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Lifestyle	|	Daily	Life	|	News	|	The	Sydney	Morning	HeraldWe’re	sorry,	this	feature	is	currently	unavailable.	We’re	working	to	restore	it.	Please	try	again	later.	Soil	is	the	earth’s	fragile	skin	that	anchors	all	life	on	Earth.	It	is	comprised	of	countless	species	that	create	a	dynamic	and	complex	ecosystem	and	is	among	the	most	precious	resources	to
humans.	Increased	demand	for	agriculture	commodities	generates	incentives	to	convert	forests	and	grasslands	to	farm	fields	and	pastures.	The	transition	to	agriculture	from	natural	vegetation	often	cannot	hold	onto	the	soil	and	many	of	these	plants,	such	as	coffee,	cotton,	palm	oil,	soybean	and	wheat,	can	actually	increase	soil	erosion	beyond	the
soil’s	ability	to	maintain	itself.	Half	of	the	topsoil	on	the	planet	has	been	lost	in	the	last	150	years.	In	addition	to	erosion,	soil	quality	is	affected	by	other	aspects	of	agriculture.	These	impacts	include	compaction,	loss	of	soil	structure,	nutrient	degradation,	and	soil	salinity.	These	are	very	real	and	at	times	severe	issues.	The	effects	of	soil	erosion	go
beyond	the	loss	of	fertile	land.	It	has	led	to	increased	pollution	and	sedimentation	in	streams	and	rivers,	clogging	these	waterways	and	causing	declines	in	fish	and	other	species.	And	degraded	lands	are	also	often	less	able	to	hold	onto	water,	which	can	worsen	flooding.	Sustainable	land	use	can	help	to	reduce	the	impacts	of	agriculture	and	livestock,
preventing	soil	degradation	and	erosion	and	the	loss	of	valuable	land	to	desertification.	The	health	of	soil	is	a	primary	concern	to	farmers	and	the	global	community	whose	livelihoods	depend	on	well	managed	agriculture	that	starts	with	the	dirt	beneath	our	feet.	While	there	are	many	challenges	to	maintaining	healthy	soil,	there	are	also	solutions	and
a	dedicated	group	of	people,	including	WWF,	who	work	to	innovate	and	maintain	the	fragile	skin	from	which	biodiversity	springs.	BBC	Earth	newsletterSign	up	to	receive	news,	updates	and	exclusives	from	BBC	Earth	and	related	content	from	BBC	Studios	by	email.	Page	169	Share	Cite	Suggested	Citation:"7	Dimension	3:	Disciplinary	Core	Ideas	-
Earth	and	Space	Sciences."	National	Research	Council.	2012.	A	Framework	for	K-12	Science	Education:	Practices,	Crosscutting	Concepts,	and	Core	Ideas.	Washington,	DC:	The	National	Academies	Press.	doi:	10.17226/13165.	×	7	Dimension	3DISCIPLINARY	CORE	IDEAS—EARTH	AND	SPACE	SCIENCES	Earth	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	phenomena	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	scientists	and	earth	scientists.	As	a	result,	the	majority	of	research	in	ESS	is	interdisciplinary	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	Page	170	Share	Cite	Suggested	Citation:"7
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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	interdisciplinary	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	individual	systems,	and	explains	how	they
are	interrelated.	It	also	focuses	on	the	mechanisms	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	resources	and	natural	hazards,	and	it	describes	as	well	some	of	the	ways	in	which	humanity	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:	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.	Page	171	Share	Cite	Suggested	Citation:"7	Dimension	3:	Disciplinary
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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	Page	172	Share	Cite	Suggested	Citation:"7	Dimension	3:	Disciplinary	Core	Ideas	-	Earth	and	Space	Sciences."	National	Research	Council.	2012.	A	Framework
for	K-12	Science	Education:	Practices,	Crosscutting	Concepts,	and	Core	Ideas.	Washington,	DC:	The	National	Academies	Press.	doi:	10.17226/13165.	×	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	themselves	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	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.	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	engineering	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	hurricanes,	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	planetary	Page	173	Share	Cite	Suggested	Citation:"7	Dimension	3:	Disciplinary	Core	Ideas	-	Earth	and	Space	Sciences."	National	Research	Council.
2012.	A	Framework	for	K-12	Science	Education:	Practices,	Crosscutting	Concepts,	and	Core	Ideas.	Washington,	DC:	The	National	Academies	Press.	doi:	10.17226/13165.	×	resources	of	water,	arable	land,	plants	and	animals,	minerals,	and	hydrocarbons.	Only	in	the	relatively	recent	past	have	people	begun	to	recognize	the	dramatic	role	humans	play
as	an	essentially	geological	force	on	the	surface	of	Earth,	affecting	large-scale	conditions	and	processes.	Core	Idea	ESS1	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	together	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	supported	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	background)	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.	Page	174	Share	Cite	Suggested
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measured	and	studied	to	develop	explanations	about	the	formation,	age,	and	composition	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	coming	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	brightness	is	used	to	identify	compositional	elements	of	stars,	their	movements,	and	their
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AND	THE	SOLAR	SYSTEM	What	are	the	predictable	patterns	caused	by	Earth’s	movement	in	the	solar	system?	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	movement.	These	patterns,	which	are	explainable	by	gravitational	forces	and	conservation	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	positions	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	Earth	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
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10.17226/13165.	×	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	navigation	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
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Crosscutting	Concepts,	and	Core	Ideas.	Washington,	DC:	The	National	Academies	Press.	doi:	10.17226/13165.	×	ESS1.C:	THE	HISTORY	OF	PLANET	EARTH	How	do	people	reconstruct	and	date	events	in	Earth’s	planetary	history?	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	relative
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	fossil	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	million	years),	where	tectonic	processes	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	extinctions	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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Earth’s	history	into	the	increasingly	long	time	intervals	of	eras,	periods,	and	epochs.	Major	historical	events	include	the	formation	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	landforms	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,	Page	179
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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.	Core	Idea	ESS2	Earth’s	Systems	How	and	why	is	Earth
constantly	changing?	Earth’s	surface	is	a	complex	and	dynamic	set	of	interconnected	systems—principally	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	geological	time;	conversely,	geological	events	and	conditions	have	influenced	the	evolution	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	sediments.	The	atmosphere	is
the	envelope	of	gas	surrounding	the	planet.	The	hydrosphere	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,	hydrosphere,	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	Page	180	Share	Cite	Suggested	Citation:"7	Dimension	3:	Disciplinary	Core	Ideas	-	Earth	and	Space	Sciences."
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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,	hydrosphere,	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	structures	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.	Page	181	Share	Cite	Suggested	Citation:"7	Dimension	3:	Disciplinary	Core	Ideas	-	Earth	and	Space
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ice),	the	atmosphere	(air),	and	the	biosphere	(living	things,	including	humans).	These	systems	interact	in	multiple	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	produce	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	surface	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
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10.17226/13165.	×	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,	glaciers,	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	activity	and	earthquakes	along
plate	boundaries.	The	exact	patterns	depend	on	whether	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.	Page	183	Share	Cite	Suggested	Citation:"7	Dimension	3:	Disciplinary	Core	Ideas	-	Earth	and	Space	Sciences."	National
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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	history	of	plate	motions	and	collisions	and	the	corresponding	changes	in	the	configurations	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	earthquakes	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	continually	generates	new	energy	within	Earth’s	crust	and	mantle	providing	the	primary	source	of	the	heat	that	drives
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DC:	The	National	Academies	Press.	doi:	10.17226/13165.	×	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	systems?	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.	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	materials.	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	particular	location.	Page	185	Share	Cite	Suggested	Citation:"7	Dimension	3:	Disciplinary	Core	Ideas	-	Earth	and	Space	Sciences."	National	Research	Council.	2012.	A	Framework	for	K-12	Science	Education:
Practices,	Crosscutting	Concepts,	and	Core	Ideas.	Washington,	DC:	The	National	Academies	Press.	doi:	10.17226/13165.	×	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	atmosphere	via	transpiration,	evaporation,	condensation	and	crystallization,	and	precipitation	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	determinants	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	temperature	and
salinity	drive	a	global	pattern	of	interconnected	ocean	currents.	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
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Washington,	DC:	The	National	Academies	Press.	doi:	10.17226/13165.	×	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	atmospheric	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	determines	the	temperature	at	which	this	balance	occurs	is	a	complex	set	of	absorption,	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	dioxide,	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.	Page	187	Share	Cite	Suggested	Citation:"7	Dimension	3:	Disciplinary	Core	Ideas	-	Earth	and	Space	Sciences."	National	Research	Council.	2012.
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composition	of	the	atmosphere,	reflectivity	of	Earth’s	surface).	Positive	feedback	loops	can	amplify	the	impacts	of	these	effects	and	trigger	relatively	abrupt	changes	in	the	climate	system;	negative	feedback	loops	tend	to	maintain	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	variations,	shifts	in	the	tilt	of	Earth’s	axis,	or	atmospheric	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	hundreds	of	years)	include	variations	in	the	sun’s	energy	output,	ocean	circulation	patterns,	atmospheric	composition,	and	volcanic	activity.	(See	ESS3.D	for	a
detailed	discussion	of	human	activities	and	global	climate	change.)	When	ocean	currents	change	their	flow	patterns,	such	as	during	El	Niño	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,	aerosols,	and	larger	particles	in	the	atmosphere,	such	as	from	volcanic
ash,	reflect	sunlight	and	thereby	decrease	the	amount	of	solar	energy	that	can	enter	the	weather/climate	system.	Conversely,	dark	surfaces	(e.g.,	roads,	most	buildings)	absorb	sunlight	and	thus	increase	the	energy	entering	the	system.	Page	188	Share	Cite	Suggested	Citation:"7	Dimension	3:	Disciplinary	Core	Ideas	-	Earth	and	Space	Sciences."
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region	at	a	particular	time.	People	measure	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	involving	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,	storage,	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.
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Concepts,	and	Core	Ideas.	Washington,	DC:	The	National	Academies	Press.	doi:	10.17226/13165.	×	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	temperatures	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	continually	evolve	to	new	and	often	more	complex	forms	as
they	adapt	to	new	environments.	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	O2)	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	surface,	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	Page	190	Share	Cite	Suggested	Citation:"7	Dimension	3:	Disciplinary	Core	Ideas	-	Earth	and	Space	Sciences."	National	Research	Council.	2012.	A	Framework	for	K-12	Science	Education:	Practices,	Crosscutting	Concepts,	and	Core	Ideas.	Washington,	DC:	The	National	Academies
Press.	doi:	10.17226/13165.	×	through	the	reservoirs	represented	by	the	ocean,	land,	life,	and	atmosphere.	The	abundance	of	carbon	in	the	atmosphere	is	reduced	through	the	ocean	floor	accumulation	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	conditions.	Sudden	changes	in	conditions	(e.g.,	meteor	impacts,	major	volcanic	eruptions)	have	caused	mass	extinctions,	but	these	changes,	as	well	as	more	gradual	ones,	have
ultimately	allowed	other	life	forms	to	flourish.	The	evolution	and	proliferation	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	surface	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
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Press.	doi:	10.17226/13165.	×	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	climatically,	hydrologically,	and	geologically	advantageous	for	fresh	water	availability,	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	example,	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	Page	192	Share	Cite	Suggested	Citation:"7	Dimension	3:	Disciplinary	Core	Ideas	-	Earth	and	Space	Sciences."	National	Research	Council.	2012.	A	Framework	for	K-12	Science
Education:	Practices,	Crosscutting	Concepts,	and	Core	Ideas.	Washington,	DC:	The	National	Academies	Press.	doi:	10.17226/13165.	×	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	balance	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	earthquakes,
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.	Page	193	Share	Cite	Suggested	Citation:"7	Dimension	3:	Disciplinary	Core	Ideas	-	Earth	and	Space	Sciences."	National	Research	Council.	2012.	A	Framework	for	K-12	Science
Education:	Practices,	Crosscutting	Concepts,	and	Core	Ideas.	Washington,	DC:	The	National	Academies	Press.	doi:	10.17226/13165.	×	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,	identifying	and	avoiding	high-risk	locations,	and	increasing	community	preparedness	and	response	capability.	Some	natural	hazards	are	preceded	by	geological
activities	that	allow	for	reliable	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	mapping	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	interconnectedness	of	human	societies	and	Earth’s
systems.	Human	activities	can	contribute	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
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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	related	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	destroying	buildings	and	cities,	eroding	land,	changing	the	course	of	rivers,	and	reducing	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	distribution	of	Earth’s	water	through	the	modification	of	streams,	lakes,	and	groundwater.
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	activities	of	humans	have	significantly	altered	the	biosphere,	changing	or	destroying	natural	habitats	and	causing	the	extinction	of	many	living	species.	These	changes	Page	195	Share	Cite	Suggested	Citation:"7	Dimension
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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	populations	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	interconnected,	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	population	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



refrigerant	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	energy	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.	Page	196
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geological	evidence,	indicates	that	human	activities	in	agriculture,	industry,	and	everyday	life	have	had	major	impacts	on	the	land,	rivers,	ocean,	and	air.	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	emissions	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	engineered	otherwise.	By	the	end	of	grade	12.	The	sustainability	of	human	societies	and	the	biodiversity	that	supports	them	requires	responsible	management	of	natural	resources.	Scientists	and	engineers	can	make	major	contributions—for	example,	by	developing
technologies	that	produce	less	pollution	and	waste	and	that	preclude	ecosystem	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
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Crosscutting	Concepts,	and	Core	Ideas.	Washington,	DC:	The	National	Academies	Press.	doi:	10.17226/13165.	×	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,	pollen	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	greenhouse	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	environmental	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	Page	198	Share	Cite	Suggested	Citation:"7	Dimension	3:	Disciplinary	Core	Ideas	-	Earth	and	Space	Sciences."	National	Research	Council.	2012.
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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	surface	temperature	(global	warming).	Reducing	human	vulnerability	to	whatever	climate	changes	do	occur	depend	on	the	understanding	of	climate	science,	engineering	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	essential	both	to	understanding	the
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Crosscutting	Concepts,	and	Core	Ideas.	Washington,	DC:	The	National	Academies	Press.	doi:	10.17226/13165.	×	8	Dimension	3DISCIPLINARY	CORE	IDEAS—ENGINEERING,	TECHNOLOGY,	AND	APPLICATIONS	OF	SCIENCE	In	Chapter	3,	we	assert	that	“any	[science]	education	that	focuses	predominantly	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
framework	in	particular.	The	first	is	that	students	should	learn	how	scientific	knowledge	is	acquired	and	how	scientific	explanations	are	developed.	The	second	is	that	students	should	learn	how	science	is	utilized,	in	particular	through	the	engineering	design	process,	and	they	should	come	to	appreciate	the	distinctions	and	relationships	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	science	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	engineering	[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	currently	in	use.	The	committee
is	aware	that	engineers	not	only	design	new	technologies,	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	Page	202	Share	Cite	Suggested	Citation:"8	Dimension	3:
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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	constructed;	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	Page	203	Share	Cite	Suggested	Citation:"8	Dimension	3:	Disciplinary	Core	Ideas	-	Engineering,	Technology,	and	Applications	of	Science."	National	Research	Council.	2012.	A
Framework	for	K-12	Science	Education:	Practices,	Crosscutting	Concepts,	and	Core	Ideas.	Washington,	DC:	The	National	Academies	Press.	doi:	10.17226/13165.	×	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
technologies	expand	the	reach	of	science,	allowing	the	study	of	realms	previously	inaccessible	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	technologies	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	understand	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
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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	education	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.	Core	Idea	ETS1	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	practices	incorporate	specialized	knowledge	about	criteria	and	constraints,	modeling	and	analysis,	and	optimization	and	trade-offs.	ETS1.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.	Page	205	Share	Cite	Suggested	Citation:"8	Dimension	3:	Disciplinary	Core	Ideas	-	Engineering,	Technology,	and	Applications	of	Science."	National
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the	problem	must	be	solved,	may	be	physical,	economic,	legal,	political,	social,	ethical,	aesthetic,	or	related	to	time	and	place.	In	terms	of	quantitative	measurements,	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	determined	by	considering	the	desired	features	of	a	solution	(criteria).	Different	proposals	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	supplies	of	clean	water	and	food	or	for	energy	sources	that	minimize	pollution,	which	can	be	addressed	through	engineering.	These	global	challenges	also	may	Page	206	Share	Cite	Suggested	Citation:"8	Dimension	3:	Disciplinary	Core	Ideas	-	Engineering,	Technology,	and
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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	engineering.	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	communicated	through	informal	sketches	or	diagrams,	although	they	typically	become	more	formalized	through	models.	The
ability	to	build	and	use	physical,	graphical,	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	performance,	and	guide	the	development	of	feasible
solutions	(or,	if	possible,	the	optimal	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	Page	207	Share
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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	example,	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,	communicate	the	design	to
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Press.	doi:	10.17226/13165.	×	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	constraints	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	parameters	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	solutions,	it	is	important	to	take	into	account	a	range	of	constraints,	including
cost,	safety,	reliability,	and	aesthetics,	and	to	consider	social,	cultural,	and	environmental	impacts.	Testing	should	lead	to	improvements	in	the	design	through	an	iterative	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	testing	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.	ETS1.C:	OPTIMIZING	THE	DESIGN	SOLUTION	How	can	the	various	proposed	design	solutions	be	compared	and	improved?	Page	209	Share	Cite	Suggested	Citation:"8	Dimension	3:	Disciplinary	Core	Ideas	-	Engineering,	Technology,	and	Applications	of	Science."
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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	different	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	Page	210	Share	Cite	Suggested	Citation:"8	Dimension	3:
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most	promising	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	criteria.	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	multiple	designs	can	be	aided	by	a	trade-off	matrix.	Sometimes	a	numerical	weighting	system	can	help	evaluate	a	design	against	multiple	criteria.	When	evaluating	solutions,	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	simulations	are	one	useful	way	of	running	such	tests.	Core	Idea	ETS2	Links	Among	Engineering,	Technology,	Science,	and	Society	How	are	engineering,	technology,	science,	and	society	interconnected?
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,	transportation,	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	engineers	often	work	together	in	teams,	especially	in	fields	at	the	borders	of	science	and	Page	211	Share	Cite	Suggested	Citation:"8	Dimension	3:	Disciplinary	Core	Ideas	-	Engineering,	Technology,	and
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society.	engineering.	Advances	in	science	offer	new	capabilities,	new	materials,	or	new	understanding	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	developed	through	the	engineering	design	process.	Knowledge	of	relevant	scientific
concepts	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	development	of	entire	industries	and	engineered	systems.	In	order	to	design	better	technologies,	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
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National	Academies	Press.	doi:	10.17226/13165.	×	involve	scientists,	engineers,	and	others	with	wide	ranges	of	expertise.	For	example,	developing	a	means	for	safely	and	securely	disposing	of	nuclear	waste	will	require	the	participation	of	engineers	with	specialties	in	nuclear	engineering,	transportation,	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	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.	Science	and	engineering	affect	diverse	domains—agriculture,
medicine,	housing,	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.	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.	Page	213	Share	Cite	Suggested	Citation:"8	Dimension	3:	Disciplinary	Core	Ideas	-	Engineering,	Technology,	and
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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	pollution	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	product	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,	developing	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.	Page	214	Share	Cite	Suggested
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depends	on	major	technological	systems,	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	engineers	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	benefits,	is	a	critical	aspect	of	decisions	about	technology	use.	REFERENCES	1.	National	Academy	of	Engineering.	(2010).	Standards	for	K-12	Engineering	Education?	Committee	on	Standards	for	K-12	Engineering
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DIMENSIONS	This	framework	is	designed	to	help	realize	a	vision	of	science	education	in	which	students’	experiences	over	multiple	years	foster	progressively	deeper	understanding	of	science.	Students	actively	engage	in	scientific	and	engineering	practices	in	order	to	deepen	their	understanding	of	crosscutting	concepts	and	disciplinary	core	ideas.	In
the	preceding	chapters,	we	detailed	separately	the	components	of	the	three	dimensions:	scientific	and	engineering	practices,	crosscutting	concepts,	and	disciplinary	core	ideas.	In	order	to	achieve	the	vision	embodied	in	the	framework	and	to	best	support	students’	learning,	all	three	dimensions	need	to	be	integrated	into	the	system	of	standards,
curriculum,	instruction,	and	assessment.	WHAT	INTEGRATION	INVOLVES	The	committee	recognizes	that	integrating	the	three	dimensions	in	a	coherent	way	is	challenging	and	that	examples	of	how	it	can	be	achieved	are	needed.	We	also	acknowledge	that	there	is	no	single	approach	that	defines	how	to	integrate	the	three	dimensions	into	standards,
curriculum,	instruction,	and	assessment.	One	can	in	fact	envision	many	different	ways	to	achieve	such	integration,	with	the	main	components	of	the	framework	being	conveyed	with	a	high	degree	of	fidelity,	but	with	different	choices	as	to	when	to	stress	a	particular	practice	or	crosscutting	idea.	For	these	reasons,	in	this	chapter	we	offer	only
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10.17226/13165.	×	standards,	curriculum,	instruction,	and	assessment	that	successfully	integrates	the	three	dimensions	is	an	area	ripe	for	research	and	innovation.	Because	standards	guide	and	shape	curriculum,	instruction,	and	assessment,	the	task	of	integrating	the	three	dimensions	of	the	framework	for	K-12	science	education	begins	with	the
development	of	standards.	A	major	task	for	developers	will	be	to	create	standards	that	integrate	the	three	dimensions.	The	committee	suggests	that	this	integration	should	occur	in	the	standards	statements	themselves	and	in	performance	expectations	that	link	to	the	standards.	Standards	and	performance	expectations	that	are	aligned	to	the
framework	must	take	into	account	that	students	cannot	fully	understand	scientific	and	engineering	ideas	without	engaging	in	the	practices	of	inquiry	and	the	discourses	by	which	such	ideas	are	developed	and	refined	[1-3].	At	the	same	time,	they	cannot	learn	or	show	competence	in	practices	except	in	the	context	of	specific	content.	For	example,
students	ask	questions	or	design	investigations	about	particular	phenomena,	such	as	the	growth	of	plants,	the	motion	of	objects,	and	the	phases	of	the	moon.	Furthermore,	crosscutting	concepts	have	value	because	they	provide	students	with	connections	and	intellectual	tools	that	are	related	across	the	differing	areas	of	disciplinary	content	and	can
enrich	their	application	of	practices	and	their	understanding	of	core	ideas.	For	example,	being	aware	that	it	is	useful	to	analyze	diverse	things—such	as	the	human	body	or	a	watershed—as	systems	can	help	students	generate	productive	questions	for	further	study.	Thus	standards	and	performance	expectations	must	be	designed	to	gather	evidence	of
students’	ability	to	apply	the	practices	and	their	understanding	of	the	crosscutting	concepts	in	the	contexts	of	specific	applications	in	multiple	disciplinary	areas.	In	the	committee’s	judgment,	specification	of	“performance	expectations”	is	an	essential	component	of	standards.	This	term	refers	to	statements	that	describe	activities	and	outcomes	that
students	are	expected	to	achieve	in	order	to	demonstrate	their	ability	to	understand	and	apply	the	knowledge	described	in	the	disciplinary	core	ideas.	Following	the	model	of	the	College	Board’s	Science	Standards	for	College	Success,	we	agree	that	“performance	expectations	specify	what	students	should	know,	understand,	and	be	able	to	do….	They
also	illustrate	how	students	engage	in	science	practices	to	develop	a	better	understanding	of	the	essential	knowledge.	These	expectations	support	targeted	instruction	and	assessment	by	providing	tasks	that	are	measurable	and	observable”	[4].	In	this	chapter	we	provide	two	examples	of	how	the	three	dimensions	might	be	brought	together	in
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of	one	of	the	core	ideas	in	the	life	sciences	(see	Table	9-1),	the	other	on	a	component	of	a	core	idea	in	the	physical	sciences	(see	Table	9-2).	The	three	dimensions	will	also	need	to	be	integrated	into	curriculum	and	instruction.	A	detailed	discussion	of	all	the	ways	in	which	practices,	crosscutting	concepts,	and	disciplinary	core	ideas	can	be	integrated
into	curriculum	and	instruction	is	beyond	the	scope	of	the	framework.	However,	in	addition	to	the	examples	of	performance	expectations	presented	in	Tables	9-1	and	9-2,	we	provide	a	single	example	that	shows	first	steps	toward	this	kind	of	integration.	This	example,	which	draws	on	the	first	component	of	the	first	physical	science	core	idea—PS1.A:
Structure	and	Properties	of	Matter—shows	how	a	disciplinary	core	idea	can	be	developed	using	particular	practices	and	linked	to	particular	crosscutting	concepts	for	each	grade	band.	It	also	describes	some	of	the	ways	in	which	students	might	be	asked	to	use	specific	practices	to	demonstrate	their	understanding	of	core	ideas.	Finally,	the	example
incorporates	boundary	statements	that	make	explicit	what	is	not	expected	of	students	at	a	given	level.	The	committee	recommends	that	boundary	statements	be	incorporated	into	standards	so	as	to	provide	guidance	for	curriculum	developers	and	designers	of	instruction.	Such	boundaries	serve	two	purposes:	(1)	to	delimit	what	level	of	detail	is
appropriate	and	(2)	to	indicate	what	knowledge	related	to	a	core	idea	may	be	too	challenging	for	all	students	to	master	by	the	end	of	the	grade	band.	However,	any	boundaries	introduced	here	or	in	the	specification	of	performance	expectations	will	need	to	be	subjected	to	further	research	and	revisited	over	time,	as	more	is	learned	about	what	level	of
expectation	is	appropriate	in	the	context	of	curricula	and	instruction	of	the	type	envisaged	in	this	framework.	It	is	important	to	note	that	this	example	is	not	intended	as	a	complete	description	of	instruction	but	only	as	a	sketch	of	some	experiences	that	can	support	learning	of	the	core	idea	component.	It	illustrates	how	the	practices	both	help	students
learn	and	provide	a	means	by	which	they	can	demonstrate	their	understanding.	TWO	ILLUSTRATIONS	OF	PERFORMANCE	EXPECTATIONS	Two	examples	in	this	section	illustrate	how	the	three	dimensions	can	be	integrated	into	performance	expectations.	Table	9-1	presents	the	first	example,	which	is	based	on	a	component—Organization	for	Matter
and	Energy	Flow	in	Organisms	(LS1.C)—of	the	first	core	idea	in	the	life	sciences.	Table	9-2	presents	the	second	example,	which	is	based	on	a	component—Structure	and	Properties	of	Matter	(PS1.A)—of	the	first	core	idea	in	the	physical	sciences.	Page	220	Share	Cite	Suggested	Citation:"9	Integrating	the	Three	Dimensions."	National	Research
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the	End	of	Grade	5	Tasks	Classify	animals	into	two	groups	based	on	what	they	eat,	and	give	three	or	more	different	examples	of	animals	in	each	group.	Explain	how	animals	use	food	and	provide	examples	and	evidence	that	support	each	type	of	use.	Criteria	Students	should	identify	at	least	two	of	the	three	groups	of	animals	(plant	eaters,	those	that
eat	other	animals,	and	those	that	eat	both	plants	and	other	animals).	The	animals	offered	as	examples	should	be	correctly	grouped.	Students	should	be	asked	to	offer	evidence	that	supports	the	claim	that	these	animals	belong	in	the	groups	they	have	placed	them	in	and	asked	to	also	consider	and	include	animals	from	classes	they	have	neglected	(e.g.,
birds	or	fish,	if	they	interpret	animal	to	mean	mammal).	A	full	explanation	should	be	supported	by	diagrams	and	argument	from	evidence.	It	should	include	and	support	the	claims	that	food	provides	materials	for	building	body	tissue	and	that	it	is	the	fuel	used	to	produce	energy	for	driving	life	processes.	An	example	of	building	materials	should	include
reference	to	growth	and	repair.	Evidence	for	growth	and	repair	should	include	use	of	some	of	food’s	weight	in	the	process	of	adding	body	weight	or	tissue.	An	example	of	use	of	energy	should	include	internal	motion	(e.g.,	heartbeat),	external	motion	(self-propulsion,	breathing),	or	maintenance	of	body	temperature.	Evidence	for	energy	use	should
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Ideas.	Washington,	DC:	The	National	Academies	Press.	doi:	10.17226/13165.	×	By	the	End	of	Grade	8	By	the	End	of	Grade	12	Construct	an	explanation	for	why	the	air	a	human	breathes	out	contains	a	lower	proportion	of	oxygen	than	the	air	he	or	she	breathed	in.	The	explanation	should	address	where	in	the	body	the	oxygen	was	used,	how	it	was
used,	and	how	it	was	transported	there.	Construct	a	model	that	describes	the	aerobic	chemical	processes	that	enable	human	cells	to	obtain	and	transfer	energy	to	meet	their	needs.	A	full	explanation	should	contain	a	claim	that	oxygen’s	use	in	all	cells	of	the	body	is	part	of	the	chemical	reaction	that	releases	energy	from	food.	The	claim	should	be
supported	with	reasoning	about	(1)	the	role	of	oxygen	in	chemical	reactions’	release	of	energy	and	(2)	how	the	oxygen	and	food	are	transported	to	the	cells	through	the	body’s	respiratory	and	circulatory	systems.	The	model	should	include	diagrams	and	text	to	indicate	that	various	compounds	derived	from	food—including	sugars	and	fats—react	with
oxygen	and	release	energy	either	for	the	cells’	immediate	needs	or	to	drive	other	chemical	changes.	It	should	include	the	example	of	producing	adenosine	triphosphate	(ATP)	from	adenosine	diphosphate	(ADP)	and	indicate	that	this	process	increases	stored	energy.	It	should	show	that	subsequent	conversions	between	ATP	and	ADP	release	stored
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Grade	2	By	the	End	of	Grade	5	Disciplinary	Ideas	All	animals	need	food	in	order	to	live	and	grow.	They	can	get	their	food	from	plants	or	from	other	animals.	All	living	organisms	require	energy.	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.	Practices	Presenting	information	(e.g.,	orally,	visually	by	sorting	pictures	of	animals	into	groups,	or	by	writing	labels	or	simple	sentences	that
describe	why	animals	are	in	different	groups).	Argument	from	evidence:	supporting	placement	of	animals	in	group.	Argumentation:	Supporting	claims	with	evidence.	Crosscutting	Concepts	Patterns:	Grouping	of	animals	by	similarity	of	what	they	eat.	Patterns,	similarity,	and	diversity:	Living	organisms	have	similar	needs	but	diverse	ways	of	obtaining
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12			Through	the	process	of	photosynthesis,	plants,	algae	(including	phytoplankton),	and	many	microorganisms	use	the	energy	from	light	to	make	sugars	(food)	from	carbon	dioxide	from	the	atmosphere	and	water.	This	process	also	releases	oxygen	gas.	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	animals	and	plants	oxygen	reacts	with	carboncontaining	molecules	(sugars)	to	provide	energy	and	produce	waste	carbon
dioxide;	anaerobic	bacteria	achieve	their	energy	needs	in	other	chemical	processes	that	do	not	need	oxygen.	The	process	of	photosynthesis	converts	light	energy	to	stored	chemical	energy	by	converting	carbon	dioxide	and	water	into	sugars	plus	released	oxygen.	The	sugar	molecules	thus	formed	contain	carbon,	hydrogen,	and	oxygen,	and	they	are
used	to	make	amino	acids	and	other	carbon-based	molecules	that	can	be	assembled	into	the	larger	molecules	(such	as	proteins	or	DNA)	needed	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	cellular	respiration	is	a	chemical	process	whereby	the	bonds	of	food	molecules	and	oxygen	molecules	are	broken	and	new	compounds	are	formed	that	can	transport	energy	to	muscles.	Anaerobic	cellular	respiration	follows	a	different
and	less	efficient	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	individuals	to	ecosystems.			Constructing
explanations.	Argument	(supporting	proposed	explanation	with	arguments	from	evidence).	Modeling	Presenting	information	(using	labeled	diagrams	and	text	to	present	and	explicate	a	model	that	describes	and	elucidates	the	process	in	question).			Cause	and	effect:	Oxygen	is	needed	for	the	chemical	reaction	that	releases	energy	from	food.	Matter
cycles	and	conservation;	energy	flows	and	conservation.	Systems:	Roles	of	respiratory	and	circulatory	systems.	Systems:	Organisms	have	systems	for	processes	at	the	cellular	level	that	are	used	to	carry	out	the	functions	needed	for	life.	Matter	cycles	and	conservation;	energy	flows	and	conservation.	Page	224	Share	Cite	Suggested	Citation:"9
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MATTER	By	the	End	of	Grade	2	By	the	End	of	Grade	5	Tasks	Students	support	claims	as	to	whether	something	is	a	solid	or	a	liquid	by	providing	descriptive	evidence.	Note:	It	is	inappropriate	at	this	grade	level	to	use	a	material,	such	as	sand,	that	is	made	of	visible	scale	particles	but	flows	as	the	test	material	for	this	question.	Test	examples	should	be
readily	classifiable.	Students	provide	strategies	for	collecting	evidence	as	to	whether	matter	still	exists	when	it	is	not	visible.	Criteria	Descriptive	evidence	that	a	material	is	a	solid	would	include	the	object’s	definite	shape;	for	a	liquid	it	would	be	that	the	material	takes	the	shape	of	the	container	or	that	the	material	flows	to	the	lowest	part	of	the
container	Design	includes	ways	to	measure	weight	with	and	without	an	invisible	material	(gas	or	solute)	present.	For	example,	weighing	the	same	container	with	different	amounts	of	air,	such	as	an	inflated	and	deflated	balloon	or	basketball;	or	weighing	pure	water	and	sugar	before	and	after	the	sugar	is	dissolved	in	the	water.	(At	this	level,	detail	is
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End	of	Grade	8	By	the	End	of	Grade	12	Students	create	atomic	and	molecular	models	to	explain	the	differences	between	the	solid,	liquid,	and	gaseous	states	of	a	substance.	Students	first	develop	models	that	describe	a	neutral	atom	and	a	negative	or	positive	ion.	They	then	use	these	models	to	describe	the	similarities	and	differences	between	the
atoms	of	neighboring	elements	in	the	periodic	table	(side	by	side	or	one	above	the	other).	The	model	should	show	that	atoms/molecules	in	a	solid	(1)	are	close	together,	(2)	are	limited	in	motion	but	vibrate	in	place,	and	(3)	cannot	move	past	or	around	each	other	and	thus	are	fixed	in	relative	position.	The	model	should	also	show	that	atoms/molecules
in	a	liquid	(1)	are	about	as	close	together	as	in	a	solid,	(2)	are	always	disordered,	(3)	have	greater	freedom	to	move	than	in	a	solid,	and	(4)	can	slide	past	one	another	and	move	with	a	range	of	speeds.	Finally,	the	model	should	show	that	atoms/molecules	in	a	gas	(1)	are	much	farther	away	from	each	other	than	in	solid	or	liquid	form,	(2)	are	always
disordered,	(3)	move	freely	with	a	range	of	speeds,	and	(4)	sometimes	collide	with	each	other	or	the	container’s	walls	and	bounce	off.	The	models	should	show	that	the	atom	consists	of	an	inner	core	called	the	nucleus,	which	consists	of	protons	and	neutrons;	that	the	number	of	protons	in	the	nucleus	is	the	atomic	number	and	determines	the	element;
that	the	nucleus	is	much	smaller	in	size	than	the	atom;	that	the	outer	part	of	the	atom	contains	electrons;	that	in	a	neutral	atom,	the	number	of	electrons	matches	the	number	of	protons	(because	protons	and	electrons	have	an	opposite	electric	charge);	and	that	ions	have	an	additional	or	a	“missing”	electron.	Different	isotopes	of	a	given	element	have
different	numbers	of	neutrons,	but	in	all	stable	cases	the	number	of	neutrons	is	not	very	different	from	the	number	of	protons.	Page	226	Share	Cite	Suggested	Citation:"9	Integrating	the	Three	Dimensions."	National	Research	Council.	2012.	A	Framework	for	K-12	Science	Education:	Practices,	Crosscutting	Concepts,	and	Core	Ideas.	Washington,	DC:
The	National	Academies	Press.	doi:	10.17226/13165.	×	By	the	End	of	Grade	2	By	the	End	of	Grade	5	Criteria	continued	Disciplinary	Ideas	Different	kinds	of	matter	exist	(e.g.,	wood,	metal,	water).	Solids	and	liquids	have	different	properties,	which	can	be	used	to	sort	them.	Some	substances	can	be	either	solid	or	liquid,	depending	on	the	temperature.
Substances	can	be	observed,	weighed,	and	measured	in	other	ways.	Matter	of	any	type	can	be	subdivided	into	particles	(tiny	pieces)	that	are	too	small	to	see,	but	even	then	the	matter	still	exists	and	can	be	detected	by	other	means	(such	as	through	its	effects	on	other	objects).	Gases	are	matter	in	which	the	gas	particles	are	moving	freely	around	in
space	and	can	be	detected	by	their	impacts	on	surfaces	(e.g.,	of	a	balloon)	or	on	larger	and	visible	objects	(wind	blowing	leaves,	dust	suspended	in	air).	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).	Page	227	Share	Cite	Suggested	Citation:"9	Integrating	the
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of	the	first	few	layers.	(Details	of	orbitals	and	reasons	behind	the	counting	of	states	are	not	expected.)	The	“outermost”	position	of	the	electrons	corresponds	to	the	least	strongly	bound	electrons.	The	filling	level	of	the	outermost	layer	can	be	used	to	explain	chemical	properties	and	the	types	of	ions	most	readily	formed.	Atoms	side	by	side	in	the
periodic	table	are	close	to	each	other	in	mass	and	differ	by	one	in	their	numbers	of	protons.	They	have	different	chemical	properties.	Atoms	above	or	below	the	other	in	the	periodic	table	have	similar	chemical	properties	but	differ	significantly	in	mass	and	atomic	number.	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	others;	in	a	gas	they	are	widely	spaced	except	when	they	happen	to	collide.	In	a	solid,	atoms	are	closely	spaced	and	may	vibrate	in	position	but	do	not	change	relative	locations.	Solids	may	be	formed	from	molecules	or	may	be	extended	structures	with	repeating	subunits
(e.g.,	crystals,	metals).	The	changes	of	state	that	occur	with	changes	of	temperature	or	pressure	can	be	described	and	predicted	using	these	three	models	(solid,	liquid,	or	gas)	of	matter.	(Predictions	here	are	qualitative,	not	quantitative.)	Each	atom	has	a	charged	substructure	consisting	of	a	nucleus	(made	from	protons	and	neutrons)	surrounded	by
electrons.	The	periodic	table	orders	elements	by	the	number	of	protons	in	the	atom’s	nucleus	and	places	those	with	similar	chemical	properties	in	columns.	The	repeating	patterns	of	this	table	reflect	patterns	of	outer	electron	states.	Page	228	Share	Cite	Suggested	Citation:"9	Integrating	the	Three	Dimensions."	National	Research	Council.	2012.	A
Framework	for	K-12	Science	Education:	Practices,	Crosscutting	Concepts,	and	Core	Ideas.	Washington,	DC:	The	National	Academies	Press.	doi:	10.17226/13165.	×	By	the	End	of	Grade	2	By	the	End	of	Grade	5	Practices	Argumentation	(e.g.,	using	criteria	for	solids	and	liquids	to	make	the	case	that	a	substance	is	one	or	the	other).	Designing
investigations.	Crosscutting	Concepts	Patterns	(a	great	diversity	of	solid	and	liquid	materials	exist,	but	certain	features	are	similar	for	all	solids	and	all	liquids).	Matter	cycles	and	conservation.	The	performance	expectations	shown	in	these	tables	describe	what	students	are	expected	to	know	and	how	they	should	be	able	to	use	these	two	scientific
ideas.	In	each	table,	the	first	two	rows	describe	the	tasks	that	students	are	expected	to	perform	and	the	criteria	by	which	their	performance	will	be	evaluated.	The	last	three	rows	in	the	tables	show	the	disciplinary	ideas,	practices,	and	crosscutting	concepts	that	are	to	be	brought	together	in	performing	the	tasks.	Examples	are	shown	for	four	grade
levels	(2,	5,	8,	and	12)	to	illustrate	how	the	performance	expectations	should	increase	in	sophistication	during	12+	years	of	instruction.	Across	such	a	span,	with	appropriate	learning	experiences,	students’	conceptual	knowledge	increases	in	depth	and	sophistication,	as	does	the	nature	of	the	practices.	Thus	performance	expectations	at	the	higher
grades	should	reflect	deeper	understanding,	more	highly	developed	practices,	and	more	complex	reasoning.	Note	that	what	we	describe	in	Tables	9-1	and	9-2	is	just	an	initial	illustration	of	the	performance	expectations	for	each	grade	band.	When	standards	are	developed	that	are	based	on	the	framework,	they	will	need	to	include	performance
expectations	that	cover	all	of	the	disciplinary	core	ideas,	integrate	practices,	and	link	to	crosscutting	concepts	when	appropriate.	For	any	given	aspect	of	content	knowledge,	multiple	practices	and	crosscutting	concepts	could	be	matched	to	that	content	to	yield	additional	appropriate	performance	expectations.	Assessments	Page	229	Share	Cite
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explanations.	Modeling	Cause	and	effect:	Changing	the	temperature	causes	changes	in	the	motion	of	particles	of	matter.	Systems	and	system	models:	Students	model	substances	as	systems	composed	of	particles.	Structure	and	function:	Atoms	have	structures	that	determine	the	chemical	behavior	of	the	element	and	the	properties	of	substances.
Patterns,	similarity,	and	diversity:	The	periodic	table	can	be	used	to	see	the	patterns	of	chemical	behavior	based	on	patterns	of	atomic	structure.	should	thus	use	a	broad	set	of	performance	expectations	across	the	multiple	items.	In	addition,	the	criteria	used	to	judge	the	quality	of	a	given	performance	outcome	need	to	specify	the	features	of	the
practice	(e.g.,	a	description,	model,	evidence-based	explanation)	that	are	relevant	for	the	specific	content	and	grade	band.	As	discussed	in	Chapter	4,	the	expectations	regarding	how	the	practices	develop	over	the	grade	bands	reflect	an	increasing	competence	in	the	use	of	information	and	the	assembly	of	models,	descriptions,	explanations,	and
arguments.	For	some	further	examples	of	performance	expectations	that	link	content	and	practice	similarly	and	that	are	appropriate	for	formulating	both	classroom-based	and	large-scale	assessments	of	whether	students	have	Page	230	Share	Cite	Suggested	Citation:"9	Integrating	the	Three	Dimensions."	National	Research	Council.	2012.	A
Framework	for	K-12	Science	Education:	Practices,	Crosscutting	Concepts,	and	Core	Ideas.	Washington,	DC:	The	National	Academies	Press.	doi:	10.17226/13165.	×	mastered	particular	standards,	we	refer	the	reader	to	the	College	Board’s	Science	Standards	for	College	Success.	That	volume	provides	numerous	examples	in	the	life	sciences,	physical
sciences,	and	earth	sciences	[4].	ONE	ILLUSTRATION	OF	INTEGRATING	THE	DIMENSIONS	INTO	CURRICULUM	AND	INSTRUCTION	This	section	describes	through	example	how	the	three	dimensions	might	be	brought	together	in	designing	curriculum	and	instruction.	The	particular	example	involves	the	development	of	the	Structure	and
Properties	of	Matter	(PS1.A)—a	component	of	the	physical	sciences	core	idea	Matter	and	Its	Interactions—through	the	integration	of	practices	and	crosscutting	concepts	(see	Box	S-1).	The	example	illustrates,	however,	only	one	of	many	paths	that	integrate	the	practices	and	crosscutting	concepts	in	developing	this	component	idea,	and	thus	it	is	not
intended	to	be	prescriptive.	Rather,	the	committee	emphasizes	that	there	are	many	different	ways	to	explore	the	disciplinary	core	ideas	through	the	practices	and	crosscutting	concepts	but	that	such	exploration	is	critical	to	aid	student’s	development	and	support	the	deep	conceptual	change	needed	to	move	their	understanding	of	the	world	closer	to
that	of	well-established	scientific	understandings.	The	central	question	of	PS1.A	is	“How	do	particles	combine	to	form	the	variety	of	matter	one	observes?”	In	the	design	of	curriculum	and	instruction	regarding	answers	to	this	question,	four	of	the	crosscutting	concepts	(flagged	in	italics	below)	play	important	roles.	First,	across	all	grade	levels,	the
relationship	of	structure	and	function	is	a	key	concept	in	studying	how	the	structure	of	matter	relates	to	the	properties	of	matter.	Second,	the	concept	of	patterns	can	be	explored	from	the	earliest	grades	as	students	investigate	the	various	types	of	matter,	discover	their	commonalities,	and	devise	ways	of	characterizing	their	properties.	Third,	starting
in	grades	3-5	and	continuing	through	grade	12,	students	work	with	the	concept	of	systems	and	system	models	as	they	cultivate	their	understanding	of	the	particle	model	of	matter;	students	progress	from	the	macroscopic	idea	of	particles	to	imagine	and	model	the	effects	of	invisibly	small	particles	(in	grades	3-5)	to	the	atomic	scale	(in	grades	7-8)	and
finally	to	the	subatomic	scales	(in	grades	9-12).	Fourth,	as	students	encounter	the	notion	that	matter	is	conserved,	critical	to	their	understanding	is	the	crosscutting	concept	of	energy	and	matter:	flows,	cycles,	and	conservation.	The	narrative	for	each	grade	band	begins	with	a	statement	of	the	grade	band	endpoint	(“By	the	end	of…”),	and	the
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Academies	Press.	doi:	10.17226/13165.	×	shows	how	the	progression	involves	both	crosscutting	concepts	that	students	come	to	appreciate	and	practices	in	which	they	might	engage	as	they	develop	and	demonstrate	their	understanding.	The	discussion	is	followed	by	a	boundary	statement,	which	specifies	things	that	do	not	need	to	be	included	in	the
grade	band.	Standards	developers	also	should	include	such	boundaries	so	as	to	delimit	how	far	students,	of	whatever	grade,	are	expected	to	progress.	Grades	K-2:	Endpoint	and	Progression	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	manufactured.	Different	properties	are	suited	to	different	purposes.	A	great	variety	of	objects	can	be	built	up	from	a	small	set	of	pieces.	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.)	Students’	investigations	of	matter	begin	with	guided	experiences,	designed	by	the	teacher,	that	introduce	them	to	various	kinds	of	matter	(e.g.,	wood,	metal,	water,	clay)	in	multiple	contexts	and	engage	them	in	discussion	about	the	matter’s	observable	characteristics
and	uses.	These	experiences	begin	to	elicit	students’	questions	about	matter,	which	they	answer	by	conducting	their	own	investigations	and	by	making	observations;	the	path	of	the	investigation	is	jointly	designed	by	teacher	and	students.	Observations	here	include	not	only	how	things	look	but	also	how	they	feel,	how	they	sound	when	tapped,	how
they	smell,	and,	in	carefully	structured	situations	such	as	a	cooking	project,	how	they	taste	(although	students	should	be	warned	not	to	taste	unknown	substances).	In	the	course	of	these	experiences	the	teacher	engages	and	guides	students	in	identifying	multiple	ways	of	characterizing	matter—such	as	solid	and	liquid,	natural	and	manufactured,	hard
and	soft,	edible	or	inedible—and	that	different	types	of	materials	are	suited	to	different	uses.	Across	grades	K-2,	the	variety	of	properties	of	matter	that	students	recognize	and	the	specificity	with	which	they	can	characterize	materials	and	their	uses	develop	through	experiences	with	different	kinds	of	matter.	The	ability	to	make	measurements	of
quantities,	such	as	length,	liquid	volume,	weight,	and	temperature,	begins	in	kindergarten	with	qualitative	observations	of	relative	magnitude.	An	understanding	both	of	the	arbitrariness	and	the	importance	of	measurement	units	is	supported	by	allowing	students	to	develop	Page	232	Share	Cite	Suggested	Citation:"9	Integrating	the	Three
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classroom	discussions	help	them	focus	on	identifying	and	characterizing	the	materials	that	objects	are	made	from	and	the	reasons	why	particular	materials	are	chosen	for	particular	tasks.	Students	are	then	asked	to	present	evidence	to	support	their	claims	about	different	kinds	of	matter	and	their	uses.	Across	the	grade	span,	students	progress	in
their	ability	to	make	and	justify	claims	about	different	kinds	of	matter,	to	describe	and	quantify	those	claims,	and	to	do	so	both	with	specificity	and	knowledge	of	the	various	properties	of	matter.	Starting	in	kindergarten	(or	before),	students	manipulate	a	variety	of	building	toys,	such	as	wooden	blocks,	interlocking	objects,	or	other	construction	sets,
leading	them	to	recognize	that	although	what	one	can	build	depends	on	the	things	one	is	building	from,	many	different	objects	can	be	constructed	with	multiple	copies	of	a	small	set	of	different	components.	Although	such	recognition	occurs	implicitly,	it	is	supported	at	the	higher	end	of	the	grade	band	by	explicit	discussion	of	this	aspect	of	material
objects.	Students	come	to	understand	more	deeply	that	most	objects	can	be	broken	down	into	various	component	pieces	and	that	any	“chunk”	of	uniform	matter	(e.g.,	a	sheet	of	paper,	a	block	of	wood,	a	wedge	of	cheese)	can	be	subdivided	into	smaller	pieces	of	the	same	material.	Students’	building	efforts	progress	from	free	play	to	solving	design
problems,	and	teachers	facilitate	this	progression	by	asking	appropriate	questions	about	the	objects	that	students	build,	by	having	them	draw	diagrams	of	what	they	have	built,	and	by	directing	their	attention	to	built	objects	outside	the	classroom	(so	as	to	discuss	what	these	objects	are	built	from	or	features	of	their	design).	By	grade	2,	a	student
should	be	able	to	follow	a	plan,	preplan	designs	for	simple	projects,	and	recognize	the	common	design	elements	of	certain	types	of	objects	and	the	properties	required—why	axles	are	needed	for	wheels,	for	example,	or	why	metal	would	be	used	for	a	frying	pan	and	why	rubber	or	plastic	would	be	suitable	for	rain	boots.	The	awareness	that	some
materials	(not	just	water	but	also	chocolate,	wax,	and	ice	cream,	for	example)	can	be	either	liquid	or	solid	depending	on	the	temperature	and	that	there	is	a	characteristic	temperature	for	each	material	at	which	this	transition	occurs	is	another	important	concept	about	matter	that	should	be	developed	in	this	grade	band	through	teacher-guided	student
experiences	and	investigations.	The	transition	from	liquid	to	gas	is	not	stressed	in	this	grade	band,	however,	because	the	concept	of	gases	other	than	air,	or	even	the	fact	that	air	is	matter,	cannot	readily	be	developed	on	the	basis	of	students’	observations	and	experiences.	Page	233	Share	Cite	Suggested	Citation:"9	Integrating	the	Three	Dimensions."
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not	stressed	as	separate	ideas.	For	example,	students	may	be	asked	to	recognize	patterns	in	the	use	of	particular	materials,	but	the	idea	that	patterns	are	an	important	phenomenon	to	investigate	is	not	stressed.	Similarly,	classroom	discussion	may	focus	on	the	components	of	a	machine	(e.g.,	a	bicycle,	a	toaster)	and	on	the	roles	they	play,	but	the	idea
of	a	system	is	not	stressed.	The	ideas	of	parts	too	small	to	see,	gases	other	than	air,	evaporation,	and	condensation	are	not	stressed	either,	and	the	conservation	of	matter	when	burning	or	evaporating	is	not	introduced.	Mass	and	weight	are	not	distinguished	when	examining	matter	quantity,	and	volume	is	introduced	only	for	liquids.	Grades	3-5:
Endpoint	and	Progression	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,	by	its	effects	on	other	objects).	For	example,	a	model	that	gases	are	made	from	matter	particles	too	small	to	see	that	are	moving
freely	around	in	space	can	explain	such	observations	as	the	impacts	of	gas	particles	on	surfaces	(e.g.,	of	a	balloon)	and	on	larger	particles	or	objects	(e.g.,	wind,	dust	suspended	in	air)	and	the	appearance	of	visible	scale	water	droplets	in	condensation,	fog,	and,	by	extension,	clouds	or	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	materials.	(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.)	Exploration	of	matter	continues	in	this	grade	band	with	greater	emphasis	on	detailed	measurement	of	objects	and	materials,	and	the	idea	that	matter	is	conserved	even	in	transitions	when	it	changes	form	or	seems	to	disappear	(as	in	dissolving)	begins	to	be	developed.
A	critical	step	is	to	recognize	from	experience	that	weight	is	an	additive	property	of	matter—namely,	that	the	weight	of	a	set	of	objects	is	the	sum	of	the	weights	of	the	component	objects.	Once	students	understand	that	weight	is	a	measure	of	how	much	matter	is	present,	their	observations	in	that	regard—such	as	the	total	weight	of	the	water	and
sugar	being	the	same	before	and	after	dissolving,	or	the	weight	of	the	water	formed	by	melting	ice	being	equal	to	the	weight	of	the	ice	that	melted—can	be	used	to	convey	the	idea	that	Page	234	Share	Cite	Suggested	Citation:"9	Integrating	the	Three	Dimensions."	National	Research	Council.	2012.	A	Framework	for	K-12	Science	Education:	Practices,
Crosscutting	Concepts,	and	Core	Ideas.	Washington,	DC:	The	National	Academies	Press.	doi:	10.17226/13165.	×	matter	is	conserved	across	transitions.	(The	distinction	between	mass	and	weight	is	not	introduced	at	this	grade	band.)	Two	important	ideas—that	gas	is	a	form	of	matter	and	that	it	is	modeled	as	a	collection	of	particles	(i.e.,	pieces	of
matter	too	small	to	see)	moving	around	in	space—are	developed	by	the	end	of	grade	5,	with	careful	support	from	guided	investigations	and	the	use	of	simulations.	Multiple	learning	experiences	are	needed	for	students	to	shift	their	concept	of	matter	to	include	the	gaseous	state,	and	such	experiences	must	accordingly	be	structured	over	time.	First,	the
idea	that	matter	can	be	subdivided	into	ever-smaller	pieces	without	changing	the	total	amount	of	matter	(regardless	of	how	small	the	pieces	are)	is	developed	by	carrying	out	a	dividing	and	weighing	activity	with	one	or	more	substances.	The	students	should	engage	in	discussions	of	what	would	happen	if	one	were	to	keep	subdividing	until	the	pieces
were	too	small	to	see.	Next,	the	idea	that	matter	is	made	of	particles	too	small	to	see	can	be	extended	to	encompass	gases	as	a	form	of	matter.	Air	is	the	first	familiar-yet-	invisible	material	that	students	can	learn	to	identify	as	a	gas	made	of	particles.	This	recognition	is	supported	by	the	use	of	an	appropriately	designed	simulation	of	particles	moving
around	in	a	container,	as	well	as	by	observations	aimed	at	emphasizing	the	properties	of	air	as	a	material	(e.g.,	one	can	feel	it,	it	affects	other	things,	a	balloon	blown	up	weighs	more	than	an	empty	balloon).	Students	should	be	helped	to	relate	the	observed	properties	of	air	to	the	characteristics	of	the	simulation	(e.g.,	the	impacts	of	particles	on
surfaces)	and	also	to	their	own	experiences	with	visible	particles,	such	as	the	movement	of	dust	particles	in	air	or	the	impacts	of	blowing	sand	on	the	skin.	Also	by	the	end	of	grade	5,	students’	understanding	of	gases	needs	to	progress	a	step	beyond	recognizing	air	as	samples	of	materials.	It	should	include	recognition	that	the	water	remains	the	same
kind	of	matter	during	evaporation	and	condensation,	just	as	it	does	during	melting	and	freezing.	The	fact	that	the	amount	of	material	remains	the	same	as	water	is	frozen	and	then	melted	again	can	Page	235	Share	Cite	Suggested	Citation:"9	Integrating	the	Three	Dimensions."	National	Research	Council.	2012.	A	Framework	for	K-12	Science
Education:	Practices,	Crosscutting	Concepts,	and	Core	Ideas.	Washington,	DC:	The	National	Academies	Press.	doi:	10.17226/13165.	×	be	observed	by	weighing,	and	such	continuity	can	be	reaffirmed	by	freezing	and	melting	a	variety	of	other	materials	(e.g.,	various	juices).	Similarly,	the	amount	of	material	remains	the	same	as	water	is	put	through
sequences	of	evaporation	and	condensation	in	a	closed	system	(such	as	a	plastic	container	with	a	lid)—a	fact	that	can	be	confirmed	with	observation	and	measurement.	The	stress	here	is	on	qualitative	comparative	observations,	not	on	precision	measurements.	The	additivity	of	volumes	is	a	subtler	concept	than	the	addition	of	weights,	and	it	must	be
developed	with	care	so	as	not	to	introduce	misconceptions.	For	like	materials	(e.g.,	water	plus	water,	sand	plus	sand),	volume	is	additive,	but	students	should	also	be	engaged	in	experiences	in	which	volumes	(as	measured	by	a	graduated	container)	do	not	combine	additively,	as	when	sand	is	added	to	a	container	of	marbles,	or	rocks	and	pebbles	are
mixed	together.	With	such	examples,	students	can	shift	their	perception	of	continuous	matter	to	one	that	allows	for	a	particle-based	substructure.	In	this	grade	band,	however,	definition	of	the	particles	involved	is	not	stressed;	rather,	the	objective	is	for	students	to	begin	developing	and	using	models	to	explain	observations.	For	example,	they	can
build	a	model	to	explain	why,	when	a	volume	of	water	is	added	to	a	volume	of	rubbing	alcohol,	the	volume	of	the	combined	sample	is	less	than	the	sum	of	the	volumes	of	the	starting	samples.	(Note	that	this	experience	requires	careful	measurement	with	appropriate	measuring	equipment—an	ability	that	also	is	developed	across	this	grade	band.)	The
evolution	of	students’	mental	models	of	matter	is	facilitated	by	relating	this	experience	to	similar	situations	with	macroscopic	objects,	such	as	the	mixture	of	sand	and	marbles	described	above,	and	to	simulations	that	provide	an	explicit	visible	model	of	the	situation.	In	any	case,	this	example	is	just	one	of	the	many	ways	in	which	students	can	begin	to
see	that	observed	properties	of	matter	are	explainable	in	terms	of	a	particle	model.	Students’	understanding	of	the	categories	of	matter,	properties	of	matter,	and	uses	of	matter	is	refined	and	expanded	across	this	grade	band.	Categories	of	matter,	such	as	metals	and	crystals,	and	the	names	of	particular	materials,	such	as	iron	or	silicon,	may	be
introduced	in	conjunction	with	experiences	or	investigations	that	help	students	identify	the	characteristics	that	distinguish	one	material	from	others,	thereby	allowing	it	to	be	categorized.	However,	no	stress	is	placed	on	chemical	formulas	or	symbols	for	substances.	Based	on	studies	of	various	kinds	of	matter	and	their	properties	(such	as	heat
conduction,	elasticity,	or	reflectivity),	students	can	present	evidence	that	measurements	of	a	variety	of	properties	are	useful	in	identifying	particular	materials.	Similarly,	based	on	measurements	that	Page	236	Share	Cite	Suggested	Citation:"9	Integrating	the	Three	Dimensions."	National	Research	Council.	2012.	A	Framework	for	K-12	Science
Education:	Practices,	Crosscutting	Concepts,	and	Core	Ideas.	Washington,	DC:	The	National	Academies	Press.	doi:	10.17226/13165.	×	identify	solid	to	liquid	and	liquid	to	gas	transition	temperatures	for	more	than	one	substance,	students	generalize	their	understanding	that	substances	change	state	at	specific	temperatures.	Students	also	are
encouraged	to	apply	their	understanding	of	matter	in	selecting	materials	for	design	purposes.	Throughout	this	grade	band,	all	of	the	scientific	and	engineering	practices	begin	to	be	developed	explicitly,	and	the	crosscutting	concepts	(flagged	in	italics	below)	are	used	to	begin	making	linkages	across	disciplinary	core	ideas—for	example,	to	connect
students’	understanding	of	matter	conservation	(e.g.,	in	evaporation	and	condensation,	as	described	above)	to	their	understanding	of	the	water	cycle	in	earth	science.	Students	also	note	patterns	in	their	observations,	recognizing	that	any	pattern	can	be	a	clue	that	needs	further	investigation	and	explanation.	By	the	end	of	grade	5,	students	should
have	developed	both	the	ability	and	the	habit	of	creating	models,	giving	model-based	explanations,	and	relating	their	models	to	evidence	and	inferences	drawn	from	observations.	Furthermore,	building	on	their	more	general	models	of	the	substructure	of	matter,	they	recognize	that	it	is	useful	to	develop	an	explicit	system	model	to	understand	any
given	system.	Boundary	Statements.	In	this	grade	band,	particles	are	introduced	as	pieces	of	matter	too	small	to	see,	but	their	nature	is	not	further	specified;	atoms	and	the	distinction	between	atoms	and	molecules	are	not	introduced.	If	particular	pure	substances,	such	as	oxygen	or	iron,	are	named,	the	chemical	formulas	are	not	introduced;	students’
learning	is	confined	to	the	familiar	names	of	these	substances,	their	important	properties,	and	their	roles	in	everyday	experience.	Mass	and	weight	are	not	distinguished,	and	although	solid	volume	can	be	introduced,	students	are	not	expected	to	be	able	to	calculate	volume,	except	for	that	of	a	rectangular	solid.	Evaporation	and	condensation	are
introduced	as	observable	phenomena,	but	the	processes	by	which	they	take	place	are	not	treated	at	this	grade	level.	Nor	is	the	calculation	of	density	from	measured	weight	and	volume	stressed,	although	a	qualitative	sense	of	density	as	a	property	of	matter	and	of	relative	densities	of	different	materials	can	be	developed.	GRADES	6-8:	ENDPOINT
AND	PROGRESSION	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	Page	237	Share	Cite
Suggested	Citation:"9	Integrating	the	Three	Dimensions."	National	Research	Council.	2012.	A	Framework	for	K-12	Science	Education:	Practices,	Crosscutting	Concepts,	and	Core	Ideas.	Washington,	DC:	The	National	Academies	Press.	doi:	10.17226/13165.	×	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	others;	in	a	gas,	they	are	widely	spaced	except	when	they	happen	to	collide.	In	a	solid,	atoms	are	closely	spaced	and	may	vibrate	in	position	but	do	not
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	predicted	using	these	models	of	matter.	(Boundary:	Predictions	here	are	qualitative,	not	quantitative.)	In	this
grade	band,	investigations	are	designed	to	enhance	students’	ability	to	create	explicit	models	and	to	use	them	for	developing	explanations	of	observations,	for	building	their	conceptions	of	matter,	and	for	analyzing	new	situations.	In	particular,	students	develop	and	apply	their	understanding	of	the	particle	model	of	matter.	In	grade	6	the	particles	are
still	not	defined,	but	representations	of	the	states	of	matter	(solid,	liquid,	and	gas)	include	the	concept	that,	although	the	particles	are	in	motion	in	all	three	states,	the	spacing	and	degree	of	relative	motion	differ	substantially	between	them.	The	role	of	forces	between	particles	also	begins	to	be	discussed	in	grade	6—topics	include	the	recognition	that
particles	in	a	solid	are	held	together	by	the	forces	of	mutual	attraction	and	repulsion	(which	act	like	springs)	and	that	there	are	forces	between	particles	in	a	gas	that	cause	them	to	change	their	paths	when	they	collide.	The	core	idea	of	energy	developed	across	this	grade	band	must	similarly	be	applied	in	the	context	of	models	of	matter—for	example,
to	understand	the	temperature	dependence	of	states	of	matter—and	to	develop	consistent	descriptions	of	such	phenomena	as	convection	and	conduction,	that	is,	heat	transfer	with	and	without	fluid	motion,	respectively.	Across	grades	6-8,	investigations	of	matter	continue	to	become	more	precise,	and	students’	understanding	of	the	particle	model	of
matter	continues	to	be	refined	through	comparisons	with	empirical	observations	and	suggested	models	that	explain	them.	By	grade	8,	students	should	be	able	to	distinguish	between	an	atom	and	a	molecule	and	the	roles	they	play	in	the	various	states	of	matter.	Students’	own	investigations	and	their	experiences	in	examining	data	from	external
sources	should	be	structured	to	help	them	examine	their	own	understanding	of	the	particle	model	and	help	them	move	toward	a	better	understanding.	Students	continue	to	draw	on	and	cultivate	their	skills	in	mathematics	and	language,	in	recognition	of	the	need	for	precision	in	both	the	measurement	and	interpretation	Page	238	Share	Cite
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matter.	Students	should	be	expected	to	apply	their	understanding	of	matter	in	the	context	of	earth	and	life	sciences,	recognizing	that	matter	conservation,	energy	conservation,	and	matter	flows	are	critical	concepts	for	understanding	many	large-scale	phenomena.	Using	evidence	collected	and	analyzed	from	their	own	investigations,	evidence	from
outside	sources	(e.g.,	atomic	images),	and	the	results	of	simulations,	students	confirm	a	model	that	matter	consists	of	atoms	in	motion—with	forces	between	the	atoms—and	that	the	motion	of	the	particles	is	temperature	dependent.	Students	can	connect	this	particle	model	of	matter	to	observations	and	present	arguments	based	on	it	to	defend	the
following	claims:	All	substances	are	made	from	approximately	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;	gases	and	liquids	are	made	of	molecules	or	inert	atoms,	which	are	moving	about	relative	to	each	other;	and	in	a	solid,	atoms	may	vibrate
in	position	but	do	not	change	relative	locations.	Students	can	select	different	materials	as	examples	to	support	the	claim	that	solids	may	be	formed	from	molecules	or	may	be	extended	structures	with	repeating	subunits	(e.g.,	crystals,	metals).	Recognizing	that	pure	substances	are	made	from	a	single	type	of	atom	or	molecule,	students	present
evidence	to	support	the	claim	that	each	pure	substance	has	characteristic	physical	and	chemical	properties	that	can	be	used	to	identify	it.	Boundary	Statement.	In	this	grade	band,	the	forces	and	structures	within	atoms	and	their	role	in	the	forces	between	atoms	are	not	introduced—nor	are	the	periodic	table	and	the	variety	of	types	of	chemical	bonds.
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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	repeating	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.	At	this	grade	band,	the	structures	within	atoms	and	their	relationships	to	the	forces	between	atoms	are	introduced.	Students’	understanding	of	the	particle	model	of	matter	is	developed	and	refined	through	investigations	and	analysis	of	data,	both	their	own	and	those	from	experiments
that	cannot	be	undertaken	in	the	science	classroom.	Increased	sophistication,	both	of	their	model-based	explanations	and	the	argumentation	by	which	evidence	and	explanation	are	linked,	is	developed	through	mathematical	and	language	skills	appropriate	to	the	grade	level.	Students’	conceptual	models	of	matter	are	extended,	based	on	evidence	from
their	own	and	others’	investigations,	to	include	the	following:	atoms	have	a	charged	substructure	of	a	nucleus	(made	from	protons	and	neutrons)	surrounded	by	electrons;	the	periodic	table	orders	elements	by	the	number	of	protons	and	places	those	with	similar	chemical	properties	in	the	same	columns;	and	the	repeating	patterns	of	this	table	reflect
patterns	of	outer	electron	states.	Students	can	cite	evidence	that	supports	this	model	and	relate	it	to	the	properties	of	matter,	particularly	to	the	variety	of	elements,	isotopes,	and	chemical	properties.	Students	use	their	understanding	of	electrical	interactions	to	support	claims	that	the	structure	and	interactions	of	matter	at	the	bulk	scale	(link	to
PS2.A)	are	determined	by	electrical	forces	within	and	between	atoms.	Students	also	use	their	understanding	of	stability	within	systems	(link	to	PS2.B)	and	the	relationship	between	forces	and	energy	(link	to	PS3.C)	to	support	claims	that	stable	forms	of	matter	are	those	that	minimize	the	energy	in	electric	and	magnetic	fields	within	the	system.
Students	can	then	argue	that	this	model	is	consistent	with	the	propositions	that	a	stable	molecule	has	less	energy	(by	an	amount	known	as	the	binding	energy,	which	is	the	sum	of	all	bond	energies)	than	the	same	set	of	atoms	separated	and	Page	240	Share	Cite	Suggested	Citation:"9	Integrating	the	Three	Dimensions."	National	Research	Council.
2012.	A	Framework	for	K-12	Science	Education:	Practices,	Crosscutting	Concepts,	and	Core	Ideas.	Washington,	DC:	The	National	Academies	Press.	doi:	10.17226/13165.	×	at	rest,	that	one	must	provide	at	least	this	energy	to	break	the	molecule	apart,	and	that	it	likewise	takes	energy	to	break	apart	stable	solid	matter.	Boundary	Statement.	The
following	topics	are	not	required:	the	structures	within	protons	and	neutrons,	the	existence	of	quarks,	and	the	relationship	between	(a)	the	strong	forces	between	quarks	and	(b)	the	“strong	nuclear”	force	between	protons	and	neutrons.	REFERENCES	1.	National	Research	Council.	(2007).	Taking	Science	to	School:	Learning	and	Teaching	Science	in
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12	science	education	system	so	that	implementation	of	the	framework	and	related	standards	can	more	readily	occur.	Standards	provide	a	vision	for	teaching	and	learning,	but	the	vision	cannot	be	realized	unless	the	standards	permeate	the	education	system	and	guide	curriculum,	instruction,	teacher	preparation	and	professional	development,	and
student	assessment.	By	“system”	we	mean	the	institutions	and	mechanisms	that	shape	and	support	science	teaching	and	learning	in	the	classroom.	Thus	the	system	includes	organization	and	administration	at	state,	district,	and	school	levels	as	well	as	teacher	education,	certification	requirements,	curriculum	and	instructional	resources,	assessment
policies	and	practices,	and	professional	development	programs.	Our	use	of	the	term	“system,”	however,	does	not	necessarily	imply	that	all	the	components	of	the	science	education	system	are	well	aligned	and	work	together	seamlessly.	Rather,	adopting	the	idea	of	a	system	(1)	acknowledges	the	complex	and	interacting	forces	that	shape	learning	and
teaching	at	the	classroom	level	and	(2)	provides	an	analytic	tool	for	thinking	about	these	various	forces.	The	next	section	is	an	overview	of	four	major	components	of	the	K-12	science	education	system,	and	in	succeeding	sections	we	consider	each	of	them	in	turn.	For	each	component,	we	discuss	what	must	be	in	place	in	order	for	it	to	align	with	the
framework’s	vision.	These	discussions	do	not	include	formal	recommendations	and	are	not	framed	as	standards	for	each	component,	because	the	committee	was	not	asked	to	undertake	the	kind	of	extensive	review—of	the	research	on	teacher	education,	Page	242	Share	Cite	Suggested	Citation:"10	Implementation:	Curriculum,	Instruction,	Teacher
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recommendations	for	related	sets	of	standards	for	each	component.	Indeed,	the	committee	and	the	timeline	for	our	work	would	have	required	considerable	expansion	in	order	to	give	such	an	endeavor	adequate	treatment.	The	committee	instead	relied	on	a	number	of	recent	reports	from	the	National	Research	Council	(NRC)	that	did	examine	research
related	to	each	of	the	components	discussed	in	this	chapter.	They	include	Knowing	What	Students	Know	[1],	Investigating	the	Influence	of	Standards	[2],	Systems	for	State	Science	Assessment	[3],	America’s	Lab	Report	[4],	Taking	Science	to	School	[5],	and	Preparing	Teachers	[6].	The	discussions	in	the	following	sections	are	based	primarily	on	these
reports.	Explicit	standards	for	teaching,	professional	development,	education	programs,	and	the	education	system	were	included	in	the	original	National	Science	Education	Standards	(NSES)	published	by	the	NRC	in	1996	[7].	Although	many	of	these	standards	are	still	relevant	to	K-12	science	education	today,	the	committee	did	not	undertake	a
thorough	review	of	these	portions	of	the	NSES.	Instead,	given	our	charge,	we	focused	on	the	NSES	standards	that	describe	science	content.	For	future	efforts,	we	suggest	that	a	review	of	the	other	NSES	standards,	in	light	of	the	research	and	development	that	has	taken	place	since	1996,	would	be	very	valuable;	such	a	review	could	serve	as	an
important	complement	to	the	current	effort.	KEY	COMPONENTS	OF	K-12	SCIENCE	EDUCATION	The	key	components	of	science	education	that	we	consider	in	this	chapter	are	curriculum,	instruction,	teacher	development,	and	assessment.	It	is	difficult	to	focus	on	any	particular	component	without	considering	how	it	is	influenced	by—and	how	it	in
turn	influences—the	other	components.	For	example,	what	students	learn	is	clearly	related	to	what	they	are	taught,	which	itself	depends	on	many	things:	state	science	standards;	the	instructional	materials	available	in	the	commercial	market	and	from	organizations	(such	as	state	and	federal	agencies)	with	science-related	missions;	the	curriculum
adopted	by	the	local	board	of	education;	teachers’	knowledge	and	practices	for	teaching;	how	teachers	elect	to	use	the	curriculum;	the	kinds	of	resources,	time,	and	space	that	teachers	have	for	their	instructional	work;	what	the	community	values	regarding	student	learning;	and	how	local,	state,	and	national	standards	and	assessments	influence
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We	are	not	attempting	to	provide	a	full	discussion	of	all	possible	influences	on	science	education;	rather,	we	focus	on	four	major	components	that	have	critical	roles	to	play	and	how	they	will	need	to	evolve	in	order	to	implement	the	kind	of	science	education	envisaged	by	this	framework.	Our	discussion	also	does	not	include	detailed	consideration	of
the	process	of	gaining	support	for	adoption	of	standards—for	example,	developing	public	will	and	engaging	with	state	and	local	policy	makers.	We	also	do	not	discuss	informal	settings	for	science	education,	which	provide	many	opportunities	for	learning	science	that	complement	and	extend	students’	experiences	in	school	[8].	A	Complex	System	Much
of	the	complexity	of	science	education	systems	derives	from	the	multiple	levels	of	control—classroom,	school,	school	district,	state,	and	national—across	which	curriculum,	instruction,	teacher	development,	and	assessment	operate;	thus	what	ultimately	happens	in	a	classroom	is	significantly	affected	by	decision	making	distributed	across	the	levels
and	multiple	channels	of	influence.	Each	teacher	ultimately	decides	how	and	what	to	teach	in	his	or	her	classroom,	but	this	decision	is	influenced	by	decisions	at	higher	levels	of	the	system.	First,	there	is	the	effect	of	decisions	made	at	the	school	level,	which	include	the	setting	of	expectations	and	sequences	in	certain	content	areas	as	well	as	the
principal’s,	department	chairs’,	or	team	leaders’	explicit	and	implicit	signals	about	teaching	and	learning	priorities	[9].	Leaders	at	the	school	level	may	also	make	decisions	about	the	time	and	resources	[10]	allocated	to	different	subjects	within	guidelines	and	requirements	set	by	the	state,	teacher	hiring	and	assignments,	the	usage	of	science	labs,
and,	in	some	cases,	the	presence	of	a	school	building’s	laboratory	space	in	the	first	place.	The	school	leaders’	expectations,	priorities,	and	decisions	establish	a	climate	that	encourages	or	discourages	particular	pedagogical	approaches,	collegial	interactions,	or	inservice	programs	[11,	12].	Furthermore,	a	school’s	degree	of	commitment	to	equity—to
providing	opportunities	for	all	students	to	learn	the	same	core	content—can	influence	how	students	are	scheduled	into	classes,	which	teachers	are	hired,	how	they	are	assigned	to	teach	particular	classes,	and	how	instructional	resources	are	identified	and	allocated	[13,	14].	At	the	next	level	of	the	system,	school	districts	are	responsible	for	(1)
ensuring	implementation	of	state	and	federal	education	policies;	(2)	formulating	additional	local	education	policies;	and	(3)	creating	processes	for	selecting	curricula,	purchasing	curriculum	materials,	and	determining	the	availability	of	instructional	resources.	District	leaders	develop	local	school	budgets,	set	instructional	priorities,	Page	244	Share
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incentive	structures,	and	influence	the	willingness	and	capacity	of	schools	and	teachers	to	explore	and	implement	different	instructional	techniques.	Teacher	hiring	and	school	assignment	may	also	occur	at	the	district	level.	Districts	may	provide	support	structures	and	professional	development	networks	that	enhance	the	capacity	of	schools	and
teachers	to	implement	effective	science	curriculum,	instruction,	and	formative	assessments.	The	state	level	is	a	particularly	important	one	for	schools.	States,	being	constitutionally	responsible	for	elementary	and	secondary	education,	play	major	roles	in	regulating	and	funding	education—they	provide	nearly	half	of	all	public	school	revenues	[15],	with
most	of	the	remainder	coming	from	local	property	taxes.	Each	state	must	develop	and	administer	its	own	policies	on	standards,	curriculum,	materials	selection	and	adoption,	teacher	licensure,	student	assessment,	and	educational	accountability.	Across	states,	the	authority	of	schools	and	districts	to	formulate	policy	varies	considerably.	Some	states
have	relatively	high	“local	control,”	with	more	power	residing	at	the	district	level;	others	states	have	more	centralized	control,	with	more	influence	exerted	by	the	state.	Finally,	although	the	federal	government	contributes	less	than	10	percent	of	all	funds	invested	by	states	and	local	districts	in	education	[16],	it	influences	education	at	all	levels
through	a	combination	of	regulations,	public	advocacy,	and	monetary	incentives.	For	example,	the	Elementary	and	Secondary	Education	Act	(No	Child	Left	Behind	Act)	requires	the	testing	of	students	at	specific	grade	levels.	There	are	also	influences	from	the	other	stakeholders	that	have	an	interest	in	science	education,	such	as	parents,	businesses,
local	communities,	and	professional	societies.	These	stakeholders	can	become	engaged	at	all	levels—national,	state,	local—and	often	have	a	significant	influence	on	what	is	taught	and	how	it	is	taught.	Clearly,	a	science	education	system	must	be	responsive	to	a	variety	of	influences—some	that	emanate	from	the	top	down,	some	from	the	bottom	up,
and	some	laterally	from	outside	formal	channels.	States	and	school	districts	generally	exert	considerable	influence	over	science	curricula,	and	they	set	policies	for	time	Page	245	Share	Cite	Suggested	Citation:"10	Implementation:	Curriculum,	Instruction,	Teacher	Development,	and	Assessment."	National	Research	Council.	2012.	A	Framework	for	K-
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science.	However,	classroom	teachers	in	the	lower	grades	may	have	some	latitude	in	how	they	use	instructional	time	to	meet	district	and	state	mandates.	In	high	school,	by	contrast,	district	and	state	graduation	requirements	affect	the	types	and	numbers	of	science	courses	that	all	students	are	required	to	take.	Beyond	such	minimum	requirements,
students	and	their	parents	determine	the	overall	science	course	load	that	each	student	takes.	The	Importance	of	Coherence	in	the	System	The	complexity	of	the	system—with	several	components	that	are	affected	by	or	operate	at	different	levels—presents	a	challenge	to	implementation	of	the	framework	and	its	related	standards.	Successful
implementation	requires	that	all	of	the	components	across	the	levels	cohere	or	work	together	in	a	harmonious	or	logical	way	to	support	the	new	vision.	This	kind	of	system-wide	coherence	is	difficult	to	achieve,	yet	it	is	essential	to	the	success	of	standards-based	science	education.	In	the	literature	on	education	policy,	the	term	“coherence”	is	often
used	interchangeably	with	another	term—“alignment”	[17-19]—although	others	have	suggested	that	alignment	alone	is	not	sufficient	to	make	a	system	coherent	[20].	For	example,	not	only	would	a	coherent	curriculum	be	well	aligned	across	the	grades	or	across	subjects,	it	would	also	be	logically	organized,	integrated,	and	harmonious	in	its	internal
structure.	Here	we	treat	coherence	as	the	broader	concept	and	alignment	as	only	one	of	its	dimensions.	A	standards-based	system	of	science	education	should	be	coherent	in	a	variety	of	ways	[3].	It	should	be	horizontally	coherent,	in	the	sense	that	the	curriculum-,	instruction-,	and	assessment-related	policies	and	practices	are	all	aligned	with	the
standards,	target	the	same	goals	for	learning,	and	work	together	to	support	students’	development	of	the	knowledge	and	understanding	of	science.	The	system	should	be	vertically	coherent,	in	the	sense	that	there	is	(a)	a	shared	understanding	at	all	levels	of	the	system	(classroom,	school,	school	district,	state,	and	national)	of	the	goals	for	science
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Concepts,	and	Core	Ideas.	Washington,	DC:	The	National	Academies	Press.	doi:	10.17226/13165.	×	uses	of	assessment.	The	system	should	also	be	developmentally	coherent,	in	the	sense	that	there	is	a	shared	understanding	across	grade	levels	of	what	ideas	are	important	to	teach	and	of	how	children’s	understanding	of	these	ideas	should	develop
across	grade	levels.	CURRICULUM	AND	INSTRUCTIONAL	MATERIALS	Curriculum	refers	to	the	knowledge	and	practices	in	subject	matter	areas	that	teachers	teach	and	that	students	are	supposed	to	learn.	A	curriculum	generally	consists	of	a	scope,	or	breadth	of	content,	in	a	given	subject	area	and	of	a	sequence	of	concepts	and	activities	for
learning.	While	standards	typically	outline	the	goals	of	learning,	curricula	set	forth	the	more	specific	means—materials,	tasks,	discussions,	representations—to	be	used	to	achieve	those	goals.	Curriculum	is	collectively	defined	by	teachers,	curriculum	coordinators	(at	both	the	school	and	the	district	levels),	state	agencies,	curriculum	development
organizations,	textbook	publishers,	and	(in	the	case	of	science)	curriculum	kit	publishers.	Although	standards	do	not	prescribe	specific	curricula,	they	do	provide	some	criteria	for	designing	curricula.	And	in	order	to	realize	the	vision	of	the	framework	and	standards,	it	is	necessary	that	aligned	instructional	materials,	textbooks,	and	computer	or	other
media-based	materials	be	developed	as	well.	Curricula	based	on	the	framework	and	resulting	standards	should	integrate	the	three	dimensions—scientific	and	engineering	practices,	crosscutting	concepts,	and	disciplinary	core	ideas—and	follow	the	progressions	articulated	in	this	report.	In	order	to	support	the	vision	of	this	framework,	standards-based
curricula	in	science	need	to	be	developed	to	provide	clear	guidance	that	helps	teachers	support	students	engaging	in	scientific	practices	to	develop	explanations	and	models	[5,	21-24].	In	addition,	curriculum	materials	need	to	be	developed	as	a	multiyear	sequence	that	helps	students	develop	increasingly	sophisticated	ideas	across	grades	K-12	[5,	25,
26].	Curriculum	materials	(including	technology)	themselves	are	developed	by	a	multicomponent	system	that	includes	for-profit	publishers	as	well	as	grant-funded	work	in	the	nonprofit	sectors	of	the	science	education	community.	The	adoption	of	standards	based	on	this	framework	by	multiple	states	may	help	drive	publishers	to	align	with	it.	Such
alignment	may	at	first	be	superficial,	but	schools,	districts,	and	states	can	influence	publishers	if	enough	of	them	are	asking	for	serious	alignment	with	the	framework	and	the	standards	it	engenders.	Page	247	Share	Cite	Suggested	Citation:"10	Implementation:	Curriculum,	Instruction,	Teacher	Development,	and	Assessment."	National	Research
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those	goals.	Integration	of	the	Three	Dimensions	The	framework’s	vision	is	that	students	will	acquire	knowledge	and	skill	in	science	and	engineering	through	a	carefully	designed	sequence	of	learning	experiences.	Each	stage	in	the	sequence	will	develop	students’	understanding	of	particular	scientific	and	engineering	practices,	crosscutting	concepts,
and	disciplinary	core	ideas	while	also	deepening	their	insights	into	the	ways	in	which	people	from	all	backgrounds	engage	in	scientific	and	engineering	work	to	satisfy	their	curiosity,	seek	explanations	about	the	world,	and	improve	the	built	world.	A	major	question	confronting	each	curriculum	developer	will	be	which	of	the	practices	and	crosscutting
concepts	to	feature	in	lessons	or	units	around	a	particular	disciplinary	core	idea	so	that,	across	the	curriculum,	they	all	receive	sufficient	attention	[27].	Every	science	unit	or	engineering	design	project	must	have	as	one	of	its	goals	the	development	of	student	understanding	of	at	least	one	disciplinary	core	idea.	In	addition,	explicit	reference	to	each
crosscutting	concept	will	recur	frequently	and	in	varied	contexts	across	disciplines	and	grades.	These	concepts	need	to	become	part	of	the	language	of	science	that	students	use	when	framing	questions	or	developing	ways	to	observe,	describe,	and	explain	the	world.	Similarly,	the	science	and	engineering	practices	delineated	in	this	framework	should
become	familiar	as	well	to	students	through	increasingly	sophisticated	experiences	with	them	across	grades	K-8	[28,	29].	Although	not	every	such	practice	will	occur	in	every	context,	the	curriculum	should	provide	repeated	opportunities	across	various	contexts	for	students	to	develop	their	facility	with	these	practices	and	use	them	as	a	support	for
developing	deep	understanding	of	the	concepts	in	question	and	of	the	nature	of	science	and	of	engineering.	This	will	require	substantial	redesign	of	current	and	future	curricula	[30,	31].	Important	Aspects	of	Science	Curriculum	In	addition	to	alignment	with	the	framework,	there	are	many	other	aspects	for	curriculum	designers	to	consider	that	are
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for	transparent	research	procedures	and	honest	reporting	of	findings.	be	better	treated	at	the	level	of	curriculum	design	than	at	the	level	of	framework	and	standards.	Considerations	of	the	historical,	social,	cultural,	and	ethical	aspects	of	science	and	its	applications,	as	well	as	of	engineering	and	the	technologies	it	develops,	need	a	place	in	the
natural	science	curriculum	and	classroom	[32,	33].	The	framework	is	designed	to	help	students	develop	an	understanding	not	only	that	the	various	disciplines	of	science	and	engineering	are	interrelated	but	also	that	they	are	human	endeavors.	As	such,	they	may	raise	issues	that	are	not	solved	by	scientific	and	engineering	methods	alone.	For	example,
because	decisions	about	the	use	of	a	particular	technology	raise	issues	of	costs,	risks,	and	benefits,	the	associated	societal	and	environmental	impacts	require	a	broader	discussion.	Perspectives	from	history	and	the	social	and	behavioral	sciences	can	enlighten	the	consideration	of	such	issues;	indeed,	many	of	them	are	addressable	either	in	the	context
of	a	social	studies	course,	a	science	course,	or	both.	In	either	case,	the	importance	of	argument	from	evidence	is	critical.	It	is	also	important	that	curricula	provide	opportunities	for	discussions	that	help	students	recognize	that	some	science-	or	engineering-related	questions,	such	as	ethical	decisions	or	legal	codes	for	what	should	or	should	not	be
done	in	a	given	situation,	have	moral	and	cultural	underpinnings	that	vary	across	cultures.	Similarly,	through	discussion	and	reflection,	students	can	come	to	realize	that	scientific	inquiry	embodies	a	set	of	values.	These	values	include	respect	for	the	importance	of	logical	thinking,	precision,	open-mindedness,	objectivity,	skepticism,	and	a	requirement
for	transparent	research	procedures	and	honest	reporting	of	findings.	Students	need	opportunities,	with	increasing	sophistication	across	the	grade	levels,	to	consider	not	only	the	applications	and	implications	of	science	and	engi-neering	in	society	but	also	the	nature	of	the	human	endeavor	of	science	and	engineering	themselves.	They	likewise	need	to
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pathways	that	capture	their	interest	in	these	fields	and	build	their	identities	as	engaged	and	capable	learners	of	science	and	engineering	[34,	35].	Teaching	science	and	engineering	without	reference	to	their	rich	variety	of	human	stories,	to	the	puzzles	of	the	past	and	how	they	were	solved,	and	to	the	issues	of	today	that	science	and	engineering	must
help	address	would	be	a	major	omission.	It	would	isolate	science	and	engineering	from	their	human	roots,	undervalue	their	intellectual	and	creative	contributions,	and	diminish	many	students’	interest.	Finally,	when	considering	how	to	integrate	these	aspects	of	learning	into	the	science	and	engineering	curriculum,	curriculum	developers,	as	well	as
classroom	teachers,	face	many	further	important	questions.	For	example,	is	a	topic	best	addressed	by	invoking	its	historical	development	as	a	story	of	scientific	discovery?	Is	it	best	addressed	in	the	context	of	a	current	problem	or	issue?	Or	is	it	best	conveyed	through	an	investigation?	What	technology	or	simulation	tools	can	aid	student	learning?	In
addition,	how	are	diverse	student	backgrounds	explicitly	engaged	as	resources	in	structuring	learning	experiences	[36,	37]?	And	does	the	curriculum	offer	sufficiently	varied	examples	and	opportunities	so	that	all	students	may	identify	with	scientific	knowledge-building	practices	and	participate	fully	[38,	39]?	These	choices	occur	both	in	the
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both	teachers	and	students.	It	can	be	carried	out	by	a	variety	of	pedagogical	techniques,	sequences	of	activities,	and	ordering	of	topics.	Although	the	framework	does	not	specify	a	particular	pedagogy,	integration	of	the	three	dimensions	will	require	that	students	be	actively	involved	in	the	kinds	of	learning	opportunities	that	classroom	research
suggests	are	important	for	(1)	their	understanding	of	science	concepts	[5,	40-42],	(2)	their	identities	as	learners	of	science	[43,	44],	and	(3)	their	appreciation	of	scientific	practices	and	crosscutting	concepts	[45,	46].	Several	previous	NRC	committees	working	on	topics	related	to	science	education	have	independently	concluded	that	there	is	not
sufficient	evidence	to	make	prescriptive	recommendations	about	which	approaches	to	science	instruction	are	most	effective	for	achieving	particular	learning	goals	[3-5].	However,	the	recent	report	Preparing	Teachers	noted	that	“there	is	a	clear	inferential	link	between	the	nature	of	what	is	in	the	standards	and	the	nature	of	classroom	instruction.



Instruction	throughout	K-12	education	is	likely	to	develop	science	proficiency	if	it	provides	students	with	opportunities	for	a	range	of	scientific	activities	and	scientific	thinking,	including,	but	not	limited	to:	inquiry	and	investigation,	collection	and	analysis	of	evidence,	logical	reasoning,	and	communication	and	application	of	information”	[6].	For
example,	researchers	have	studied	classroom	teaching	interventions	involving	curriculum	structures	that	support	epistemic	practices	(i.e.,	articulation	and	evaluation	of	one’s	own	knowledge,	coordination	of	theory	and	evidence)	[47];	instructional	approaches	for	English	language	learners	[48];	the	effects	of	project-based	curricula	and	teaching
practices	[49];	the	effects	of	instruction	on	core	ideas,	such	as	the	origin	of	species	[50];	and	the	influence	of	multiple	representations	of	learning	[51].	Others	have	investigated	curricular	approaches	and	instructional	practices	that	are	matched	to	national	standards	[52]	or	are	focused	on	model-based	inquiry	[24].	In	some	work,	there	is	a	particular
interest	in	the	role	of	students’	learning	of	scientific	discourses,	especially	argumentation	[33,	53,	54].	Taken	together,	this	work	suggests	teachers	need	to	develop	the	capacity	to	use	a	variety	of	approaches	in	science	education.	Much	of	this	work	has	examined	pedagogical	issues	related	to	the	“strands”	of	scientific	proficiency	outlined	in	Taking
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Academies	Press.	doi:	10.17226/13165.	×	What	It	Means	to	Learn	Science	The	NRC	report	Taking	Science	to	School	[5]	concluded	that	proficiency	in	science	is	multifaceted	and	therefore	requires	a	range	of	experiences	to	support	students’	learning.	That	report	defined	the	following	four	strands	of	proficiency,	which	it	maintained	are	interwoven	in
successful	science	learning:	1.	Knowing,	using,	and	interpreting	scientific	explanations	of	the	natural	world.	2.	Generating	and	evaluating	scientific	evidence	and	explanations.	3.	Understanding	the	nature	and	development	of	scientific	knowledge.	4.	Participating	productively	in	scientific	practices	and	discourse.	Strand	1	includes	the	acquisition	of
facts,	laws,	principles,	theories,	and	models	of	science;	the	development	of	conceptual	structures	that	incorporate	them;	and	the	productive	use	of	these	structures	to	understand	the	natural	world.	Students	grow	in	their	understanding	of	particular	phenomena	as	well	as	in	their	appreciation	of	the	ways	in	which	the	construction	of	models	and
refinement	of	arguments	contribute	to	the	improvement	of	explanations	[29,	55].	Strand	2	encompasses	the	knowledge	and	practices	needed	to	build	and	refine	models	and	to	provide	explanations	(conceptual,	computational,	and	mechanistic)	based	on	scientific	evidence.	This	strand	includes	designing	empirical	investigations	and	measures	for	data
collection,	selecting	representations	and	ways	of	analyzing	the	resulting	data	(or	data	available	from	other	sources),	and	using	empirical	evidence	to	construct,	critique,	and	defend	scientific	arguments	[45,	56].	Strand	3	focuses	on	students’	understanding	of	science	as	a	way	of	knowing.	Scientific	knowledge	is	a	particular	kind	of	knowledge	with	its
own	sources,	justifications,	ways	of	dealing	with	uncertainties	[40],	and	agreed-on	levels	of	certainty.	When	students	understand	how	scientific	knowledge	is	developed	over	systematic	observations	across	multiple	investigations,	how	it	is	justified	and	critiqued	on	the	basis	of	evidence,	and	how	it	is	validated	by	the	larger	scientific	community,	the
students	then	recognize	that	science	entails	the	search	for	core	explanatory	constructs	and	the	connections	between	them	[57].	They	come	to	appreciate	that	alternative	interpretations	of	scientific	evidence	can	occur,	that	such	interpretations	must	be	carefully	scrutinized,	and	that	the	plausibility	of	the	supporting	evidence	must	be	considered.	Thus
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Crosscutting	Concepts,	and	Core	Ideas.	Washington,	DC:	The	National	Academies	Press.	doi:	10.17226/13165.	×	be	revised	on	the	basis	of	seeing	new	evidence	or	of	developing	a	new	model	that	accounts	for	the	existing	evidence	better	than	previous	models	did.	Strand	4	includes	students’	effective	engagement	in	science	practices	with	an
understanding	of	the	norms	for	participating	in	science,	such	as	norms	for	constructing	and	presenting	scientific	models	and	explanations,	for	critiquing	and	defending	a	claim	while	engaged	in	scientific	debates,	and	for	students’	motivation	and	attitudes	toward	science.	For	example,	over	time,	students	develop	more	sophisticated	uses	of	scientific
talk—which	includes	making	claims	and	using	evidence—and	of	scientific	representations,	such	as	graphs	[58],	physical	models	[59],	and	written	arguments	[60,	61].	They	come	to	see	themselves	as	members	of	a	scientific	community	in	which	they	test	ideas,	develop	shared	representations	and	models,	and	reach	consensus.	Students	who	see	science
as	valuable	and	interesting	and	themselves	as	capable	science	learners	also	tend	to	be	capable	learners	as	well	as	more	effective	participants	in	science	[8].	They	believe	that	steady	effort	in	understanding	science	pays	off—as	opposed	to	erroneously	thinking	that	some	people	understand	science	and	other	people	never	will.	To	engage	productively	in
science,	however,	students	need	to	understand	how	to	participate	in	scientific	discussions,	how	to	adopt	a	critical	stance	while	respecting	the	contributions	of	others,	and	how	to	ask	questions	and	revise	their	own	opinions	[62].	The	four	strands	imply	that	learning	science	involves	learning	a	system	of	thought,	discourse,	and	practice—all	in	an
interconnected	and	social	context—to	accomplish	the	goal	of	working	with	and	understanding	scientific	ideas.	This	perspective	stresses	how	conceptual	understanding	is	linked	to	the	ability	to	develop	explanations	of	phenomena	and	to	carry	out	empirical	investigations	in	order	to	develop	or	evaluate	those	knowledge	claims.	Furthermore,	it
recognizes	the	conceptual	effort	needed	for	students’	naive	conceptions	of	the	world	to	be	modified	as	they	learn	science,	rather	than	maintained	with	little	change	even	as	they	contradict	the	material	being	taught.	These	strands	are	not	independent	or	separable	in	the	practice	of	science,	nor	in	the	teaching	and	learning	of	science.	Rather,	they	are
mutually	supportive—students’	advances	in	one	strand	tend	to	leverage	or	promote	advances	in	other	strands.	Furthermore,	students	use	them	together	when	engaging	in	scientific	tasks.	The	NRC	report	Learning	Science	in	Informal	Environments	[8]	built	on	these	proficiencies	by	including	two	additional	strands.	The	first	highlighted	the	importance
of	personal	interests	related	to	science,	and	the	second	noted	the	importance	of	helping	learners	come	to	identify	with	science	as	an	endeavor	they	want	to	seek	out,	engage	in,	and	perhaps	contribute	to.	Science-linked	interests	Page	253	Share	Cite	Suggested	Citation:"10	Implementation:	Curriculum,	Instruction,	Teacher	Development,	and
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the	framework	(see	Chapters	2	and	11).	Although	the	strands	are	useful	for	thinking	about	proficiencies	that	students	need	to	develop,	as	framed	they	do	not	describe	in	any	detail	what	it	is	that	students	need	to	learn	and	practice.	Thus	they	cannot	guide	standards,	curricula,	or	assessment	without	further	specification	of	the	knowledge	and	practices
that	students	must	learn.	The	three	dimensions	that	are	developed	in	this	framework—practices,	crosscutting	concepts,	and	disciplinary	core	ideas—make	that	specification	and	attempt	to	realize	the	commitments	to	the	strands	of	scientific	literacy	in	the	four	strands.	There	is	not	a	simple	one-to-one	mapping	of	strands	to	the	dimensions,	because	the
strands	are	interrelated	aspects	of	how	learners	engage	with	scientific	ideas.	Table	10-1	summarizes	how	the	strands	of	scientific	literacy	guided	the	design	of	the	dimensions	in	the	framework.	Implications	for	Instruction	As	the	report	Taking	Science	to	School	concludes,	“a	range	of	instructional	approaches	is	necessary	as	part	of	a	full	development
of	the	four	strands	of	proficiency.	All	students	need	to	experience	these	different	approaches”	[5].	“Approaches”	here	refer	to	the	wide	range	of	instructional	strategies—from	those	that	are	led	exclusively	by	the	teacher	to	those	that	are	led	primarily	by	the	student—that	teachers	can	employ	in	science	classrooms.	Instruction	may	involve	teacher	talk
and	questioning,	or	teacher-led	activities,	or	collaborative	small-group	investigations	[63],	or	student-led	activities.	The	extent	of	each	alternative	varies,	depending	on	the	initial	ideas	that	students	bring	to	learning	(and	their	consequent	needs	for	scaffolding),	the	nature	of	the	content	involved,	and	the	available	curriculum	support.	Current	research
in	K-12	science	classrooms	reveals	that	earlier	debates	about	such	dichotomies	as	“direct	instruction”	and	“inquiry”	are	simplistic,	even	mistaken,	as	a	characterization	of	science	pedagogy	[5].	This	research	focuses	on	particular	aspects	of	teaching	methods,	such	Page	254	Share	Cite	Suggested	Citation:"10	Implementation:	Curriculum,	Instruction,
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Framework	How	the	Framework	Is	Designed	to	Deliver	on	the	Commitment	in	the	Strand	1.	Knowing,	using,	and	interpreting	scientific	explanations	of	the	natural	world	Disciplinary			Core	Ideas	Crosscutting			Concepts	Specify	big	ideas,	not	lists	of	facts:	Core	ideas	in	the	framework	are	powerful	explanatory	ideas,	not	a	simple	list	of	facts,	that	help
learners	explain	important	aspects	of	the	natural	world.	Many	important	ideas	in	science	are	crosscutting,	and	learners	should	recognize	and	use	these	explanatory	ideas	(e.g.,	systems)	across	multiple	scientific	contexts.	2.	Generating	and	evaluating	scientific	evidence	and	explanations	4.	Participating	productively	in	scientific	practices	and	discourse
Practices	Learning	is	defined	as	the	combination	of	both	knowledge	and	practice,	not	separate	content	and	process	learning	goals:	Core	ideas	in	the	framework	are	specified	not	as	explanations	to	be	consumed	by	learners.	The	performances	combine	core	ideas	and	practices.	The	practices	include	several	methods	for	generating	and	using	evidence	to
develop,	refine,	and	apply	scientific	explanations	to	construct	accounts	of	scientific	phenomena.	Students	learn	and	demonstrate	proficiency	with	core	ideas	by	engaging	in	these	knowledge-building	practices	to	explain	and	make	scientifically	informed	decisions	about	the	world.	3.	Understanding	the	nature	and	development	of	scientific	knowledge
Practices	Crosscutting			Concepts	Practices	are	defined	as	meaningful	engagement	with	disciplinary	practices,	not	rote	procedures:	Practices	are	defined	as	meaningful	practices	in	which	learners	are	engaged	in	building,	refining,	and	applying	scientific	knowledge,	to	understand	the	world,	and	not	as	rote	procedures	or	a	ritualized	“scientific
method.”	Engaging	in	the	practices	requires	being	guided	by	understandings	about	why	scientific	practices	are	done	as	they	are—what	counts	as	a	good	explanation,	what	counts	as	scientific	evidence,	how	it	differs	from	other	forms	of	evidence,	and	so	on.	These	understandings	are	represented	in	the	nature	of	the	practices	and	in	crosscutting
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The	National	Academies	Press.	doi:	10.17226/13165.	×	as	teachers’	oral	strategies	in	guided	science	inquiry	[64]	and	how	they	influence	students’	progress	in	scientific	practices,	crosscutting	concepts	and	core	ideas.	For	example,	McNeill	and	Krajcik	[22]	studied	how	teachers’	instructional	practices	affected	students’	scientific	explanations;	Kanter
and	Konstantopoulos	[32]	reported	on	the	effects	of	teachers’	content	knowledge	and	instructional	practices	on	minority	students’	achievements,	attitudes,	and	careers.	Other	research	has	tracked	how	students’	learning	of	scientific	argumentation	related	to	their	development	of	scientific	knowledge	[65,	66].	Technological	resources	for	science
learning	offer	another	instructional	option	[67-69].	Engagement	in	the	scientific	and	engineering	practices	and	the	undertaking	of	sustained	investigations	related	to	the	core	ideas	and	crosscutting	concepts	provide	the	strategies	by	which	the	four	strands	can	be	developed	together	in	instruction.	The	expectation	is	that	students	generate	and
interpret	evidence	and	develop	explanations	of	the	natural	world	through	sustained	investigations.	However,	such	investigations	must	be	carefully	selected	to	link	to	important	scientific	ideas,	and	they	must	also	be	structured	with	attention	to	the	kinds	of	support	that	students	will	need,	given	their	level	of	proficiency.	Without	support,	students	may
have	difficulty	finding	meaning	in	their	investigations,	or	they	may	fail	to	see	how	the	investigations	are	relevant	to	their	other	work	in	the	science	classroom,	or	they	may	not	understand	how	their	investigations’	outcomes	connect	to	a	given	core	idea	or	crosscutting	concept	[70].	Finally,	sufficient	time	must	be	allocated	to	science	so	that	sustained
investigations	can	occur.	TEACHER	DEVELOPMENT	Ultimately,	the	interactions	between	teachers	and	students	in	individual	classrooms	are	the	determining	factor	in	whether	students	learn	science	successfully.	Thus	teachers	are	the	linchpin	in	any	effort	to	change	K-12	science	education.	And	it	stands	to	reason	that	in	order	to	support
implementation	of	the	new	standards	and	the	curricula	designed	to	achieve	them,	the	initial	preparation	and	professional	development	of	teachers	of	science	will	need	to	change.	Schools,	districts,	institutions	of	higher	education,	state	agencies,	and	other	entities	recruit,	prepare,	license,	and	evaluate	teachers	and	provide	an	array	of	opportunities	for
their	continued	professional	learning.	A	coherent	approach	to	implementing	standards	would	require	all	of	these	entities	to	work	toward	common	goals	and	to	evaluate	the	effectiveness	of	their	requirements,	procedures,	teaching	experiences,	and	courses	in	supporting	the	desired	Page	256	Share	Cite	Suggested	Citation:"10	Implementation:
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to	support	implementation	of	the	new	standards	and	the	curricula	designed	to	achieve	them,	the	initial	preparation	and	professional	development	of	teachers	of	science	will	need	to	change.	approaches.	(A	common	response	from	state	science	supervisors	who	reviewed	the	framework’s	draft	version	was	to	recognize	the	professional	development
demands	it	would	place	on	the	education	systems	in	which	they	operate.)	Alignment	of	teacher	preparation	and	professional	development	with	the	vision	of	science	education	advanced	in	this	framework	is	essential	for	eventual	widespread	implementation	of	the	type	of	instruction	that	will	be	needed	for	students	to	achieve	the	standards	based	on	it.
Teaching	science	as	envisioned	by	the	framework	requires	that	teachers	have	a	strong	understanding	of	the	scientific	ideas	and	practices	they	are	expected	to	teach,	including	an	appreciation	of	how	scientists	collaborate	to	develop	new	theories,	models,	and	explanations	of	natural	phenomena.	Rarely	are	college-level	science	courses	designed	to
offer	would-be	science	teachers,	even	those	who	major	in	science,	the	opportunity	to	develop	these	understandings.	Courses	designed	with	this	goal	are	needed.	Teachers	also	need	to	understand	what	initial	ideas	students	bring	to	school	and	how	they	may	best	develop	an	understanding	of	scientific	and	engineering	practices,	crosscutting	concepts,
and	disciplinary	core	ideas	across	multiple	grades	[71].	Furthermore,	in	order	to	move	students	along	the	developmental	progression	of	practices,	crosscutting	concepts,	and	core	ideas,	teachers	need	science-specific	pedagogical	content	knowledge	[72-74]—such	as	the	ability	to	recognize	common	prescientific	notions	that	underlie	a	student’s
questions	or	models—in	order	to	choose	the	pedagogical	approaches	that	can	build	on	those	notions	while	moving	students	toward	greater	scientific	understanding	of	the	topics	in	question.	In	sum,	teachers	at	all	levels	must	understand	the	scientific	and	engineering	practices,	crosscutting	concepts,	and	disciplinary	core	ideas;	how	students	learn
them;	and	the	range	of	instructional	strategies	that	can	support	their	learning.	Furthermore,	teachers	need	to	learn	how	to	use	student-developed	models,	classroom	discourse,	and	other	formative	assessment	approaches	to	gauge	student	thinking	and	design	further	instruction	based	on	it.	A	single	“science	methods”	course	cannot	develop	this
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across	all	subjects	for	high	school	science	teachers,	nor	across	all	grades	for	elementary	school	teachers.	Furthermore,	many	teachers	now	enter	the	system	through	alternative	paths	that	may	not	include	coursework	in	science	teaching.	The	research	base	related	to	strategies	for	science	teacher	preparation	has	been	growing	in	the	past	decades	[75-
77].	Recent	research	has	focused	on	the	kinds	of	teacher	knowledge	to	be	addressed	[78-82],	particular	programs	and	courses	for	prospective	teachers	[83],	and	how	induction	programs	(which	provide	early	mentoring	and	evaluation	experiences,	for	example)	can	support	new	teachers	[84].	However,	an	NRC	committee	charged	with	reviewing
teacher	preparation	programs	concluded	that	there	is	virtually	“no	systematic	information	on	the	content	or	practices	of	preparation	programs	or	requirements	for	science	teachers	across	states”	[6].	In	other	words,	while	there	is	some	research	on	what	might	be	effective	in	preservice	education	little	is	known	about	what	is	actually	offered.	State
licensure	requirements	and	the	content	of	state	licensing	exams	suggest	that	the	requirements	in	science	are	fairly	weak	for	elementary	teachers	and	probably	inadequate	for	middle	school	teachers.	Although	there	is	some	evidence	about	approaches	to	professional	development	for	K-12	science	teachers	[85-93],	the	research	base	needs	further
evidence	from	studies	across	K-12	teachers	at	different	grade	levels	and	across	different	disciplines	[94-96].	Given	these	circumstances,	the	discussion	in	the	following	subsections	is	based	on	the	information	available,	the	committee’s	professional	judgments,	and	logical	inferences	about	what	knowledge	and	skills	teachers	need	to	have	in	order	to
provide	the	learning	experiences	implied	by	the	framework.	Preservice	Experiences	Prospective	science	teachers	will	need	science	courses	and	other	experiences	that	provide	a	thorough	grounding	in	all	three	of	the	framework’s	dimensions	[97].	Thus	science	teacher	preparation	must	develop	teachers’	focus	on,	and	deepen	their	understanding	of	the
crosscutting	concepts,	disciplinary	core	ideas	[98,	99],	and	scientific	and	engineering	practices	[100]	so	as	to	better	engage	their	students	in	these	dimensions	[101,	102].	The	goal	of	building	students’	understanding	of	the	core	ideas	over	multiple	grades	means	that	teachers	will	need	to	appreciate	both	the	current	intellectual	capabilities	of	their
students	and	their	developmental	trajectories	[103].	Toward	this	end,	preservice	teachers	will	need	experiences	that	help	them	understand	how	students	think,	what	they	are	capable	of	doing,	and	what	they	might	reasonably	be	expected	to	do	under	supportive	instructional	conditions	[81].	Page	258	Share	Cite	Suggested	Citation:"10	Implementation:
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think,	what	they	are	capable	of	doing,	and	what	they	might	reasonably	be	expected	to	do	under	supportive	instructional	conditions.	Ensuring	that	teachers	incorporate	the	full	range	of	scientific	and	engineering	practices	described	in	the	framework	is	likely	to	be	a	challenge,	but	science	methods	courses	will	need	revision	to	support	prospective
teachers’	eventual	facility	with	that	range	in	their	classrooms.	This	means	introducing	prospective	teachers	to	a	spectrum	of	scientific	investigations,	including	simple	investigations	in	the	classroom	using	everyday	materials,	field	studies	outside	the	classroom	[6],	formal	experiments	carried	out	in	the	laboratory	[104],	and	student-designed
investigations	[54].	Teachers	also	need	opportunities	to	develop	the	knowledge	and	practices	to	support	these	investigations,	including	how	to	prepare,	organize,	and	maintain	materials;	implement	safety	protocols;	organize	student	groups;	and	guide	students	as	they	collect,	represent,	analyze,	discuss	data,	argue	from	evidence,	and	draw	conclusions
[80].	Given	that	prospective	teachers	often	rely	heavily	on	curricular	materials	to	guide	their	preparation	and	teaching,	they	will	also	need	experiences	in	analyzing	and	revising	curricular	materials	using	standards-	and	research-based	criteria	[105,	106].	In	addition,	in	this	age	of	accountability,	new	teachers	will	need	support	in	developing	their
knowledge	of	forms	of	assessment	[79].	Beyond	investigations,	the	discourse	practices	also	are	an	important	component	of	the	framework	[82,	107];	teachers	will	need	support	to	learn	how	to	facilitate	appropriate	and	effective	discourse	in	their	classrooms	[108,	109].	The	emphasis	on	modeling	is	also	new	and	will	need	to	be	an	explicit	element	of
teacher	preparation	[75,	110].	Moreover,	preservice	experiences	will	need	to	help	teachers	develop	explicit	ways	to	bring	the	crosscutting	concepts	into	focus	as	they	teach	disciplinary	content	ideas.	In	effect,	the	framework	calls	for	using	a	common	language	across	grade	levels	for	both	scientific	and	engineering	practices	and	crosscutting	concepts.
Engaging	teachers	in	using	this	language	during	their	preparation	experiences	is	one	strategy	for	ensuring	that	they	develop	facility	and	comfort	with	using	it	in	the	classroom.	The	practices	of	obtaining,	representing,	communicating,	and	presenting	information	pose	a	particular	challenge.	Although	elementary	science	teachers	are	usually	also
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Academies	Press.	doi:	10.17226/13165.	×	realm,	this	is	not	the	case	for	most	secondary	science	teachers.	Even	for	elementary	teachers,	their	experience	as	literacy	teachers	rarely	stresses	science-specific	issues,	such	as	developing	understanding	based	on	integrating	text	with	pictures,	diagrams,	and	mathematical	representations	of	information.	For
science	teachers	to	embrace	their	role	as	teachers	of	science	communication	and	of	practices	of	acquiring,	evaluating,	and	integrating	information	from	multiple	sources	and	multiple	forms	of	presentation,	their	preparation	as	teachers	will	need	to	be	strong	in	these	areas	[111].	The	committee	recognizes	that	incorporating	the	elements	identified
above	will	place	significant	demands	on	existing	teacher	preparation	programs	and	on	science	teaching	in	college-level	science	departments.	This	may	be	particularly	the	case	for	the	preparation	of	elementary	teachers,	who	are	typically	required	to	take	only	a	limited	number	of	science	courses	and	a	single	science	methods	course.	A	variety	of
mechanisms	for	integrating	these	elements	will	probably	need	to	be	considered,	including	modification	of	courses,	addition	of	courses,	and	changes	in	licensing	requirements.	Any	such	redesigns	should	be	oriented	to	the	framework’s	three	dimensions	while	incorporating	research-based	knowledge	of	what	is	most	effective	in	teacher	preparation.
Inservice	Professional	Development	Preservice	preparation	alone	cannot	fully	prepare	science	teachers	to	implement	the	three	dimensions	of	the	framework	as	an	integrated	and	effective	whole.	Inservice	professional	development	will	also	be	necessary	to	support	teachers	as	they	move	into	classrooms	and	teach	science	education	curricula	based	on
the	framework	[19,	112]	and	to	introduce	current	teachers	to	the	elements	of	the	framework	and	the	teaching	practices	that	are	needed	to	support	them.	Science-specific	induction,	and	mentoring,	and	ongoing	professional	development	for	teachers	at	all	stages	of	their	careers,	are	needed.	This	professional	development	should	not	only	be	rich	in
scientific	and	engineering	practices,	crosscutting	concepts,	and	disciplinary	core	ideas	but	also	be	closely	linked	to	teachers’	classroom	practices	and	needs	[113].	Such	professional	development	will	thus	need	to	be	closely	tied	to	the	standards	and	curricula	specific	to	the	school,	district,	and	state	in	which	a	particular	teacher	is	teaching	[64].	This
burden	will	fall	at	local	and	state	levels,	but	the	capacity	to	meet	it	could	be	improved	by	coordinated	development	of	teacher	inservice	programs	capable	of	serving	multiple	states	that	choose	to	adopt	the	same	set	of	standards.	The	capacity	of	the	informal	science	learning	sector	to	support	effective	teacher	development	Page	260	Share	Cite
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work	that	such	institutions	as	science	museums	do	in	teacher	professional	development	is	likewise	aligned	to	the	framework’s	vision.	Because	elementary	teachers	teach	several	subjects,	it	will	be	especially	important	to	consider	how	best	to	meet	their	combined	needs	through	teacher	preparation,	early-	career	induction	support,	and	ongoing
professional	development	[114].	Some	exploration	of	alternate	models	of	teacher	assignment,	particularly	at	the	upper	elementary	and	middle	school	grades,	may	be	needed.	Even	for	secondary	science	teachers,	facility	with	conceptual	understanding	of	the	framework	[115,	116]	and	with	the	practices	described	here	[80,	117]	will	require	continuing
professional	development.	It	should	be	understood	that	effective	implementation	of	the	new	standards	may	require	ongoing	professional	development	support	and	that	this	support	may	look	different	from	earlier	versions.	For	example,	the	use	of	technology-facilitated	approaches—such	as	teachers’	video	clubs	to	study	their	practices	collaboratively
[118]	or	the	use	of	geospatial	or	modeling	technology—while	rare	today,	may	become	commonplace	[119].	ASSESSMENT	Assessment	refers	to	the	means	used	to	measure	the	outcomes	of	curriculum	and	instruction—the	achievements	of	students	with	regard	to	important	competencies.	Assessment	may	include	formal	methods,	such	as	large-scale
standardized	state	testing,	or	less	formal	classroom-based	procedures,	such	as	quizzes,	class	projects,	and	teacher	questioning.	In	the	brief	subsections	that	follow,	we	discuss	some	of	the	more	challenging	issues	related	to	assessment	that	are	part	of	the	landscape	for	implementing	the	framework	and	its	resulting	standards.	Page	261	Share	Cite
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Knowing	What	Students	Know	[1],	there	are	at	least	three	purposes	for	educational	assessment:	1.	Formative	assessment	for	use	in	the	classroom	to	assist	learning.	Such	assessment	is	designed	to	provide	diagnostic	feedback	to	teachers	and	students	during	the	course	of	instruction.	Teachers	need	assessment	information	about	their	individual
students	to	guide	the	instructional	process.	2.	Summative	assessment	for	use	at	the	classroom,	school,	or	district	level	to	determine	student	attainment	levels.	Such	assessment	includes	tests,	given	at	the	end	of	a	unit	or	a	school	year,	that	are	designed	to	determine	what	individual	students	have	achieved.	3.	Assessment	for	program	evaluation,	used
in	making	comparisons	across	classrooms,	schools,	districts,	states,	or	nations.	Such	assessment	often	includes	standardized	tests	designed	to	measure	variation	in	the	outcomes	of	different	instructional	programs.	Schools,	districts,	and	states	typically	employ	assessments	for	all	three	purposes	and	sometimes	today	for	a	fourth	purpose—evaluation	of
teacher	effectiveness.	Often	the	multiple	forms	of	assessment	have	been	designed	separately	and	may	not	be	well	aligned	with	each	other	[3].	But	just	as	the	education	system	as	a	whole	needs	to	function	coherently	to	support	implementation	of	the	framework	and	related	standards,	the	multiple	forms	of	assessment	need	to	function	coherently	as
well.	That	is,	the	various	forms	of	assessment	should	all	be	linked	to	the	shared	goals	outlined	by	the	framework	and	related	standards	while	at	the	same	time	be	designed	to	achieve	the	specific	purpose	at	hand.	In	addition,	designers	of	assessments	need	to	consider	the	diverse	backgrounds	that	students	bring	with	them	to	science	class.	For	example,
from	an	analysis	of	the	language	demands	faced	by	English	language	learners	on	science	performance	assessments,	Shaw,	Bunch,	and	Geaney	[120]	concluded	that	assessment	developers	need	to	eliminate	barriers	of	language,	gender-biased	examples,	and	other	forms	of	representation	that	preclude	some	students’	useful	participation.	More
fundamentally,	the	education	system	currently	lacks	sophistication	in	understanding	and	addressing	the	different	purposes	of	assessment	and	how	they	relate	to	each	other	and	to	the	standards	for	a	particular	subject.	For	example,	a	glaring	and	frequent	mistake	is	to	assume	that	current	standardized	tests	of	the	type	Page	262	Share	Cite	Suggested
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accountability	purposes	can	also	suffice	to	fulfill	the	other	purposes	of	assessment.	Such	a	“one-size-fits-all”	notion	of	assessment	is	demonstrably	inadequate.	No	single	assessment,	regardless	of	how	well	it	might	be	designed,	can	possibly	meet	the	range	of	information	needs	that	operate	from	the	classroom	level	on	up	[1,	3].	Assessment	Contexts:
Classroom	and	Large-Scale	Uses	In	addition	to	differences	in	purpose,	there	are	differences	among	assessments	(and	similarities)	in	their	contexts	of	use,	which	range	from	the	classroom	level	to	the	national	level.	As	discussed	in	the	NRC	report	Assessment	in	Support	of	Instruction	and	Learning:	Bridging	the	Gap	Between	Large-Scale	and	Classroom
Assessment	[121],	there	are	many	desirable	design	features	that	should	be	shared	by	assessments,	whether	intended	for	use	at	the	classroom	level	(for	formative	or	summative	purposes)	or	intended	for	large-scale	use	by	states	and	nations	(typically	for	accountability	purposes).	There	are	also	some	unique	design	characteristics	that	apply	separately
to	each	context.	Many	of	the	desirable	design	characteristics,	shared	or	unique	(to	each	context	of	use)	alike,	are	currently	unmet	by	the	current	generation	of	science	assessment	tools	and	resources.	Most	science	assessments,	whether	intended	for	classroom	or	large-scale	use,	still	employ	paper-and-pencil	presentation	and	response	formats	that	are
amenable	only	to	limited	forms	of	problem	types.	In	fact,	most	large-scale	tests	are	composed	primarily	of	selected-response	(multiple-choice)	tasks,	and	the	situation	is	often	not	much	better	at	the	classroom	level.	Assessments	of	this	type	can	measure	some	kinds	of	conceptual	knowledge,	and	they	also	can	provide	a	snapshot	of	some	science
practices.	But	they	do	not	adequately	measure	other	kinds	of	achievements,	such	as	the	formulation	of	scientific	explanations	or	communication	of	scientific	understanding	[122].	They	also	cannot	assess	students’	ability	to	design	and	execute	all	of	the	steps	involved	in	carrying	out	a	scientific	investigation	[4]	or	engaging	in	scientific	argumentation.	A
few	states	have	developed	standardized	classroom	assessments	of	science	practices	by	providing	uniform	kits	of	materials	that	students	use	to	carry	out	laboratory	tasks;	this	approach	has	also	been	used	in	the	National	Assessment	of	Educational	Progress	(NAEP)	science	test.	However,	administering	and	scoring	these	hands-on	tasks	can	be
cumbersome	and	expensive	[3].	Computer-based	assessment	offers	a	promising	alternative	[6,	123].	Simulations	are	being	designed	to	measure	not	only	deep	conceptual	understanding	but	also	the	science	practices	that	are	difficult	to	assess	using	paper-and-pencil	tests	or	hands-on	laboratory	tasks	[124].	In	2006	and	2009,	the	Programme	Page	263
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Assessment	(PISA)	pilot-tested	the	Computer-Based	Assessment	of	Science	(CBAS),	designed	to	measure	science	knowledge	and	inquiry	processes.	The	2009	NAEP	science	test	included	interactive	computer	tasks	designed	to	test	students’	ability	to	engage	in	science	inquiry	practices.	And	the	2012	NAEP	Technological	Literacy	Assessment	will
include	simulations	for	assessing	students’	facility	with	information	and	communications	technology	tools	and	their	ability	to	engage	in	the	engineering	design	process.	At	the	state	level,	Minnesota	has	an	online	science	test	with	tasks	that	engage	students	in	simulated	laboratory	experiments	or	in	investigations	of	such	phenomena	as	weather	and	the
solar	system.	There	is	hope	that	some	of	these	early	developments	in	large-scale	testing	contexts	can	be	used	as	a	springboard	for	the	design	and	deployment	of	assessments,	ranging	down	to	the	classroom	level,	that	support	aspects	of	the	framework.	Designing	Assessments	Designing	high-quality	science	assessments	that	are	consistent	with	the
framework,	that	satisfy	the	different	purposes	of	assessment,	and	that	function	in	the	varying	contexts	of	use	is	an	important	goal,	which	will	require	attention	and	investment	to	achieve.	Such	science	assessments	must	target	the	full	range	of	knowledge	and	practices	described	in	this	report.	They	must	test	students’	understanding	of	science	as	a
content	domain	and	their	understanding	of	science	as	an	approach.	And	they	must	provide	evidence	that	students	can	apply	their	knowledge	appropriately	and	are	building	on	their	existing	knowledge	and	skills	in	ways	that	lead	to	deeper	understanding	of	the	scientific	and	engineering	practices,	crosscutting	concepts,	and	disciplinary	core	ideas.
Science	assessments	must	address	all	of	these	pedagogical	goals	while	also	meeting	professional	educators’	standards	for	reliability,	validity,	and	fairness.	Although	we	have	distinguished	three	purposes	of	assessment	and	different	contexts	of	use,	quality	instruments	for	each	purpose	and	context	depend	on	the	Page	264	Share	Cite	Suggested
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about	content-based	cognition	that	indicate	the	knowledge	and	practices	that	should	be	tested,	(2)	tasks	and	observations	that	can	provide	information	on	whether	the	student	has	mastered	the	knowledge	and	practices	of	interest,	and	(3)	qualitative	and	quantitative	techniques	for	scoring	student	performance	that	capture	fairly	the	differences	in
knowledge	and	practice	[1].	Every	assessment	has	to	be	specifically	designed	to	serve	its	intended	purpose	and	context	of	use.	An	assessment	designed	to	provide	information	about	students’	difficulties	with	a	single	concept	so	that	it	can	be	addressed	with	instruction	would	be	designed	differently	from	an	assessment	meant	to	provide	information	to
policy	makers	for	evaluating	the	effectiveness	of	the	overall	education	system.	Details	about	the	design	of	assessments	for	any	given	purpose	or	context	are	beyond	the	scope	of	the	framework,	as	are	the	principles	for	designing	systems	of	assessments	that	operate	across	the	classroom,	district,	and	state	levels.	However,	guidance	to	states	for
developing	a	coherent	system	of	assessments	can	be	found	in	the	NRC	report	Systems	for	State	Science	Assessment	[3].	SUMMARY	As	this	chapter’s	discussion	suggests,	the	committee’s	work	on	the	framework	and	resulting	standards	is	only	the	beginning.	In	order	for	students	to	experience	and	engage	in	the	opportunities	needed	for	understanding
the	three	dimensions	of	scientific	and	engineering	practices,	crosscutting	concepts,	and	disciplinary	core	ideas	described	in	the	framework,	many	other	players	and	components	of	the	system	will	need	to	change,	often	in	dramatic	ways.	And	these	changes	will	need	to	occur	in	parallel,	driven	by	a	common	vision,	as	well	as	iteratively,	because	each
affects	the	capacity	of	other	components	of	the	system	to	implement	the	framework	and	standards.	It	is	the	committee’s	vision	that	the	framework	and	standards	based	on	it	can	help	drive	ongoing	evolutionary	change	in	science	instruction	through	parallel	and	interlocking	developments	across	the	multiple	components	of	the	system.	Curriculum
developers	will	need	to	design	K-12	science	curricula	based	on	research	and	on	learning	progressions	across	grade	levels	that	incorporate	the	framework’s	three	dimensions.	Teacher	preparation	programs	and	professional	development	programs	will	need	to	provide	learning	opportunities	for	teachers	themselves	in	order	to	deepen	their	conceptual
understanding,	engage	in	scientific	and	engineering	practices,	and	develop	an	appreciation	of	science	as	a	way	of	knowing	in	a	community	of	knowledge	builders.	These	programs	will	also	need	to	Page	265	Share	Cite	Suggested	Citation:"10	Implementation:	Curriculum,	Instruction,	Teacher	Development,	and	Assessment."	National	Research	Council.
2012.	A	Framework	for	K-12	Science	Education:	Practices,	Crosscutting	Concepts,	and	Core	Ideas.	Washington,	DC:	The	National	Academies	Press.	doi:	10.17226/13165.	×	enhance	teachers’	skills	in	investigating	students’	ideas,	selecting	effective	teaching	practices,	assessing	students’	progress,	and	developing	classroom	communities	and
discourses	in	which	all	students	and	their	ways	of	knowing	are	valued	and	respected.	College	science	departments	will	need	to	attend	to	the	needs	of	prospective	science	teachers.	Assessment	developers	will	need	to	develop	creative,	valid,	and	reliable	ways	of	gathering	evidence	about	students’	progress	across	the	domains	and	grade	levels	to	satisfy
different	purposes	at	different	levels	of	the	science	education	system.	Furthermore,	because	these	changes	are	needed	across	the	entire	science	education	system—involving	not	only	the	educators	at	the	front	lines	but	also	those	who	make	and	implement	policies—professional	development	for	state-level	science	supervisors,	school	boards,	district-
level	leaders,	principals,	and	curriculum	specialists	will	be	necessary	as	well.	In	that	way,	all	components	and	players	in	the	science	education	system	can	mesh	coherently	with	the	framework’s	vision	for	a	more	inclusive,	focused,	and	authentic	science	education	experience	for	all	students.	Page	266	Share	Cite	Suggested	Citation:"10	Implementation:
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are	provided	at	the	end	of	this	summary.	NRC	staff	and	the	committee	chair	reviewed	this	input,	developed	summaries	identifying	the	major	issues	raised,	and	outlined	possible	revisions.	Committee	members	then	evaluated	these	summaries	and	potential	revisions,	and	they	had	the	opportunity	to	examine	the	public	feedback	in	detail.	After
discussions	at	its	fifth	and	sixth	meetings,	the	committee	made	substantial	revisions	to	the	framework	based	on	the	feedback.	We	summarize	this	feedback	below	and	describe	the	revisions	that	were	made	in	response.	In	cases	in	which	the	committee	chose	not	to	revise	or	to	make	only	a	limited	revision,	we	explain	why	this	choice	was	made.	We
organize	the	discussion	into	two	sections:	overarching	issues,	which	pertain	to	the	draft	framework	as	a	whole,	and	issues	relating	specifically	to	any	of	the	framework’s	three	dimensions	or	its	learning	progressions.	OVERARCHING	ISSUES	In	general,	the	feedback	about	the	draft	framework	indicated	support	for	the	overall	approach.	In	the	online
surveys,	many	individuals	commented	that	they	were	impressed	with	the	document	and	thought	it	provided	a	good	next	step	toward	refining	standards	for	K-12	science	education.	At	the	same	time,	there	were	many	critiques	and	suggestions	for	how	to	improve	it.	In	looking	across	all	of	the	modes	of	gathering	feedback,	some	key	overarching	issues
emerged:	•					concerns	about	the	purpose,	audience,	and	voice;	•					suggestions	of	additional	fields	or	topics	to	include;	•					how	best	to	incorporate	and	describe	ideas	in	engineering	and	technology;	•					concerns	that	there	was	too	much	material;	•					lack	of	guidance	or	examples	about	how	to	convey	the	integration	of	crosscutting	concepts,	core
ideas,	and	practices;	•					insufficient	indication	of	connections	to	other	topics	or	issues,	such	as	mathematics	and	literacy;	•					need	for	a	stronger	statement	about	science	for	all	and	insufficient	attention	to	diversity	and	equity;	•					lack	of	“standards”	for	curriculum,	programs,	assessment,	and	professional	development	similar	to	those	that	were
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Crosscutting	Concepts,	and	Core	Ideas.	Washington,	DC:	The	National	Academies	Press.	doi:	10.17226/13165.	×	Purpose,	Audience,	and	Voice	The	feedback	suggested	some	confusion	about	the	purpose	of	the	document	and	the	intended	audience.	Several	focus	groups	suggested	that	a	coherent	vision	across	the	document	was	lacking.	Some
individuals	thought	Chapter	1	provided	a	good	summary	of	key	principles,	and	others	thought	the	vision	was	too	diffuse.	Across	all	of	the	modes	of	response	and	across	all	kinds	of	individuals,	people	commented	that	the	promise	of	the	first	chapter	was	not	consistently	delivered	in	the	rest	of	the	document.	Some	commenters	said	explicitly	that	the
framework	had	gone	too	far	toward	standards.	Others	said	that	the	document	would	be	difficult	for	teachers	to	use.	Several	comments	from	individuals	and	summaries	from	focus	groups	called	for	more	discussion	of	the	goals	of	science	education	and	a	stronger	argument	in	the	first	chapter	for	why	science	education	is	important.	There	was	confusion
about	whether	the	document	was	outlining	goals	for	all	students	or	only	for	college-bound	students.	Commenters	were	divided	on	the	tone	of	the	document	and	its	quality	of	writing.	Some	thought	it	was	well	written;	others	thought	it	needed	to	be	entirely	rewritten	in	more	accessible	language.	Response	The	committee	made	several	revisions	aimed
at	giving	the	framework	greater	focus,	clarifying	its	goals	and	audience(s),	and	eliminating	differences	in	tone	and	writing	style.	We	reframed	the	introductory	chapter,	incorporated	an	argument	for	the	importance	of	science	education,	provided	a	concise	discussion	of	the	goals	for	science	education	for	all	students,	and	added	an	explicit	vision
statement.	Also,	we	shifted	material	that	described	the	theoretical	and	empirically	based	assumptions	guiding	the	framework	to	a	second	chapter.	To	enable	readers	to	identify	the	major	tasks	for	standards	developers	in	translating	the	framework	into	standards,	we	added	Chapter	12:	Guidance	for	Standards	Developers.	In	that	chapter,	the
committee	presents	a	set	of	13	recommendations	that	lay	out	the	steps	that	standards	developers	should	take	and	the	considerations	they	need	to	keep	in	mind	as	they	translate	the	framework	into	standards.	Finally,	the	report	was	edited	extensively	to	achieve	a	more	uniform	style	and	voice	for	improved	readability.	Page	334	Share	Cite	Suggested
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groups	voiced	strong	concerns	that	content	relevant	to	their	disciplines	was	either	underrepresented	or	left	out	entirely.	The	strongest	concerns	were	voiced	by	organizations	and	individuals	affiliated	with	the	behavioral	and	social	sciences,	computer	sciences,	and	ocean	sciences.	Each	of	these	communities	mounted	some	kind	of	formal	response,
including	letters	from	professional	societies	and	campaigns	to	encourage	their	membership	to	respond	to	the	online	survey.	There	also	was	mention	of	health,	but	this	involved	a	less	organized	response.	Behavioral	and	Social	Sciences.	The	behavioral	and	social	sciences	community	made	a	very	strong	request	for	inclusion	in	the	framework.
Community	members	wanted	to	see	these	fields	acknowledged	throughout	the	document	as	legitimate	elements	of	the	overall	scientific	enterprise.	They	also	wanted	to	see	a	separate	set	of	core	ideas	developed	for	the	behavioral	and	social	sciences	and	included	in	the	framework.	They	pointed	out	that	courses	related	to	the	behavioral	and	social
sciences	are	already	included	at	the	secondary	level	(e.	g.,	Advanced	Placement	psychology).	Acknowledging	that	developing	a	separate	set	of	core	ideas	would	take	time,	they	asked	that	the	framework’s	project	time	line	be	extended	accordingly.	They	also	noted	many	places	where	the	social	sciences	could	inform	issues	that	were	raised,	particularly
in	discussions	related	to	science,	technology,	and	society.	Computer	Science.	We	received	a	similar	request	for	inclusion	from	the	computer	science	community.	Some	of	its	members	noted	that	computing	and	computational	thinking	are	now	an	integral	part	of	science	and	therefore	constitute	essential	knowledge	and	practices	for	students	who	might
pursue	careers	in	science	or	engineering.	They	pointed	out	that	computer	science	and	programming	courses	are	already	part	of	the	K-12	curriculum,	although	they	are	not	usually	identified	as	part	of	the	science	curriculum.	Ocean	Science.	This	community	pointed	to	the	framework’s	lack	of	specific	attention	to	the	ocean,	it	suggested	a	greater	focus
on	earth	systems	than	was	captured	in	the	draft,	and	it	offered	very	concrete	and	detailed	suggestions	for	revisions.	The	community	developed	some	standard	wording	for	members	to	use	in	filling	out	the	survey.	For	example,	there	was	an	argument	for	greater	inclusion	of	ocean	sciences	in	the	earth	and	space	sciences	section.	Nature	of	Science.
Many	of	those	who	provided	comments	thought	that	the	“nature	of	science”	needed	to	be	made	an	explicit	topic	or	idea.	They	noted	that	it	would	not	emerge	simply	through	engaging	with	practices.	Page	335	Share	Cite	Suggested	Citation:"Appendix	A:	Summary	of	Public	Feedback	and	Subsequent	Revisions."	National	Research	Council.	2012.	A
Framework	for	K-12	Science	Education:	Practices,	Crosscutting	Concepts,	and	Core	Ideas.	Washington,	DC:	The	National	Academies	Press.	doi:	10.17226/13165.	×	Response	Behavioral	and	Social	Sciences.	The	committee	considers	the	behavioral	and	social	sciences	to	be	part	of	science,	but	for	a	number	of	reasons	we	think	it	inappropriate	at	this
time	to	include	them	as	a	separate	disciplinary	area	with	its	own	set	of	core	ideas.	The	primary	reason	is	that	these	subjects	are	not	currently	part	of	what	is	considered	the	K-12	science	curriculum.	To	include	them	here	would	speak	to	a	major	reorganization	of	K-12	schooling,	which	would	go	far	beyond	the	committee’s	charge	and,	indeed,	the
professional	expertise	of	the	committee.	In	grades	K-8,	topics	related	to	the	behavioral	and	social	sciences	are	typically	covered	in	social	studies,	although	they	are	not	necessarily	taught	from	a	scientific	perspective.	At	the	secondary	level,	there	are	courses	that	do	teach	behavioral	and	social	sciences	topics	from	a	scientific	perspective—for	example,
Advanced	Placement	psychology.	However,	the	framework	as	currently	structured	does	not	prevent	these	courses	from	being	taught.	In	fact,	the	committee	considers	them	appropriate	science	courses	for	extending	and	enriching	the	foundational	science	education	described	in	the	framework.	The	secondary	reason	is	that	the	committee	has	a
responsibility	to	meet	its	charge	and	to	maintain	as	closely	as	possible	the	intended	time	line	of	its	work	in	order	to	inform	the	science	standards	development	efforts	of	Achieve,	Inc.	Undertaking	the	task	of	identifying	and	articulating	the	core	ideas	in	the	behavioral	and	social	sciences	would	be	impossible	within	the	available	time	and	budget
constraints.	In	the	committee’s	judgment,	this	is	a	task	for	another	group.	Although	the	committee	did	not	think	it	was	appropriate	to	include	the	behavioral	and	social	sciences	as	a	separate	discipline,	we	did	make	efforts	to	discuss	them	explicitly	throughout	the	document	and	particularly	to	identify	places	where	they	intersect	with	the	framework’s
three	dimensions.	More	specifically,	the	following	changes	were	made	in	response	to	this	input:	•					In	the	Introduction,	we	acknowledge	that	the	behavioral	and	social	sciences	are	part	of	science	and	that	they	are	not	broadly	represented	in	this	framework.	•					We	revised	language	throughout	the	report	to	note	the	role	of	behavioral	and	social
sciences	expertise	for	addressing	such	issues	as	the	connections	among	science,	technology,	and	society.	•					We	included	some	behavioral	and	social	sciences	examples	in	the	descriptions	of	science	and	in	the	chapters	on	crosscutting	concepts	and	scientific	and	engineering	practices.	Page	336	Share	Cite	Suggested	Citation:"Appendix	A:	Summary
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sciences	chapter,	including	a	component	idea	on	information	processing	under	LS1	and	a	component	idea	on	social	interactions	and	group	behavior	under	LS2.	Computer	Science.	In	considering	whether	and	how	to	include	topics	related	to	computer	science,	the	committee	noted	that	such	concepts	are	more	typically	included	under	mathematics;	we
acknowledge,	however,	that	the	mathematics	common	core	does	not	include	such	topics	as	algorithms	or	algorithmic	approaches	to	computation	and	includes	very	little	about	the	use	of	computational	tools.	Although	the	committee	determined	that	it	was	not	appropriate	to	include	computer	science	in	the	framework	as	a	separate	discipline	with	its
own	set	of	core	ideas,	in	the	revisions	of	the	draft	we	made	an	effort	to	stress	the	importance	both	of	computational	thinking	and	of	the	use	of	computers	as	scientific	tools,	particularly	in	Chapter	3:	Scientific	and	Engineering	Practices.	One	of	the	eight	major	practices	is	labeled	“Using	Mathematics,	Information	and	Computer	Technology,	and
Computational	Thinking,”	and	the	chapter	stresses	the	importance	of	the	application	of	these	skills	throughout	science	learning.	The	chapter	also	includes	more	emphasis	on	computers	as	tools	for	modeling,	data	collection	and	recording,	and	data	analysis.	Although	the	framework	does	not	include	material	usually	covered	by	courses	under	the	title
“computer	science,”	we	stress	that	this	choice	in	no	way	diminishes	the	importance	either	of	general	computer	literacy	for	all	students	or	of	options	for	advanced	computer	science	courses	at	the	high	school	level.	Ocean	Science.	The	earth	and	space	sciences	core	ideas	and	grade	band	endpoints	were	revised	to	include	more	attention	to	the	ocean
whenever	possible	and	to	shift	to	more	of	a	focus	on	earth	systems.	Nature	of	Science.	The	committee	added	a	section	to	the	end	of	Chapter	4	to	emphasize	the	need	to	reflect	on	scientific	and	engineering	practices	as	a	means	to	deepen	students’	understanding	of	the	nature	of	science.	Inclusion	of	Engineering	and	Technology	The	inclusion	of
engineering	and	technology	and	their	own	set	of	core	ideas	generated	a	substantial	amount	of	feedback.	Many	indicated	that	they	were	pleased	to	see	engineering	and	technology	given	an	explicit	place	in	K-12	science	education.	Page	337	Share	Cite	Suggested	Citation:"Appendix	A:	Summary	of	Public	Feedback	and	Subsequent	Revisions."	National
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capacity	of	the	K-12	science	education	system	to	get	these	areas	right.	Some	individuals	commented	that	including	engineering	and	technology	could	present	a	problem:	given	that	a	goal	of	the	framework	is	to	cut	the	amount	of	material	to	be	covered	in	K-12	science,	it	would	be	ironic	if	such	inclusion	expanded	the	amount	of	material	considerably.
One	key	issue	that	appeared	frequently	in	the	comments	was	whether	engineering	and	technology	were	well	defined	in	the	framework.	This	suggested	the	need	to	be	more	explicit	about	how	engineering	and	technology	are	related	to	each	other	and	to	the	natural	sciences.	Thoughtful	advice	from	the	experts	we	consulted	was	that	some	of	the
engineering	and	technology	ideas	incorporated	elements	that	would	be	more	appropriately	placed	in	practices.	A	letter	to	the	committee	from	the	International	Technology	and	Engineering	Educators	Association	raised	a	number	of	issues	related	to	including	engineering	and	technology	in	the	science	framework.	The	association	argued	that	science
teachers	might	not	have	sufficient	background	to	teach	the	new	material	and,	moreover,	that	there	is	currently	no	agreement	in	the	field	about	what	the	core	ideas	in	engineering	and	technology	should	be.	The	letter	also	pointed	out	that	a	corps	of	technology	teachers	at	the	secondary	level	already	exists.	A	related	issue	among	respondents	was
treatment	of	the	applications	of	science	(such	as	medicine,	public	health,	and	agriculture)	and	their	links	to	engineering	and	technology.	Some	individuals	suggested	that	this	topic	needed	more	attention	in	the	draft	framework.	Experts	we	asked	to	review	the	draft	also	pointed	out	that	discussion	of	applications	of	science	was	mostly	absent	there.
Response	The	committee	deliberated	extensively	on	the	best	way	to	respond	to	these	concerns	and	chose	to	make	significant	revisions.	We	trimmed	the	material	included	under	engineering	and	technology	and	focused	on	design	as	one	of	the	major	elements	of	engineering.	We	did	this	because	design	is	the	one	core	idea	of	engineering	around	which
there	appears	to	be	consensus	[2].	There	also	is	evidence	that	engaging	in	design	activities	can	enhance	students’	understanding	of	science	[3].	Elements	of	design	are	now	represented	in	Chapter	3:	Scientific	and	Engineering	Practices	and	also	under	the	first	core	idea	in	Chapter	8:	Engineering,	Technology,	and	Applications	of	Science.	The	second
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National	Academies	Press.	doi:	10.17226/13165.	×	society,	discusses	applications	of	science	as	well.	Definitions	of	engineering,	technology,	and	applications	of	science	and	of	the	relationships	among	them	are	clearly	stated.	These	definitions	then	inform	how	engineering	and	technology	are	treated	throughout	the	framework.	Too	Much	Material	Many
individuals	and	organizations	indicated	that	the	draft	framework	still	contained	too	much	material,	and	some	thought	that	the	committee	had	not	succeeded	in	making	any	reduction	compared	with	previous	documents.	There	were	particular	concerns	not	only	about	the	amount	of	the	material	but	also	about	its	difficulty	for	the	earlier	grades.	People
also	expressed	trepidation	that	the	learning	progressions	in	the	draft	contained	too	many	discrete	and	disconnected	notions	and	that	some	were	not	central	to	the	core	idea	being	developed.	Response	The	committee	was	particularly	concerned	with	this	feedback	and	in	response	made	significant	revisions	to	the	core	ideas	and	progressions.	We
revised	the	structure	and	content	of	the	core	ideas	in	all	of	the	disciplines	and	replaced	detailed	progressions	with	grade	band	endpoints	for	grades	2,	5,	8,	and	12.	When	necessary	we	consulted	experts	in	teaching	and	learning	science	to	supplement	the	committee’s	expertise.	For	example,	six	experts	on	learning	science	in	grades	K-5	provided
detailed	input	regarding	what	ideas	were	appropriate	for	those	levels	and	in	which	grade.	As	a	result,	some	core	ideas	or	component	ideas	begin	their	progression	only	at	the	3-5	grade	band	to	allow	necessary	prior	knowledge	of	other	core	ideas	to	be	established.	Overall,	the	committee	thinks	that	the	framework’s	content	is	now	contained	in	a	more
suitable	structure—one	that	provides	guidance	to	standards	developers	rather	than	extremely	detailed	sets	of	discrete	content	statements.	How	to	Integrate	the	Three	Dimensions	There	were	many	concerns	that	too	little	guidance	was	given	about	how	to	integrate	the	crosscutting	concepts,	disciplinary	core	ideas,	and	scientific	and	engineering
practices.	In	particular	it	was	deemed	that	the	learning	progressions	in	the	draft	framework	did	not	integrate	the	three	dimensions	at	all,	focusing	solely	on	the	progression	for	the	core	ideas.	The	presentation	of	the	crosscutting	concepts	and	the	practices	in	separate	chapters	led	some	to	ask	whether	there	would	be	separate	standards	for	the	Page
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Some	pointed	out	that,	without	guidance	about	integration,	the	crosscutting	concepts	might	be	omitted	entirely	or	be	taught	as	a	set	of	separate	ideas.	Response	The	committee	was	charged	with	identifying	the	disciplinary	core	ideas	and	practices	for	K-12	science	education	and	with	providing	examples	of	the	integration	of	these	ideas	and	practices.
One	of	the	major	tasks	of	the	standards	developers	will	be	to	determine	ways	to	integrate	the	dimensions	at	the	level	of	standards	and	performance	expectations;	we	anticipate	that	full	integration	of	the	dimensions	will	occur	at	the	level	of	curriculum	and	instruction.	In	attending	to	the	framework	itself,	we	expanded	Chapter	9:	Integrating	the	Three
Dimensions,	which	in	the	draft	included	only	examples	of	performance	expectations;	for	example,	we	added	an	example	of	how	the	dimensions	might	be	brought	together	in	curriculum	and	instruction.	We	also	created	a	chapter	on	implementation	issues	(Chapter	10)	that	spelled	out	the	need	for	curricula	and	instruction	that	integrate	the	three
dimensions.	Finally,	in	Chapter	12:	Guidance	for	Standards	Developers,	we	explicitly	recommended	that	standards	should	incorporate	the	three	dimensions	in	both	their	content	statements	and	performance	expectations.	Strengthening	Connections	to	Other	Subjects	Many	people	wanted	to	see	more	connections	made	to	mathematics	and	literacy,
some	asked	for	explicit	connections	to	the	Common	Core	Standards,	and	some	wanted	to	see	more	indications	of	the	links	between	the	core	ideas	and	other	disciplines.	Response	We	added	explicit	reference	to	other	subject	areas	in	multiple	places.	In	the	chapter	on	scientific	and	engineering	practices,	we	included	two	practices	that	specifically	link
to	mathematics	and	literacy:	“Using	Mathematics,	Information	and	Computer	Technology,	and	Computational	Thinking”	and	“Obtaining,	Communicating,	and	Presenting	Information.”	In	discussions	of	these	practices,	we	called	out	the	need	to	parallel	the	Common	Core	Standards.	We	also	included	a	recommendation	for	standards	developers	that	the
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Washington,	DC:	The	National	Academies	Press.	doi:	10.17226/13165.	×	Chapter	8:	Engineering,	Technology,	and	Applications	of	Science,	and	elsewhere	as	appropriate,	we	have	stressed	linkages	to	social	studies.	Science	for	All,	Diversity,	and	Equity	Many	readers	thought	it	was	unclear	whether	this	document	was	intended	to	prepare	future
scientists	or	to	acquaint	all	students	with	science.	Many	also	commented	on	a	lack	of	clear	statements	about	diversity	and	equity.	Response	In	the	introductory	chapter,	we	clarified	the	vision	for	the	framework	and	its	emphasis	on	science	for	all	students.	We	added	Chapter	11:	Equity	and	Diversity	in	Science	and	Engineering	Education.	This	chapter
had	already	been	planned,	but	it	was	not	ready	in	time	for	the	draft	released	in	July	2010.	Implementation:	Curriculum,	Instruction,	Teacher	Development,	and	Assessment	Many	educators	raised	concerns	about	the	challenges	to	implementing	the	framework—especially	the	demands	it	would	place	on	curriculum	developers,	providers	of	professional
development,	and	others.	In	some	cases,	commenters	suggested	that	it	would	be	useful	to	include	the	kinds	of	standards	related	to	curriculum,	instruction,	teacher	development,	and	assessment	that	were	presented	in	the	National	Science	Education	Standards	[1].	Response	The	committee	already	recognized	the	challenges	that	the	framework	will
place	on	K-12	science	education.	But	although	we	had	planned	a	chapter	related	to	implementation,	it	was	not	available	for	the	2010	draft	release.	We	have	since	written	this	chapter,	and	it	is	included	in	the	present	document	as	Chapter	10.	ISSUES	RELATED	TO	EACH	DIMENSION	Chapter	3:	Scientific	and	Engineering	Practices	Overall,	the
majority	of	those	who	commented	were	pleased	to	see	discussion	of	scientific	and	engineering	practices.	Some	specifically	mentioned	that	it	was	a	positive	step	to	discuss	particular	practices	instead	of	referring	broadly	to	inquiry.	There	were	varying	reactions	to	the	chapter	itself.	Some	felt	that	there	was	too	much	introductory	material	about	the
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10.17226/13165.	×	and	that	this	discussion	could	be	cut.	Others	thought	that	too	many	discrete	practices	with	no	uniform	“grain	size”	were	specified.	Some	had	difficulty	understanding	how	the	tables	in	the	chapter	that	described	progressions	were	to	be	used	in	conjunction	with	the	tables	outlining	the	learning	progressions	for	the	disciplinary	core
ideas.	Feedback	from	the	individual	experts	indicated	that	in	several	cases	the	detailed	progressions	for	the	practices	did	not	have	supporting	empirical	evidence.	Response	We	revised	the	introductory	material	in	the	chapter	to	make	it	more	focused.	We	collapsed	the	practices	into	a	shorter	top-level	list.	We	discussed	developmental	trajectories	for
each	practice	but	cut	the	tables	and	the	“levels”	of	practice	that	they	had	introduced.	We	refined	the	parallel	treatment	of	scientific	and	engineering	practices	and	clarified	how	the	goals	of	work	in	the	two	areas	differ.	Chapter	4:	Crosscutting	Concepts	Most	of	those	who	provided	comments	liked	the	framework’s	inclusion	of	crosscutting	concepts.
There	were	some	suggestions	of	particular	concepts	to	cut	and	of	others	to	add.	Many	suggested	that	the	section	titled	“Topics	in	Science,	Engineering,	Technology,	and	Society”	did	not	fit	in	this	dimension	and	should	be	integrated	elsewhere.	Response	We	chose	not	to	delete	or	add	to	the	crosscutting	concepts.	We	did	remove	“Topics	in	Science,
Engineering,	Technology,	and	Society”	from	this	chapter	and	placed	the	important	elements	of	that	material	elsewhere	(in	practices;	in	the	engineering,	technology,	and	applications	of	science	chapter;	and	in	the	chapter	on	implementation	under	the	discussion	of	curriculum).	Chapters	5-8:	Disciplinary	Core	Ideas	Many	commenters	provided	detailed
feedback	on	the	core	ideas	and	component	ideas	in	each	discipline.	Their	comments	ranged	from	whether	the	inclusion	of	a	core	or	component	idea	was	appropriate,	to	suggestions	for	additions,	to	word-level	editorial	changes.	Expert	feedback	from	individuals	and	focus	groups	was	particularly	helpful	in	guiding	the	revisions	of	these	four	chapters.
Overall,	readers	tended	to	assume	that	each	core	idea	would	be	given	equal	time	in	curriculum	and	instruction,	leading	to	the	impression,	for	example,	that	Page	342	Share	Cite	Suggested	Citation:"Appendix	A:	Summary	of	Public	Feedback	and	Subsequent	Revisions."	National	Research	Council.	2012.	A	Framework	for	K-12	Science	Education:
Practices,	Crosscutting	Concepts,	and	Core	Ideas.	Washington,	DC:	The	National	Academies	Press.	doi:	10.17226/13165.	×	we	were	advocating	that	25	percent	of	time	be	devoted	to	engineering.	Although	we	have	reduced	the	number	of	core	ideas	in	Chapter	8:	Engineering,	Technology,	and	Applications	of	Science,	we	also	noted	that	different	core
ideas	will	take	different	amounts	of	instructional	time,	both	within	and	across	grade	levels;	thus,	the	above-cited	accounting	was	not	a	correct	interpretation	of	the	document.	We	have	made	appropriate	clarifications	in	the	introductory	chapter	and	in	the	guidance	for	standards	developers.	Physical	Sciences.	Physicists	expressed	concern	that	the
content	in	physics	was	not	articulated	clearly,	and	chemists	had	a	similar	concern	about	the	chemistry	ideas.	These	responses	suggested	confusion	about	whether	the	framework	is	intended	to	define	a	full	chemistry	and	physics	course	at	the	high	school	level.	The	committee’s	actual	intent	is	for	the	framework	to	outline	a	foundational	set	of	core	ideas
and	for	individual	courses	in	physics	or	chemistry	to	deepen	or	extend	the	study	of	these	ideas.	Input	from	a	group	convened	by	the	American	Association	of	Physics	Teachers,	the	American	Physical	Society,	the	American	Institute	of	Physics,	and	the	American	Chemical	Society	was	particularly	useful.	There	were	some	specific	critiques	of	the	core
ideas	on	waves	and	communication	technology,	with	some	individuals	suggesting	that	they	were	inappropriate	to	include	in	the	physical	sciences.	Life	Sciences.	Aside	from	a	small	subset	of	responders	who	wanted	to	eliminate	evolution,	overall	the	response	to	the	life	sciences	core	ideas	was	positive.	Critique	focused	on	(a)	elements	perceived	as
missing	or	underemphasized,	particularly	regarding	psychology	and	behavior,	and	(b)	elements	perceived	as	misplaced	in	terms	of	grade-level	appropriateness.	Our	disciplinary	experts,	who	gave	thoughtful	input	based	on	research	on	learning,	suggested	greater	stress	on	the	physical,	chemical,	and	molecular	bases	of	biological	processes,	at	least	in
the	higher	grades.	Earth	and	Space	Sciences.	Several	responders	indicated	that	there	were	too	many	component	ideas	in	this	domain,	and	they	offered	concrete	suggestions	for	reducing	or	streamlining	the	number	of	topics.	Some	individuals	thought	that	the	organization	of	the	core	and	component	ideas	in	the	earth	and	space	sciences	was	less
conceptually	coherent	than	in	the	other	disciplines.	They	expressed	concern	that	the	ideas	were	more	like	a	table	of	contents	for	a	textbook	than	a	coherent	learning	progression.	Some	noted	that	the	level	of	detail	was	uneven,	both	within	the	earth	and	space	sciences	chapter	and	in	comparison	to	the	other	science	disciplines.	Responders	offered
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Concepts,	and	Core	Ideas.	Washington,	DC:	The	National	Academies	Press.	doi:	10.17226/13165.	×	concepts	from	other	disciplines	or	that	were	actually	introduced	in	later	grades.	A	number	of	reviewers	suggested	placing	more	emphasis	on	an	“earth	systems”	approach;	this	suggestion	was	particularly	emphasized	by	the	ocean	science	community.
Engineering	and	Technology.	The	feedback	related	to	these	core	ideas,	together	with	the	committee’s	response,	is	summarized	in	the	previous	section	(Chapter	3:	Scientific	and	Engineering	Practices).	Response	The	committee	undertook	significant	revisions	of	the	core	and	component	ideas	for	all	of	the	disciplines.	For	the	physical	sciences	and	the
earth	and	space	sciences,	the	revisions	included	reorganization	and	relabeling	of	the	core	and	component	ideas.	Learning	Progressions	Many	concerns	were	expressed	about	the	draft	learning	progressions—the	sections	in	Chapters	5-8	now	labeled	“Grade	Band	Endpoints.”	Several	people,	including	some	of	the	individual	experts	we	asked	to
comment,	objected	to	the	term	“learning	progressions”	for	these	sequences.	They	offered	a	number	of	reasons	for	why	this	term	should	not	be	used	and	made	strong	cases	for	changing	it.	There	was	also	concern	about	the	level	of	detail	included	in	the	progressions;	some	felt	that	they	went	too	far	toward	becoming	standards.	There	was	concern	that
the	progressions	were	presented	as	many	discrete	bits	of	knowledge,	which	seemed	to	promote	memorization	of	facts.	Some	thought	that,	for	certain	component	ideas,	the	connections	from	grade	band	to	grade	band	were	unclear.	And	there	was	concern	that	the	progressions	were	not	clearly	based	on	research;	a	couple	of	the	experts	pointed	out
places	for	which	research	suggests	realignment	of	the	content.	A	number	of	criticisms	stated	that	the	progressions	were	not	always	grade	appropriate;	some	pointed	out	that	material	included	in	the	K-5	bands	in	particular	was	often	too	difficult.	Others	thought	that	the	progressions	underestimated	what	younger	students	can	do.	There	was	general
concern	that	the	expectations	for	the	3-5	and	6-8	grade	bands	were	quite	high,	given	the	number	of	very	important,	but	challenging,	ideas	that	were	covered.	Finally,	there	was	concern	that	the	progressions	focused	on	the	disciplinary	core	ideas	and	did	not	attempt	to	integrate	the	crosscutting	concepts	and	scientific	and	engineering	practices	in	any
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especially	attentive	to	the	feedback	on	the	learning	progressions.	The	detailed	progressions	were	changed	to	grade	band	endpoints,	with	the	number	of	details	significantly	reduced.	Meanwhile,	the	introductory	discussion	of	each	core	idea	was	expanded	into	a	single	coherent	statement	that	reflected	the	idea’s	overall	knowledge	content.	To	address
the	concerns	about	grade-level	appropriateness,	the	committee	solicited	additional	comments	from	six	experts	in	science	learning	in	grades	K-5.	Based	on	this	feedback	and	review	of	the	document	by	committee	members	with	expertise	in	elementary	school	science,	some	core	ideas	or	component	ideas	were	excluded	at	the	K-2	level,	with	development
of	these	ideas	beginning	instead	in	the	3-5	grade	band.	ORGANIZATIONS	THAT	CONVENED	DISCUSSION/FOCUS	GROUPS	Achieve,	Inc.	American	Association	of	Physics	Teachers,	American	Physical	Society,	American	Institute	of	Physics	American	Astronomical	Society	Astronomy	Education	Board	American	Chemical	Society	American	Geological
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10.17226/13165.	×	C	BIOGRAPHICAL	SKETCHES	OF	COMMITTEE	MEMBERS	AND	STAFF	Helen	R.	Quinn	(Chair)	is	professor	emerita	of	physics	at	SLAC	National	Accelerator	Laboratory.	A	theoretical	physicist,	she	was	elected	to	the	National	Academy	of	Sciences	in	2003	and	was	president	of	the	American	Physical	Society	in	2004.	In	addition	to
her	scholarship	in	physics,	she	has	had	long-term	involvement	in	science	education	and	in	the	continuing	education	of	science	teachers.	She	was	an	active	contributor	to	the	California	State	Science	Standards	development	process.	She	is	a	former	president	and	founder	of	the	nonprofit	Contemporary	Physics	Education	Project.	She	served	as	chair	of
the	Review	and	Evaluation	of	the	Pre-College	Education	Program	Committee	of	the	National	Aeronautics	and	Space	Administration.	At	the	National	Research	Council,	she	was	a	member	of	the	Committee	on	Science	Learning,	K-8;	the	Federal	Coordinating	Committee	on	Science,	Mathematics,	and	Technology	Education;	and	the	Center	for	Education
Advisory	Board.	She	has	a	Ph.D.	in	physics	from	Stanford	University	(1967).	Wyatt	W.	Anderson	is	the	alumni	foundation	distinguished	professor	in	the	Genetics	Department	at	the	University	of	Georgia.	He	is	a	member	of	the	National	Academy	of	Sciences.	His	research	interests	include	evolutionary	genetics	of	mating	behavior	and	chromosomal
polymorphisms	of	the	Drosophila	species,	evolutionary	genomics	of	Drosophila,	and	science	education	and	minority	participation	in	college	science	curricula.	At	the	National	Research	Council,	he	has	served	on	a	number	of	committees,	including	the	Committee	to	Review	Northeast	Fishery	Stock	Assessments	and	the	Committee	on	the	Release	of
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DC:	The	National	Academies	Press.	doi:	10.17226/13165.	×	an	M.S.	in	population	genetics	and	population	biology	from	the	University	of	Georgia	and	a	Ph.D.	in	science	literacy	and	education	from	Rockefeller	University.	Tanya	Atwater	is	professor	of	tectonics	at	the	University	of	California,	Santa	Barbara.	She	was	elected	to	the	National	Academy	of
Sciences	in	1997.	Her	research	has	concerned	various	aspects	of	tectonics,	ranging	from	the	fine	details	of	sea	floor	spreading	processes	to	global	aspects	of	plate	tectonics.	She	has	participated	in	or	led	numerous	oceanographic	expeditions	in	the	Pacific	and	Atlantic	Oceans,	including	12	dives	to	the	deep	sea	floor	in	the	tiny	submersible,	Alvin.	She
is	especially	well	known	for	her	works	on	the	plate	tectonic	history	of	western	North	America,	in	general,	and	of	the	San	Andreas	fault	system,	in	particular.	She	is	devoted	to	science	communication,	teaching	students	at	all	levels	in	the	university,	presenting	numerous	workshops	and	field	trips	for	K-12	teachers,	and	consulting	for	the	written	media,
museums,	television,	and	video	producers.	She	is	a	fellow	of	the	American	Geophysical	Union	and	the	Geological	Society	of	America	and	was	a	co-winner	of	the	Newcomb	Cleveland	Prize	of	the	American	Association	for	the	Advancement	of	Science.	She	received	her	education	at	the	Massachusetts	Institute	of	Technology;	the	University	of	California,
Berkeley;	and	Scripps	Institution	of	Oceanography,	completing	a	Ph.D.	in	1972.	Philip	Bell	is	associate	professor	of	the	learning	sciences	and	the	Geda	and	Phil	Condit	professor	of	science	and	mathematics	education	at	the	University	of	Washington.	He	pursues	a	cognitive	and	cultural	program	of	research	across	diverse	environments	focused	on	how
people	learn	in	ways	that	are	personally	consequential	to	them.	He	directs	the	ethnographic	and	design-based	research	of	the	Everyday	Science	and	Technology	Group	as	well	as	the	University	of	Washington	Institute	for	Science	and	Mathematics	Education,	which	cultivates	innovative	projects	in	P-20	education	in	science,	technology,	engineering,
and	mathematics	between	university	groups	and	community	partners.	He	has	studied	everyday	expertise	and	cognition	in	science	and	health,	the	design	and	use	of	emerging	learning	technologies	in	science	classrooms,	children’s	argumentation	and	conceptual	change	in	science,	culturally	responsive	science	instruction,	the	use	of	emerging	digital
technologies	in	youth	culture,	and	new	approaches	to	inquiry	instruction	in	science.	He	is	a	co-leader	of	the	Learning	in	Informal	and	Formal	Environments	Science	of	Learning	Center	(	and	is	a	co-principal	investigator	of	COSEE-Ocean	Learning	Communities	(	.	At	the	National	Research	Council,	he	is	a	member	of	the	Board	on	Science	Education
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Learning	Science	in	Informal	Environments.	He	has	a	Ph.D.	in	education	in	human	cognition	and	development	from	the	University	of	California,	Berkeley.	Thomas	B.	Corcoran	is	co-director	of	the	Consortium	for	Policy	Research	and	Education	(CPRE)	at	Teachers	College	of	Columbia	University.	He	has	been	a	state	policy	maker,	a	designer	of
programs	to	improve	teaching,	a	researcher,	an	evaluator,	and	an	adviser	to	governors,	state	legislatures,	foundations,	and	reform	organizations.	His	research	interests	focus	on	the	linkages	between	research	and	practice,	the	use	of	evidence-based	instructional	practices,	the	design	of	knowledge	transfer	systems	for	public	education,	the
effectiveness	of	professional	development,	and	the	impact	of	changes	in	work	environments	on	the	productivity	of	teachers	and	students.	He	heads	the	Center	on	Continuous	Instructional	Improvement	and	Teachers	College	projects	in	Jordan	and	Thailand.	At	the	National	Research	Council,	he	served	on	the	Committee	on	Science	Learning,	K-8.	Since
1998	he	has	taught	policy	analysis	at	the	Woodrow	Wilson	School	of	International	and	Public	Affairs	at	Princeton	University.	He	has	an	M.Ed.	from	the	University	of	London.	Rodolfo	Dirzo	is	professor	of	biology	at	Stanford	University.	A	tropical	forest	ecologist	and	conservation	biologist,	he	has	performed	seminal	work	on	evolutionary	ecology.	He
carried	out	classical	experimental	studies	on	the	ecosystem	significance	of	biodiversity	loss,	fragmentation,	and	deforestation.	He	is	a	foreign	associate	of	the	National	Academy	of	Sciences	as	well	as	a	member	of	the	Mexican	Academy	of	Sciences	and	of	the	California	Academy	of	Sciences.	He	has	been	awarded	the	Presidential	Award	in	Ecology	from
the	secretary	of	environment	of	Mexico.	He	was	a	Pew	Scholar	in	Conservation	and	received	its	Outstanding	Service	Award:	Teaching,	Organization	for	Tropical	Studies.	He	has	M.Sc.	and	Ph.D.	degrees	from	the	University	of	Wales.	Phillip	A.	Griffiths	is	director	emeritus	and	professor	of	mathematics	at	the	Institute	for	Advanced	Study,	which	he	led
from	1991	to	2003.	He	was	formerly	provost	and	James	B.	Duke	professor	of	mathematics	at	Duke	University	and	professor	of	mathematics	at	Harvard	University.	Over	the	last	four	decades,	he	has	made	crucial	contributions	in	several	fields,	including	complex	analysis,	algebraic	geometry,	and	differential	systems.	He	chaired	the	committee	that
produced	the	Carnegie	Corporation	report	The	Opportunity	Equation.	He	served	on	the	Page	358	Share	Cite	Suggested	Citation:"Appendix	C:	Biographical	Sketches	of	Committee	Members	and	Staff."	National	Research	Council.	2012.	A	Framework	for	K-12	Science	Education:	Practices,	Crosscutting	Concepts,	and	Core	Ideas.	Washington,	DC:	The
National	Academies	Press.	doi:	10.17226/13165.	×	National	Science	Board	from	1991	to	1996.	He	is	a	member	of	the	National	Academy	of	Sciences	and	a	foreign	associate	of	the	Third	World	Academy	of	Sciences.	At	the	National	Research	Council,	he	has	served	as	a	member,	ex	officio	member,	or	chair	of	the	Mathematical	Sciences	Education	Board;
the	Committee	on	Science,	Engineering,	and	Public	Policy;	the	Center	for	Science,	Mathematics,	and	Engineering	Education	Advisory	Board;	and	the	U.S.	National	Committee	for	Mathematics;	and	he	is	currently	a	member	of	the	Board	on	African	Science	Academy	Development.	He	has	an	M.S.	in	mathematics	from	Wake	Forest	University	and	a	Ph.D.
in	mathematics	from	Princeton	University.	Dudley	R.	Herschbach	is	emeritus	professor	in	the	Department	of	Chemistry	and	Chemical	Biology	at	Harvard	University	and	professor	of	physics	at	Texas	A&M	University	during	the	fall	term.	He	is	a	member	of	the	National	Academy	of	Sciences.	He	won	the	1986	Nobel	Prize	in	chemistry	jointly	with	Yuan
T.	Lee	and	John	C.	Polanyi	for	their	contributions	concerning	the	dynamics	of	chemical	elementary	processes.	He	has	been	a	strong	proponent	of	science	education	and	science	among	the	public	and	frequently	gives	lectures	to	students	of	all	ages,	sharing	his	enthusiasm	for	science	and	his	playful	spirit	of	discovery.	He	is	engaged	in	several	efforts	to



improve	K-12	science	education	and	public	understanding	of	science.	He	is	a	board	member	of	the	Center	for	Arms	Control	and	Non-Proliferation	and	is	the	chairman	of	the	board	for	Society	for	Science	&the	Public.	At	the	National	Research	Council,	he	has	served	on	the	Committee	on	Education	and	Employment	of	Women	in	Science	and
Engineering;	the	Panel	for	National	Science	Education	Standards	and	Television	Project;	the	Board	of	Overseers;	and	the	Communications	Advisory	Committee.	He	has	a	B.S.	in	mathematics	and	an	M.S.	in	chemistry	from	Stanford	University.	He	has	an	A.M.	in	physics	and	a	Ph.D.	in	chemical	physics	from	Harvard	University.	Linda	P.B.	Katehi	is
chancellor	of	the	University	of	California,	Davis.	Previously,	she	served	as	provost	and	vice	chancellor	for	academic	affairs	at	the	University	of	Illinois	at	Urbana-Champaign,	the	John	Edwardson	dean	of	engineering	and	professor	of	electrical	and	computer	engineering	at	Purdue	University,	and	associate	dean	for	academic	affairs	and	graduate
education	in	the	College	of	Engineering	and	professor	of	electrical	engineering	and	computer	science	at	the	University	of	Michigan.	She	led	the	effort	to	establish	the	Purdue	School	of	Engineering	Education,	the	first	department	at	a	U.S.	university	focused	explicitly	on	engineering	education,	particularly	on	K-12	engineering	curricula,	standards,	and
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the	National	Academy	of	Engineering,	a	fellow	and	board	member	of	the	American	Association	for	the	Advancement	of	Science,	chair	of	the	nominations	committees	for	the	National	Medal	of	Science	and	National	Medal	of	Technology	and	Innovation,	and	a	member	of	the	Kauffman	National	Panel	for	Entrepreneurship.	She	is	currently	a	member	of	a
number	of	National	Academies	committees,	the	Advisory	Committee	for	Harvard	Radcliffe	College,	and	the	Engineering	Advisory	Committees	for	Caltech,	the	University	of	Washington,	and	the	University	of	California,	Los	Angeles.	She	has	an	M.S.	and	a	Ph.D.	in	electrical	engineering	from	the	University	of	California,	Los	Angeles.	Thomas	E.	Keller	is
a	senior	program	officer	with	the	National	Research	Council’s	(NRC’s)	Board	on	Science	Education.	In	his	current	role,	Keller	is	co-director	of	an	NRC	study	committee	that	is	developing	a	conceptual	framework	to	guide	new	science	education	standards.	In	2010,	he	was	the	vice	president	for	education	at	the	Biotechnology	Institute	in	Arlington,
Virginia.	At	the	Institute,	he	was	responsible	for	planning	and	implementing	state	leadership	programs	and	teacher	professional	development	programs,	including	the	National	Biotechnology	Teacher	Leader	Program.	In	2007,	while	a	program	officer	at	the	National	Research	Council,	he	directed	the	development	of	the	award-winning	Surrounded	by
Science:	Learning	Science	in	Informal	Environments.	From	1986	to	2007,	he	held	several	positions	in	K-12	education,	including	director	of	secondary	instruction	and	state	science	supervisor	for	the	Maine	Department	of	Education.	He	served	a	term	as	president	of	the	Council	of	State	Science	Supervisors	and	of	the	Maine	Curriculum	Leaders
Association.	He	was	a	member	of	the	NRC’s	Committee	on	Science	Education	K-12	and	the	National	Committee	on	Science	Education	Standards	and	Assessment,	which	produced	the	National	Science	Education	Standards.	Keller	has	also	served	on	the	National	Science	Teachers	Association	board	of	directors.	He	has	an	Ed.D.	in	science	education
from	the	University	of	Massachusetts	and	has	experience	teaching	high	school	science.	John	C.	Mather	is	a	senior	astrophysicist	at	the	U.S.	space	agency’s	(National	Aeronautics	and	Space	Administration)	Goddard	Space	Flight	Center	in	Maryland	and	is	an	adjunct	professor	of	physics	at	the	University	of	Maryland,	College	Park.	He	won	the	Nobel
Prize	in	physics	jointly	with	George	Smoot	for	their	work	on	the	Cosmic	Background	Explorer	Satellite	(COBE).	COBE	was	the	first	experiment	to	precisely	measure	the	black	body	form	and	anisotropy	of	cosmic	Page	360	Share	Cite	Suggested	Citation:"Appendix	C:	Biographical	Sketches	of	Committee	Members	and	Staff."	National	Research	Council.
2012.	A	Framework	for	K-12	Science	Education:	Practices,	Crosscutting	Concepts,	and	Core	Ideas.	Washington,	DC:	The	National	Academies	Press.	doi:	10.17226/13165.	×	microwave	background	radiation,	helping	cement	the	Big	Bang	theory	of	the	universe.	He	is	also	the	senior	project	scientist	for	the	James	Webb	Space	Telescope.	At	the	National
Research	Council,	he	was	a	member	of	the	Board	on	Physics	and	Astronomy	and	the	Committee	on	Physics	of	the	Universe.	He	has	a	B.A.	in	physics	from	Swarthmore	College	and	a	Ph.D.	in	physics	from	the	University	of	California,	Berkeley.	Brett	D.	Moulding	is	director	of	the	Utah	Partnership	for	Effective	Science	Teaching	and	Learning,	a	five-
district	professional	development	collaborative.	He	was	the	director	of	curriculum	and	instruction	at	the	Utah	State	Office	of	Education	before	retiring	in	2008.	He	was	the	state	science	education	specialist	and	coordinator	of	curriculum	from	1993	to	2004.	He	taught	chemistry	for	20	years	at	Roy	High	School	in	the	Weber	school	district	and	served	as
the	district	science	teacher	leader	for	8	years.	Moulding	received	the	Governor’s	Teacher	Recognition	Award,	the	Presidential	Award	for	Excellence	in	Mathematics	and	Science	Teaching,	and	the	Award	of	Excellence	in	Government	Service	from	the	Governor’s	Science	and	Technology	Commission.	He	served	on	the	Triangle	Coalitional	Board	and	the
National	Assessment	of	Educational	Progress	2009	Framework	Planning	Committee	and	was	the	president	of	the	Council	of	State	Science	Supervisors	from	2003	to	2006.	He	has	an	administrative	supervisory	certificate	from	Utah	State	University;	a	B.S.	in	chemistry	from	the	University	of	Utah,	Salt	Lake	City;	and	an	M.Ed.	from	Weber	State
University.	Jonathan	Osborne	holds	the	Shriram	family	professorship	in	science	education	at	Stanford	University.	Previously,	he	was	a	professor	of	science	education	at	King’s	College,	University	of	London.	His	research	focus	is	a	mix	of	work	on	policy	and	pedagogy	in	the	teaching	and	learning	of	science.	In	the	policy	domain,	he	is	interested	in
exploring	students’	attitudes	toward	science	and	how	school	science	can	be	made	more	worthwhile	and	engaging,	particularly	for	those	who	will	not	continue	with	the	study	of	science.	In	pedagogy,	his	focus	has	been	on	making	the	case	for	the	role	of	argumentation	in	science	education,	both	as	a	means	of	improving	the	use	of	a	more	dialogic
approach	to	teaching	science	and	improving	student	understanding	of	the	nature	of	scientific	inquiry.	He	led	the	project	on	Enhancing	the	Quality	of	Argument	in	School	Science	Education,	from	which	IDEAS	(Ideas,	Evidence	and	Argument	in	Science	Education)	materials	to	support	teacher	professional	learning	were	developed.	He	was	one	of	the
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Learning	and	Schools.	He	has	a	Ph.D.	in	education	from	King’s	College,	University	of	London.	James	W.	Pellegrino	is	liberal	arts	and	sciences	distinguished	professor	and	distinguished	professor	of	education	at	the	University	of	Illinois	at	Chicago	(UIC).	He	is	co-director	of	UIC’s	interdisciplinary	Learning	Sciences	Research	Institute.	His	current	work
is	focused	on	analyses	of	complex	learning	and	instructional	environments,	including	those	incorporating	powerful	information	technology	tools,	with	the	goal	of	better	understanding	the	nature	of	student	learning	and	the	conditions	that	enhance	deep	understanding.	A	special	concern	of	his	research	is	the	incorporation	of	effective	formative
assessment	practices,	assisted	by	technology,	to	maximize	student	learning	and	understanding.	At	the	National	Research	Council,	he	has	served	on	the	Board	on	Testing	and	Assessment	and	co-chaired	the	Committee	on	the	Cognitive	Science	Foundations	for	Assessment,	which	issued	the	report	Knowing	What	Students	Know:	The	Science	and	Design
of	Educational	Assessment.	He	recently	helped	the	College	Board	build	new	frameworks	for	curriculum,	instruction,	assessment,	and	professional	development	in	Advanced	Placement	biology,	chemistry,	physics,	and	environmental	science.	He	has	a	B.A.	in	psychology	from	Colgate	University	and	M.A.	and	Ph.D.	degrees	from	the	University	of
Colorado.	Stephen	L.	Pruitt	is	the	chief	of	staff	for	the	Office	of	the	State	Superintendent	of	Schools	in	the	Georgia	Department	of	Education.	He	is	the	current	president	of	the	Council	of	State	Science	Supervisors.	Previously,	he	taught	high	school	science	for	12	years.	He	supervised	the	revision	and	implementation	of	Georgia’s	new	science
curriculum.	The	Georgia	Performance	Standards	have	taken	the	state	in	a	new	direction	in	education	with	an	emphasis	on	conceptual	learning	and	inquiry.	In	the	position	of	director	of	the	Division	of	Academic	Standards,	he	supervised	the	implementation	of	all	content	areas’	new	curriculum.	Currently,	as	the	chief	of	staff	for	assessment	and
accountability,	he	supervises	the	development	and	operation	of	all	state	testing	and	adequate	yearly	progress	determinations.	He	has	a	B.S.	in	chemistry	from	North	Georgia	College	and	an	M.Ed.	from	the	State	University	of	West	Georgia.	He	is	currently	completing	a	Ph.D.	in	chemistry	education	from	Auburn	University.	Brian	Reiser	is	professor	of
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Concepts,	and	Core	Ideas.	Washington,	DC:	The	National	Academies	Press.	doi:	10.17226/13165.	×	practices,	such	as	argumentation,	explanation,	and	modeling,	meaningful	and	effective	for	classroom	teachers	and	students.	Reiser	leads	the	MoDeLS	project	(Modeling	Designs	for	Learning	Science),	to	develop	an	empirically	based	learning
progression	for	the	practice	of	scientific	modeling,	and	BGuILE	(Biology	Guided	Inquiry	Learning	Environments),	developing	software	tools	for	supporting	students	in	analyzing	biological	data	and	constructing	explanations.	Reiser	is	also	on	the	leadership	team	for	IQWST	(Investigating	and	Questioning	our	World	through	Science	and	Technology),	a
collaboration	with	the	University	of	Michigan	developing	a	middle	school	project-based	science	curriculum.	He	was	a	founding	member	of	the	first	graduate	program	in	learning	sciences,	created	at	Northwestern,	and	chaired	the	program	from	1993	to	2001.	He	was	co-principal	investigator	in	the	Center	for	Curriculum	Materials	in	Science,	exploring
the	design	and	enactment	of	science	curriculum	materials.	At	the	National	Research	Council,	he	served	on	the	panel	authoring	the	report	Taking	Science	to	School.	He	also	served	on	the	editorial	boards	of	Science	Education	and	the	Journal	of	the	Learning	Sciences.	He	has	a	Ph.D.	in	cognitive	science	from	Yale	University	(1983).	Rebecca	R.
Richards-Kortum	is	the	Stanley	C.	Moore	professor	of	bioengineering	at	Rice	University.	She	is	a	member	of	the	National	Academy	of	Engineering.	Her	work	has	focused	on	translating	research	that	integrates	advances	in	nanotechnology	and	molecular	imaging	with	microfabrication	technologies	to	develop	optical	imaging	systems	that	are
inexpensive	and	portable	and	provide	point-of-care	diagnosis.	This	basic	and	translational	research	is	highly	collaborative	and	has	led	to	new	technologies	to	improve	the	early	detection	of	cancers	and	other	diseases,	especially	in	impoverished	settings.	Over	the	past	few	years,	Richards-Kortum	and	collaborators	have	translated	these	technologies
from	North	America	to	both	low-and	medium-resource	developing	countries	(Botswana,	Brazil,	India,	Mexico,	and	Taiwan).	She	served	on	the	inaugural	National	Advisory	Council	for	Biomedical	Imaging	and	Bioengineering	for	the	National	Institutes	of	Health	(2002-2007)	and	was	elected	fellow	of	the	American	Association	for	the	Advancement	of
Science	and	Biomedical	Engineering	Society	(2008).	At	the	National	Research	Council,	she	served	on	the	Committee	on	Being	a	Scientist:	Responsible	Conduct	in	Research.	She	has	a	Ph.D.	in	medical	physics	and	an	M.S.	in	physics	from	the	Massachusetts	Institute	of	Technology.	Heidi	A.	Schweingruber	is	the	deputy	director	of	the	Board	on	Science
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National	Academies	Press.	doi:	10.17226/13165.	×	on	most	of	the	major	projects	of	the	board	since	it	was	formed	in	2004.	She	served	as	study	director	for	a	review	of	the	National	Aeronautics	and	Space	Administration’s	pre-college	education	programs	in	2007	and	co-directed	the	study	that	produced	the	2007	report	Taking	Science	to	School:
Learning	and	Teaching	Science	in	Grades	K-8.	She	co-authored	two	award-winning	books	for	practitioners	that	translate	findings	of	NRC	reports	for	a	broader	audience:	Ready,	Set,	Science!:	Putting	Research	to	Work	in	K-8	Science	Classrooms	(2008)	and	Surrounded	by	Science	(2010).	Prior	to	joining	the	NRC,	Schweingruber	worked	as	a	senior
research	associate	at	the	Institute	of	Education	Sciences	in	the	U.S.	Department	of	Education	where	she	administered	the	preschool	curriculum	evaluation	program	and	a	grant	program	in	mathematics	education.	Previously,	she	was	the	director	of	research	for	the	Rice	University	School	Mathematics	Project.	She	holds	a	Ph.D.	in	psychology
(developmental)	and	anthropology	and	a	certificate	in	culture	and	cognition	from	the	University	of	Michigan.	Walter	G.	Secada	is	senior	associate	dean	of	the	School	of	Education	and	chair	of	the	Department	of	Teaching	and	Learning	at	the	University	of	Miami	(UM).	Previously,	he	was	professor	of	curriculum	and	instruction	at	the	University	of
Wisconsin–Madison	and	the	director	of	diversity	in	mathematics	education.	His	research	interests	have	included	equity	in	education,	mathematics	education,	bilingual	education,	school	restructuring,	professional	development	of	teachers,	student	engagement,	and	reform.	He	was	associate	director	and	co-principal	investigator	of	Promoting	Science
among	English	Language	Learners	(P-SELL)	with	a	High-Stakes	Testing	Environment,	associate	director	and	co-principal	investigator	of	Science	Made	Sensible,	and	a	member	of	the	university’s	social	sciences	institutional	review	board.	He	has	worked	on	the	development	of	a	secondary	school	mathematics	and	science	academy	at	UM.	As	director	of
the	U.S.	Department	of	Education’s	Hispanic	Dropout	Project,	he	was	senior	author	of	its	final	report,	No	More	Excuses.	He	has	a	B.A.	in	philosophy	from	the	University	of	Notre	Dame	and	an	M.S.	in	mathematics	and	a	Ph.D.	in	education,	both	from	Northwestern	University.	Deborah	C.	Smith	is	assistant	professor	in	the	Department	of	Curriculum
and	Instruction	at	Pennsylvania	State	University.	She	teaches	elementary	science	methods	and	graduate	courses	in	science	curriculum;	the	history,	philosophy,	and	sociology	of	science;	and	science	teacher	knowledge.	She	is	a	former	preschool	and	elementary	school	teacher,	with	a	background	in	biology.	Her	research	Page	364	Share	Cite	Suggested
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scientific	discourses	and	practices	in	the	early	years	of	schooling.	She	was	the	author	and	co-principal	investigator	on	a	5-year	grant	to	the	Lansing	(Michigan)	School	District	and	Michigan	State	University,	in	which	grade-level	groups	of	K-8	teachers	studied	scientific	content,	standards-based	and	inquiry-oriented	curriculum	design,	research-based
teaching	practices,	and	their	students’	science	learning.	At	the	National	Research	Council,	she	served	on	the	Teacher	Advisory	Council	and	was	a	consultant	for	the	popular	publication,	Ready,	Set,	Science!	She	has	a	B.S.	in	biology	from	Boston	University,	an	M.A.T.	in	science	education	from	the	Harvard	Graduate	School	of	Education,	and	a	Ph.D.	in
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10.17226/13165.	×	fellowships	from	the	Kemper	and	Lily	Foundations.	He	received	the	Innovation	Award	of	the	St.	Louis	Science	Academy	and	the	Distinguished	Faculty	Award	of	Washington	University.	In	2005,	he	had	a	distinguished	lectureship	with	the	Incorporated	Research	Institutions	for	Seismology	and	the	Seismological	Society	of	America.
He	has	an	Sc.B.	in	geophysics	from	Brown	University	and	a	Ph.D.	from	Northwestern	University.	Members	Scott	Linneman,	Western	Washington	University,	Bellingham	Eric	Pyle,	James	Madison	University	Dennis	Schatz,	Pacific	Science	Center,	Seattle	Don	Duggan-Haas,	Paleontological	Research	Institution,	Ithaca,	NY	ENGINEERING,
TECHNOLOGY,	AND	APPLICATIONS	OF	SCIENCE	Lead	Cary	Sneider,	Portland	State	University,	Oregon	Cary	Sneider	is	associate	research	professor	at	Portland	State	University	in	Portland,	Oregon,	where	he	teaches	courses	in	research	methodology	for	teachers	in	master’s	degree	programs	and	consults	for	a	number	of	organizations,	including
Achieve,	Inc.,	the	Noyce	Foundation,	and	the	state	of	Washington’s	Office	of	Public	Instruction.	He	is	currently	co-chair	of	the	planning	committee	to	develop	the	National	Assessment	of	Educational	Progress’s	technology	framework.	He	has	taught	science	at	the	middle	and	high	school	levels	in	California,	Maine,	Costa	Rica,	and	Micronesia.	During
the	past	10	years,	Sneider	was	vice	president	for	educator	programs	at	the	Museum	of	Science	in	Boston	and	previously	served	as	director	of	astronomy	and	physics	education	at	the	Lawrence	Hall	of	Science,	University	of	California,	Berkeley.	His	curriculum	development	and	research	interests	have	focused	on	helping	students	unravel	their
misconceptions	in	science	and	on	new	ways	to	link	science	centers	and	schools	to	promote	student	inquiry.	Members	Rodney	L.	Custer,	Illinois	State	University,	Normal	Jacob	Foster,	Massachusetts	Department	of	Elementary	and	Secondary	Education,	Malden	Yvonne	Spicer,	National	Center	for	Technological	Literacy,	Museum	of	Science,	Boston
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