this grade level.)

Momentum is defined for a particular frame of reference; it is the mass times
the velocity of the object. In any system, total momentum is always conserved. If a
system interacts with objects outside itself, the total momentum of the system can
change; however, any such change is balanced by changes in the momentum of
objects outside the system.

PS2.B: TYPES OF INTERACTIONS

What underlying forces explain the variety of interactions observed?

All forces between objects arise from a few types of interactions: gravity, electro-
magnetism, and strong and weak nuclear interactions. Collisions between objects
involve forces between them that can change their motion. Any two objects in
contact also exert forces on each other that are electromagnetic in origin. These
forces result from deformations of the objects’ substructures and the electric
charges of the particles that form those substructures (e.g., a table supporting a
book, friction forces).

Gravitational, electric, and magnetic forces between a pair of objects do not
require that they be in contact. These forces are explained by force fields that con-
tain energy and can transfer energy through space. These fields can be mapped by
their effect on a test object (mass, charge, or magnet, respectively).

Objects with mass are sources of gravitational fields and are affected by the
gravitational fields of all other objects with mass. Gravitational forces are always
attractive. For two human-scale objects, these forces are too small to observe
without sensitive instrumentation. Gravitational interactions are nonnegligible,
however, when very massive objects are involved. Thus the gravitational force due
to Earth, acting on an object near Earth’s surface, pulls that object toward the
planet’s center. Newton’s law of universal gravitation provides the mathematical
model to describe and predict the effects of gravitational forces between distant
objects. These long-range gravitational interactions govern the evolution and
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maintenance of large-scale structures in the universe (e.g., the solar system, galax-
ies) and the patterns of motion within them.

Electric forces and magnetic forces are different aspects of a single electro-
magnetic interaction. Such forces can be attractive or repulsive, depending on the
relative sign of the electric charges involved, the direction of current flow, and the
orientation of magnets. The forces’” magnitudes depend on the magnitudes of the
charges, currents, and magnetic strengths as well as on the distances between the
interacting objects. All objects with electrical charge or magnetization are sources
of electric or magnetic fields and can be affected by the electric or magnetic fields
of other such objects. Attraction and repulsion of electric charges at the atomic
scale explain the structure, properties, and transformations of matter and the
contact forces between material objects (link to PS1.A and PS1.B). Coulomb’s law
provides the mathematical model to describe and predict the effects of electrostatic
forces (relating to stationary electric charges or fields) between distant objects.

The strong and weak nuclear interactions are important inside atomic
nuclei. These short-range interactions determine nuclear sizes, stability, and rates
of radioactive decay (see PS1.C).

Grade Band Endpoints for PS2.B

By the end of grade 2. When objects touch or collide, they push on one another
and can change motion or shape.

By the end of grade 5. Objects in contact exert forces on each other (friction, elas-
tic pushes and pulls). Electric, magnetic, and gravitational forces between a pair of
objects do not require that the objects be in contact—for example, magnets push
or pull at a distance. The sizes of the forces in each
situation depend on the properties of the objects and
their distances apart and, for forces between two
magnets, on their orientation relative to each other.
The gravitational force of Earth acting on an object
near Earth’s surface pulls that object toward the
planet’s center.

By the end of grade 8. Electric and magnetic (electro-
magnetic) forces can be attractive or repulsive, and
their sizes depend on the magnitudes of the charges,
currents, or magnetic strengths involved and on the
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distances between the interacting objects. Gravitational forces are always attrac-
tive. There is a gravitational force between any two masses, but it is very small
except when one or both of the objects have large mass—for example, Earth and
the sun. Long-range gravitational interactions govern the evolution and mainte-
nance of large-scale systems in space, such as galaxies or the solar system, and
determine the patterns of motion within those structures.

Forces that act at a distance (gravitational, electric, and magnetic) can be
explained by force fields that extend through space and can be mapped by their
effect on a test object (a ball, a charged object, or a magnet, respectively).

By the end of grade 12. Newton’s law of universal gravitation and Coulomb’s law
provide the mathematical models to describe and predict the effects of gravitation-
al and electrostatic forces between distant objects.

Forces at a distance are explained by fields permeating space that can trans-
fer energy through space. Magnets or changing electric fields cause magnetic
fields; electric charges or changing magnetic fields cause electric fields. Attraction
and repulsion between electric charges at the atomic scale explain the structure,
properties, and transformations of matter, as well as the contact forces between
material objects. The strong and weak nuclear interactions are important inside
atomic nuclei—for example, they determine the patterns of which nuclear isotopes

are stable and what kind of decays occur for unstable ones.

PS2.C: STABILITY AND INSTABILITY IN PHYSICAL SYSTEMS

Why are some physical systems more stable than others?

Events and processes in a system typically involve multiple interactions occurring
simultaneously or in sequence. The system’s stability or instability and its rate of
evolution depend on the balance or imbalance among these multiple effects.

A stable system is one in which the internal and external forces are such that
any small change results in forces that return the system to its prior state (e.g., a
weight hanging from a string). A system can be static but unstable, with any small
change leading to forces that tend to increase that change (e.g., a ball at the top
of a hill). A system can be changing but have a stable repeating cycle of changes,
with regular patterns of change that allow predictions about the system’s future
(e.g., Earth orbiting the sun). And a stable system can appear to be unchanging
when flows or processes within it are going on at opposite but equal rates (e.g.,
water in a dam at a constant height but with water flowing in that offsets the
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water flowing out; a person maintaining steady weight but eating food, burning
calories, and excreting waste).

Stability and instability in any system depend on the balance of competing
effects. A steady state of a complex system can be maintained through a set of
feedback mechanisms, but changes in conditions can move the system out of its
range of stability (e.g., homeostasis breaks down at too high or too low a tem-
perature). With no energy inputs, a system starting out in an unstable state will
continue to change until it reaches a stable configuration (e.g., the temperatures
of hot and cold objects in contact). Viewed at a given scale, stable systems may
appear static or dynamic. Conditions and properties of the objects within a system
affect the rates of energy transfer and thus how fast or slowly a process occurs
(e.g., heat conduction, the diffusion of particles in a fluid).

When a system has a great number of component pieces, one may not be
able to predict much about its precise future. For such systems (e.g., with very
many colliding molecules), one can often predict average but not detailed prop-
erties and behaviors (e.g., average temperature, motion, and rates of chemical
change but not the trajectories of particular molecules).

Grade Band Endpoints for PS2.C

By the end of grade 2. Whether an object stays still or moves often depends on the
effects of multiple pushes and pulls on it (e.g., multiple players trying to pull an
object in different directions). It is useful to investigate what pushes and pulls keep
something in place (e.g., a ball on a slope, a ladder leaning on a wall) as well as
what makes something change or move.

By the end of grade 5. A system can change as it moves in one direction (e.g., a
ball rolling down a hill), shifts back and forth (e.g., a swinging pendulum), or
goes through cyclical patterns (e.g., day and night). Examining how the forces
on and within the system change as it moves can help to explain the system’s
patterns of change.

A system can appear to be unchanging when processes within the system
are occurring at opposite but equal rates (e.g., water behind a dam is at a con-
stant height because water is flowing in at the same rate that water is flowing
out). Changes can happen very quickly or very slowly and are sometimes hard to
see (e.g., plant growth). Conditions and properties of the objects within a system
affect how fast or slowly a process occurs (e.g., heat conduction rates).
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Core Idea PS3

By the end of grade 8. A stable system is one in which any small change results
in forces that return the system to its prior state (e.g., a weight hanging from
a string). A system can be static but unstable (e.g., a pencil standing on end).
A system can be changing but have a stable repeating cycle of changes; such
observed regular patterns allow predictions about the system’s future (e.g.,
Earth orbiting the sun). Many systems, both natural and engineered, rely on
feedback mechanisms to maintain stability, but they can function only within
a limited range of conditions. With no energy inputs, a system starting out in
an unstable state will continue to change until it reaches a stable configuration
(e.g., sand in an hourglass).

By the end of grade 12. Systems often change in predictable ways; understanding
the forces that drive the transformations and cycles within a system, as well as the
forces imposed on the system from the outside, helps predict its behavior under a
variety of conditions.

When a system has a great number of component pieces, one may not be
able to predict much about its precise future. For such systems (e.g., with very
many colliding molecules), one can often predict average but not detailed prop-
erties and behaviors (e.g., average temperature, motion, and rates of chemical
change but not the trajectories or other changes of particular molecules). Systems
may evolve in unpredictable ways when the outcome depends sensitively on the
starting condition and the starting condition cannot be specified precisely enough
to distinguish between different possible outcomes.

Energy

Houw is energy transferred and conserved?

Interactions of objects can be explained and predicted using the concept of
transfer of energy from one object or system of objects to another. The total
energy within a defined system changes only by the transfer of energy into or
out of the system.

PS3.A: DEFINITIONS OF ENERGY

What is energy?

That there is a single quantity called energy is due to the remarkable fact that a
system’s fotal energy is conserved. Regardless of the quantities of energy transferred
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between subsystems and stored in various ways within the system, the total
energy of a system changes only by the amount of energy transferred into and
out of the system.

At the macroscopic scale, energy manifests itself in multiple phenomena,
such as motion, light, sound, electrical and magnetic fields, and thermal energy.
Historically, different units were introduced for the energy present in these differ-
ent phenomena, and it took some time before the relationships among them were
recognized. Energy is best understood at the microscopic scale, at which it can be
modeled as either motions of particles or as stored in force fields (electric, mag-
netic, gravitational) that mediate interactions between particles. This last concept
includes electromagnetic radiation, a phenomenon in which energy stored in fields
moves across space (light, radio waves) with no supporting matter medium.

Motion energy is also called kinetic energy; defined in a given reference
frame, it is proportional to the mass of the moving object and grows with the
square of its speed. Matter at any temperature above absolute zero contains ther-
mal energy. Thermal energy is the random motion of particles (whether vibrations
in solid matter or molecules or free motion in a gas), this energy is distributed
among all the particles in a system through collisions and interactions at a dis-
tance. In contrast, a sound wave is a moving pattern of particle vibrations that
transmits energy through a medium.

Electric and magnetic fields also contain energy; any change in the relative
positions of charged objects (or in the positions or orientations of magnets) chang-
es the fields between them and thus the amount of energy stored in those fields.
When a particle in a molecule of solid matter vibrates, energy is continually being
transformed back and forth between the energy of motion and the energy stored
in the electric and magnetic fields within the matter. Matter in a stable form mini-
mizes the stored energy in the electric and magnetic fields within it; this defines
the equilibrium positions and spacing of the atomic nuclei in a molecule or an
extended solid and the form of their combined electron charge distributions (e.g.,
chemical bonds, metals).

Energy stored in fields within a system can also be described as potential
energy. For any system where the stored energy depends only on the spatial con-
figuration of the system and not on its history, potential energy is a useful concept
(e.g., a massive object above Earth’s surface, a compressed or stretched spring). It is
defined as a difference in energy compared to some arbitrary reference configura-
tion of a system. For example, lifting an object increases the stored energy in the
gravitational field between that object and Earth (gravitational potential energy)
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compared to that for the object at Earth’s surface; when the object falls, the stored
energy decreases and the object’s kinetic energy increases. When a pendulum
swings, some stored energy is transformed into kinetic energy and back again into
stored energy during each swing. (In both examples energy is transferred out of the
system due to collisions with air and for the pendulum also by friction in its sup-
port.) Any change in potential energy is accompanied by changes in other forms of
energy within the system, or by energy
transfers into or out of the system.
Electromagnetic radiation (such
as light and X-rays) can be modeled as
a wave of changing electric and mag-
netic fields. At the subatomic scale (i.e.,
in quantum theory), many phenomena
involving electromagnetic radiation
(e.g., photoelectric effect) are best mod-
eled as a stream of particles called pho-
tons. Electromagnetic radiation from

the sun is a major source of energy for
life on Earth.

The idea that there are different
forms of energy, such as thermal energy,
mechanical energy, and chemical energy,
is misleading, as it implies that the
nature of the energy in each of these manifestations is distinct when in fact they
all are ultimately, at the atomic scale, some mixture of kinetic energy, stored ener-
gy, and radiation. It is likewise misleading to call sound or light a form of energy;
they are phenomena that, among their other properties, transfer energy from place
to place and between objects.

Grade Band Endpoints for PS3.A

By the end of grade 2. [Intentionally left blank.]

By the end of grade 5. The faster a given object is moving, the more energy it pos-
sesses. Energy can be moved from place to place by moving objects or through

sound, light, or electric currents. (Boundary: At this grade level, no attempt is
made to give a precise or complete definition of energy.)
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B At the macroscopic scale, energy manifests itself in multiple
phenomena, such as motion, light, sound, electrical and magnetic fields,
and thermal energy. ]

By the end of grade 8. Motion energy is properly called kinetic energy; it is pro-
portional to the mass of the moving object and grows with the square of its speed.
A system of objects may also contain stored (potential) energy, depending on their
relative positions. For example, energy is stored—in gravitational interaction with
Earth—when an object is raised, and energy is released when the object falls or is
lowered. Energy is also stored in the electric fields between charged particles and
the magnetic fields between magnets, and it changes when these objects are moved
relative to one another. Stored energy is decreased in some chemical reactions and
increased in others.

The term “heat” as used in everyday language refers both to thermal energy
(the motion of atoms or molecules within a substance) and energy transfers by
convection, conduction, and radiation (particularly infrared and light). In science,
heat is used only for this second meaning; it refers to energy transferred when two
objects or systems are at different temperatures. Temperature is a measure of the
average kinetic energy of particles of matter. The relationship between the temper-
ature and the total energy of a system depends on the types, states, and amounts

of matter present.

By the end of grade 12. Energy is a quantitative property of a system that depends
on the motion and interactions of matter and radiation within that system. That
there is a single quantity called energy is due to the fact that a system’s tozal ener-
gy is conserved, even as, within the system, energy is continually transferred from
one object to another and between its various possible forms. At the macroscopic
scale, energy manifests itself in multiple ways, such as in motion, sound, light,

and thermal energy. “Mechanical energy” generally refers to some combination of
motion and stored energy in an operating machine. “Chemical energy” generally is
used to mean the energy that can be released or stored in chemical processes, and
“electrical energy” may mean energy stored in a battery or energy transmitted by
electric currents. Historically, different units and names were used for the energy
present in these different phenomena, and it took some time before the relation-
ships between them were recognized. These relationships are better understood at
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the microscopic scale, at which all of the different manifestations of energy can be
modeled as either motions of particles or energy stored in fields (which mediate
interactions between particles). This last concept includes radiation, a phenom-
enon in which energy stored in fields moves across space.

PS3.B: CONSERVATION OF ENERGY AND ENERGY TRANSFER

What is meant by conservation of energy?

Houw is energy transferred between objects or systems?

The total change of energy in any system is always equal to the total energy trans-
ferred into or out of the system. This is called conservation of energy. Energy can-
not be created or destroyed, but it can be transported from one place to another
and transferred between systems. Many different types of phenomena can be
explained in terms of energy transfers. Mathematical expressions, which quantify
changes in the forms of energy within a system and transfers of energy into or out
of the system, allow the concept of conservation of energy to be used to predict
and describe the behavior of a system.

When objects collide or otherwise come in contact, the motion energy of one
object can be transferred to change the motion or stored energy (e.g., change in
shape or temperature) of the other objects. For macroscopic objects, any such pro-
cess (e.g., collisions, sliding contact) also transfers some of the energy to the sur-
rounding air by sound or heat. For molecules, collisions can also result in energy
transfers through chemical processes, which increase or decrease the total amount
of stored energy within a system of atoms; the change in stored energy is always
balanced by a change in total kinetic energy—that of the molecules present after
the process compared with the kinetic energy of the molecules present before it.

Energy can also be transferred from place to place by electric currents.
Heating is another process for transferring energy. Heat transfer occurs when two
objects or systems are at different temperatures. Energy moves out of higher tem-
perature objects and into lower temperature ones, cooling the former and heating
the latter. This transfer happens in three different ways—by conduction within sol-
ids, by the flow of liquid or gas (convection), and by radiation, which can travel
across space. Even when a system is isolated (such as Earth in space), energy is
continually being transferred into and out of it by radiation. The processes under-
lying convection and conduction can be understood in terms of models of the pos-
sible motions of particles in matter.
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Radiation can be emitted or absorbed by matter. When matter absorbs
light or infrared radiation, the energy of that radiation is transformed to thermal
motion of particles in the matter, or, for shorter wavelengths (ultraviolet, X-ray),
the radiation’s energy is absorbed within the atoms or molecules and may possibly
ionize them by knocking out an electron.

Uncontrolled systems always evolve toward more stable states—that is,
toward more uniform energy distribution within the system or between the sys-
tem and its environment (e.g., water flows downhill, objects that are hotter than
their surrounding environment cool down). Any object or system that can degrade
with no added energy is unstable. Eventually it will change or fall apart, although
in some cases it may remain in the unstable state for a long time before decaying
(e.g., long-lived radioactive isotopes).

Grade-Level Endpoints for PS3.B
By the end of grade 2. Sunlight warms Earth’s surface.

By the end of grade 5. Energy is present whenever there are moving objects,
sound, light, or heat. When objects collide, energy can be transferred from one
object to another, thereby changing their motion. In such collisions, some energy is
typically also transferred to the surrounding air; as a result, the air gets heated and
sound is produced.

Light also transfers energy from place to place. For example, energy radiated
from the sun is transferred to Earth by light. When this light is absorbed, it warms
Earth’s land, air, and water and facilitates plant growth.

Energy can also be transferred from place to place by electric currents,
which can then be used locally to produce motion, sound, heat, or light. The cur-
rents may have been produced to begin with by transforming the energy of motion
into electrical energy (e.g., moving water driving a spinning turbine which gener-
ates electric currents).

By the end of grade 8. When the motion energy of an object changes, there

is inevitably some other change in energy at the same time. For example, the
friction that causes a moving object to stop also results in an increase in the
thermal energy in both surfaces; eventually heat energy is transferred to the sur-
rounding environment as the surfaces cool. Similarly, to make an object start

moving or to keep it moving when friction forces transfer energy away from it,
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energy must be provided from, say, chemical (e.g.,
burning fuel) or electrical (e.g., an electric motor
and a battery) processes.

The amount of energy transfer needed to
change the temperature of a matter sample by a
given amount depends on the nature of the matter,

the size of the sample, and the environment. Energy
is transferred out of hotter regions or objects and
into colder ones by the processes of conduction,
convection, and radiation.

By the end of grade 12. Conservation of energy means that the total change of
energy in any system is always equal to the total energy transferred into or out of
the system. Energy cannot be created or destroyed, but it can be transported from
one place to another and transferred between systems.

Mathematical expressions, which quantify how the stored energy in a sys-
tem depends on its configuration (e.g., relative positions of charged particles, com-
pression of a spring) and how kinetic energy depends on mass and speed, allow
the concept of conservation of energy to be used to predict and describe system
behavior. The availability of energy limits what can occur in any system.

Uncontrolled systems always evolve toward more stable states—that is,
toward more uniform energy distribution (e.g., water flows downhill, objects hot-
ter than their surrounding environment cool down). Any object or system that
can degrade with no added energy is unstable. Eventually it will do so, but if the
energy releases throughout the transition are small, the process duration can be
very long (e.g., long-lived radioactive isotopes).

PS3.C RELATIONSHIP BETWEEN ENERGY AND FORCES

How are forces related to energy?

When two objects interact, each one exerts a force on the other. These forces can
transfer energy between the objects. Forces between two objects at a distance

are explained by force fields (gravitational, electric, or magnetic) between them.
Contact forces between colliding objects can be modeled at the microscopic level
as due to electromagnetic force fields between the surface particles. When two
objects interacting via a force field change their relative position, the energy in the
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force field between them changes. For any such pair of objects the force on each
object acts in the direction such that motion of that object in that direction would
reduce the energy in the force field between the two objects. However, prior
motion and other forces also affect the actual direction of motion.

Patterns of motion, such as a weight bobbing on a spring or a swinging
pendulum, can be understood in terms of forces at each instant or in terms of
transformation of energy between the motion and one or more forms of stored
energy. Elastic collisions between two objects can be modeled at the macro-
scopic scale using conservation of energy without having to examine the detailed
microscopic forces.

Grade Band Endpoints for PS3.C

By the end of grade 2. A bigger push or pull makes things go faster. Faster speeds
during a collision can cause a bigger change in shape of the colliding objects.

By the end of grade 5. When objects collide, the contact forces transfer energy so
as to change the objects’ motions. Magnets can exert forces on other magnets or
on magnetizable materials, causing energy transfer between them (e.g., leading to
changes in motion) even when the objects are not touching.

By the end of grade 8. When two objects interact, each one exerts a force on the
other that can cause energy to be transferred to or from the object. For example,
when energy is transferred to an Earth-object system as an object is raised, the
gravitational field energy of the system increases. This energy is released as the
object falls; the mechanism of this release is the gravitational force. Likewise, two
magnetic and electrically charged objects interacting at a distance exert forces on
each other that can transfer energy between the interacting objects.

By the end of grade 12. Force fields (gravitational, electric, and magnetic) contain
energy and can transmit energy across space from one object to another.

When two objects interacting through a force field change relative position,
the energy stored in the force field is changed. Each force between the two inter-
acting objects acts in the direction such that motion in that direction would reduce
the energy in the force field between the objects. However, prior motion and other
forces also affect the actual direction of motion.
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PS3.D: ENERGY IN CHEMICAL PROCESSES AND EVERYDAY LIFE

How do food and fuel provide energys
If energy is conserved, why do people say it is produced or used?

In ordinary language, people speak of “producing” or “using” energy. This refers
to the fact that energy in concentrated form is useful for generating electricity,
moving or heating objects, and producing light, whereas diffuse energy in the envi-
ronment is not readily captured for practical use. Therefore, to produce energy
typically means to convert some stored energy into a desired form—for example,
the stored energy of water behind a dam is released as the water flows downhill
and drives a turbine generator to produce electricity, which is then delivered to
users through distribution systems. Food, fuel, and batteries are especially conve-
nient energy resources because they can be moved from place to place to provide
processes that release energy where needed. A system does not destroy energy
when carrying out any process. However, the process cannot occur without energy
being available. The energy is also not destroyed by the end of the process. Most
often some or all of it has been transferred to heat the surrounding environment;
in the same sense that paper is not destroyed when it is written on, it still exists
but is not readily available for further use.

Naturally occurring food and fuel contain complex carbon-based mole-
cules, chiefly derived from plant matter that has been formed by photosynthesis.
The chemical reaction of these molecules with oxygen releases energy; such reac-
tions provide energy for most animal life and for residential, commercial, and
industrial activities.

Electric power generation is based on fossil fuels (i.e., coal, oil, and natural
gas), nuclear fission, or renewable resources (e.g., solar, wind, tidal, geothermal,
and hydro power). Transportation today chiefly depends on fossil fuels, but the
use of electric and alternative fuel (e.g., hydrogen, biofuel) vehicles is increasing.
All forms of electricity generation and transportation fuels have associated eco-
nomic, social, and environmental costs and benefits, both short and long term.
Technological advances and regulatory decisions can change the balance of those
costs and benefits.

Although energy cannot be destroyed, it can be converted to less useful
forms. In designing a system for energy storage, for energy distribution, or to
perform some practical task (e.g., to power an airplane), it is important to design
for maximum efficiency—thereby ensuring that the largest possible fraction of
the energy is used for the desired purpose rather than being transferred out of the
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system in unwanted ways (e.g., through friction, which eventually results in heat
energy transfer to the surrounding environment). Improving efficiency reduces

costs, waste materials, and many unintended environmental impacts.

Grade Band Endpoints for PS3.D

By the end of grade 2. When two objects rub against each other, this interaction is
called friction. Friction between two surfaces can warm of both of them (e.g., rub-
bing hands together). There are ways to reduce the friction between two objects.

By the end of grade 5. The expression “produce energy” typically refers to the
conversion of stored energy into a desired form for practical use—for example,
the stored energy of water behind a dam is released so that it flows downhill
and drives a turbine generator to pro-
duce electricity. Food and fuel also
release energy when they are digested
or burned. When machines or animals
“use” energy (e.g., to move around),
most often the energy is transferred to
heat the surrounding environment.

The energy released by burning fuel
or digesting food was once energy from
the sun that was captured by plants in the

chemical process that forms plant matter
(from air and water). (Boundary: The fact
that plants capture energy from sunlight is
introduced at this grade level, but details
of photosynthesis are not.)

It is important to be able to concentrate energy so that it is available for use
where and when it is needed. For example, batteries are physically transportable
energy storage devices, whereas electricity generated by power plants is transferred
from place to place through distribution systems.

By the end of grade 8. The chemical reaction by which plants produce complex
food molecules (sugars) requires an energy input (i.e., from sunlight) to occur. In
this reaction, carbon dioxide and water combine to form carbon-based organic
molecules and release oxygen. (Boundary: Further details of the photosynthesis
process are not taught at this grade level.)
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Core Idea PS4

Both the burning of fuel and cellular digestion in plants and animals involve
chemical reactions with oxygen that release stored energy. In these processes, com-
plex molecules containing carbon react with oxygen to produce carbon dioxide
and other materials.

Machines can be made more efficient, that is, require less fuel input to per-
form a given task, by reducing friction between their moving parts and through
aerodynamic design. Friction increases energy transfer to the surrounding environ-
ment by heating the affected materials.

By the end of grade 12. Nuclear fusion processes in the center of the sun release
the energy that ultimately reaches Earth as radiation. The main way in which that
solar energy is captured and stored on Earth is through the complex chemical pro-
cess known as photosynthesis. Solar cells are human-made devices that likewise
capture the sun’s energy and produce electrical energy.

A variety of multistage physical and chemical processes in living organisms,
particularly within their cells, account for the transport and transfer (release or
uptake) of energy needed for life functions.

All forms of electricity generation and transportation fuels have associated
economic, social, and environmental costs and benefits, both short and long term.
Although energy cannot be destroyed, it can be converted to less useful
forms—for example, to thermal energy in the surrounding environment. Machines

are judged as efficient or inefficient based on the amount of energy input needed
to perform a particular useful task. Inefficient machines are those that produce
more waste heat while performing a task and thus require more energy input. It is
therefore important to design for high efficiency so as to reduce costs, waste mate-

rials, and many environmental impacts.

Waves and Their Applications in Technologies for Information
Transfer

How are waves used to transfer energy and information?

Waves are a repeating pattern of motion that transfers energy from place to place
without overall displacement of matter. Light and sound are wavelike phenomena.
By understanding wave properties and the interactions of electromagnetic radia-
tion with matter, scientists and engineers can design systems for transferring infor-
mation across long distances, storing information, and investigating nature on
many scales—some of them far beyond direct human perception.
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PS4.A: WAVE PROPERTIES

What are the characteristic properties and bebhaviors of waves?

Whether a wave in water, a sound wave, or a light wave, all waves have some fea-
tures in common. A simple wave has a repeating pattern of specific wavelength,
frequency, and amplitude. The wavelength and frequency of a wave are related

to one another by the speed of travel of the wave, which, for each type of wave,
depends on the medium in which the wave is traveling. Waves can be combined
with other waves of the same type to produce complex information-containing
patterns that can be decoded at the receiving end. Waves, which transfer energy
and any encoded information without the bulk motion of matter, can travel
unchanged over long distances, pass through other waves undisturbed, and be
detected and decoded far from where they were produced. Information can be
digitized (converted into a numerical representation), sent over long distances as a
series of wave pulses, and reliably stored in computer memory.

Sound is a pressure wave in
air or any other material medium.
The human ear and brain working
together are very good at detecting
and decoding patterns of informa-
tion in sound (e.g., speech and
music) and distinguishing them
from random noise.

Resonance is a phenomenon
in which waves add up in phase
(i.e., matched peaks and val-
leys), thus growing in amplitude.

Structures have particular frequen-
cies at which they resonate when
some time-varying force acting
on them transfers energy to them.
This phenomenon (e.g., waves in a
stretched string, vibrating air in a pipe) is used in the design of all musical instru-
ments and in the production of sound by the human voice.

When a wave passes an object that is small compared with its wavelength,
the wave is not much affected; for this reason, some things are too small to see
with visible light, which is a wave phenomenon with a limited range of wavelengths
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corresponding to each color. When a wave meets the surface between two differ-
ent materials or conditions (e.g., air to water), part of the wave is reflected at that
surface and another part continues on, but at a different speed. The change of
speed of the wave when passing from one medium to another can cause the wave
to change direction or refract. These wave properties are used in many applications
(e.g., lenses, seismic probing of Earth).

Grade Band Endpoints for PS4.A

By the end of grade 2. Waves, which are regular patterns of motion, can be made
in water by disturbing the surface. When waves move across the surface of deep
water, the water goes up and down in place; it does not move in the direction of
the wave—observe, for example, a bobbing cork or seabird—except when the
water meets the beach.

Sound can make matter vibrate, and vibrating matter can make sound.

By the end of grade 5. Waves of the same type can differ in amplitude (height of
the wave) and wavelength (spacing between wave peaks). Waves can add or cancel
one another as they cross, depending on their relative phase (i.e., relative position
of peaks and troughs of the waves), but they emerge unaffected by each other.
(Boundary: The discussion at this grade level is qualitative only; it can be based on
the fact that two different sounds can pass a location in different directions with-
out getting mixed up.)

Earthquakes cause seismic waves, which are waves of motion in Earth’s crust.

By the end of grade 8. A simple wave has a repeating pattern with a specific
wavelength, frequency, and amplitude. A sound wave needs a medium through
which it is transmitted.

Geologists use seismic waves and their reflection at interfaces between layers
to probe structures deep in the planet.

By the end of grade 12. The wavelength and frequency of a wave are related to
one another by the speed of travel of the wave, which depends on the type of
wave and the medium through which it is passing. The reflection, refraction, and
transmission of waves at an interface between two media can be modeled on the
basis of these properties.

Combining waves of different frequencies can make a wide variety of pat-
terns and thereby encode and transmit information. Information can be digitized
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(e.g., a picture stored as the
values of an array of pixels); in
this form, it can be stored reli-
ably in computer memory and
sent over long distances as a
series of wave pulses.
Resonance is a phenom-
enon in which waves add up

in phase in a structure, grow-
ing in amplitude due to energy
input near the natural vibra-
tion frequency. Structures have
particular frequencies at which
they resonate. This phenomenon
(e.g., waves in a stretched string,
vibrating air in a pipe) is used in
speech and in the design of all
musical instruments.

PS4.B: ELECTROMAGNETIC RADIATION

What is light?
How can one explain the varied effects that involve light?
What other forms of electromagnetic radiation are there?

Electromagnetic radiation (e.g., radio, microwaves, light) can be modeled as a
wave pattern of changing electric and magnetic fields or, alternatively, as particles.
Each model is useful for understanding aspects of the phenomenon and its inter-
actions with matter, and quantum theory relates the two models. Electromagnetic

] By understanding wave properties and the interactions of
electromagnetic radiation with matter, scientists and engineers can
design systems for transferring information across long distances, storing
information, and investigating nature on many scales—some of them far
beyond direct human perception. ]
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waves can be detected over a wide range of
frequencies, of which the visible spectrum of
colors detectable by human eyes is just a small
part. Many modern technologies are based on
the manipulation of electromagnetic waves.

All electromagnetic radiation travels
through a vacuum at the same speed, called
the speed of light. Its speed in any given medi-
um depends on its wavelength and the proper-
ties of that medium. At the surface between

two media, like any wave, light can be reflect-
ed, refracted (its path bent), or absorbed.
What occurs depends on properties of the
surface and the wavelength of the light. When
shorter wavelength electromagnetic radiation
(ultraviolet, X-rays, gamma rays) is absorbed
in matter, it can ionize atoms and cause dam-
age to living cells. However, because X-rays
can travel through soft body matter for some
distance but are more rapidly absorbed by denser matter, particularly bone, they
are useful for medical imaging. Photovoltaic materials emit electrons when they
absorb light of a high-enough frequency. This phenomenon is used in barcode
scanners and “electric eye” systems, as well as in solar cells. It is best explained
using a particle model of light.

Any object emits a spectrum of electromagnetic radiation that depends on
its temperature. In addition, atoms of each element emit and preferentially absorb
characteristic frequencies of light. These spectral lines allow identification of the
presence of the element, even in microscopic quantities or for remote objects, such
as a star. Nuclear transitions that emit or absorb gamma radiation also have dis-
tinctive gamma ray wavelengths, a phenomenon that can be used to identify and
trace specific radioactive isotopes.

Grade Band Endpoints for PS4.B

By the end of grade 2. Objects can be seen only when light is available to illumi-
nate them. Very hot objects give off light (e.g., a fire, the sun).

Some materials allow light to pass through them, others allow only some
light through, and others block all the light and create a dark shadow on any
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surface beyond them (i.e., on the other side from the light source), where the light
cannot reach. Mirrors and prisms can be used to redirect a light beam. (Boundary:
The idea that light travels from place to place is developed through experiences
with light sources, mirrors, and shadows, but no attempt is made to discuss the
speed of light.)

By the end of grade 5. A great deal of light travels through space to Earth from
the sun and from distant stars.

An object can be seen when light reflected from its surface enters the eyes;
the color people see depends on the color of the available light sources as well as
the properties of the surface. (Boundary: This phenomenon is observed, but no
attempt is made to discuss what confers the color reflection and absorption prop-
erties on a surface. The stress is on understanding that light traveling from the
object to the eye determines what is seen.)

Because lenses bend light beams, they can be used, singly or in combination,
to provide magnified images of objects too small or too far away to be seen with
the naked eye.

By the end of grade 8. When light shines on an object, it is reflected, absorbed,
or transmitted through the object, depending on the object’s material and the fre-
quency (color) of the light.

The path that light travels can be traced as straight lines, except at surfaces
between different transparent materials (e.g., air and water, air and glass) where
the light path bends. Lenses and prisms are applications of this effect.

A wave model of light is useful for explaining brightness, color, and the
frequency-dependent bending of light at a surface between media (prisms).
However, because light can travel through space, it cannot be a matter wave, like

sound or water waves.

By the end of grade 12. Electromagnetic radiation (e.g., radio, microwaves, light)
can be modeled as a wave of changing electric and magnetic fields or as particles
called photons. The wave model is useful for explaining many features of electro-
magnetic radiation, and the particle model explains other features. Quantum theo-
ry relates the two models. (Boundary: Quantum theory is not explained further at
this grade level.)

Because a wave is not much disturbed by objects that are small compared
with its wavelength, visible light cannot be used to see such objects as individual
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atoms. All electromagnetic radiation travels through a vacuum at the same speed,
called the speed of light. Its speed in any other given medium depends on its wave-
length and the properties of that medium.

When light or longer wavelength electromagnetic radiation is absorbed in
matter, it is generally converted into thermal energy (heat). Shorter wavelength
electromagnetic radiation (ultraviolet, X-rays, gamma rays) can ionize atoms and
cause damage to living cells. Photovoltaic materials emit electrons when they
absorb light of a high-enough frequency.

Atoms of each element emit and absorb characteristic frequencies of light, and
nuclear transitions have distinctive gamma ray wavelengths. These characteristics
allow identification of the presence of an element, even in microscopic quantities.

PS4.C: INFORMATION TECHNOLOGIES AND INSTRUMENTATION

Houw are instruments that transmit and detect waves used to extend buman senses?

Understanding of waves and their interactions with matter has been used to design
technologies and instruments that greatly extend the range of phenomena that can
be investigated by science (e.g., telescopes, micro-
scopes) and have many useful applications in the
modern world.

Light waves, radio waves, microwaves, and
infrared waves are applied to communications sys-
tems, many of which use digitized signals (i.e., sent
as wave pulses) as a more reliable way to convey
information. Signals that humans cannot sense
directly can be detected by appropriately designed
devices (e.g., telescopes, cell phones, wired or wire-

less computer networks). When in digitized form,
information can be recorded, stored for future
recovery, and transmitted over long distances with-
out significant degradation.

Medical imaging devices collect and interpret
signals from waves that can travel through the
body and are affected by, and thus gather infor-
mation about, structures and motion within it (e.g., ultrasound, X-rays). Sonar
(based on sound pulses) can be used to measure the depth of the sea, and a system
based on laser pulses can measure the distance to objects in space, because it is
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known how fast sound travels in water and light travels in a vacuum. The better
the interaction of the wave with the medium is understood, the more detailed the
information that can be extracted (e.g., medical imaging or astronomical observa-
tions at multiple frequencies).

Grade Band Endpoints for PS4.C

By the end of grade 2. People use their senses to learn about the world around
them. Their eyes detect light, their ears detect sound, and they can feel vibrations
by touch.

People also use a variety of devices to communicate (send and receive infor-

mation) over long distances.

By the end of grade 5. Lenses can be used to make eyeglasses, telescopes, or
microscopes in order to extend what can be seen. The design of such instruments
is based on understanding how the path of light bends at the surface of a lens.
Digitized information (e.g., the pixels of a picture) can be stored for future
recovery or transmitted over long distances without significant degradation.
High-tech devices, such as computers or cell phones, can receive and decode

information—convert it from digitized form to voice—and vice versa.

By the end of grade 8. Appropriately designed technologies (e.g., radio, television,
cell phones, wired and wireless computer networks) make it possible to detect and
interpret many types of signals that cannot be sensed directly. Designers of such
devices must understand both the signal and its interactions with matter.

Many modern communication devices use digitized signals (sent as wave

pulses) as a more reliable way to encode and transmit information.

By the end of grade 12. Multiple technologies based on the understanding of
waves and their interactions with matter are part of everyday experiences in the
modern world (e.g., medical imaging, communications, scanners) and in scientific
research. They are essential tools for producing, transmitting, and capturing sig-
nals and for storing and interpreting the information contained in them.
Knowledge of quantum physics enabled the development of semiconductors,
computer chips, and lasers, all of which are now essential components of modern
imaging, communications, and information technologies. (Boundary: Details of

quantum physics are not formally taught at this grade level.)
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Dimension 3
DISCIPLINARY CORE IDEAS—LIFE SCIENCES

he life sciences focus on patterns, processes, and relationships of living

organisms. Life is self-contained, self-sustaining, self-replicating, and evolv-

ing, operating according to laws of the physical world, as well as genetic
programming. Life scientists use observations, experiments, hypotheses, tests,
models, theory, and technology to explore how life works. The study of life ranges
over scales from single molecules, through organisms and ecosystems, to the
entire biosphere, that is all life on Earth. It examines processes that occur on time
scales from the blink of an eye to those that happen over billions of years. Living
systems are interconnected and interacting. Although living organisms respond
to the physical environment or geosphere, they have also fundamentally changed
Earth over evolutionary time. Rapid advances in life sciences are helping to pro-
vide biological solutions to societal problems related to food, energy, health, and
environment.

From viruses and bacteria to plants to fungi to animals, the diversity of
the millions of life forms on Earth is astonishing. Without unifying principles, it
would be difficult to make sense of the living world and apply those understand-
ings to solving problems. A core principle of the life sciences is that all organ-
isms are related by evolution and that evolutionary processes have led to the
tremendous diversity of the biosphere. There is diversity within species as well as
between species. Yet what is learned about the function of a gene or a cell or a
process in one organism is relevant to other organisms because of their ecologi-

cal interactions and evolutionary relatedness. Evolution and its underlying genetic
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mechanisms of inheritance and variability are key to understanding both the unity
and the diversity of life on Earth.

The committee developed four core ideas reflecting unifying principles in
life sciences. These core ideas are essential for a conceptual understanding of the
life sciences and will enable students to make sense of emerging research findings.
We begin at the level of organisms, delving into the many processes and struc-
tures, at scales ranging from components as small as individual atoms to organ
systems that are necessary for life to be sustained. Our focus then broadens to
consider organisms in their environment—how they interact with the environ-
ment’s living (biotic) and physical (abiotic) features. Next the chapter considers
how organisms reproduce, passing genetic information to their offspring, and
how these mechanisms lead to variability and hence diversity within species.
Finally, the core ideas in the life sciences culminate with the principle that evolu-
tion can explain how the diversity that is observed within species has led to the
diversity of life across species through a process of descent with adaptive modifi-
cation. Evolution also accounts for the remarkable similarity of the fundamental
characteristics of all species.

The first core idea, LS1: From Molecules to Organisms: Structures and
Processes, addresses how individual organisms are configured and how these
structures function to support life, growth, behavior, and reproduction. The first
core idea hinges on the unifying principle that cells are the basic unit of life.

The second core idea, LS2: Ecosystems: Interactions, Energy, and Dynamics,
explores organisms’ interactions with each other and their physical environment.
This includes how organisms obtain resources, how they change their environ-
ment, how changing environmental factors affect organisms and ecosystems, how
social interactions and group behavior play out within and between species, and
how these factors all combine to determine ecosystem functioning.

The third core idea, LS3: Heredity: Inheritance and Variation of Traits
across generations, focuses on the flow of genetic information between genera-
tions. This idea explains the mechanisms of genetic inheritance and describes
the environmental and genetic causes of gene mutation and the alteration of
gene expression.

The fourth core idea, LS4: Biological Evolution: Unity and Diversity,
explores “changes in the traits of populations of organisms over time” [1]
and the factors that account for species’ unity and diversity alike. The section
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B tvolution and its underlying genetic mechanisms of inheritance and
variability are key to understanding both the unity and the diversity of
life on Earth. |

begins with a discussion of the converging evidence for shared ancestry that has
emerged from a variety of sources (e.g., comparative anatomy and embryology,
molecular biology and genetics). It describes how variation of genetically deter-
mined traits in a population may give some members a reproductive advantage
in a given environment. This natural selection can lead to adaptation, that is, to
a distribution of traits in the population that is matched to and can change with
environmental conditions. Such adaptations can eventually lead to the develop-
ment of separate species in separated populations. Finally, the idea describes the
factors, including human activity, that affect biodiversity in an ecosystem, and
the value of biodiversity in ecosystem resilience. See Box 6-1 for a summary of
these four core ideas and their components.

These four core ideas, which represent basic life sciences fields of
investigation—structures and processes in organisms, ecology, heredity, and
evolution—have a long history and solid foundation based on the research evi-
dence established by many scientists working across multiple fields. The role
of unifying principles in advancing modern life sciences is articulated in The
Role of Theory in Advancing 21st-Century Biology and A New Biology for the
21st Century [2, 3]. In developing these core ideas, the committee also drew on
the established K-12 science education literature, including National Science
Education Standards and Benchmarks for Science Literacy [4, 5]. The ideas
also incorporate contemporary documents, such as the Science College Board
Standards for College Success [6], and the ideas are consistent with frame-
works for national and international assessments, such as those of the National
Assessment of Educational Progress (NAEP), the Programme for International
Student Assessment (PISA), and the Trends in International Mathematics and
Science Study (TIMSS) [7-9]. Furthermore, the ideas align with the core concepts
for biological literacy for undergraduates to build on as described in the American
Association for the Advancement of Science (AAAS) report Vision and Change in
Undergraduate Biology Education [10].
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BOX 6-1

CORE AND COMPONENT IDEAS IN THE LIFE SCIENCES

Core Idea LS1: From Molecules to Organisms: Structures and Processes
LS1.A: Structure and Function
LS1.B: Growth and Development of Organisms
LS1.C: Organization for Matter and Energy Flow in Organisms

LS1.D: Information Processing

Core Idea LS2: Ecosystems: Interactions, Energy, and Dynamics
LS2.A: Interdependent Relationships in Ecosystems
LS2.B: Cycles of Matter and Energy Transfer in Ecosystems
LS2.C: Ecosystem Dynamics, Functioning, and Resilience

LS2.D: Social Interactions and Group Behavior

Core Idea LS3: Heredity: Inheritance and Variation of Traits
LS3.A: Inheritance of Traits

LS3.B: Variation of Traits

Core Idea LS4: Biological Evolution: Unity and Diversity
LS4.A: Evidence of Common Ancestry and Diversity
LS4.B: Natural Selection
LS4.C: Adaptation

LS4.D: Biodiversity and Humans
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Core Idea LS1

From Molecules to Organisms: Structures and Processes

How do organisms live, grow, respond to their environment, and reproduce?

All living organisms are made of cells. Life is the quality that distinguishes living
things—composed of living cells—from nonliving objects or those that have died.
While a simple definition of life can be difficult to capture, all living things—that
is to say all organisms—can be characterized by common aspects of their structure
and functioning. Organisms are complex, organized, and built on a hierarchical
structure, with each level providing the foundation for the next, from the chemical
foundation of elements and atoms, to the cells and systems of individual organ-
isms, to species and populations living and interacting in complex ecosystems.
Organisms can be made of a single cell or millions of cells working together and
include animals, plants, algae, fungi, bacteria, and all other microorganisms.
Organisms respond to stimuli from their environment and actively maintain
their internal environment through homeostasis. They grow and reproduce, trans-
ferring their genetic information to their offspring. While individual organisms
carry the same genetic information over their lifetime, mutation and the transfer
from parent to offspring produce new combinations of genes. Over generations
natural selection can lead to changes in a species overall; hence, species evolve
over time. To maintain all of these processes and functions, organisms require
materials and energy from their environment; nearly all energy that sustains life

ultimately comes from the sun.

LST.A: STRUCTURE AND FUNCTION

How do the structures of organisms enable life’s functions?

A central feature of life is that organisms grow, reproduce, and
die. They have characteristic structures (anatomy and morphol-
ogy), functions (molecular-scale processes to organism-level
physiology), and behaviors (neurobiology and, for some animal
species, psychology). Organisms and their parts are made of
cells, which are the structural units of life and which themselves
have molecular substructures that support their functioning.
Organisms range in composition from a single cell (unicellular
microorganisms) to multicellular organisms, in which different
groups of large numbers of cells work together to form systems
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of tissues and organs (e.g., circulatory, respiratory, nervous, musculoskeletal), that
are specialized for particular functions.

Special structures within cells are also responsible for specific cellular func-
tions. The essential functions of a cell involve chemical reactions between many
types of molecules, including water, proteins, carbohydrates, lipids, and nucleic
acids. All cells contain genetic information, in the form of DNA. Genes are specif-
ic regions within the extremely large DNA molecules that form the chromosomes.
Genes contain the instructions that code for the formation of molecules called pro-
teins, which carry out most of the work of cells to perform the essential functions
of life. That is, proteins provide structural components, serve as signaling devices,
regulate cell activities, and determine the performance of cells through their enzy-
matic actions.

Grade Band Endpoints for LS1.A

By the end of grade 2. All organisms have external parts. Different animals use
their body parts in different ways to see, hear, grasp objects, protect themselves,
move from place to place, and seek, find, and take in food, water and air. Plants
also have different parts (roots, stems, leaves, flowers, fruits) that help them sur-
vive, grow, and produce more plants.

By the end of grade 5. Plants and animals have both internal and external struc-
tures that serve various functions in growth, survival, behavior, and reproduction.
(Boundary: Stress at this grade level is on understanding the macroscale systems
and their function, not microscopic processes.)

By the end of grade 8. All living things are made up of cells, which is the smallest
unit that can be said to be alive. An organism may consist of one single cell (uni-
cellular) or many different numbers and types of cells (multicellular). Unicellular
organisms (microorganisms), like multicellular organisms, need food, water, a way
to dispose of waste, and an environment in which they can live.

Within cells, special structures are responsible for particular functions, and
the cell membrane forms the boundary that controls what enters and leaves the
cell. In multicellular organisms, the body is a system of multiple interacting sub-
systems. These subsystems are groups of cells that work together to form tissues
or organs that are specialized for particular body functions. (Boundary: At this

grade level, only a few major cell structures should be introduced.)
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By the end of grade 12. Systems of specialized cells within organisms help them
perform the essential functions of life, which involve chemical reactions that take
place between different types of molecules, such as water, proteins, carbohydrates,
lipids, and nucleic acids. All cells contain genetic information in the form of DNA
molecules. Genes are regions in the DNA that contain the instructions that code
for the formation of proteins, which carry out most of the work of cells.

Multicellular organisms have a hierarchical structural organization, in which
any one system is made up of numerous parts and is itself a component of the
next level. Feedback mechanisms maintain a living system’s internal conditions
within certain limits and mediate behaviors, allowing it to remain alive and func-
tional even as external conditions change within some range. Outside that range
(e.g., at a too high or too low external temperature, with too little food or water
available), the organism cannot survive. Feedback mechanisms can encourage
(through positive feedback) or discourage (negative feedback) what is going on
inside the living system.

LS1.B: GROWTH AND DEVELOPMENT OF ORGANISMS

How do organisms grow and develop?

The characteristic structures, functions, and behaviors of organisms change in
predictable ways as they progress from birth to old age. For example, upon reach-
ing adulthood, organisms can reproduce and transfer their genetic information to
their offspring. Animals engage in behaviors that increase their chances for repro-
duction, and plants may develop specialized structures and/or depend on animal
behavior to accomplish reproduction.

Understanding how a single cell can give rise to a complex, multicellular
organism builds on the concepts of cell division and gene expression. In multi-
cellular organisms, cell division is an essential component of growth, development,
and repair. Cell division occurs via a process called mitosis: when a cell divides in
two, it passes identical genetic material to two daughter cells. Successive divisions
produce many cells. Although the genetic material in each of the cells is identical,
small differences in the immediate environments activate or inactivate different
genes, which can cause the cells to develop slightly differently. This process of
differentiation allows the body to form specialized cells that perform diverse func-
tions, even though they are all descended from a single cell, the fertilized egg. Cell
growth and differentiation are the mechanisms by which a fertilized egg develops
into a complex organism. In sexual reproduction, a specialized type of cell division
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called meiosis occurs and results in the production of sex cells, such as gametes
(sperm and eggs) or spores, which contain only one member from each chromo-
some pair in the parent cell.

Grade Band Endpoints for LS1.B

By the end of grade 2. Plants and animals have predictable characteristics at dif-
ferent stages of development. Plants and animals grow and change. Adult plants
and animals can have young. In many kinds of animals, parents and the offspring
themselves engage in behaviors that help the offspring to survive.

By the end of grade 5. Reproduction is essential to the continued existence of
every kind of organism. Plants and animals have unique and diverse life cycles
that include being born (sprouting in plants), growing, developing into adults,
reproducing, and eventually dying.

By the end of grade 8. Organisms reproduce, either sexually or asexually, and
transfer their genetic information to their offspring. Animals engage in characteris-
tic behaviors that increase the odds of reproduction. Plants reproduce in a variety
of ways, sometimes depending on animal
behavior and specialized features (such as
attractively colored flowers) for reproduc-
tion. Plant growth can continue throughout
the plant’s life through production of plant
matter in photosynthesis. Genetic factors

as well as local conditions affect the size of
the adult plant. The growth of an animal is
controlled by genetic factors, food intake,

and interactions with other organisms, and
each species has a typical adult size range.
(Boundary: Reproduction is not treated in
any detail here; for more specifics about
grade level, see LS3.A.)

By the end of grade 12. In multicellular organisms individual cells grow and then
divide via a process called mitosis, thereby allowing the organism to grow. The

organism begins as a single cell (fertilized egg) that divides successively to produce
many cells, with each parent cell passing identical genetic material (two variants
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of each chromosome pair) to both daughter cells. As successive subdivisions of
an embryo’s cells occur, programmed genetic instructions and small differences
in their immediate environments activate or inactivate different genes, which
cause the cells to develop differently—a process called differentiation. Cellular
division and differentiation produce and maintain a complex organism, com-
posed of systems of tissues and organs that work together to meet the needs of
the whole organism. In sexual reproduction, a specialized type of cell division
called meiosis occurs that results in the production of sex cells, such as gametes
in animals (sperm and eggs), which contain only one member from each chro-
mosome pair in the parent cell.

LS1.C: ORGANIZATION FOR MATTER AND ENERGY FLOW IN ORGANISMS

How do organisms obtain and use the matter and energy they need to live and grow?

Sustaining life requires substantial energy and matter inputs. The complex struc-
tural organization of organisms accommodates the capture, transformation, trans-
port, release, and elimination of the matter and energy needed to sustain them.

As matter and energy flow through different organizational levels—cells, tissues,
organs, organisms, populations, communities, and ecosystems—of living systems,
chemical elements are recombined in different ways to form different products.
The result of these chemical reactions is that energy is transferred from one system
of interacting molecules to another.

In most cases, the energy needed for life is ultimately derived from the sun
through photosynthesis (although in some ecologically important cases, energy is
derived from reactions involving inorganic chemicals in the absence of sunlight—
e.g., chemosynthesis). Plants, algae (including phytoplankton), and other energy-
fixing microorganisms use sunlight, water, and carbon dioxide to facilitate photo-
synthesis, which stores energy, forms plant matter, releases oxygen, and maintains
plants’ activities. Plants and algae—Dbeing the resource base for animals, the ani-
mals that feed on animals, and the decomposers—are energy-fixing organisms that
sustain the rest of the food web.

Grade Band Endpoints for LS1.C

By the end of grade 2. All animals need food in order to live and grow. They
obtain their food from plants or from other animals. Plants need water and light

to live and grow.
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By the end of grade 5. Animals and plants alike generally need to take in air and
water, animals must take in food, and plants need light and minerals; anaerobic
life, such as bacteria in the gut, functions without air. Food provides animals with
the materials they need for body repair and growth and is digested to release the
energy they need to maintain body warmth and for motion. Plants acquire their
material for growth chiefly from air and water and process matter they have
formed to maintain their internal conditions (e.g., at night).

By the end of grade 8. Plants, algae (including phytoplankton), and many micro-
organisms use the energy from light to make sugars (food) from carbon dioxide
from the atmosphere and water through the process of photosynthesis, which also
releases oxygen. These sugars can be used immediately or stored for growth or
later use. Animals obtain food from eating plants or eating other animals. Within
individual organisms, food moves through a series of chemical reactions in which
it is broken down and rearranged to form new molecules, to support growth,

or to release energy. In most animals and plants, oxygen reacts with carbon-
containing molecules (sugars) to provide energy and produce carbon dioxide;
anaerobic bacteria achieve their energy needs in other chemical processes that do
not require oxygen.

By the end of grade 12. The process of photosynthesis converts light energy to
stored chemical energy by converting carbon dioxide plus water into sugars plus
released oxygen. The sugar molecules thus formed contain carbon, hydrogen,

and oxygen; their hydrocarbon backbones are used to make amino acids and
other carbon-based molecules that can be assembled into larger molecules (such
as proteins or DNA), used for example to form new cells. As matter and energy
flow through different organizational levels of living systems, chemical elements
are recombined in different ways to form different products. As a result of these
chemical reactions, energy is transferred from one system of interacting molecules
to another. For example, aerobic (in the presence of oxygen) cellular respiration
is a chemical process in which the bonds of food molecules and oxygen molecules
are broken and new compounds are formed that can transport energy to muscles.
Anaerobic (without oxygen) cellular respiration follows a different and less effi-
cient chemical pathway to provide energy in cells. Cellular respiration also releases
the energy needed to maintain body temperature despite ongoing energy loss to
the surrounding environment. Matter and energy are conserved in each change.
This is true of all biological systems, from individual cells to ecosystems.
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LS1.D: INFORMATION PROCESSING

How do organisms detect, process, and use information about the environment?

An organism’s ability to sense and respond to its environment enhances its chance
of surviving and reproducing. Animals have external and internal sensory recep-
tors that detect different kinds of information, and they use internal mechanisms
for processing and storing it. Each receptor can respond to different inputs (elec-
tromagnetic, mechanical, chemical), some receptors respond by transmitting
impulses that travel along nerve cells. In complex organisms, most such inputs
travel to the brain, which is divided into several distinct regions and circuits that
serve primary roles, in particular functions such as visual perception, auditory per-
ception, interpretation of perceptual information, guidance of motor movement,
and decision making. In addition, some of the brain’s circuits give rise to emotions
and store memories. Brain function also involves multiple interactions between the

various regions to form an integrated sense of self and the surrounding world.

Grade Band Endpoints for LS1.D

By the end of grade 2. Animals have body parts that capture and convey different
kinds of information needed for growth and survival—for example, eyes for light,
ears for sounds, and skin for temperature or touch. Animals respond to these
inputs with behaviors that help them survive (e.g., find food, run from a preda-
tor). Plants also respond to some external inputs (e.g., turn leaves toward the sun).

By the end of grade 5. Different sense receptors are specialized for particular
kinds of information, which may then be processed and integrated by an animal’s
brain, with some information stored as memories. Animals are able to use their
perceptions and memories to guide their actions. Some responses to information
are instinctive—that is, animals’ brains are organized so that they do not have to
think about how to respond to certain stimuli.

By the end of grade 8. Each sense receptor responds to different inputs (electro-
magnetic, mechanical, chemical), transmitting them as signals that travel along
nerve cells to the brain. The signals are then processed in the brain, resulting in
immediate behaviors or memories. Changes in the structure and functioning of
many millions of interconnected nerve cells allow combined inputs to be stored as
memories for long periods of time.
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By the end of grade 12. In complex animals, the brain is divided into several dis-
tinct regions and circuits, each of which primarily serves dedicated functions, such
as visual perception, auditory perception, interpretation of perceptual information,
guidance of motor movement, and decision making about actions to take in the
event of certain inputs. In addition, some circuits give rise to emotions and memo-
ries that motivate organisms to seek rewards, avoid punishments, develop fears, or
form attachments to members of their own species and, in some cases, to individu-
als of other species (e.g., mixed herds of mammals, mixed flocks of birds). The
integrated functioning of all parts of the brain is important for successful interpre-
tation of inputs and generation of behaviors in response to them.

Ecosystems: Interactions, Energy, and Dynamics

How and why do organisms interact with their environment and what are the
effects of these interactions?

Ecosystems are complex, interactive systems that include both biological com-
munities (biotic) and physical (abiotic) components of the environment. As with
individual organisms, a hierarchal structure exists; groups of the same organisms
(species) form populations, different populations interact to form communities,
communities live within an ecosystem, and all of the ecosystems on Earth make
up the biosphere. Organisms grow, reproduce, and perpetuate their species by
obtaining necessary resources through interdependent relationships with other
organisms and the physical environment. These same interactions can facilitate or
restrain growth and enhance or limit the size of populations, maintaining the bal-
ance between available resources and those who consume them. These interactions
can also change both biotic and abiotic characteristics of the environment. Like
individual organisms, ecosystems are sustained by the continuous flow of energy,
originating primarily from the sun, and the recycling of matter and nutrients
within the system. Ecosystems are dynamic, experiencing shifts in population com-
position and abundance and changes in the physical environment over time, which
ultimately affects the stability and resilience of the entire system.

LS2.A: INTERDEPENDENT RELATIONSHIPS IN ECOSYSTEMS

How do organisms interact with the living and nonliving environments to obtain
matter and energy?
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Ecosystems are ever changing because of the interdependence of organisms of the
same or different species and the nonliving (physical) elements of the environment.
Seeking matter and energy resources to sustain life, organisms in an ecosystem
interact with one another in complex feed-
ing hierarchies of producers, consumers,
and decomposers, which together represent
a food web. Interactions between organisms
may be predatory, competitive, or mutu-
ally beneficial. Ecosystems have carrying
capacities that limit the number of organ-
isms (within populations) they can support.
Individual survival and population sizes
depend on such factors as predation, dis-
ease, availability of resources, and parame-

ters of the physical environment. Organisms
rely on physical factors, such as light, tem-
perature, water, soil, and space for shelter
and reproduction. Earth’s varied combina-
tions of these factors provide the physical environments in which its ecosystems
(e.g., deserts, grasslands, rain forests, and coral reefs) develop and in which the
diverse species of the planet live. Within any one ecosystem, the biotic interactions
between organisms (e.g., competition, predation, and various types of facilitation,
such as pollination) further influence their growth, survival, and reproduction,
both individually and in terms of their populations.

Grade Band Endpoints for LS2.A

By the end of grade 2. Animals depend on their surroundings to get what they
need, including food, water, shelter, and a favorable temperature. Animals depend
on plants or other animals for food. They use their senses to find food and water,
and they use their body parts to gather, catch, eat, and chew the food. Plants
depend on air, water, minerals (in the soil), and light to grow. Animals can move
around, but plants cannot, and they often depend on animals for pollination or
to move their seeds around. Different plants survive better in different settings
because they have varied needs for water, minerals, and sunlight.

By the end of grade 5. The food of almost any kind of animal can be traced back
to plants. Organisms are related in food webs in which some animals eat plants
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for food and other animals eat the animals that eat plants. Either way, they are
“consumers.” Some organisms, such as fungi and bacteria, break down dead
organisms (both plants or plants parts and animals) and therefore operate as
“decomposers.” Decomposition eventually restores (recycles) some materials back
to the soil for plants to use. Organisms can survive only in environments in which
their particular needs are met. A healthy ecosystem is one in which multiple spe-
cies of different types are each able to meet their needs in a relatively stable web
of life. Newly introduced species can damage the balance of an ecosystem.

By the end of grade 8. Organisms and populations of organisms are dependent on
their environmental interactions both with other living things and with nonliving
factors. Growth of organisms and population increases are limited by access to
resources. In any ecosystem, organisms and populations with similar requirements
for food, water, oxygen, or other resources may compete with each other for lim-
ited resources, access to which consequently constrains their growth and repro-
duction. Similarly, predatory interactions may reduce the number of organisms

or eliminate whole populations of organisms. Mutually beneficial interactions, in
contrast, may become so interdependent that each organism requires the other for
survival. Although the species involved in these competitive, predatory, and mutu-
ally beneficial interactions vary across ecosystems, the patterns of interactions of

organisms with their environments, both living and nonliving, are shared.

By the end of grade 12. Ecosystems have carrying capacities, which are limits to
the numbers of organisms and populations they can support. These limits result
from such factors as the availability of living and nonliving resources and from
such challenges as predation, competition, and disease. Organisms would have the
capacity to produce populations of great size were it not for the fact that environ-
ments and resources are finite. This fundamental tension affects the abundance

(number of individuals) of species in any given ecosystem.

LS2.B: CYCLES OF MATTER AND ENERGY TRANSFER IN ECOSYSTEMS

How do matter and energy move through an ecosystem?

The cycling of matter and the flow of energy within ecosystems occur through
interactions among different organisms and between organisms and the physical
environment. All living systems need matter and energy. Matter fuels the energy-
releasing chemical reactions that provide energy for life functions and provides the
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material for growth and repair of tissue. Energy from light is needed for plants
because the chemical reaction that produces plant matter from air and water
requires an energy input to occur. Animals acquire matter from food, that is, from
plants or other animals. The chemical elements that make up the molecules of
organisms pass through food webs and the environment and are combined and
recombined in different ways. At each level in a food web, some matter provides
energy for life functions, some is stored in newly made structures, and much is dis-
carded to the surrounding environment. Only a small fraction of the matter con-
sumed at one level is captured by the next level up. As matter cycles and energy
flows through living systems and between living systems and the physical environ-
ment, matter and energy are conserved in each change.

The carbon cycle provides an example of matter cycling and energy flow in
ecosystems. Photosynthesis, digestion of plant matter, respiration, and decomposi-
tion are important components of the carbon cycle, in which carbon is exchanged
between the biosphere, atmosphere, oceans, and geosphere through chemical,

physical, geological, and biological processes.

Grade Band Endpoints for LS2.B

By the end of grade 2. Organisms obtain the materials they need to grow and sur-
vive from the environment. Many of these materials come from organisms and are

used again by other organisms.

By the end of grade 5. Matter cycles between the air and soil and among plants,
animals, and microbes as these organisms live and die. Organisms obtain gases,
water, and minerals from the environment and release waste matter (gas, liquid, or
solid) back into the environment.

By the end of grade 8. Food webs are models that demonstrate how matter and
energy is transferred between producers (generally plants and other organisms
that engage in photosynthesis), consumers, and decomposers as the three groups
interact—primarily for food—within an ecosystem. Transfers of matter into and
out of the physical environment occur at every level—for example, when mol-
ecules from food react with oxygen captured from the environment, the carbon
dioxide and water thus produced are transferred back to the environment, and
ultimately so are waste products, such as fecal material. Decomposers recycle
nutrients from dead plant or animal matter back to the soil in terrestrial envi-
ronments or to the water in aquatic environments. The atoms that make up the
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] Ecosystems are sustained by the continuous flow of energy,
originating primarily from the sun, and the recycling of matter and
nutrients within the system. ]

organisms in an ecosystem are cycled repeatedly between the living and nonliv-
ing parts of the ecosystem.

By the end of grade 12. Photosynthesis and cellular respiration (including anaer-
obic processes) provide most of the energy for life processes. Plants or algae
form the lowest level of the food web. At each link upward in a food web,

only a small fraction of the matter consumed at the lower level is transferred
upward, to produce growth and release energy in cellular respiration at the
higher level. Given this inefficiency, there are generally fewer organisms at high-
er levels of a food web, and there is a limit to the number of organisms that an
ecosystem can sustain.

The chemical elements that make up the molecules of organisms pass
through food webs and into and out of the atmosphere and soil and are com-
bined and recombined in different ways. At each link in an ecosystem, matter
and energy are conserved; some matter reacts to release energy for life func-
tions, some matter is stored in newly made structures, and much is discarded.
Competition among species is ultimately competition for the matter and energy
needed for life.

Photosynthesis and cellular respiration are important components of the car-
bon cycle, in which carbon is exchanged between the biosphere, atmosphere, oceans,

and geosphere through chemical, physical, geological, and biological processes.

LS2.C: ECOSYSTEM DYNAMICS, FUNCTIONING, AND RESILIENCE

What happens to ecosystems when the environment changes?

Ecosystems are dynamic in nature; their characteristics fluctuate over time,
depending on changes in the environment and in the populations of various spe-
cies. Disruptions in the physical and biological components of an ecosystem—
which can lead to shifts in the types and numbers of the ecosystem’s organisms,
to the maintenance or the extinction of species, to the migration of species into
or out of the region, or to the formation of new species (speciation)—occur for a
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variety of natural reasons. Changes may derive from the fall of canopy trees in a
forest, for example, or from cataclysmic events, such as volcanic eruptions. But
many changes are induced by human activity, such as resource extraction, adverse
land use patterns, pollution, introduction of nonnative species, and global climate
change. Extinction of species or evolution of new species may occur in response to
significant ecosystem disruptions.

Species in an environment develop behavioral and physiological patterns
that facilitate their survival under the prevailing conditions, but these patterns may
be maladapted when conditions change or new species are introduced. Ecosystems
with a wide variety of species—that is, greater biodiversity—tend to be more resil-
ient to change than those with few species.

Grade Band Endpoints for LS2.C

By the end of grade 2. The places where plants and animals live often change,
sometimes slowly and sometimes rapidly. When animals and plants get too hot
or too cold, they may die. If they cannot find enough food, water, or air, they
may die.

By the end of grade 5. When the environment changes in ways that affect a place’s
physical characteristics, temperature, or availability of resources, some organisms
survive and reproduce, others move to new locations, yet others move into the
transformed environment, and some die.

By the end of grade 8. Ecosystems are dynamic in nature; their characteristics can
vary over time. Disruptions to any physical or biological component of an ecosys-
tem can lead to shifts in all of its populations.

Biodiversity describes the variety of species found in Earth’s terrestrial and
oceanic ecosystems. The completeness or integrity of an ecosystem’s biodiversity is
often used as a measure of its health.

By the end of grade 12. A complex set of interactions within an ecosystem can
keep its numbers and types of organisms relatively constant over long periods of
time under stable conditions. If a modest biological or physical disturbance to an
ecosystem occurs, it may return to its more or less original status (i.e., the ecosys-
tem is resilient), as opposed to becoming a very different ecosystem. Extreme fluc-
tuations in conditions or the size of any population, however, can challenge the
functioning of ecosystems in terms of resources and habitat availability. Moreover,
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anthropogenic changes
(induced by human activity)
in the environment—including
habitat destruction, pollution,

introduction of invasive spe-
cies, overexploitation, and
climate change—can disrupt
an ecosystem and threaten the
survival of some species.

LS2.D: SOCIAL INTERACTIONS AND GROUP BEHAVIOR

How do organisms interact in groups so as to benefit individuals?

Group behaviors are found in organisms ranging from unicellular slime molds to
ants to primates, including humans. Many species, with a strong drive for social
affiliation, live in groups formed on the basis of genetic relatedness, physical prox-
imity, or other recognition mechanisms (which may be species specific). Group
behavior evolved because group membership can increase the chances of survival
for individuals and their relatives. While some groups are stable over long periods
of time, others are fluid, with members moving in and out. Groups often dissolve
if their size or operation becomes counterproductive, if dominant members lose
their place, or if other key members are removed from the group. Group inter-
dependence is so strong that animals that usually live in groups suffer, behavior-
ally as well as physiologically, when reared in isolation, even if all of their physical
needs are met.

Grade Band Endpoints for LS2.D

By the end of grade 2. Being part of a group helps animals obtain food, defend
themselves, and cope with changes. Groups may serve different functions and vary
dramatically in size.

By the end of grade 5. Groups can be collections of equal individuals, hierarchies
with dominant members, small families, groups of single or mixed gender, or
groups composed of individuals similar in age. Some groups are stable over long
periods of time; others are fluid, with members moving in and out. Some groups
assign specialized tasks to each member; in others, all members perform the same
or a similar range of functions.
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|
B Group behaviors are found in organisms ranging from unicellular slime

molds to ants to primates, including humans. ]

By the end of grade 8. Groups may form because of genetic relatedness, physi-
cal proximity, or other recognition mechanisms (which may be species specific).
They engage in a variety of signaling behaviors to maintain the group’s integ-
rity or to warn of threats. Groups often dissolve if they no longer function to
meet individuals’ needs, if dominant members lose their place, or if other key
members are removed from the group through death, predation, or exclusion by

other members.

By the end of grade 12. Animals, including humans, having a strong drive for
social affiliation with members of their own species and will suffer, behavior-
ally as well as physiologically, if reared in isolation, even if all of their physical
needs are met. Some forms of affiliation arise from the bonds between offspring
and parents. Other groups form among peers. Group behavior has evolved
because membership can increase the chances of survival for individuals and
their genetic relatives.

LS3: Heredity: Inheritance and Variation of Traits

Houw are characteristics of one generation passed to the next?
How can individuals of the same species and even siblings have different

characteristics?

Heredity explains why offspring resemble, but are not identical to, their parents
and is a unifying biological principle. Heredity refers to specific mechanisms by
which characteristics or traits are passed from one generation to the next via
genes. Genes encode the information for making specific proteins, which are
responsible for the specific traits of an individual. Each gene can have several vari-
ants, called alleles, which code for different variants of the trait in question. Genes
reside in a cell’s chromosomes, each of which contains many genes. Every cell of
any individual organism contains the identical set of chromosomes. When organ-
isms reproduce, genetic information is transferred to their offspring. In species
that reproduce sexually, each cell contains two variants of each chromosome, one
inherited from each parent. Thus sexual reproduction gives rise to a new combi-
nation of chromosome pairs with variations between parent and offspring. Very
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rarely, mutations also cause variations, which may be harmful, neutral, or occa-
sionally advantageous for an individual. Environmental as well as genetic varia-
tion and the relative dominance of each of the genes in a pair play an important
role in how traits develop within an individual. Complex relationships between
genes and interactions of genes with the environment determine how an organism
will develop and function.

LS3.A: INHERITANCE OF TRAITS

Houw are the characteristics of one generation related to the previous generation?

In all organisms, the genetic instructions for forming species’ characteristics are
carried in the chromosomes. Each chromosome consists of a single very long
DNA molecule, and each gene on the chromosome is a particular segment of

that DNA. DNA molecules contain four different kinds of building blocks, called
nucleotides, linked together in a sequential chain. The sequence of nucleotides
spells out the information in a gene. Before a cell divides, the DNA sequence of its
chromosomes is replicated and each daughter cell receives a copy. DNA controls
the expression of proteins by being transcribed into a “messenger” RNA, which is
translated in turn by the cellular machinery into a protein. In effect, proteins build
an organism’s identifiable traits. When organisms reproduce, genetic informa-

tion is transferred to their offspring, with half coming from each parent in sexual
reproduction. Inheritance is the key factor causing the similarity among individu-
als in a species population.

Grade Band Endpoints for LS3.A

By the end of grade 2. Organisms have characteristics that can be similar or dif-
ferent. Young animals are very much, but not exactly, like their parents and also
resemble other animals of the same kind. Plants also are very much, but not exact-
ly, like their parents and resemble other plants of the same kind.

By the end of grade 5. Many characteristics of organisms are inherited from their
parents. Other characteristics result from individuals® interactions with the envi-
ronment, which can range from diet to learning. Many characteristics involve both

inheritance and environment.

By the end of grade 8. Genes are located in the chromosomes of cells, with each
chromosome pair containing two variants of each of many distinct genes. Each
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] Complex relationships between genes and interactions of genes with
the environment determine how an organism will develop and function. ]

distinct gene chiefly controls the production of a specific protein, which in turn
affects the traits of the individual (e.g., human skin color results from the actions
of proteins that control the production of the pigment melanin). Changes (muta-
tions) to genes can result in changes to proteins, which can affect the structures
and functions of the organism and thereby change traits.

Sexual reproduction provides for transmission of genetic information to
offspring through egg and sperm cells. These cells, which contain only one chro-
mosome of each parent’s chromosome pair, unite to form a new individual (off-
spring). Thus offspring possess one instance of each parent’s chromosome pair
(forming a new chromosome pair). Variations of inherited traits between parent
and offspring arise from genetic differences that result from the subset of chro-
mosomes (and therefore genes) inher-
ited or (more rarely) from mutations.
(Boundary: The stress here is on the
impact of gene transmission in reproduc-

tion, not the mechanism.)

By the end of grade 12. In all organ-
isms the genetic instructions for forming
species’ characteristics are carried in the
chromosomes. Each chromosome con-
sists of a single very long DNA molecule,
and each gene on the chromosome is a
particular segment of that DNA. The
instructions for forming species’ char-

acteristics are carried in DNA. All cells
in an organism have the same genetic
content, but the genes used (expressed)
by the cell may be regulated in different
ways. Not all DNA codes for a protein;
some segments of DNA are involved in
regulatory or structural functions, and
some have no as-yet known function.
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LS3.B: VARIATION OF TRAITS

Why do individuals of the same species vary in how they look, function, and behave?

Variation among individuals of the same species can be explained by both genetic
and environmental factors. Individuals within a species have similar but not identi-
cal genes. In sexual reproduction, variations in traits between parent and offspring
arise from the particular set of chromosomes (and their respective multiple genes)
inherited, with each parent contributing half of each chromosome pair. More rare-
ly, such variations result from mutations, which are changes in the information
that genes carry. Although genes control the general traits of any given organism,
other parts of the DNA and external environmental factors can modify an indi-
vidual’s specific development, appearance, behavior, and likelihood of producing
offspring. The set of variations of genes present, together with the interactions of
genes with their environment, determines the distribution of variation of traits in a

population.

Grade Band Endpoints for LS3.B

By the end of grade 2. Individuals of the same kind of plant or animal are recog-

nizable as similar but can also vary in many ways.

By the end of grade 5. Offspring acquire a mix of traits from their biological par-
ents. Different organisms vary in how they look and function because they have
different inherited information. In each kind of organism there is variation in the
traits themselves, and different kinds of organisms may have different versions of
the trait. The environment also affects the traits that an organism develops—dif-
ferences in where they grow or in the food they consume may cause organisms
that are related to end up looking or behaving differently.

By the end of grade 8. In sexually reproducing organisms, each parent contributes
half of the genes acquired (at random) by the offspring. Individuals have two of
each chromosome and hence two alleles of each gene, one acquired from each par-
ent. These versions may be identical or may differ from each other.

In addition to variations that arise from sexual reproduction, genetic infor-
mation can be altered because of mutations. Though rare, mutations may result
in changes to the structure and function of proteins. Some changes are beneficial,

others harmful, and some neutral to the organism.
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By the end of grade 12. The information passed from parents to offspring is
coded in the DNA molecules that form the chromosomes. In sexual reproduc-
tion, chromosomes can sometimes swap sections during the process of meiosis
(cell division), thereby creating new genetic combinations and thus more genetic
variation. Although DNA replication is tightly regulated and remarkably accu-
rate, errors do occur and result in mutations, which are also a source of genetic
variation. Environmental factors can also cause mutations in genes, and viable
mutations are inherited. Environmental factors also affect expression of traits,
and hence affect the probability of occurrences of traits in a population. Thus
the variation and distribution of traits observed depend on both genetic and
environmental factors.

Biological Evolution: Unity and Diversity

Houw can there be so many similarities among organisms yet so many different
kinds of plants, animals, and microorganisms?
How does biodiversity affect humans?

Biological evolution explains both the unity and the diversity of species and pro-
vides a unifying principle for the history and diversity of life on Earth. Biological
evolution is supported by extensive scientific evidence ranging from the fossil
record to genetic relationships among species. Researchers continue to use new
and different techniques, including DNA and protein sequence analyses, to test
and further their understanding of evolutionary relationships. Evolution, which is
continuous and ongoing, occurs when natural selection acts on the genetic varia-
tion in a population and changes the distribution of traits in that population grad-
ually over multiple generations. Natural selection can act more rapidly after sud-
den changes in conditions, which can lead to the extinction of species. Through
natural selection, traits that provide an individual with an advantage to best meet
environmental challenges and reproduce are the ones most likely to be passed on
to the next generation. Over multiple generations, this process can lead to the
emergence of new species. Evolution thus explains both the similarities of genetic
material across all species and the multitude of species existing in diverse condi-
tions on Earth—its biodiversity—which humans depend on for natural resources
and other benefits to sustain themselves.
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LS4.A: EVIDENCE OF COMMON ANCESTRY AND DIVERSITY

What evidence shows that different species are related?

Biological evolution, the process by which all living things have evolved over
many generations from shared ancestors, explains both the unity and the diver-
sity of species. The unity is illustrated by the similarities found betwen species;
which can be explained by the inheritance of similar characteristics from related
ancestors. The diversity of species is also consistent with common ancestry; it is
explained by the branching and diversification of lineages as populations adapted,
primarily through natural selection, to local circumstances.

Evidence for common ancestry can be found in the fossil record, from
comparative anatomy and embryology, from the similarities of cellular processes
and structures, and from comparisons of DNA sequences between species. The
understanding of evolutionary relationships has recently been greatly accelerated
by using new molecular tools to study developmental biology, with researchers
dissecting the genetic basis for some of the changes seen in the fossil record, as
well as those that can be inferred to link living species (e.g., the armadillo) to their

ancestors (e.g., glyptodonts, a kind of extinct gigantic armadillo).

Grade Band Endpoints for LS4.A

By the end of grade 2. Some kinds of plants and animals that once lived on Earth
(e.g., dinosaurs) are no longer found anywhere, although others now living (e.g.,
lizards) resemble them in some ways.

By the end of grade 5. Fossils provide evidence about the types of organisms (both
visible and microscopic) that lived long ago and also about the nature of their
environments. Fossils can be compared with one another and to living organisms
according to their similarities and differences.

By the end of grade 8. Fossils are mineral replacements, preserved remains, or traces
of organisms that lived in the past. Thousands of layers of sedimentary rock not
only provide evidence of the history of Earth itself but also of changes in organisms
whose fossil remains have been found in those layers. The collection of fossils and
their placement in chronological order (e.g., through the location of the sedimen-
tary layers in which they are found or through radioactive dating) is known as the

fossil record. It documents the existence, diversity, extinction, and change of many
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life forms throughout the history of life on Earth.
Because of the conditions necessary for their pres-
ervation, not all types of organisms that existed

in the past have left fossils that can be retrieved.
Anatomical similarities and differences between
various organisms living today and between them
and organisms in the fossil record enable the recon-
struction of evolutionary history and the inference
of lines of evolutionary descent. Comparison of the
embryological development of different species also
reveals similarities that show relationships not evi-
dent in the fully formed anatomy.

By the end of grade 12. Genetic information,

like the fossil record, also provides evidence of
evolution. DNA sequences vary among species,
but there are many overlaps; in fact, the ongoing
branching that produces multiple lines of descent
can be inferred by comparing the DNA sequences
of different organisms. Such information is also
derivable from the similarities and differences in
amino acid sequences and from anatomical and
embryological evidence.

LS4.B: NATURAL SELECTION

How does genetic variation among organisms affect survival and reproduction?

Genetic variation in a species results in individuals with a range of traits. In any
particular environment individuals with particular traits may be more likely than
others to survive and produce offspring. This process is called natural selection
and may lead to the predominance of certain inherited traits in a population and
the suppression of others. Natural selection occurs only if there is variation in the
genetic information within a population that is expressed in traits that lead to dif-
ferences in survival and reproductive ability among individuals under specific envi-
ronmental conditions. If the trait differences do not affect reproductive success,
then natural selection will not favor one trait over others.
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Grade Band Endpoints for LS4.B
By the end of grade 2. [Intentionally left blank.]

By the end of grade 5. Sometimes the differences in characteristics between
individuals of the same species provide advantages in surviving, finding mates,
and reproducing.

By the end of grade 8. Genetic variations among individuals in a population give
some individuals an advantage in surviving and reproducing in their environment.
This is known as natural selection. It leads to the predominance of certain traits

in a population and the suppression of others. In artificial selection, humans have
the capacity to influence certain characteristics of organisms by selective breeding.
One can choose desired parental traits determined by genes, which are then passed
on to offspring.

By the end of grade 12. Natural selection occurs only if there is both (1) varia-
tion in the genetic information between organisms in a population and (2) varia-
tion in the expression of that genetic information—that is, trait variation—that
leads to differences in performance among individuals. The traits that positively
affect survival are more likely to be reproduced and thus are more common in
the population.

LS4.C: ADAPTATION

Houw does the environment influence populations of organisms over multiple
generations?

When an environment changes, there can be subsequent shifts in its supply of
resources or in the physical and biological challenges it imposes. Some individu-
als in a population may have morphological, physiological, or behavioral traits
that provide a reproductive advantage in the face of the shifts in the environment.
Natural selection provides a mechanism for species to adapt to changes in their
environment. The resulting selective pressures influence the survival and repro-
duction of organisms over many generations and can change the distribution of
traits in the population. This process is called adaptation. Adaptation can lead to
organisms that are better suited for their environment because individuals with
the traits adaptive to the environmental change pass those traits on to their off-
spring, whereas individuals with traits that are less adaptive produce fewer or no

164 A Framework for K-12 Science Education

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/13165

A Framework for K-12 Science Education: Practices, Crosscutting Concepts, and Core Ideas

offspring. Over time, adaptation can lead to the formation of new species. In some
cases, however, traits that are adaptive to the changed environment do not exist in
the population and the species becomes extinct. Adaptive changes due to natural
selection, as well as the net result of speciation minus extinction, have strongly
contributed to the planet’s biodiversity.

Adaption by natural selection is ongoing. For example it is seen in the emer-
gence of antibiotic-resistant bacteria. Organisms like bacteria, in which multiple
generations occur over shorter time spans, evolve more rapidly than those for
which each generation takes multiple years.

Grade Band Endpoints for LS4.C

By the end of grade 2. Living things can survive only where their needs are met.
If some places are too hot or too cold or have too little water or food, plants and
animals may not be able to live there.

By the end of grade 5. Changes in an organism’s habitat are sometimes benefi-
cial to it and sometimes harmful. For any particular environment, some kinds of

organisms survive well, some survive less well, and some cannot survive at all.

By the end of grade 8. Adaptation by natural selection acting over generations is
one important process by which species change over time in response to changes
in environmental conditions. Traits that support successful survival and reproduc-
tion in the new environment become more common; those that do not become
less common. Thus, the distribution of traits in a population changes. In separated
populations with different conditions, the changes can be large enough that the
populations, provided they remain separated (a process called reproductive isola-
tion), evolve to become separate species.

By the end of grade 12. Natural selection is the result of four factors: (1) the
potential for a species to increase in number, (2) the genetic variation of indi-
viduals in a species due to mutation and sexual reproduction, (3) competition
for an environment’s limited supply of the resources that individuals need in
order to survive and reproduce, and (4) the ensuing proliferation of those organ-
isms that are better able to survive and reproduce in that environment. Natural
selection leads to adaptation—that is, to a population dominated by organisms
that are anatomically, behaviorally, and physiologically well suited to survive
and reproduce in a specific environment. That is, the differential survival and
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[] Adaptive changes due to natural selection, as well as the net
result of speciation minus extinction, have strongly contributed to the
planet’s biodiversity. ]

reproduction of organisms in a population that have an advantageous heritable
trait leads to an increase in the proportion of individuals in future generations
that have the trait and to a decrease in the proportion of individuals that do not.
Adaptation also means that the distribution of traits in a population can change
when conditions change.

Changes in the physical environment, whether naturally occurring or human
induced, have thus contributed to the expansion of some species, the emergence
of new distinct species as populations diverge under different conditions, and the
decline—and sometimes the extinction—of some species. Species become extinct
because they can no longer survive and reproduce in their altered environment. If
members cannot adjust to change that is too fast or too drastic, the opportunity
for the species’ evolution is lost.

LS4.D: BIODIVERSITY AND HUMANS

What is biodiversity, how do humans affect it, and how does it affect humans?

Human beings are part of and depend on the natural world. Biodiversity—the
multiplicity of genes, species, and ecosystems—provides humans with renewable
resources, such as food, medicines, and clean water. Humans also benefit from
“ecosystem services,” such as climate stabilization, decomposition of wastes, and
pollination that are provided by healthy (i.e., diverse and resilient) ecosystems.
The resources of biological communities can be used within sustainable limits, but
in many cases humans affect these ecosystems in ways—including habitat destruc-
tion, pollution of air and water, overexploitation of resources, introduction of
invasive species, and climate change—that prevent the sustainable use of resources
and lead to ecosystem degradation, species extinction, and the loss of valuable

ecosystem services.

Grade Band Endpoints for LS4.D

By the end of grade 2. There are many different kinds of living things in any area,

and they exist in different places on land and in water.
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By the end of grade 5. Scientists have identified and classified many plants and
animals. Populations of organisms live in a variety of habitats, and change in
those habitats affects the organisms living there. Humans, like all other organisms,
obtain living and nonliving resources from their environments.

By the end of grade 8. Biodiversity is the wide range of exist-
ing life forms that have adapted to the variety of conditions
on Earth, from terrestrial to marine ecosystems. Biodiversity
includes genetic variation within a species, in addition to spe-
cies variation in different habitats and ecosystem types (e.g.,
forests, grasslands, wetlands). Changes in biodiversity can
influence humans’ resources, such as food, energy, and medi-
cines, as well as ecosystem services that humans rely on—for
example, water purification and recycling.

By the end of grade 12. Biodiversity is increased by the for-
mation of new species (speciation) and decreased by the loss

of species (extinction). Biological extinction, being irrevers-

ible, is a critical factor in reducing the planet’s natural capital.

Humans depend on the living world for the resources
and other benefits provided by biodiversity. But human activ-
ity is also having adverse impacts on biodiversity through
overpopulation, overexploitation, habitat destruction, pol-
lution, introduction of invasive species, and climate change.
These problems have the potential to cause a major wave of
biological extinctions—as many species or populations of a
given species, unable to survive in changed environments, die

out—and the effects may be harmful to humans and other living things. Thus sus-
taining biodiversity so that ecosystem functioning and productivity are maintained
is essential to supporting and enhancing life on Earth. Sustaining biodiversity also
aids humanity by preserving landscapes of recreational or inspirational value.
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5

Dimension 3
DISCIPLINARY CORE IDEAS—EARTH AND

SPACE SCIENCES

arth and space sciences (ESS) investigate processes that operate on Earth and

also address its place in the solar system and the galaxy. Thus ESS involve phe-

nomena that range in scale from the unimaginably large to the invisibly small.

Earth and space sciences have much in common with the other branches
of science, but they also include a unique set of scientific pursuits. Inquiries
into the physical sciences (e.g., forces, energy, gravity, magnetism) were pursued
in part as a means of understanding the size, age, structure, composition, and
behavior of Earth, the sun, and the moon; physics and chemistry later developed
as separate disciplines. The life sciences likewise are partially rooted in earth
science, as Earth remains the only example of a biologically active planet, and
the fossils found in the geological record of rocks are of interest to both life sci-
entists and earth scientists. As a result, the majority of research in ESS is inter-
disciplinary in nature and falls under the categories of astrophysics, geophysics,
geochemistry, and geobiology. However, the underlying traditional discipline of
geology, involving the identification, analysis, and mapping of rocks, remains a
cornerstone of ESS.

Earth consists of a set of systems—atmosphere, hydrosphere, geosphere,
and biosphere—that are intricately interconnected. These systems have differing
sources of energy, and matter cycles within and among them in multiple ways
and on various time scales. Small changes in one part of one system can have
large and sudden consequences in parts of other systems, or they can have no
effect at all. Understanding the different processes that cause Earth to change
over time (in a sense, how it “works”) therefore requires knowledge of the
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multiple systems’ interconnections and feedbacks. In addition, Earth is part of
a broader system—the solar system—which is itself a small part of one of the
many galaxies in the universe.

Because organizing ESS content is complex, given its broad scope and inter-
disciplinary nature, past efforts to promote earth sciences literacy have presented
this content in a wide variety of ways. In this chapter, we begin at the largest
spatial scales of the universe and move toward increasingly smaller scales and a
more anthropocentric focus. Thus, the first core idea, ESS1: Earth’s Place in the
Universe, describes the universe as a whole and addresses its grand scale in both
space and time. This idea includes the overall structure, composition, and history
of the universe, the forces and processes by which the solar system operates, and
Earth’s planetary history.

The second core idea, ESS2: Earth’s Systems, encompasses the processes
that drive Earth’s conditions and its continual evolution (i.e., change over time). It
addresses the planet’s large-scale structure and composition, describes its individ-
ual systems, and explains how they are interrelated. It also focuses on the mecha-
nisms driving Earth’s internal motions and on the vital role that water plays in all
of the planet’s systems and surface processes.

The third core idea, ESS3: Earth and Human Activity, addresses society’s
interactions with the planet. Connecting the ESS to the intimate scale of human
life, this idea explains how Earth’s processes affect people through natural resourc-
es and natural hazards, and it describes as well some of the ways in which human-
ity in turn affects Earth’s processes. See Box 7-1 for a summary of the core and
component ideas.

The committee’s efforts have been strongly influenced by several recent
efforts in the ESS community that have codified the essential sets of information
in several fields. These projects include the Earth Science Literacy Principles: The
Big Ideas and Supporting Concepts of Earth Science [1], Ocean Literacy: The
Essential Principles of Ocean Science K-12 [2], Atmospheric Science Literacy:

I Vast amounts of new data, especially from satellites, together with
modern computational models, are revealing the complexity of the
interacting systems that control Earth'’s ever-changing surface. And many of
the conclusions drawn from this science, along with some of the evidence
from which they are drawn, are accessible to today’s students. [
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BOX 7-1

CORE AND COMPONENT IDEAS IN EARTH AND SPACE SCIENCES

Core Idea ESS1: Earth’s Place in the Universe
ESS1.A: The Universe and Its Stars
ESS1.B: Earth and the Solar System

ESS1.C: The History of Planet Earth

Core Idea ESS2: Earth’s Systems
ESS2.A: Earth Materials and Systems
ESS2.B: Plate Tectonics and Large-Scale System Interactions
ESS2.C: The Roles of Water in Earth’s Surface Processes
ESS2.D: Weather and Climate

ESS2.E: Biogeology

Core Idea ESS3: Earth and Human Activity
ESS3.A: Natural Resources
ESS3.B: Natural Hazards
ESS3.C: Human Impacts on Earth Systems

ESS3.D: Global Climate Change
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Essential Principles and Fundamental Concepts of Atmospheric Science 3], and
Climate Literacy: The Essential Principles of Climate Sciences [4]. The selection
of much of the framework’s content was informed by these documents, thereby
ensuring that the ESS core ideas we present are not only current and accurate but
also relevant; they express content that the science research communities them-
selves recognize as being most important.

The framework includes a broader range of ideas in ESS than previous
efforts related to science education standards, largely because of pertinent recent
developments in ESS and the increasing societal importance of Earth-related
issues. Astronomy and space exploration have prompted new ideas about how
the universe works and of humans’ place in it. Advances in imaging the interior
of Earth have revised conceptions of how the planet formed and continues to
evolve. Vast amounts of new data, especially from satellites, together with mod-
ern computational models, are revealing the complexity of the interacting systems
that control Earth’s ever-changing surface. And many of the conclusions drawn
from this science, along with some of the evidence from which they are drawn, are
accessible to today’s students. Consequently, the story of Earth and the evolution
of its systems, as it can be understood at the K-12 level, is much richer than what
has been taught at this level in the past. Thus some of the framework’s essential
elements differ considerably from previous standards for K-12 science and engi-
neering education.

The most important justification for the framework’s increased emphasis
on ESS is the rapidly increasing relevance of earth science to so many aspects of
human society. It may seem as if natural hazards, such as earthquakes and hur-
ricanes, have been more active in recent years, but this is primarily because the
growing population of cities has heightened their impacts. The rapidly rising
number of humans on the planet—doubling in number roughly every 40 years—
combined with increased global industrialization, has also stressed limited plan-
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Core Idea ESS1

etary resources of water, arable land, plants and animals, minerals, and hydrocar-
bons. Only in the relatively recent past have people begun to recognize the dra-
matic role humans play as an essentially geological force on the surface of Earth,
affecting large-scale conditions and processes.

Earth’s Place in the Universe

What is the universe, and what is Earth’s place in it?

The planet Earth is a tiny part of a vast universe that has developed over a huge
expanse of time. The history of the universe, and of the structures and objects
within it, can be deciphered using observations of their present condition togeth-
er with knowledge of physics and chemistry. Similarly, the patterns of motion

of the objects in the solar system can be described and predicted on the basis of
observations and an understanding of gravity. Comprehension of these patterns
can be used to explain many Earth phenomena, such as day and night, seasons,
tides, and phases of the moon. Observations of other solar system objects and
of Earth itself can be used to determine Earth’s age and the history of large-scale
changes in its surface.

ESS1.A: THE UNIVERSE AND ITS STARS

What is the universe, and what goes on in stars?

The sun is but one of a vast number of stars in the Milky Way galaxy, which is
one of a vast number of galaxies in the universe.

The universe began with a period of extreme and rapid expansion known
as the Big Bang, which occurred about 13.7 billion years ago. This theory is sup-
ported by the fact that it provides explanation of observations of distant galaxies
receding from our own, of the measured composition of stars and nonstellar gases,
and of the maps and spectra of the primordial radiation (cosmic microwave back-
ground) that still fills the universe.

Nearly all observable matter in the universe is hydrogen or helium, which
formed in the first minutes after the Big Bang. Elements other than these remnants
of the Big Bang continue to form within the cores of stars. Nuclear fusion within
stars produces all atomic nuclei lighter than and including iron, and the process
releases the energy seen as starlight. Heavier elements are produced when certain
massive stars achieve a supernova stage and explode.
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Stars’ radiation of visible light and
other forms of energy can be measured
and studied to develop explanations
about the formation, age, and composi-
tion of the universe. Stars go through a
sequence of developmental stages—they
are formed; evolve in size, mass, and
brightness; and eventually burn out.
Material from earlier stars that exploded
as supernovas is recycled to form younger
stars and their planetary systems. The
sun is a medium-sized star about halfway
through its predicted life span of about
10 billion years.

Grade Band Endpoints for ESS1.A

By the end of grade 2. Patterns of the motion of the sun, moon, and stars in the
sky can be observed, described, and predicted. At night one can see the light com-
ing from many stars with the naked eye, but telescopes make it possible to see
many more and to observe them and the moon and planets in greater detail.

By the end of grade 5. The sun is a star that appears larger and brighter than
other stars because it is closer. Stars range greatly in their size and distance
from Earth.

By the end of grade 8. Patterns of the apparent motion of the sun, the moon, and
stars in the sky can be observed, described, predicted, and explained with models.
The universe began with a period of extreme and rapid expansion known as the
Big Bang. Earth and its solar system are part of the Milky Way galaxy, which is
one of many galaxies in the universe.

By the end of grade 12. The star called the sun is changing and will burn out over
a life span of approximately 10 billion years. The sun is just one of more than 200
billion stars in the Milky Way galaxy, and the Milky Way is just one of hundreds
of billions of galaxies in the universe. The study of stars’ light spectra and bright-
ness is used to identify compositional elements of stars, their movements, and their
distances from Earth.
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ESS1.B: EARTH AND THE SOLAR SYSTEM

What are the predictable patterns caused by Earth’s movement in the solar
systems¢

The solar system consists of the sun and a collection of objects of varying sizes
and conditions—including planets and their moons—that are held in orbit around
the sun by its gravitational pull on them. This system appears to have formed
from a disk of dust and gas, drawn together by gravity.

Earth and the moon, sun, and planets have predictable patterns of move-
ment. These patterns, which are explainable by gravitational forces and conser-
vation laws, in turn explain many large-scale phenomena observed on Earth.
Planetary motions around the sun can be predicted using Kepler’s three empirical
laws, which can be explained based on Newton’s theory of gravity. These orbits
may also change somewhat due to the gravitational effects from, or collisions
with, other bodies. Gradual changes in the shape of Earth’s orbit around the sun
(over hundreds of thousands of years), together with the tilt of the planet’s spin
axis (or axis of rotation), have altered the intensity and distribution of sunlight
falling on Earth. These phenomena cause cycles of climate change, including the
relatively recent cycles of ice ages.

Gravity holds Earth in orbit around the sun, and it holds the moon in orbit
around Earth. The pulls of gravity from the sun and the moon cause the patterns
of ocean tides. The moon’s and sun’s positions relative to Earth cause lunar and
solar eclipses to occur. The moon’s monthly orbit around Earth, the relative posi-
tions of the sun, the moon, and the observer and the fact that it shines by reflected
sunlight explain the observed phases of the moon.

Even though Earth’s orbit is very nearly circular, the intensity of sunlight
falling on a given location on the planet’s surface changes as it orbits around the
sun. Earth’s spin axis is tilted relative to the plane of its orbit, and the seasons are

B carth and the moon, sun, and planets have predictable patterns of
movement. These patterns, which are explainable by gravitational forces
and conservation laws, in turn explain many large-scale phenomena
observed on Earth. il
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a result of that tilt. The intensity of sunlight striking Earth’s surface is greatest at
the equator. Seasonal variations in that intensity are greatest at the poles.

Grade Band Endpoints for ESS1.B

By the end of grade 2. Seasonal patterns of sunrise and sunset can be observed,
described, and predicted.

By the end of grade 5. The orbits of Earth around the sun and of the moon
around Earth, together with the rotation of Earth about an axis between its North
and South poles, cause observable patterns. These include day and night; daily
and seasonal changes in the length and direction of shadows; phases of the moon;
and different positions of the sun, moon, and stars at different times of the day,
month, and year.

Some objects in the solar system can be seen with the naked eye. Planets in
the night sky change positions and are not always visible from Earth as they orbit
the sun. Stars appear in patterns called constellations, which can be used for navi-
gation and appear to move together across the sky because of Earth’s rotation.

By the end of grade 8. The solar system consists of the sun and a collection of
objects, including planets, their moons, and asteroids that are held in orbit around
the sun by its gravitational pull on them. This model of the solar system can
explain tides, eclipses of the sun and the moon, and the motion of the planets in
the sky relative to the stars. Earth’s spin axis is fixed in direction over the short
term but tilted relative to its orbit around the sun. The seasons are a result of that
tilt and are caused by the differential intensity of sunlight on different areas of
Earth across the year.

By the end of grade 12. Kepler’s laws describe common features of the motions of
orbiting objects, including their elliptical paths around the sun. Orbits may change
due to the gravitational effects from, or collisions with, other objects in the solar
system. Cyclical changes in the shape of Earth’s orbit around the sun, together
with changes in the orientation of the planet’s axis of rotation, both occurring
over tens to hundreds of thousands of years, have altered the intensity and distri-
bution of sunlight falling on Earth. These phenomena cause cycles of ice ages and
other gradual climate changes.
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ESS1.C: THE HISTORY OF PLANET EARTH

How do people reconstruct and date events in Earth’s planetary bistory?

Earth scientists use the structure, sequence, and properties of rocks, sediments,
and fossils, as well as the locations of current and past ocean basins, lakes, and
rivers, to reconstruct events in Earth’s planetary history. For example, rock layers
show the sequence of geological events, and the presence and amount of radioactive
elements in rocks make it possible to determine their ages.

Analyses of rock formations and the fossil record are used to establish rela-
tive ages. In an undisturbed column of rock, the youngest rocks are at the top,
and the oldest are at the bottom. Rock layers have sometimes been rearranged by
tectonic forces; rearrangements
can be seen or inferred, such as
from inverted sequences of fos-
sil types. Core samples obtained
from drilling reveal that the
continents’ rocks (some as old
as 4 billion years or more) are
much older than rocks on the
ocean floor (less than 200 mil-
lion years), where tectonic pro-

cesses continually generate new
rocks and destroy old ones. The
rock record reveals that events
on Earth can be catastrophic,
occurring over hours to years, or gradual, occurring over thousands to millions of
years. Records of fossils and other rocks also show past periods of massive extinc-
tions and extensive volcanic activity. Although active geological processes, such as
plate tectonics (link to ESS2.B) and erosion, have destroyed or altered most of the
very early rock record on Earth, some other objects in the solar system, such as
asteroids and meteorites, have changed little over billions of years. Studying these
objects can help scientists deduce the solar system’s age and history, including the
formation of planet Earth. Study of other planets and their moons, many of which
exhibit such features as volcanism and meteor impacts similar to those found on
Earth, also help illuminate aspects of Earth’s history and changes.
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The geological time scale organizes Earth’s history into the increasingly long
time intervals of eras, periods, and epochs. Major historical events include the for-
mation of mountain chains and ocean basins, volcanic activity, the evolution and
extinction of living organisms, periods of massive glaciation, and development of
watersheds and rivers. Because many individual plant and animal species existed
during known time periods (e.g., dinosaurs), the location of certain types of fossils
in the rock record can reveal the age of the rocks and help geologists decipher the
history of landforms.

Grade Band Endpoints for ESS1.C

By the end of grade 2. Some events on Earth occur in cycles, like day and night,
and others have a beginning and an end, like a volcanic eruption. Some events, like
an earthquake, happen very quickly; others, such as the formation of the Grand
Canyon, occur very slowly, over a time period much longer than one can observe.

By the end of grade 5. Earth has changed over time. Understanding how land-
forms develop, are weathered (broken down into smaller pieces), and erode (get
transported elsewhere) can help infer the history of the current landscape. Local,
regional, and global patterns of rock formations reveal changes over time due to
Earth forces, such as earthquakes. The presence and location of certain fossil types
indicate the order in which rock layers were formed. Patterns of tree rings and ice
cores from glaciers can help reconstruct Earth’s recent climate history.

By the end of grade 8. The geological time scale interpreted from rock strata
provides a way to organize Earth’s history. Major historical events include the
formation of mountain chains and ocean basins, the evolution and extinction

of particular living organisms, volcanic eruptions, periods of massive glaciation,
and development of watersheds and rivers through glaciation and water erosion.
Analyses of rock strata and the fossil record provide only relative dates, not an
absolute scale.

By the end of grade 12. Radioactive decay lifetimes and isotopic content in
rocks provide a way of dating rock formations and thereby fixing the scale of
geological time. Continental rocks, which can be older than 4 billion years, are
generally much older than rocks on the ocean floor, which are less than 200
million years old. Tectonic processes continually generate new ocean seafloor at
ridges and destroy old seafloor at trenches. Although active geological processes,

178 A Framework for K-12 Science Education

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/13165

A Framework for K-12 Science Education: Practices, Crosscutting Concepts, and Core Ideas

Core Idea ESS2

such as plate tectonics (link to ESS2.B) and erosion, have destroyed or altered
most of the very early rock record on Earth, other objects in the solar system,
such as lunar rocks, asteroids, and meteorites, have changed little over billions
of years. Studying these objects can provide information about Earth’s formation
and early history.

Earth’s Systems

How and why is Earth constantly changing?

Earth’s surface is a complex and dynamic set of interconnected systems—princi-
pally the geosphere, hydrosphere, atmosphere, and biosphere—that interact over a
wide range of temporal and spatial scales. All of Earth’s processes are the result of
energy flowing and matter cycling within and among these systems. For example,
the motion of tectonic plates is part of the cycles of convection in Earth’s mantle,
driven by outflowing heat and the downward pull of gravity, which result in the
formation and changes of many features of Earth’s land and undersea surface.
Weather and climate are shaped by complex interactions involving sunlight, the
ocean, the atmosphere, clouds, ice, land, and life forms. Earth’s biosphere has
changed the makeup of the geosphere, hydrosphere, and atmosphere over geologi-
cal time; conversely, geological events and conditions have influenced the evolu-
tion of life on the planet. Water is essential to the dynamics of most earth systems,
and it plays a significant role in shaping Earth’s landscape.

ESS2.A: EARTH MATERIALS AND SYSTEMS

How do Earth’s major systems interact?

Earth is a complex system of interacting subsystems: the geosphere, hydrosphere,
atmosphere, and biosphere. The geosphere includes a hot and mostly metallic
inner core; a mantle of hot, soft, solid rock; and a crust of rock, soil, and sedi-
ments. The atmosphere is the envelope of gas surrounding the planet. The hydro-
sphere is the ice, water vapor, and liquid water in the atmosphere, ocean, lakes,
streams, soils, and groundwater. The presence of living organisms of any type
defines the biosphere; life can be found in many parts of the geosphere, hydro-
sphere, and atmosphere. Humans are of course part of the biosphere, and human
activities have important impacts on all of Earth’s systems.

All Earth processes are the result of energy flowing and matter cycling
within and among Earth’s systems. This energy originates from the sun and from
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Earth’s interior. Transfers of energy and the movements of matter can cause chem-
ical and physical changes among Earth’s materials and living organisms.

Solid rocks, for example, can be formed by the cooling of molten rock, the
accumulation and consolidation of sediments, or the alteration of older rocks by
heat, pressure, and fluids. These processes occur under different circumstances
and produce different types of rock. Physical and chemical interactions among
rocks, sediments, water, air, and plants and animals produce soil. In the carbon,
water, and nitrogen cycles, materials cycle between living and nonliving forms and
among the atmosphere, soil, rocks, and ocean.

Weather and climate are driven by interactions of the geosphere, hydro-
sphere, and atmosphere, with inputs of energy from the sun. The tectonic and
volcanic processes that create and build mountains and plateaus, for example,
as well as the weathering and erosion processes that break down these struc-
tures and transport the products, all involve interactions among the geosphere,
hydrosphere, and atmosphere. The resulting landforms and the habitats they
provide affect the biosphere, which in turn modifies these habitats and affects
the atmosphere, particularly through imbalances between the carbon capture
and oxygen release that occur in photosynthesis, and the carbon release and
oxygen capture that occur in respiration and in the burning of fossil fuels to
support human activities.

Earth exchanges mass and energy with the rest of the solar system. It gains
or loses energy through incoming solar radiation, thermal radiation to space, and
gravitational forces exerted by the sun, moon, and planets. Earth gains mass from
the impacts of meteoroids and comets and loses mass from the escape of gases
into space.

Earth’s systems are dynamic; they interact over a wide range of temporal
and spatial scales and continually react to changing influences, including human
activities. Components of Earth’s systems may appear stable, change slowly over
long periods of time, or change abruptly, with significant consequences for living
organisms. Changes in part of one system can cause further changes to that system
or to other systems, often in surprising and complex ways.

Grade Band Endpoints for ESS2.A
By the end of grade 2. Wind and water can change the shape of the land. The

resulting landforms, together with the materials on the land, provide homes for
living things.
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By the end of grade 5. Earth’s major systems are the geosphere (solid and molten
rock, soil, and sediments), the hydrosphere (water and ice), the atmosphere (air),
and the biosphere (living things, including humans). These systems interact in mul-
tiple ways to affect Earth’s surface materials and processes. The ocean supports

a variety of ecosystems and organisms, shapes landforms, and influences climate.
Winds and clouds in the atmosphere interact with the landforms to determine
patterns of weather. Rainfall helps shape the land and affects the types of living
things found in a region. Water, ice, wind, living organisms, and gravity break
rocks, soils, and sediments into smaller particles and move them around. Human
activities affect Earth’s systems and their interactions at its surface.

By the end of grade 8. All Earth processes are the result of energy flowing and
matter cycling within and among the planet’s systems. This energy is derived from
the sun and Earth’s hot interior. The energy that flows and matter that cycles pro-
duce chemical and physical changes in Earth’s materials and living organisms. The
planet’s systems interact over scales that range from microscopic to global in size,
and they operate over fractions of a second to billions of years. These interactions
have shaped Earth’s history and will determine its future.

By the end of grade 12. Earth’s systems, being
dynamic and interacting, cause feedback effects that
can increase or decrease the original changes. A deep
knowledge of how feedbacks work within and among
Earth’s systems is still lacking, thus limiting scientists’
ability to predict some changes and their impacts.
Evidence from deep probes and seismic waves,
reconstructions of historical changes in Earth’s sur-
face and its magnetic field, and an understanding of
physical and chemical processes lead to a model of
Earth with a hot but solid inner core, a liquid outer
core, a solid mantle and crust. The top part of the

mantle, along with the crust, forms structures known
as tectonic plates (link to ESS2.B). Motions of the
mantle and its plates occur primarily through thermal
convection, which involves the cycling of matter due
to the outward flow of energy from Earth’s interior
and the gravitational movement of denser materi-
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als toward the interior. The geological record shows that changes to global and
regional climate can be caused by interactions among changes in the sun’s energy
output or Earth’s orbit, tectonic events, ocean circulation, volcanic activity, gla-
ciers, vegetation, and human activities. These changes can occur on a variety of
time scales from sudden (e.g., volcanic ash clouds) to intermediate (ice ages) to
very long-term tectonic cycles.

ESS2.B: PLATE TECTONICS AND LARGE-SCALE SYSTEM INTERACTIONS

Why do the continents move, and what causes earthquakes and volcanoes?

Plate tectonics is the unifying theory that explains the past and current movements
of the rocks at Earth’s surface and provides a coherent account of its geological
history. This theory is supported by multiple evidence streams—for example, the
consistent patterns of earthquake locations, evidence of ocean floor spreading over
time given by tracking magnetic patterns in undersea rocks and coordinating them
with changes to Earth’s magnetic axis data, the warping of the land under loads
(such as lakes and ice sheets), which show that the solid mantle’s rocks can bend
and even flow.

The lighter and less dense continents are embedded in heavier and denser
upper-mantle rocks, and together they make up the moving tectonic plates of the
lithosphere (Earth’s solid outer layer, i.e., the crust and upper mantle). Tectonic
plates are the top parts of giant convection cells that bring matter from the hot
inner mantle up to the cool surface. These movements are driven by the release
of energy (from radioactive decay of unstable isotopes within Earth’s interior)
and by the cooling and gravitational downward motion of the dense material of
the plates after subduction (one plate being drawn under another). The plates
move across Earth’s surface, carrying the continents, creating and destroying
ocean basins, producing earthquakes and volcanoes, and forming mountain
ranges and plateaus.

Most continental and ocean floor features are the result of geological activi-
ty and earthquakes along plate boundaries. The exact patterns depend on whether

B Flate tectonics is the unifying theory that explains the past and current
movements of the rocks at Earth’s surface and provides a coherent
account of its geological history. ]
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the plates are being pushed together to create mountains or deep ocean trenches,
being pulled apart to form new ocean floor at mid-ocean ridges, or sliding past
each other along surface faults. Most distributions of rocks within Earth’s crust,
including minerals, fossil fuels, and energy resources, are a direct result of the his-
tory of plate motions and collisions and the corresponding changes in the configu-
rations of the continents and ocean basins.

This history is still being written. Continents are continually being shaped
and reshaped by competing constructive and destructive geological processes.
North America, for example, has gradually grown in size over the past 4 billion
years through a complex set of interactions with other continents, including the

addition of many new crustal segments.

Grade Band Endpoints for ESS2.B

By the end of grade 2. Rocks, soils, and sand are present in most areas where
plants and animals live. There may also be rivers, streams, lakes, and ponds. Maps
show where things are located. One can map the shapes and kinds of land and
water in any area.

By the end of grade 5. The locations of mountain ranges, deep ocean trenches,
ocean floor structures, earthquakes, and volcanoes occur in patterns. Most earth-
quakes and volcanoes occur in bands that are often along the boundaries between
continents and oceans. Major mountain chains form inside continents or near
their edges. Maps can help locate the different land and water features where
people live and in other areas of Earth.

By the end of grade 8. Plate tectonics is the unifying theory that explains the past
and current movements of the rocks at Earth’s surface and provides a framework
for understanding its geological history. Plate movements are responsible for most
continental and ocean floor features and for the distribution of most rocks and
minerals within Earth’s crust. Maps of ancient land and water patterns, based

on investigations of rocks and fossils, make clear how Earth’s plates have moved
great distances, collided, and spread apart.

By the end of grade 12. The radioactive decay of unstable isotopes continu-
ally generates new energy within Earth’s crust and mantle providing the primary

source of the heat that drives mantle convection. Plate tectonics can be viewed as

the surface expression of mantle convection.
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ESS2.C: THE ROLES OF WATER IN EARTH'S SURFACE PROCESSES

How do the properties and movements of water shape Earth’s surface and affect

its systemss¢

Earth is often called the water planet because of the abundance of liquid water on
its surface and because water’s unique combination of physical and chemical prop-
erties is central to Earth’s dynamics. These properties include water’s exceptional
capacity to absorb, store, and release large amounts of energy as it changes state;
to transmit sunlight; to expand upon freezing; to dissolve and transport many
materials; and to lower the viscosities and freezing points of the material when
mixed with fluid rocks in the mantle. Each of these properties plays a role in how
water affects other Earth systems (e.g., ice expansion contributes to rock erosion,
ocean thermal capacity contributes to moderating temperature variations).

Water is found almost everywhere on Earth, from high in the atmosphere (as
water vapor and ice crystals) to low in the atmosphere (precipitation, droplets in
clouds) to mountain snowcaps and glaciers (solid) to running liquid water on the
land, ocean, and underground. Energy from the sun and the force of gravity drive
the continual cycling of water among these reservoirs. Sunlight causes evaporation
and propels oceanic and atmospheric circulation, which transports water around
the globe. Gravity causes precipitation to fall from clouds and water to flow
downward on the land through watersheds.

About 97 percent of Earth’s water is in the ocean, and most fresh water is
contained in glaciers or underground aquifers; only a tiny fraction of Earth’s water
is found in streams, lakes, and rivers. The relative availability of water is a major
factor in distinguishing habitats for different living organisms.

Water participates both in the dissolution and formation of Earth’s materi-
als. The downward flow of water, both in liquid and solid form, shapes landscapes
through the erosion, transport, and deposition of sediment. Shoreline waves in the
ocean and lakes are powerful agents of erosion. Over millions of years, coastlines
have moved back and forth over continents by hundreds of kilometers, largely due
to the rise and fall of sea level as the climate changed (e.g., ice ages).

Grade Band Endpoints for ESS2.C

By the end of grade 2. Water is found in the ocean, rivers, lakes, and ponds.
Water exists as solid ice and in liquid form. It carries soil and rocks from one
place to another and determines the variety of life forms that can live in a particu-
lar location.
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B Earth is often called the water planet because of the abundance of
liquid water on its surface and because water's unique combination of
physical and chemical properties is central to Earth’s dynamics. ]

By the end of grade 5. Water is found almost everywhere on Earth: as vapor;

as fog or clouds in the atmosphere; as rain or snow falling from clouds; as ice,
snow, and running water on land and in the ocean; and as groundwater beneath
the surface. The downhill movement of water as it flows to the ocean shapes the
appearance of the land. Nearly all of Earth’s available water is in the ocean. Most
fresh water is in glaciers or underground; only a tiny fraction is in streams, lakes,
wetlands, and the atmosphere.

By the end of grade 8. Water continually cycles among land, ocean, and atmo-
sphere via transpiration, evaporation, condensation and crystallization, and pre-
cipitation as well as downhill flows on land. The complex patterns of the changes
and the movement of water in the
atmosphere, determined by winds,
landforms, and ocean temperatures
and currents, are major determi-
nants of local weather patterns.
Global movements of water and its
changes in form are propelled by
sunlight and gravity. Variations in
density due to variations in tem-
perature and salinity drive a global
pattern of interconnected ocean cur-

rents. Water’s movements—both on
the land and underground—cause
weathering and erosion, which
change the land’s surface features
and create underground formations.

By the end of grade 12. The abundance of liquid water on Earth’s surface and

its unique combination of physical and chemical properties are central to the
planet’s dynamics. These properties include water’s exceptional capacity to
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absorb, store, and release large amounts of energy; transmit sunlight; expand
upon freezing; dissolve and transport materials; and lower the viscosities and

melting points of rocks.

ESS2.D: WEATHER AND CLIMATE

What regulates weather and climate?

Weather, which varies from day to day and seasonally throughout the year, is the
condition of the atmosphere at a given place and time. Climate is longer term and
location sensitive; it is the range of a region’s weather over 1 year or many years,
and, because it depends on latitude and geography, it varies from place to place.
Weather and climate are shaped by complex interactions involving sunlight, the
ocean, the atmosphere, ice, landforms, and living things. These interactions can
drive changes that occur over multiple time scales—from days, weeks, and months
for weather to years, decades, centuries, and beyond—for climate.

The ocean exerts a major influence on weather and climate. It absorbs and
stores large amounts of energy from the sun and releases it very slowly; in that
way, the ocean moderates and stabilizes global climates. Energy is redistributed
globally through ocean currents (e.g., the Gulf Stream) and also through atmo-
spheric circulation (winds). Sunlight heats Earth’s surface, which in turn heats the
atmosphere. The resulting temperature patterns, together with Earth’s rotation
and the configuration of continents and oceans, control the large-scale patterns of
atmospheric circulation. Winds gain energy and water vapor content as they cross
hot ocean regions, which can lead to tropical storms.

The “greenhouse effect” keeps Earth’s surface warmer than it would be
otherwise. To maintain any average temperature over time, energy inputs from
the sun and from radioactive decay in Earth’s interior must be balanced by
energy loss due to radiation from the upper atmosphere. However, what deter-
mines the temperature at which this balance occurs is a complex set of absorp-
tion, reflection, transmission, and redistribution processes in the atmosphere and
oceans that determine how long energy stays trapped in these systems before
being radiated away. Certain gases in the atmosphere (water vapor, carbon diox-
ide, methane, and nitrous oxides), which absorb and retain energy that radiates
from Earth’s surface, essentially insulate the planet. Without this phenomenon,
Earth’s surface would be too cold to be habitable. However, changes in the
atmosphere, such as increases in carbon dioxide, can make regions of Earth too
hot to be habitable by many species.
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Climate changes, which are defined as significant and persistent changes in
an area’s average or extreme weather conditions, can occur if any of Earth’s sys-
tems change (e.g., composition of the atmosphere, reflectivity of Earth’s surface).
Positive feedback loops can amplify the impacts of these effects and trigger rela-
tively abrupt changes in the climate system; negative feedback loops tend to main-
tain stable climate conditions.

Some climate changes in Earth’s history were rapid shifts (caused by events,
such as volcanic eruptions and meteoric impacts, that suddenly put a large amount
of particulate matter into the atmosphere or by abrupt changes in ocean currents);
other climate changes were gradual and longer
term—due, for example, to solar output varia-
tions, shifts in the tilt of Earth’s axis, or atmo-
spheric change due to the rise of plants and
other life forms that modified the atmosphere
via photosynthesis. Scientists can infer these
changes from geological evidence.

Natural factors that cause climate
changes over human time scales (tens or hun-
dreds of years) include variations in the sun’s
energy output, ocean circulation patterns,
atmospheric composition, and volcanic activ-
ity. (See ESS3.D for a detailed discussion of
human activities and global climate change.)

When ocean currents change their flow pat-

terns, such as during El Nifo Southern

Oscillation conditions, some global regions

become warmer or wetter and others become
colder or drier. Cumulative increases in the atmospheric concentration of carbon
dioxide and other greenhouse gases, whether arising from natural sources or
human industrial activity (see ESS3.D), increase the capacity of Earth to retain
energy. Changes in surface or atmospheric reflectivity change the amount of
energy from the sun that enters the planetary system. Icy surfaces, clouds, aero-
sols, and larger particles in the atmosphere, such as from volcanic ash, reflect sun-
light and thereby decrease the amount of solar energy that can enter the weather/
climate system. Conversely, dark surfaces (e.g., roads, most buildings) absorb sun-
light and thus increase the energy entering the system.
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Grade Band Endpoints for ESS2.D

By the end of grade 2. Weather is the combination of sunlight, wind, snow or
rain, and temperature in a particular region at a particular time. People mea-
sure these conditions to describe and record the weather and to notice patterns
over time.

By the end of grade 5. Weather is the minute-by-minute to day-by-day variation
of the atmosphere’s condition on a local scale. Scientists record the patterns of the
weather across different times and areas so that they can make predictions about
what kind of weather might happen next. Climate describes the ranges of an area’s
typical weather conditions and the extent to which those conditions vary over
years to centuries.

By the end of grade 8. Weather and climate are influenced by interactions involv-
ing sunlight, the ocean, the atmosphere, ice, landforms, and living things. These
interactions vary with latitude, altitude, and local and regional geography, all of
which can affect oceanic and atmospheric flow patterns. Because these patterns
are so complex, weather can be predicted only probabilistically.

The ocean exerts a major influence on weather and climate by absorbing
energy from the sun, releasing it over time, and globally redistributing it through
ocean currents. Greenhouse gases in the atmosphere absorb and retain the energy
radiated from land and ocean surfaces, thereby regulating Earth’s average surface
temperature and keeping it habitable.

By the end of grade 12. The foundation for Earth’s global climate system is the
electromagnetic radiation from the sun as well as its reflection, absorption, stor-
age, and redistribution among the atmosphere, ocean, and land systems and this
energy’s reradiation into space. Climate change can occur when certain parts of
Earth’s systems are altered. Geological evidence indicates that past climate changes
were either sudden changes caused by alterations in the atmosphere; longer term
changes (e.g., ice ages) due to variations in solar output, Earth’s orbit, or the
orientation of its axis; or even more gradual atmospheric changes due to plants
and other organisms that captured carbon dioxide and released oxygen. The time
scales of these changes varied from a few to millions of years. Changes in the
atmosphere due to human activity have increased carbon dioxide concentrations
and thus affect climate (link to ESS3.D).

188 A Framework for K-12 Science Education

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/13165

A Framework for K-12 Science Education: Practices, Crosscutting Concepts, and Core Ideas

Global climate models incorporate scientists’ best knowledge of physical and
chemical processes and of the interactions of relevant systems. They are tested by
their ability to fit past climate variations. Current models predict that, although
future regional climate changes will be complex and varied, average global tem-
peratures will continue to rise. The outcomes predicted by global climate models
strongly depend on the amounts of human-generated greenhouse gases added to
the atmosphere each year and by the ways in which these gases are absorbed by
the ocean and the biosphere. Hence the outcomes depend on human behaviors
(link to ESS3.D) as well as on natural factors that involve complex feedbacks
among Earth’s systems (link to ESS2.A).

ESS2.E: BIOGEOLOGY

How do living organisms alter Earth’s processes and structures?

Evolution, including the emergence and extinction of species, is a natural and
ongoing process that is shaped by Earth’s dynamic processes. The properties and
conditions of Earth and its atmosphere affect the environments and conditions
within which life emerged and evolved—for example, the range of frequencies
of light that penetrate the atmosphere to Earth’s surface. Organisms continu-
ally evolve to new and often more complex forms as they adapt to new environ-
ments. The evolution and proliferation of living things have changed the makeup
of Earth’s geosphere, hydrosphere, and atmosphere over geological time. Plants,
algae, and microorganisms produced
most of the oxygen (i.e., the O,) in the
atmosphere through photosynthesis, and
they enabled the formation of fossil fuels
and types of sedimentary rocks. Microbes
also changed the chemistry of Earth’s sur-
face, and they continue to play a critical
role in nutrient cycling (e.g., of nitrogen)
In most ecosystems.

Organisms ranging from bacteria to
human beings are a major driver of the

global carbon cycle, and they influence
global climate by modifying the chemical
makeup of the atmosphere. Greenhouse
gases in particular are continually moved
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through the reservoirs represented by the ocean, land, life, and atmosphere. The
abundance of carbon in the atmosphere is reduced through the ocean floor accu-
mulation of marine sediments and the accumulation of plant biomass; atmospheric
carbon is increased through such processes as deforestation and the burning of
fossil fuels.

As Earth changes, life on Earth adapts and evolves to those changes, so just
as life influences other Earth systems, other Earth systems influence life. Life and
the planet’s nonliving systems can be said to co-evolve.

Grade Band Endpoints for ESS2.E

By the end of grade 2. Plants and animals (including humans) depend on the land,
water, and air to live and grow. They in turn can change their environment (e.g.,

the shape of land, the flow of water).

By the end of grade 5. Living things affect the physical characteristics of their
regions (e.g., plants’ roots hold soil in place, beaver shelters and human-built
dams alter the flow of water, plants’ respiration affects the air). Many types of
rocks and minerals are formed from the remains of organisms or are altered by

their activities.

By the end of grade 8. Evolution is shaped by Earth’s varying geological condi-
tions. Sudden changes in conditions (e.g., meteor impacts, major volcanic erup-
tions) have caused mass extinctions, but these changes, as well as more gradual
ones, have ultimately allowed other life forms to flourish. The evolution and pro-
liferation of living things over geological time have in turn changed the rates of
weathering and erosion of land surfaces, altered the composition of Earth’s soils
and atmosphere, and affected the distribution of water in the hydrosphere.

By the end of grade 12. The many dynamic and delicate feedbacks between the
biosphere and other Earth systems cause a continual co-evolution of Earth’s sur-
face and the life that exists on it.

Core Idea ESS3 Earth and Human Activity

How do Earth’s surface processes and human activities affect each other?

Earth’s surface processes affect and are affected by human activities. Humans

depend on all of the planet’s systems for a variety of resources, some of which
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are renewable or replaceable and some of which are not. Natural hazards and
other geological events can significantly alter human populations and activities.
Human activities, in turn, can contribute to the frequency and intensity of some
natural hazards. Indeed, humans have become one of the most significant agents
of change in Earth’s surface systems. In particular, it has been shown that climate
change—which could have large consequences for all of Earth’s surface systems,
including the biosphere—is driven not only by natural effects but also by human
activities. Sustaining the biosphere will require detailed knowledge and modeling
of the factors that affect climate, coupled with the responsible management of

natural resources.

ESS3.A: NATURAL RESOURCES

How do humans depend on Earth’s resources?

Humans depend on Earth’s land, ocean, atmosphere, and biosphere for many
different resources, including air, water, soil, minerals, metals, energy, plants,

and animals. Some of these resources are renewable over human lifetimes, and
some are nonrenewable (mineral resources and fossil fuels) or irreplaceable if lost
(extinct species).

Materials important to modern technological societies are not uniformly
distributed across the planet (e.g., oil in the Middle East, gold in California). Most
elements exist in Earth’s crust at concentrations too low to be extracted, but in
some locations—where geological processes have concentrated them—extraction
is economically viable. Historically, humans have populated regions that are cli-
matically, hydrologically, and geologically advantageous for fresh water availabil-
ity, food production via agriculture, commerce, and other aspects of civilization.
Resource availability affects geopolitical relationships and can limit development.
As the global human population increases and people’s demands for better living
conditions increase, resources considered readily available in the past, such as land
for agriculture or drinkable water, are becoming scarcer and more valued.

All forms of resource extraction and land use have associated economic,
social, environmental, and geopolitical costs and risks, as well as benefits. New
technologies and regulations can change the balance of these factors—for exam-
ple, scientific modeling of the long-term environmental impacts of resource use
can help identify potential problems and suggest desirable changes in the patterns
of use. Much energy production today comes from nonrenewable sources, such as
coal and oil. However, advances in related science and technology are reducing the
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cost of energy from renewable resources, such as sunlight, and some regulations
are favoring their use. As a result, future energy supplies are likely to come from a

much wider range of sources.

Grade Band Endpoints for ESS3.A

By the end of grade 2. Living things need water, air, and resources from the land,
and they try to live in places that have the things they need. Humans use natural
resources for everything they do: for example, they use soil and water to grow
food, wood to burn to provide heat or to build shelters, and materials such as iron
or copper extracted from Earth to make cooking pans.

By the end of grade 5. All materials, energy, and fuels that humans use are derived
from natural sources, and their use affects the environment in multiple ways.
Some resources are renewable over time, and others are not.

By the end of grade 8. Humans depend on Earth’s land, ocean, atmosphere, and
biosphere for many different resources. Minerals, fresh water, and biosphere
resources are limited, and many are not renewable or replaceable over human
lifetimes. These resources are distributed unevenly around the planet as a result of
past geological processes (link to ESS2.B). Renewable energy resources, and the
technologies to exploit them, are being rapidly developed.

By the end of grade 12. Resource availability has guided the development of
human society. All forms of energy production and other resource extraction
have associated economic, social, environmental, and geopolitical costs and
risks, as well as benefits. New technologies and regulations can change the bal-
ance of these factors.

ESS3.B: NATURAL HAZARDS

How do natural hazards affect individuals and societies?

Natural processes can cause sudden or gradual changes to Earth’s systems, some
of which may adversely affect humans. Through observations and knowledge

of historical events, people know where certain of these hazards—such as earth-
quakes, tsunamis, volcanic eruptions, severe weather, floods, and coastal erosion—
are likely to occur. Understanding these kinds of hazards helps us prepare for and
respond to them.
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B Natural hazards and other geological events have shaped the course
of human history, sometimes significantly altering the size of human
populations or driving human migrations. ]

While humans cannot eliminate natural hazards, they can take steps to
reduce their impacts. For example, loss of life and economic costs have been
greatly reduced by improving construction, developing warning systems, identify-
ing and avoiding high-risk locations, and increasing community preparedness and
response capability.

Some natural hazards are preceded by geological activities that allow for reli-
able predictions; others occur suddenly, with no notice, and are not yet predictable.
By tracking the upward movement of magma, for example, volcanic eruptions can
often be predicted with enough advance warning to allow neighboring regions to be
evacuated. Earthquakes, in contrast, occur suddenly; the specific time, day, or year
cannot be predicted. However, the history of earthquakes in a region and the map-
ping of fault lines can help forecast the likelihood of future events. Finally, satellite
monitoring of weather patterns, along with measurements from land, sea, and air,
usually can identify developing severe weather and lead to its reliable forecast.

Natural hazards and other geological events have shaped the course of
human history, sometimes significantly altering the size of human populations or
driving human migrations. Natural hazards can be local, regional, or global in
origin, and even local events can have distant impacts because of the intercon-
nectedness of human societies and Earth’s systems. Human activities can contrib-
ute to the frequency and intensity of some natural hazards (e.g., flooding, forest
fires), and risks from natural hazards increase as populations—and population

densities—increase in vulnerable locations.

Grade Band Endpoints for ESS3.B

By the end of grade 2. Some kinds of severe weather are more likely than others
in a given region. Weather scientists forecast severe weather so that communities

can prepare for and respond to these events.
By the end of grade 5. A variety of hazards result from natural processes (e.g.,

earthquakes, tsunamis, volcanic eruptions, severe weather, floods, coastal erosion).
Humans cannot eliminate natural hazards but can take steps to reduce their impacts.
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By the end of grade 8. Some natural hazards, such as volcanic eruptions and
severe weather, are preceded by phenomena that allow for reliable predictions.
Others, such as earthquakes, occur suddenly and with no notice, and thus they are
not yet predictable. However, mapping
the history of natural hazards in a region,
combined with an understanding of relat-
ed geological forces can help forecast the
locations and likelihoods of future events.

By the end of grade 12. Natural hazards
and other geological events have shaped
the course of human history by destroy-

ing buildings and cities, eroding land,
changing the course of rivers, and reduc-
ing the amount of arable land. These
events have significantly altered the sizes
of human populations and have driven
human migrations. Natural hazards can be local, regional, or global in origin, and
their risks increase as populations grow. Human activities can contribute to the
frequency and intensity of some natural hazards.

ESS3.C: HUMAN IMPACTS ON EARTH SYSTEMS

How do humans change the planet?

Recorded history, as well as chemical and geological evidence, indicates that
human activities in agriculture, industry, and everyday life have had major impacts
on the land, rivers, ocean, and air. Humans affect the quality, availability, and dis-
tribution of Earth’s water through the modification of streams, lakes, and ground-
water. Large areas of land, including such delicate ecosystems as wetlands, forests,
and grasslands, are being transformed by human agriculture, mining, and the
expansion of settlements and roads. Human activities now cause land erosion and
soil movement annually that exceed all natural processes. Air and water pollution
caused by human activities affect the condition of the atmosphere and of rivers
and lakes, with damaging effects on other species and on human health. The activ-
ities of humans have significantly altered the biosphere, changing or destroying
natural habitats and causing the extinction of many living species. These changes
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also affect the viability of agriculture or fisheries to support human populations.
Land use patterns for agriculture and ocean use patterns for fishing are affected
not only by changes in population and needs but also by changes in climate or
local conditions (such as desertification due to overuse or depletion of fish popula-
tions by overextraction).

Thus humans have become one of the most significant agents of change in
the near-surface Earth system. And because all of Earth’s subsystems are intercon-
nected, changes in one system can produce unforeseen changes in others.

The activities and advanced technologies that have built and maintained
human civilizations clearly have large consequences for the sustainability of these
civilizations and the ecosystems with which they interact. As the human popula-
tion grows and per-capita consumption of natural resources increases to provide a
greater percentage of people with more developed lifestyles and greater longevity,
so do the human impacts on the planet.

Some negative effects of human activities are reversible with informed
and responsible management. For example, communities are doing many things
to help protect Earth’s resources and environments. They are treating sewage,
reducing the amount of materials they use, and reusing and recycling materials.
Regulations regarding water and air pollution have greatly reduced acid rain
and stream pollution, and international treaties on the use of certain refriger-
ant gases have halted the growth of the annual ozone hole over Antarctica.
Regulation of fishing and the development of marine preserves can help restore
and maintain fish populations. In addition, the development of alternative ener-
gy sources can reduce the environmental impacts otherwise caused by the use of
fossil fuels.

The sustainability of human societies and of the biodiversity that supports
them requires responsible management of natural resources not only to reduce
existing adverse impacts but also to prevent such impacts to the extent possible.
Scientists and engineers can make major contributions by developing technologies
that produce less pollution and waste and that preclude ecosystem degradation.

Grade Band Endpoints for ESS3.C

By the end of grade 2. Things that people do to live comfortably can affect the
world around them. But they can make choices that reduce their impacts on the
land, water, air, and other living things—for example, by reducing trash through
reuse and recycling.
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B Recorded history, as well as chemical and geological evidence,
indicates that human activities in agriculture, industry, and everyday life
have had major impacts on the land, rivers, ocean, and air. I

By the end of grade 5. Human activities in agriculture, industry, and everyday life
have had major effects on the land, vegetation, streams, ocean, air, and even outer
space. But individuals and communities are doing things to help protect Earth’s
resources and environments. For example, they are treating sewage, reducing the
amounts of materials they use, and regulating sources of pollution such as emis-
sions from factories and power plants or the runoff from agricultural activities.

By the end of grade 8. Human activities have significantly altered the biosphere,
sometimes damaging or destroying natural habitats and causing the extinction

of many other species. But changes to Earth’s environments can have different
impacts (negative and positive) for different living things. Typically, as human
populations and per-capita consumption of natural resources increase, so do the
negative impacts on Earth unless the activities and technologies involved are engi-
neered otherwise.

By the end of grade 12. The sustainability of human societies and the biodiver-
sity that supports them requires responsible management of natural resources.
Scientists and engineers can make major contributions—for example, by develop-
ing technologies that produce less pollution and waste and that preclude ecosys-
tem degradation. When the source of an environmental problem is understood
and international agreement can be reached, human activities can be regulated to
mitigate global impacts (e.g., acid rain and the ozone hole near Antarctica).

ESS3.D: GLOBAL CLIMATE CHANGE

How do people model and predict the effects of human activities on Earth’s climate?

Global climate change, shown to be driven by both natural phenomena and by
human activities, could have large consequences for all of Earth’s surface systems,
including the biosphere (see ESS3.C for a general discussion of climate). Humans
are now so numerous and resource dependent that their activities affect every part

of the environment, from outer space and the stratosphere to the deepest ocean.
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However, by using science-based predictive models, humans can anticipate long-
term change more effectively than ever before and plan accordingly.

Global changes usually happen too slowly for individuals to recognize, but
accumulated human knowledge, together with further scientific research, can help
people learn more about these challenges and guide their responses. For example,
there are historical records of weather conditions and of the times when plants
bloom, animals give birth or migrate, and lakes and rivers freeze and thaw. And
scientists can deduce long-past climate conditions from such sources as fossils, pol-
len grains found in sediments, and isotope ratios in samples of ancient materials.

Scientists build mathematical climate models that simulate the underlying
physics and chemistry of the many Earth systems and their complex interactions
with each other. These computational models summarize the existing evidence, are
tested for their ability to match past patterns, and are then used (together with
other kinds of computer models) to forecast how the future may be affected by
human activities. The impacts of climate change are uneven and may affect some
regions, species, or human populations more severely than others.

Climate models are important tools for predicting, for example, when and
where new water supplies will be needed, when and which natural resources will
become scarce, how weather patterns may change and with what consequences,
whether proposed technological concepts for controlling greenhouse gases will
work, and how soon people will have to leave low-lying coastal areas if sea levels
continue to rise. Meanwhile, important discoveries are being made—for example,
about how the biosphere is responding to the climate changes that have already
occurred, how the atmosphere is responding to changes in anthropogenic green-
house gas emissions, and how greenhouse gases move between the ocean and the
atmosphere over long periods. Such information, from models and other scientific
and engineering efforts, will continue to be essential to planning for humanity’s—
and the global climate’s—future.

It is important to note that although forecasting the consequences of envi-
ronmental change is crucial to society, it involves so many complex phenomena
and uncertainties that predictions, particularly long-term predictions, always have
uncertainties. These arise not only from uncertainties in the underlying science
but also from uncertainties about behavioral, economic, and political factors that
affect human activity and changes in activity in response to recognition of the
problem. However, it is clear not only that human activities play a major role in
climate change but also that impacts of climate change—for example, increased
frequency of severe storms due to ocean warming—have begun to influence
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human activities. The prospect of future impacts of climate change due to further
increases in atmospheric carbon is prompting consideration of how to avoid or

restrict such increases.

Grade Band Endpoints for ESS3.D
By the end of grade 2. [Intentionally left blank.]

By the end of grade 5. If Earth’s global mean temperature continues to rise, the

lives of humans and other organisms will be affected in many different ways.

By the end of grade 8. Human activities, such as the release of greenhouse gases
from burning fossil fuels, are major factors in the current rise in Earth’s mean sur-
face temperature (global warming). Reducing human vulnerability to whatever cli-
mate changes do occur depend on the understanding of climate science, engineer-
ing capabilities, and other kinds of knowledge, such as understanding of human
behavior and on applying that knowledge wisely in decisions and activities.

By the end of grade 12. Global climate models are often used to understand the
process of climate change because these changes are complex and can occur slowly
over Earth’s history. Though the magnitudes of humans’ impacts are greater than
they have ever been, so too are humans’ abilities to model, predict, and manage
current and future impacts. Through computer simulations and other studies,
important discoveries are still being made about how the ocean, the atmosphere,
and the biosphere interact and are modified in response to human activities, as
well as to changes in human activities. Thus science and engineering will be essen-
tial both to understanding the possible impacts of global climate change and to
informing decisions about how to slow its rate and consequences—for humanity

as well as for the rest of the planet.
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3

Dimension 3

DISCIPLINARY CORE IDEAS—
ENGINEERING, TECHNOLOGY, AND
APPLICATIONS OF SCIENCE

n Chapter 3, we assert that “any [science] education that focuses predomi-

nantly on the detailed products of scientific labor—the facts of science—

without developing an understanding of how those facts were established or
that ignores the many important applications of science in the world misrepresents
science and marginalizes the importance of engineering.” This statement has two
implications for science education standards in general and for this report’s frame-
work in particular. The first is that students should learn how scientific knowledge
is acquired and how scientific explanations are developed. The second is that stu-
dents should learn how science is utilized, in particular through the engineering
design process, and they should come to appreciate the distinctions and relation-
ships between engineering, technology, and applications of science (ETS). These
three terms are defined in Box 8-1.

Chapter 3 describes how an understanding of engineering practices can
develop as they are used in the classroom to help students acquire and apply sci-
ence knowledge. There is also a domain of knowledge related to these practices,
and it constitutes the framework’s first ETS core idea—ETS1: Engineering Design.
Although there is not yet broad agreement on the full set of core ideas in engineer-
ing [1], an emerging consensus is that design is a central practice of engineering;
indeed, design is the focus of the vast majority of K-12 engineering curricula cur-
rently in use. The committee is aware that engineers not only design new tech-
nologies, but they also sometimes fabricate, operate, inspect, and maintain them.
However, from a teaching and learning point of view, it is the iterative cycle of
design that offers the greatest potential for applying science knowledge in the
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BOX 8-1

DEFINITIONS OF TECHNOLOGY, ENGINEERING, AND APPLICATIONS OF SCIENCE

Technology is any modification of the natural world made to fulfill human needs or desires [2].

Engineering is a systematic and often iterative approach to designing objects, processes, and systems to meet
human needs and wants [2].

An application of science is any use of scientific knowledge for a specific purpose, whether to do more science;
to design a product, process, or medical treatment; to develop a new technology; or to predict the impacts of
human actions.

classroom and engaging in engineering practices. The components of this core idea
include understanding how engineering problems are defined and delimited, how
models can be used to develop and refine possible solutions to a design problem,
and what methods can be employed to optimize a design.

The second ETS core idea calls for students to explore, as its name implies,
the “Links Among Engineering, Technology, Science, and Society” (ETS2). The
applications of science knowledge and practices to engineering, as well as to such
areas as medicine and agriculture, have contributed to the technologies and the
systems that support them that serve people today. Insights gained from scientific
discovery have altered the ways in which buildings, bridges, and cities are con-
structed; changed the operations of factories; led to new methods of generating
and distributing energy; and created new modes of travel and communication.
Scientific insights have informed methods of food production, waste disposal, and
the diagnosis and treatment of disease. In other words, science-based, or science-
improved, designs of technologies and systems affect the ways in which people
interact with each other and with the environment, and thus these designs deeply
influence society.

In turn, society influences science and engineering. Societal decisions, which
may be shaped by a variety of economic, political, and cultural factors, establish
goals and priorities for technologies’ improvement or replacement. Such decisions
also set limits—in controlling the extraction of raw materials, for example, or
in setting allowable emissions of pollution from mining, farming, and industry.
Goals, priorities, and limits are needed for regulating new technologies, which can
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have deep impacts on society and the environment. The impacts may not have
been anticipated when the technologies were introduced (e.g., refrigerant gases
that depleted stratospheric ozone) or may build up over time to levels that require
mitigation (toxic pesticides, lead in gasoline). Thus the balancing of technologies’
costs, benefits, and risks is a critical element of ETS2. Box 8-2 summarizes the
framework’s two ETS core ideas and their components.

The fields of science and engineering are mutually supportive. New tech-
nologies expand the reach of science, allowing the study of realms previously inac-
cessible to investigation; scientists depend on the work of engineers to produce
the instruments and computational tools they need to conduct research. Engineers
in turn depend on the work of scientists to understand how different technolo-
gies work so they can be improved; scientific discoveries are exploited to create
new technologies in the first place. Scientists and engineers often work together in
teams, especially in new fields, such as nanotechnology or synthetic biology that
blur the lines between science and engineering. Students should come to under-
stand these interactions and at increasing levels of sophistication as they mature.
Their appreciation of the interface of science, engineering, and society should give

them deeper insights into local, national, and global issues.

BOX 8-2
CORE AND COMPONENT IDEAS IN ENGINEERING,

TECHNOLOGY, AND APPLICATIONS OF SCIENCE

Core Idea ETS1: Engineering Design
ETS1.A: Defining and Delimiting an Engineering Problem
ETS1.B: Developing Possible Solutions

ETS1.C: Optimizing the Design Solution

Core Idea ETS2: Links Among Engineering, Technology, Science, and Society
ETS2.A: Interdependence of Science, Engineering, and Technology

ETS2.B: Influence of Engineering, Technology, and Science on Society and the Natural World
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Core Idea ETS1

The 2010 National Academy of Engineering report Standards for K-12
Engineering Education? [1] concluded that it is not appropriate at present to
develop standalone K-12 engineering standards. But the report also made it clear
that engineering concepts and skills are already embedded in existing standards for
science and technology education, at both the state and national levels—and the
report recommended that this practice continue. In addition, it affirmed the value
of teaching engineering ideas, particularly engineering design, to young students.

In line with those conclusions and recommendations, the goal of this section
of the framework—and of this chapter—is not to replace current K-12 engineering
and technology courses. The chapter’s goal is rather to strengthen the science edu-
cation provided to K-12 students by making the connections between engineering,
technology, and applications of science explicit, both for standards developers and
curriculum developers. In that way, we hope to ensure that all students, whatever
their path through K-12 education, gain an appreciation of these connections.

Engineering Design

How do engineers solve problems?

The design process—engineers’ basic approach to problem solving—involves many
different practices. They include problem definition, model development and use,
investigation, analysis and interpretation of data, application of mathematics and
computational thinking, and determination of solutions. These engineering prac-
tices incorporate specialized knowledge about criteria and constraints, modeling
and analysis, and optimization and trade-offs.

ETST.A: DEFINING AND DELIMITING AN ENGINEERING PROBLEM

What is a design for?

What are the criteria and constraints of a successful solution?

The engineering design process begins with the identification of a problem to solve
and the specification of clear goals, or criteria, that the final product or system
must meet. Criteria, which typically reflect the needs of the expected end-user of

a technology or process, address such things as how the product or system will
function (what job it will perform and how), its durability, and its cost. Criteria
should be quantifiable whenever possible and stated so that one can tell if a given
design meets them.
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Engineers must contend with a variety of limitations, or constraints, when
they engage in design. Constraints, which frame the salient conditions under
which the problem must be solved, may be physical, economic, legal, political,
social, ethical, aesthetic, or related to time and place. In terms of quantitative mea-
surements, constraints may include limits on cost, size, weight, or performance,
for example. And although constraints place restrictions on a design, not all of

them are permanent or absolute.

Grade Band End Points for ETS1.A

By the end of grade 2. A situation that people want to change or create can be
approached as a problem to be solved through engineering. Such problems may
have many acceptable solutions. Asking questions, making observations, and
gathering information are helpful in thinking about problems. Before beginning to
design a solution, it is important to clearly understand the problem.

By the end of grade 5. Possible solutions to a problem are limited by available
materials and resources (constraints). The success of a designed solution is deter-
mined by considering the desired features of a solution (criteria). Different propos-
als for solutions can be compared on the basis of how well each one meets the
specified criteria for success or how well each takes the constraints into account.

By the end of grade 8. The more precisely a design task’s criteria and constraints
can be defined, the more likely it is that the designed solution will be successful.
Specification of constraints includes consideration of scientific principles and other
relevant knowledge that are likely to limit possible solutions (e.g., familiarity with
the local climate may rule out certain plants for the school garden).

By the end of grade 12. Design criteria and constraints, which typically reflect
the needs of the end-user of a technology or process, address such things as the
product’s or system’s function (what job it will perform and how), its durability,
and limits on its size and cost. Criteria and constraints also include satisfying any
requirements set by society, such as taking issues of risk mitigation into account,
and they should be quantified to the extent possible and stated in such a way that
one can tell if a given design meets them.

Humanity faces major global challenges today, such as the need for sup-
plies of clean water and food or for energy sources that minimize pollution,
which can be addressed through engineering. These global challenges also may
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have manifestations in local communities. But
whatever the scale, the first thing that engineers
do is define the problem and specify the criteria
and constraints for potential solutions.

ETS1.B: DEVELOPING POSSIBLE SOLUTIONS

What is the process for developing potential
design solutions?

The creative process of developing a new design
to solve a problem is a central element of engi-
neering. This process may begin with a relatively
open-ended phase during which new ideas are
generated both by individuals and by group
processes such as brainstorming. Before long,
the process must move to the specification of
solutions that meet the criteria and constraints at hand. Initial ideas may be com-
municated through informal sketches or diagrams, although they typically become
more formalized through models. The ability to build and use physical, graphi-
cal, and mathematical models is an essential part of translating a design idea into
a finished product, such as a machine, building, or any other working system.
Because each area of engineering focuses on particular types of systems (e.g.,
mechanical, electrical, biotechnological), engineers become expert in the elements
that such systems need. But whatever their fields, all engineers use models to help
develop and communicate solutions to design problems.

Models allow the designer to better understand the features of a design
problem, visualize elements of a possible solution, predict a design’s perfor-
mance, and guide the development of feasible solutions (or, if possible, the opti-
mal solution). A physical model can be manipulated and tested for parameters of
interest, such as strength, flexibility, heat conduction, fit with other components,
and durability. Scale models and prototypes are particular types of physical
models. Graphical models, such as sketches and drawings, permit engineers to
easily share and discuss design ideas and to rapidly revise their thinking based
on input from others.

Mathematical models allow engineers to estimate the effects of a change
in one feature of the design (e.g., material composition, ambient temperature)
on other features, or on performance as a whole, before the designed product
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B Models allow the designer to better understand the features of a design
problem, visualize elements of a possible solution, predict a design’s
performance, and guide the development of feasible solutions. ]

is actually built. Mathematical models are often embedded in computer-based
simulations. Computer-aided design (CAD) and computer-aided manufacturing
(CAM) are modeling tools commonly used in engineering.

Data from models and experiments can be analyzed to make decisions
about modifying a design. The analysis may reveal performance information,
such as which criteria a design meets, or predict how well the overall designed
system or system component will behave under certain conditions. If analysis
reveals that the predicted performance does not align with desired criteria, the

design can be adjusted.

Grade Band Endpoints for ETS1.B

By the end of grade 2. Designs can be conveyed through sketches, drawings, or
physical models. These representations are useful in communicating ideas for a
problem’s solutions to other people. To design something complicated, one may
need to break the problem into parts and attend to each part separately but must
then bring the parts together to test the overall plan.

By the end of grade 5. Research on a problem should be carried out—for exam-
ple, through Internet searches, market research, or field observations—before
beginning to design a solution. An often productive way to generate ideas is for
people to work together to brainstorm, test, and refine possible solutions. Testing
a solution involves investigating how well it performs under a range of likely
conditions. Tests are often designed to identify failure points or difficulties, which
suggest the elements of the design that need to be improved. At whatever stage,
communicating with peers about proposed solutions is an important part of the
design process, and shared ideas can lead to improved designs.

There are many types of models, ranging from simple physical models to
computer models. They can be used to investigate how a design might work, com-
municate the design to others, and compare different designs.
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By the end of grade 8. A solution needs to be tested, and then modified on the
basis of the test results, in order to improve it. There are systematic processes

for evaluating solutions with respect to how well they meet the criteria and con-
straints of a problem. Sometimes parts

of different solutions can be combined

to create a solution that is better than
any of its predecessors. In any case, it is
important to be able to communicate and
explain solutions to others.

Models of all kinds are important
for testing solutions, and computers are
a valuable tool for simulating systems.
Simulations are useful for predicting
what would happen if various param-
eters of the model were changed, as

well as for making improvements to the
model based on peer and leader (e.g.,

teacher) feedback.

By the end of grade 12. Complicated problems may need to be broken down into
simpler components in order to develop and test solutions. When evaluating solu-
tions, it is important to take into account a range of constraints, including cost,
safety, reliability, and aesthetics, and to consider social, cultural, and environmen-
tal impacts. Testing should lead to improvements in the design through an itera-
tive procedure.

Both physical models and computers can be used in various ways to aid in
the engineering design process. Physical models, or prototypes, are helpful in test-
ing product ideas or the properties of different materials. Computers are useful
for a variety of purposes, such as in representing a design in 3-D through CAD
software; in troubleshooting to identify and describe a design problem; in running
simulations to test different ways of solving a problem or to see which one is most
efficient or economical; and in making a persuasive presentation to a client about
how a given design will meet his or her needs.

ETST1.C: OPTIMIZING THE DESIGN SOLUTION

Houw can the various proposed design solutions be compared and improved?
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Multiple solutions to an engineering design problem are always possible because
there is more than one way to meet the criteria and satisfy the constraints. But
the aim of engineering is not simply to design a solution to a problem but to
design the best solution. Determining what constitutes “best,” however, requires
value judgments, given that one person’s view of the optimal solution may differ
from another’s.

Optimization often requires making trade-offs among competing criteria.
For example, as one criterion (such as lighter weight) is enhanced, another (such
as unit cost) might be sacrificed (i.e., cost may be increased due to the higher
cost of lightweight materials). In effect, one criterion is devalued or traded off for
another that is deemed more important. When multiple possible design options
are under consideration, with each optimized for different criteria, engineers may
use a trade-off matrix to compare the overall advantages and disadvantages of the
different proposed solutions.

The decision as to which criteria are critical and which ones can be traded
off is a judgment based on the situation and the perceived needs of the end-user of
the product or system. Because many factors—including environmental or health
impacts, available technologies, and the expectations of users—change over time
and vary from place to place, a design solution that is considered optimal at one
time and place may appear far from optimal at other times and places. Thus dif-
ferent designs, each of them optimized for different conditions, are often needed.

Grade Band Endpoints for ETS1.C

By the end of grade 2. Because there is always more than one possible solution to
a problem, it is useful to compare designs, test them, and discuss their strengths
and weaknesses.

By the end of grade 5. Different solutions need to be tested in order to determine
which of them best solves the problem, given the criteria and the constraints.

By the end of grade 8. There are systematic processes for evaluating solutions

with respect to how well they meet the criteria and constraints of a problem.
Comparing different designs could involve running them through the same kinds of
tests and systematically recording the results to determine which design performs
best. Although one design may not perform the best across all tests, identifying the
characteristics of the design that performed the best in each test can provide useful
information for the redesign process—that is, some of those characteristics may be
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Core Idea ETS2

incorporated into the new design. This iterative process of testing the most promis-
ing solutions and modifying what is proposed on the basis of the test results leads
to greater refinement and ultimately to an optimal solution. Once such a suitable
solution is determined, it is important to describe that solution, explain how it was
developed, and describe the features that make it successful.

By the end of grade 12. The aim of engineering is not simply to find a solution to
a problem but to design the best solution under the given constraints and crite-
ria. Optimization can be complex, however, for a design problem with numerous
desired qualities or outcomes. Criteria may need to be broken down into simpler
ones that can be approached systematically, and decisions about the priority of
certain criteria over others (trade-offs) may be needed. The comparison of mul-
tiple designs can be aided by a trade-off matrix. Sometimes a numerical weighting
system can help evaluate a design against multiple criteria. When evaluating solu-
tions, all relevant considerations, including cost, safety, reliability, and aesthetic,
social, cultural, and environmental impacts, should be included. Testing should
lead to design improvements through an iterative process, and computer simula-

tions are one useful way of running such tests.

Links Among Engineering, Technology, Science, and Society

Houw are engineering, technology, science, and society interconnecteds

New insights from science often catalyze the emergence of new technologies

and their applications, which are developed using engineering design. In turn,
new technologies open opportunities for new scientific investigations. Together,
advances in science, engineering, and technology can have—and indeed have
had—profound effects on human society, in such areas as agriculture, transpor-
tation, health care, and communication, and on the natural environment. Each
system can change significantly when new technologies are introduced, with both
desired effects and unexpected outcomes.

ETS2.A: INTERDEPENDENCE OF SCIENCE, ENGINEERING, AND
TECHNOLOGY

What are the relationships among science, engineering, and technology?

The fields of science and engineering are mutually supportive, and scientists and engi-
neers often work together in teams, especially in fields at the borders of science and
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] Together, advances in science, engineering, and technology can have—
and indeed have had—profound effects on human society. []

engineering. Advances in science offer new capabilities, new materials, or new under-
standing of processes that can be applied through engineering to produce advances in
technology. Advances in technology, in turn, provide scientists with new capabilities
to probe the natural world at larger or smaller scales; to record, manage, and analyze
data; and to model ever more complex systems with greater precision. In addition,
engineers’ efforts to develop or improve technologies often raise new questions for
scientists’ investigation.

Grade Band Endpoints for ETS2.A

By the end of grade 2. People encounter questions about the natural world every
day. There are many types of tools produced by engineering that can be used

in science to help answer these questions through observation or measurement.
Observations and measurements are also used in engineering to help test and
refine design ideas.

By the end of grade 5. Tools and instruments (e.g., rulers, balances, thermometers,
graduated cylinders, telescopes, microscopes) are used in scientific exploration

to gather data and help answer questions about the natural world. Engineering
design can develop and improve such technologies. Scientific discoveries about the
natural world can often lead to new and improved technologies, which are devel-
oped through the engineering design process. Knowledge of relevant scientific con-
cepts and research findings is important in engineering.

By the end of grade 8. Engineering advances have led to important discoveries in
virtually every field of science, and scientific discoveries have led to the develop-
ment of entire industries and engineered systems. In order to design better tech-
nologies, new science may need to be explored (e.g., materials research prompted
by desire for better batteries or solar cells, biological questions raised by medical
problems). Technologies in turn extend the measurement, exploration, modeling,
and computational capacity of scientific investigations.

By the end of grade 12. Science and engineering complement each other in the
cycle known as research and development (R&D). Many R&D projects may
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involve scientists, engineers, and others with wide ranges of expertise. For exam-
ple, developing a means for safely and securely disposing of nuclear waste will
require the participation of engineers with specialties in nuclear engineering, trans-
portation, construction, and safety; it is likely to require as well the contributions
of scientists and other professionals from such diverse fields as physics, geology,
economics, psychology, and sociology.

ETS2.B: INFLUENCE OF ENGINEERING, TECHNOLOGY, AND SCIENCE ON
SOCIETY AND THE NATURAL WORLD

How do science, engineering, and the technologies that result from them affect the
ways in which people live? How do they affect the natural world?

From the earliest forms of agriculture to the latest technologies, all human
activity has drawn on natural resources and has had both short- and long-term
consequences, positive as well as negative, for the health of both people and the
natural environment. These consequences have grown stronger in recent human
history. Society has changed dramatically, and human populations and longev-
ity have increased, as advances in science and engineering have influenced the
ways in which people interact with one another and with their surrounding
natural environment.

Science and engineering affect diverse domains—agriculture, medicine, hous-
ing, transportation, energy production, water availability, and land use, among
others. The results often entail deep impacts on society and the environment,
including some that may not have been anticipated when they were introduced or
that may build up over time to levels that require attention. Decisions about the
use of any new technology thus involve a balancing of costs, benefits, and risks—
aided, at times, by science and engineering. Mathematical modeling, for example,
can help provide insight into the consequences of actions beyond the scale of
place, time, or system complexity that individual human judgments can readily
encompass, thereby informing both personal and societal decision making.

B Human populations and longevity have increased, as advances in
science and engineering have influenced the ways in which people interact

with one another and with their surrounding natural environment. ]
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Not only do science and engineering affect society, but society’s decisions
(whether made through market forces or political processes) influence the work of
scientists and engineers. These decisions sometimes establish goals and priorities
for improving or replacing technologies; at other times they set limits, such as in
regulating the extraction of raw materials or in setting allowable levels of pollu-
tion from mining, farming, and industry.

Grade Band Endpoints for ETS2.B

By the end of grade 2. People depend on various technologies in their lives;
human life would be very different without technology. Every human-made prod-
uct is designed by applying some knowledge of the natural world and is built by
using materials derived from the natural world, even when the materials are not
themselves natural—for example, spoons made from refined metals. Thus, devel-
oping and using technology has impacts on the
natural world.

By the end of grade 5. Over time, people’s needs
and wants change, as do their demands for new
and improved technologies. Engineers improve
existing technologies or develop new ones to
increase their benefits (e.g., better artificial limbs),
to decrease known risks (e.g., seatbelts in cars),
and to meet societal demands (e.g., cell phones).

When new technologies become available, they
can bring about changes in the way people live
and interact with one another.

By the end of grade 8. All human activity draws on natural resources and has
both short- and long-term consequences, positive as well as negative, for the
health of both people and the natural environment. The uses of technologies and
any limitations on their use are driven by individual or societal needs, desires, and
values; by the findings of scientific research; and by differences in such factors as
climate, natural resources, and economic conditions. Thus technology use varies
from region to region and over time. Technologies that are beneficial for a certain
purpose may later be seen to have impacts (e.g., health-related, environmental)
that were not foreseen. In such cases, new regulations on use or new technologies
(to mitigate the impacts or eliminate them) may be required.
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By the end of grade 12. Modern civilization depends on major technological sys-
tems, including those related to agriculture, health, water, energy, transportation,
manufacturing, construction, and communications. Engineers continuously modify
these technological systems by applying scientific knowledge and engineering
design practices to increase benefits while decreasing costs and risks. Widespread
adoption of technological innovations often depends on market forces or other
societal demands, but it may also be subject to evaluation by scientists and engi-
neers and to eventual government regulation. New technologies can have deep
impacts on society and the environment, including some that were not anticipated
or that may build up over time to a level that requires attention or mitigation.
Analysis of costs, environmental impacts, and risks, as well as of expected ben-
efits, is a critical aspect of decisions about technology use.
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