
The	flows	of	energy	are	key	to	how	the	biosphere	works,	heralding	back	to	the	days	
of	Vernadsky.	This	lecture	will	discuss	energy	and	the	routes	it	flows	through	the	
biosphere	as	used	by	plants,	microbes	and	higher	organisms.	Capture	of	solar	energy	
is	key,	but	some	microbial	life	are	able	to	extract	chemical	energy	from	their	
environment	by	redox.		Energy	fixed	and	stored	as	carbon	compounds	is	eventually	
cycled	through	food	webs	feeding	lower	and	lower	trophic	levels.	
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Wonderful	book.		If	you	have	Eme	to	read	for	pleasure	and	curiosity	sake	I	
recommend	this	book	for	all	biospherians.	
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These	are	some	of	the	overarching	quesEons	associated	with	the	links	between	
Energy	and	the	Biosphere.		Can	you	think	of	others	that	come	from	your	life	
experiences	or	interests?	
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It	is	a	‘tongue	in	check’	statement	to	get	your	aKenEon.		But	there	are	many	truths	to	
it,	especially	by	linking	Physics	and	Biology.	
	
Modern	science	cannot	afford	to	work	in	silos	of	only	physics	or	only	biology.		The	
two	fields	of	biology	and	physics	must	interact,	to	get	a	beKer	appreciaEon	about	
how	the	biosphere	works.		Life	is	sustainable	because	it	re-cycles	material	and	is	able	
to	extract	as	much	energy	out	of	the	system	as	possible,	through	mulEple	trophic	
levels.		EvoluEon	is	powerful	as	it	enables	organisms	to	develop	structures	and	
funcEons	that	are	opEmized	for	their	environment.		This	is	not	to	say	mulEple	ways	
are	viable,	just	walk	through	the	desert.		But	it	does	say	that	certain	forms	and	
funcEons	are	not	viable.		100	m	tall	redwood	trees	don’t	grow	in	the	desert,	for	
example.	
	
The	first	part	of	this	statement	came	to	mind	when	I	was	in	India	riding	a	jitney.	
Observing	automoEve	chaos	everywhere	I	asked	the	driver	where	I	could	find	the	
seat	belt.		The	taxi	driver	seemed	insulted	and	quesEoned	my	trust	in	his	driving	
ability.		I	retorted	‘I	want	to	be	restrained	because	in	the	case	of	an	accident,	because		
‘Physics	wins’	‘;	I	surely	did	not	want	to	get	projected	through	the	wind	shield	if	he	
came	to	an	abrupt	stop.	
	
Seriously,	the	basis	for	this	statement	comes	from	observaEon,	research	and		
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These	examples	clearly	state	the	how	physics	sets	limits	on	metabolism,	form	and	
funcEon	
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Examples	on	how	Biology	does	it…otherwise	all	you	have	is	dead	rocks	rolling	down	
hills.		This	is	not	life.	
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Examples	of	the	links	between	Energy	and	Work	and	the	Units	associated	with	these	
terms.		If	you	forget,	go	back	to	first	principles.		Work	is	force	Emes	distance.		We	
know	from	dropping	a	rock	that	a	force	is	mass	Emes	acceleraEon.		And	we	know	
that	an	acceleraEon	is	the	change	in	velocity	with	Eme	(meter	per	second	per	
second)	
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Energy	Fuels	Metabolism	
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Park	Nobel	
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I’ve	come	to	view	the	process	of	life,	like	a	baKery.		The	flow	of	electrons	from	
chemical	energy	drives	this	baKery	and	the	flows,	gains	and	losses	of	electrons	are	
associated	with	REDOX.		Whendee	is	more	expert	on	this	topic	and	will	cover	it	more	
and	beKer	with	decomposiEon.	
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QuesEon	in	class	about	units,	per	molecule	or	per	mole.			Working	through	the	
computaEons	we	find	Gibbs	Free	energy	is	Joules	per	mole	
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Here	it	is	enough	to	show	how	adept	life	is	at	extracEng	energy	from	its	environment.		
Knowing	these	different	routes	and	how	acts	within	each	box	is	important	
	
One	fracEon	of	the	biosphere	is	dominated	by	the	phototrophs,	those	who	eat	
sunlight.		The	other	fracEon	is	dominated	by	Chemotrophs.		They	either	derive	
energy	from	organic	maKer	or	are	Lithotrophs	and	able	to	‘eat’	chemical	energy	
stored	in	minerals.	
	
It	is	important	to	Recall	and	Remember	the	Chemical	Energy	used	by	OrganoTrophs	
UlEmately	came	from	PhotoTrophs	and	the	Sun.	
	
Burgin	et	al	2011	FronEers	Ecology	
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Prof	Banfield	will	cover	this	topic	in	great	detail	on	her	lecture	on	Carbon	
Metabolism.		Light	Energy	splits	water	and	electrons	are	released,	and	oxygen	is	
formed	
	
General	lessons	at	this	stage	are:	light	energy	is	used	to	split	water	releasing	4	
electrons	and	producing	Oxygen.		These	electrons	are	transported	and	inter-
converted	into	biochemical	energy	compounds,	ATP	and	NADPH,	that	ulEmately	lead	
to	the	fixaEon	of	CO2;	energy	is	stored	in	chemical	compounds,	sugars,	and	the	
respiraEon	(oxidaEon)	of	these	sugars	provide	energy	for	metabolism	and	the	food	
changes	of	primary,	secondary	and	terEary	consumers.	
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An	example	of	the	stoichiometry	of	the	photosyntheEc	carbon	reducEon	(PCR)	and	
the	photosyntheEc	carbon	oxidaEon	(photorespiraEon	cycles).	In	this	case,	it	is	scaled	
with	in	an	input	of	3	CO2	molecules	
	
The	enzyme	ribulose-1,5-bisphosphate	carboxylase	(Rubisco)	catalyzes	the	reacEon	
between	gaseous	carbon	dioxide	and	ribulose-1,5-bisphosphate	(RuBP).		
	
Product	of	the	reacEon	are	two	molecules	of	3-phosphoglyceric	acid	for	each	CO2	
molecule	
	
C5O3H8(PO4

2-)2	+	CO2	->	2	C3O3H4PO4
2-	

	

RUBISCO	has	an	affinity	for	both	CO2	and	O2,	with	the	later	leading	
to	photorespiraEon,	a	loss	of	CO2.	The	rate	of	compeEEve	oxygen	
fixaEon	is	a	proporEonal	to	the	oxygen	concentraEon	Eme	the	raEo	
of	oxygenaEon	(Vo)	to	carboxylaEon	(Vc).		At	ambient	condiEons	
Vo/Vc	is	about	0.27	(2	Emes	the	CO2	compensaEon	point	divided	by	
CO2;	~	2	x	38/280).		In	pracEce	for	each	CO2	consumed	by	
carboxylaEon	0.5	CO2	Emes	Vo/Vc	are	lost	by	photorespiraEon;		
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We	always	see	the	Net	reacEons,	eg	CH2O	+	O2	=	CO2	+	H2O.		But	it	is	important	to	
explore	the	Redox	Half	reacEons	and	see	how	many	electrons	are	being	shuKled	back	
and	forth,	as	these	drive	the	ulEmate	energeEcs.		We	see	we	release	500	kJ	per	
carbon	hydrate	and	3000	kJ	per	glucose	molecule,	the	sugar	fixed	by	photosynthesis.	
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Adapted	from	Burgin.	With	ample	oxygen,	Organic	C	is	consumed	and	CO2	and	H2O	
are	produced.		If	O2	is	depleted,	Nitrate	becomes	the	electron	acceptor	and	N2	gas	
and	CO2	is	produced.		Next	Fe(III)	gains	an	electron,	forming	Fe(II)	and	CO2.		Lowest	
in	Energy	yield	is	SO4–	as	an	electron	acceptor.	H2S	and	CO2	are	formed	
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Megonigal	and	Hines	
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Conceptual	 models	 of	 redox-associated	 mechanisms	 for	 generaEng	 self-potenEals:	
(a)	classical	geobaKery	model	 [axer	Sato	and	Mooney,	1960;	Revil	et	al.,	2010]	and	
(b)	biogeobaKery	model	[axer	Naudet	and	Revil,	2005;	Revil	et	al.,	2010].	
	
IF	THIS	IMAGE	HAS	BEEN	PROVIDED	BY	OR	IS	OWNED	BY	A	THIRD	PARTY,	AS	
INDICATED	IN	THE	CAPTION	LINE,	THEN	FURTHER	PERMISSION	MAY	BE	NEEDED	
BEFORE	ANY	FURTHER	USE.	PLEASE	CONTACT	WILEY'S	PERMISSIONS	DEPARTMENT	
ON	PERMISSIONS@WILEY.COM	OR	USE	THE	RIGHTSLINK	SERVICE	BY	CLICKING	ON	
THE	'REQUEST	PERMISSIONS'	LINK	ACCOMPANYING	THIS	ARTICLE.	WILEY	OR	
AUTHOR	OWNED	IMAGES	MAY	BE	USED	FOR	NON-COMMERCIAL	PURPOSES,	
SUBJECT	TO	PROPER	CITATION	OF	THE	ARTICLE,	AUTHOR,	AND	PUBLISHER.	
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In	this	lesson	we	concentrate	on	the	uElizaEon	of	solar	energy	at	field	and	farm	
scales.		In	essence,	how	may	chemical	energy	is	stored	through	field	photosynthesis	
given	the	abundant	amounts	of	energy	discussed	above?		And,	how	much	carbon	can	
be	extracted	from	the	atmosphere	by	these	processes?	
	
These	calculaEons	are	for	solar	radiaEon	flux	density	averaged	across	the	Earth’s	
surface,	161	W	m-2;	simplisEc	as	it	is	respect	to	the	hemisphere	that	includes	oceans,	
and	does	not	consider	the	geographical	distribuEon	of	land,	sunlight	and	plants	
	
PS	Efficiency,	adapted	from	Bolton	and	Hall	1991	
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Only	a	small	porEon	of	incident	sunlight	is	actually	capture	and	converted	to	biomass.		
Hence,	biofuels	may	be	a	less	efficient	alternaEve	to	capturing	sunlight	than	solar	
panels.		And	this	figure	ignores	the	addiEonal	loss	of	respiraEon	due	to	growth	and	
maintanence.	
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For	1	MJ	of	sunlight	about	1%	of	that	energy	will	be	produced	into	the	biomass	of	
primary	producers.		About	1	to	10%	of	this	energy	will	be	used	by	primary	
consumers,	herbivores,	like	insects,	caKle,	grazers,	etc.	Even	less	energy	is	dispensed	
to	secondary	consumers	who	may	eat	the	primary	consumers	and	detritus.		Even	less	
energy	is	lex	for	the	terEary	consumers,	who	may	reside	at	the	top	of	the	inverted	
food	pyramid	

46	



Less and Less energy is available at higher and higher Trophic Levels, Less 
energy, less mass…but larger individuals. 
 
The classic textbook example of the inverted pyramid for aquatic systems is 
misleading.  The large whales and sharks at the top are actually sustained by 
large pools of plankton and krill that have short life times and fast turn over (2 
to 6 days).  It is more appropriate to consider the mass of this primary 
productive over the course of a year than its mass at a give instant.  And it is 
more appropriate to consider the mass of large carnivores and mass of small 
primary producers over a large area..then there is coherency between the 
pyramids of energy and the pyramids of biomass 
 
 
Global integrated chlorophyll biomass is 4 to 5 Tg.. Phytoplankton turn over 
every 2 to 6 days!  Ocean NPP is ~50 Pg/y 
 
Behrenfeld,	M.	J.,	R.	T.	O/'Malley,	D.	A.	Siegel,	C.	R.	McClain,	J.	L.	Sarmiento,	G.	C.	
Feldman,	A.	J.	Milligan,	P.	G.	Falkowski,	R.	M.	Letelier,	and	E.	S.	Boss.	2006.	Climate-
driven	trends	in	contemporary	ocean	producEvity.	N 
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The	beauty	of	complex	systems	is	that	aspects	of	their	behavior	can	be	predicted	by	
power	laws.		So	there	is	‘order’	and	‘rules’	among	chaos.	
	
In	this	case	there	are	only	so	many	individuals	sustainable	on	a	plot	of	land,	give	a	
certain	size.	
	
You	can	either	have	a	lot	of	small	individuals	or	a	few	large	individuals	for	unit	area	of	
land.		This	is	an	example	of	the	self-organizing	and	predicEve	aspect	of	complex	
systems.		PredicEons	follows	a	power	law,	with	log-log	scaling,	with	a	known	slope,	or	
power	law	exponent,	in	this	case	-4/3.	

48	



The	metabolic	energy,	B,	needed	to	sustain	metabolism	scales	with	the	mass	of	the	
organism	to	the	¾	power	
	
Max	Kleiber	was	a	zoologist	at	UC	Davis.		I	took	my	courses	on	biology	and	botany,	as	
an	undergrad,	in	Kleiber	Hall.	Sadly,	I	don’t	recall	we	were	told	of	his	impact	on	
science	then.	
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Example	of	the	‘Universality’	of	Kleiber’s	law	over	21	orders	of	magnitude	of	mass	
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Example	of	the	mutual	constraints	of	size	and	mass,	only	large	things	can	have	much	
mass	
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From	Schlesinger’s	book	
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