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1  Introduction
In	a	sense,	a	fruit	tree	can	be	viewed	as	a	massive	network	of	solar	energy	col-
lectors.	The	individual	solar	collection	plates	(grana	stacks)	are	located	in	chlo-
roplasts,	green	microscopic	structures	within	biological	cells	of	the	leaves.	Each	
leaf	contains	thousands	of	chloroplasts	that	function	as	solar	energy	cells	and	
the	tree,	in	turn,	has	thousands	of	leaves.	The	solar	energy	cells	(chloroplasts)	
only	function	if	they	are	in	aqueous	solution,	so	leaves	are	specially	designed	
to	maintain	the	solar	cells	 in	a	hydrated	state	inside	the	biological	cells	even	
though	leaves	are	usually	exposed	to	dry	ambient	conditions	(Taiz	et	al.,	2015).	
In	 this	 analogy,	 the	woody	 framework	 of	 the	 tree	 can	 be	 viewed	 as	 provid-
ing	 the	 structure	by	which	 the	 tree	 is	 capable	of	exposing	optimal	numbers	
of	solar	cells	to	light	energy.	In	addition	to	providing	the	structural	framework	
for	optimum	light	exposure,	the	wood	and	bark	provide	a	vascular	tissue	for	
transporting	water	 and	 nutrients	 to	 the	 leaves	 and	 chemical	 energy	 (photo-
synthates)	from	the	solar	cells	(chloroplasts)	in	the	leaves	to	other	parts	of	the	
plant.	The	efficiency	of	a	fruit	tree	as	a	solar	energy	collector	network	depends	
on	its	efficiency	in	capture	and	conversion	of	light	energy	into	chemical	energy	
(photosynthesis)	and	the	subsequent	transport,	storage	and	utilization	of	that	
chemical	energy	for	fruit	production.	This	concept	is	supported	by	the	fact	that	
maximum	yields	of	fruit	and	nut	orchards,	when	optimally	managed,	have	been	
shown	 to	be	directly	 related	 to	 the	percentage	of	daily	 solar	 radiation	 inter-
cepted	(Lampinen	et	al.,	2012;	Palmer	et	al.,	2002;	Wünsche	and	Lakso,	2000).
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Looking	at	the	functioning	of	fruit	trees	from	this	perspective	is	useful	for	
both	scientific	and	practical	horticultural	reasons.	Because	of	 the	 importance	
of	photosynthesis	to	the	efficient	functioning	of	plants	as	solar	energy	collec-
tors,	scientists	have	been	intensively	studying	the	process	of	photosynthesis	for	
more	than	100 years	with	the	hope	of	increasing	its	efficiency.	However,	there	
is	little	evidence	that	scientists	have	been	or	will	be	able	to	increase	this	effi-
ciency	in	crop	plants	in	the	near	future	(Horton,	2000).	On	the	other	hand,	there	
is	 substantial	 evidence	 that	 fruit	 trees	distribute	 their	 nutrient	 resources	and	
photosynthetic	competency,	and	adjust	the	angles	of	leaves	in	different	parts	
of	their	canopy	to	optimize	use	of	resources	and	sunlight	as	it	passes	through	
a	tree	canopy	(Auzmendi	et	al.,	2013;	DeJong	and	Doyle,	1985;	DeJong	et	al.,	
1989;	Niinemets,	1995,	1997;	Rosati	et	al.,	1999,	2000,	2002).

So	 why	 should	 horticulturists	 be	 concerned	 about	 studying	 and	 under-
standing	photosynthesis	and	the	distribution	of	photosynthates	in	fruit	trees?	
Trees	have	evolved	to	optimize	these	processes	in	the	context	of	survival	and	
reproduction	 in	 diverse	 natural	 environments.	 The	 horticulturist’s	 goal	 is	 to	
optimize	orchard	conditions	for	enabling	fruit	trees	to	carry	out	photosynthesis	
and	the	efficient	distribution	and	use	of	photosynthates	towards	obtaining	eco-
nomic	yields	in	managed,	agricultural	systems.	An	orchard	manager’s	concern	
is	to	optimize	inputs	that	influence	these	processes	to	produce	an	economically	
valuable	crop.	This	requires	a	basic	understanding	of	the	plant’s	fundamental	
processes	and	the	factors	that	influence	them.

1.1  Photosynthesis

Simply	summarized,	photosynthesis	 is	 the	process	by	which	energy	from	the	
sun	is	trapped	in	green	pigments	(chlorophyll),	converted	into	chemical	energy	
and	used	to	convert	carbon	dioxide	(CO2)	and	water	into	simple	carbohydrates	
that	eventually	become	sugars	 ([CH2O]n)	 that	can	be	distributed	 throughout	
the	plant.	Oxygen	is	given	off	in	the	process.	The	reverse	process,	whereby	all	
plants	and	animals	recover	energy	from	these	simple	carbohydrates,	is	called	
respiration	(Taiz	et	al.,	2015).

The	actual	photosynthetic	process	is	a	complex	set	of	reactions	involving	
many	of	the	nutrients	green	plants	require.	For	example,	nitrogen	(N)	is	a	con-
stituent	of	photosynthetic	enzymes	and	chlorophyll;	phosphorus	is	important	in	
the	energy	transfer	process;	magnesium	is	an	essential	part	of	the	chlorophyll	
molecule;	potassium,	iron,	manganese	and	other	nutrients	play	important	roles	
in	specific	photosynthetic	reactions	(Taiz	et	al.,	2015).	The	carbohydrate	prod-
ucts	of	photosynthesis	are	collectively	called	photosynthates.	A	principal	prod-
uct	is	glucose,	a	six-carbon	sugar.	It	is	transformed	into	other	simple	sugars,	that	
is	fructose,	sucrose	and	sorbitol,	a	sugar	alcohol.	In	most	plants,	sucrose	is	the	
predominant	carbohydrate	that	is	transported	from	the	leaves	to	other	parts	of	
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the	plant;	however,	in	most	Rosaceous	fruit	trees,	sorbitol	is	the	primary	trans-
ported	carbohydrate	(Bieleski,	1982).

The	CO2	for	photosynthesis	must	come	from	the	air	surrounding	the	leaf,	
and	the	water	comes	up	from	the	soil	through	the	plant’s	vascular	system.	CO2,	
which	makes	up	only	about	0.040%	of	 the	earth’s	atmosphere	(~400 ppm	in	
air),	diffuses	through	the	stomata	located	in	the	lower	epidermis	of	most	fruit	
tree	leaves.	The	stomata	not	only	allow	entry	of	CO2	into	the	leaf,	but	also	allow	
water	 vapour	 to	escape	 from	 the	 leaf.	Thus,	 to	minimize	water	 loss	 from	 the	
leaf	(transpiration),	the	stomata	have	an	active	mechanism	for	controlling	their	
opening	 to	permit	 just	 enough	CO2	 into	 the	 leaf	 to	 allow	photosynthesis	 to	
continue	without	excessive	loss	of	water	(Taiz	et	al.,	2015).

1.2  Interactions between photosynthesis and water use

During	daylight	hours	when	photosynthesis	occurs,	the	tree	loses	(transpires)	
as	much	as	400	molecules	of	water	for	every	molecule	of	CO2	that	is	absorbed	
depending	on	the	ambient	 temperature	and	humidity	 (Taiz	et	al.,	2015).	The	
water	that	is	lost	from	the	leaf	is	replenished	by	transport	of	water	through	the	
tree	from	the	soil.	If	the	soil	around	the	tree	is	moist,	water	also	evaporates	into	
the	air	directly	from	the	soil.	The	total	quantity	of	water	lost	by	the	tree	and	the	
soil	is	called	orchard	evapotranspiration	or	crop	evapotranspiration	(ETc).	Tree	
transpiration	usually	accounts	for	most	crop	water	use.	In	recent	years,	because	
of	increasing	water	scarcity	in	many	agricultural	growing	areas,	there	has	been	
increased	 research	 emphasis	 placed	 on	 developing	 plants	 with	 increased	
photosynthetic	water	use	efficiency.	However,	again	most	of	this	research	has	
had	limited	success	because	photosynthesis	can	only	be	carried	out	in	aque-
ous	solution	within	cells	of	 leaves,	and	 the	 laws	of	physics	 (diffusion)	dictate	
the	amount	of	water	loss	when	stomata	open	to	allow	CO2	to	be	taken	up	to	
supply	the	photosynthetic	process	(Taiz	et	al.,	2015;	Blum,	2009).	The	primary	
successes	in	increasing	orchard	water	use	efficiencies	have	been	achieved	by	
enhancing	efficiencies	of	delivery	systems	used	for	orchard	irrigation,	changing	
to	localized	irrigation	systems	that	more	precisely	deliver	water	to	trees	where	
they	need	 it	and	scheduling	 irrigation	so	 that	 it	 is	delivered	when	they	most	
need	 it	 (Blum,	2009;	Auzmendi	et	al.,	2011;	Lopez	et	al.,	2016;	Marsal	et	al.,	
2016;	Behboudian	et	al.,	2011).

2  Factors that influence photosynthesis in fruit trees
2.1  Light

Since	a	 fruit	 tree’s	primary	 function	 is	 to	be	a	 solar	energy	collector,	 light	 is	
the	most	 important	 driver	 of	 photosynthesis.	However,	 there	 is	 seemingly	 a	
flaw	in	this	system	since	photosynthesis	of	an	individual	fruit	tree	leaf,	as	well	
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as	 leaves	of	most	other	crop	plants,	 is	 light	 saturated	at	approximately	one-
third	 to	one-half	 full	 sunlight	 if	 a	 leaf	 is	 exposed	perpendicular	 to	 the	 sun’s	
rays	(Taiz	et	al.,	2015;	DeJong,	1983;	Li	and	Lakso,	2004).	However,	only	leaves	
on	the	outer	surface	of	a	tree	canopy	are	ever	exposed	to	direct	sunlight	for	
long	periods	and	even	those	 leaves	are	usually	oriented	vertically	and	often	
folded	at	the	midrib.	Thereby	they	only	receive	direct	exposures	for	very	short	
periods	of	the	day	as	the	orientation	of	the	sun	to	the	tree	changes	from	east	
to	west	(DeJong	and	Doyle,	1985;	Rosati	et	al.,	1999).	Each	leaf,	located	in	its	
zone	of	the	tree	canopy,	has	its	own	ever-changing	light	environment	(DeJong	
and	Doyle,	1985).	Thus,	 light	 is	 shared	among	 leaves	 in	deciduous	 fruit	 tree	
canopies	 so	 that	most	 leaves	 in	 a	mature	 tree	 function	most	 of	 the	 day	 on	
the	steep,	 rather	 than	 the	 light	 saturated	portion	of	 the	photosynthetic	 light	
response	curve	(Rosati	et	al.,	2002).	Light	becomes	limiting	for	photosynthe-
sis	along	a	gradient	from	the	outer,	exposed	edge	to	the	centre	of	the	foliar	
canopy,	and	often	this	gradient	is	depicted	as	a	continuous	reduction	of	light	
intensity	towards	the	interior	of	tree	canopies	(Robinson	et	al.,	1991).	However,	
much	of	the	light	intercepted	by	all	leaves	is	in	the	form	of	sun	flecks,	and	the	
reduction	in	light	exposure	of	interior	leaves	is	a	function	of	the	amount	of	time	
leaves	are	exposed	to	sun	flecks	as	opposed	to	being	in	shade	(DeJong	and	
Doyle,	1985).	Thus,	interior	leaves	contribute	less	photosynthates	to	the	local	
fruit	bearing	shoots	to	which	they	are	attached,	and	those	shoots	develop	less	
leaf	area	and	are	less	productive	than	more	exposed	shoots.	These	shoots	may	
eventually	die	if	total	light	interception	is	below	the	threshold	for	shoot	survival	
(Lampinen	et	al.,	2011),	reinforcing	the	importance	of	solar	energy	collection	
in	a	tree’s	economy.

2.2  Sink strength

In	horticulture,	much	attention	has	been	paid	to	the	question	of	whether	pho-
tosynthesis	of	fruit	trees	is	strongly	controlled	by	a	tree’s	demands	for	carbo-
hydrates,	as	opposed	to	environmental	drivers	of	photosynthesis	such	as	light	
(Neales	and	Incoll,	1968).	Researchers	have	reported	that	photosynthesis	can	
be	substantially	increased	in	the	presence	of	high	demand	for	carbohydrates	
by	fruits	in	several	fruit	crops	(Avery,	1975;	Hansen,	1970;	Maggs,	1963),	and	
this	 led	 some	 researchers	 to	 assert	 that	 fruit	 demand	 for	 carbohydrates	 is	 a	
major	factor	controlling	photosynthesis	in	fruit	trees.	However,	other	research	
has	indicated	that	the	effect	of	fruit	on	photosynthesis	can	be	relatively	minor	
(DeJong,	1986).	Close	analysis	of	much	of	the	literature	reporting	strong	effects	
of	 crop	 load	 on	 photosynthesis	 indicates	 that	 those	 effects	 are	mainly	 pre-
sent	when	there	are	 factors	such	as	dwarfing	rootstocks	 (Palmer	et	al.,	2005;	
Wünsche	et	al.,	2000)	or	girdling	(Ben	Mimoun	et	al.,	1996)	that	limit	the	flow	of	
photosynthates	to	alternative	sinks	and	cause	a	feed-back-mediated	reduction	
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in	carbohydrate	movement	from	the	leaves.	While	there	may	be	a	tendency	for	
stomata	to	function	less	conservatively	in	controlling	the	ratio	of	CO2	uptake	to	
water	loss	in	the	presence	of	fruit	(DeJong,	1986),	there	does	not	appear	to	be	
strong	evidence	for	crop	load	being	a	primary	regulator	of	photosynthesis	in	
the	absence	of	some	‘artificial’	mechanism	that	limits	the	capacity	of	alternative	
sinks	to	utilize	photosynthates	for	growth.	This	corresponds	with	the	concept	
that	a	tree	species’	success	and	survival	in	nature	is	expected	to	be	associated	
with	garnering	as	much	carbohydrate	resource	as	possible	to	grow	and	com-
pete	for	space	in	addition	to	reproducing	(Stephenson,	1981).

2.3  Temperature

Photosynthesis	 functions	optimally	at	 leaf	 temperatures	between	about	20°C	
and	30°C	in	many	temperate	deciduous	fruit	trees	(Ro	et	al.,	2001).	While	the	
temperature-based	limits	for	temperate	deciduous	fruit	trees	are	dictated	most	
often	by	winter	and	spring	cold	events	or	lack	of	winter	chill,	rather	than	photo-
synthetic	temperature	optima,	growing	season	temperatures	can	influence	fruit	
quality	and	yield	through	effects	on	photosynthesis.	Crops	that	have	fruits	with	
high	sugar	contents,	such	as	many	stone	fruits,	tend	to	be	sweeter	in	climates	
where	daytime	maximum	temperatures	are	greater	than	30°C.	Whereas	many	
starch-accumulating	fruit	species	do	better	in	areas	where	temperatures	rarely	
exceed	30°C.	More	research	is	needed	to	explore	whether	this	is	related	to	the	
photosynthetic	process	or	downstream	carbohydrate	metabolism	in	these	spe-
cies.	It	is	important	to	note	that	even	in	regions	where	maximum	temperatures	
often	exceed	30°C,	these	temperatures	usually	only	occur	for	a	relatively	small	
part	of	a	day	(afternoon)	in	most	regions	where	temperate	deciduous	crops	are	
commercially	grown.

All	commercial	fruit	bearing	species	use	what	is	known	as	C3	photosynthe-
sis	(the	first	carbon	compound	assimilated	in	the	photosynthetic	process	has	
three	carbon	atoms)	(Taiz	et	al.,	2015).	Some	plant	scientists	have	suggested	
that	the	productivity	of	temperate	deciduous	fruit	trees	could	be	enhanced	if	
they	could	be	converted	to	the	C4	photosynthetic	pathway	found	in	some	other	
plants,	such	as	corn	(Zea mays).	This	is	highly	unlikely,	since	C4	photosynthesis	
would	not	be	as	efficient	as	C3	photosynthesis	in	early	spring	when	tempera-
tures	are	relatively	low	(Taiz	et	al.,	2015)	and	there	is	no	competitive	advantage	
of	C4	photosynthesis	under	the	shady	conditions	(Pearcy	and	Ehleringer,	1984)	
that	are	common	within	the	canopies	of	most	fruit	tree	species.

3  Distribution and use of photosynthates
Over	 the	 past	 couple	 of	 decades,	 the	 concept	 that	 carbohydrate	 partition-
ing	at	the	whole	plant	level	is	primarily	driven	by	growth	and	development	of	



 Advances in understanding fruit tree growth6

© Burleigh Dodds Science Publishing Limited, 2019. All rights reserved.

individual	organs	has	become	widely	accepted	(Gifford	and	Evans,	1981;	Ho,	
1988;	Lacointe,	2000;	Marcelis,	1994;	Watson	and	Casper,	1984;	Weinstein	and	
Yanai,	1994).	Grossman	and	DeJong	(1995b)	used	this	concept	in	the	develop-
ment	of	the	PEACH	model	and	later	DeJong	(1999)	outlined	the	following	four	
principles	for	applying	this	concept	to	logically	understand	carbon	partitioning	
in	fruit	trees.

3.1  The tree as a collection of semiautonomous organs

The first principle is that a tree is a collection of semiautonomous organs and each 
organ has a genetically determined, organ-specific development pattern and 
growth potential.	Although	much	emphasis	is	often	placed	on	considering	plants	
as	highly	 integrated	organisms,	 the	concept	of	semi-autonomy	among	organs	
is	widely	 recognized	 (Harper,	1980;	Sprugel	et	 al.,	 1991;	Watson	and	Casper,	
1984;	White,	1979).	Indeed,	the	primary	morphological	features	that	distinguish	
one	species	or	cultivar	from	another	are	at	the	organ	or	sub-organ	level	(i.e.	fruit	
or	 leaf	shape	and	size,	floral	characteristics,	etc.),	not	at	 the	whole	plant	 level.	
Furthermore,	although	variation	exists,	the	developmental	patterns	and	growth	
rates	of	individual	organs	under	specific	environmental	conditions	are	generally	
predictable.	Models	have	been	developed	for	the	growth	of	fruit	(DeJong	and	
Goudriaan,	1989;	Genard	and	Huguet,	1996;	Genard	and	Souty,	1996;	Grossman	
and	DeJong,	1995b;	Pavel	and	DeJong,	1993b;	Lakso	et	al.,	1995),	shoots	and	
branches	(Costes	et	al.,	1993,	2014;	Costes	and	Guédon,	1996;	Genard	et	al.,	
1998;	Grossman	and	DeJong,	1995c;	Lescourret	et	al.,	1998;	Johnson	and	Lakso,	
1986)	and	roots	(Bidel	et	al.,	2000).	Although	tree	pruning	and	training	can	drasti-
cally	alter	the	shape	of	trees,	they	generally	have	very	little	effect	on	individual	
organ	characteristics	other	than	those	explained	by	changes	in	the	local	micro-
environment	of	the	organs	or	changes	in	the	availability	of	carbohydrates	due	to	
the	proximity	of	other	sinks.

The	fact	that	there	appears	to	be	some	level	of	branch	autonomy	(Sprugel	
et	al.,	1991;	Heerema	et	al.,	2008)	in	fruit	trees	further	reinforces	this	first	prin-
ciple.	Branch	autonomy	tends	to	functionally	isolate	some	sinks	from	sources	
of	carbohydrates.	When	sinks	are	manipulated	 through	pruning	or	 fruit	 thin-
ning	to	create	an	apparent	abundance	of	photosynthate	in	one	part	of	the	tree	
and	an	under-supply	somewhere	else,	the	carbon	does	not	freely	move	to	the	
location	of	greatest	demand.	When	one	scaffold	of	Y-shaped	peach	trees	were	
de-fruited,	the	remaining	fruit	on	the	fruited	scaffold	benefited	very	little	from	
the	carbon	that	should	have	been	available	for	fruit	growth	from	the	de-fruited	
scaffold	(Marsal	et	al.,	2003).	Interestingly,	scaffold	diameter	growth	appeared	
to	be	one	of	the	sinks	that	benefited	most	from	the	removal	of	fruit,	while	root	
growth	was	only	marginally	affected.	There	 is	much	 to	be	 learned	about	 the	
movement	of	carbohydrates	within	the	context	of	the	whole	tree.	The	role	of	
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branch	autonomy	in	early	spring,	when	much	of	the	carbon	used	for	growth	is	
mobilized	from	storage	in	the	root,	trunk	and	major	branches	and	is	presum-
ably	transported	in	the	xylem,	is	still	being	elucidated	(Zwieniecki	et	al.,	2015).

Carbon	partitioning	 at	 the	branch	 level	 has	been	 studied	explicitly	with	
radioactive	tracer	studies	(Corelli-Grappadelli	et	al.,	1996)	and	by	manipulating	
leaf	number	and	fruit	load	in	isolated	branches	(Genard	et	al.,	1998).	Implicit	
conclusions	 about	 carbon	 partitioning	 within	 shoots	 have	 also	 been	 drawn	
from	fruit	thinning	studies	to	determine	optimal	fruit	positioning	for	fruit	size	
(Marini	and	Sowers,	1994;	Spencer	and	Couvillon,	1975).	These	studies	support	
the	idea	that	fruit	are	strong	sinks	for	carbon	within	shoots,	but	their	influence	
on	where	recently	fixed	carbon	goes	varies	substantially	within	the	local	context	
of	the	stem	unit.

3.2  Activation of an organ’s genetic potential

The second principle is that the genetic potential of an organ is activated or 
deactivated by organ-specific, endogenous and/or environmental signals.	The	
semiautonomous	nature	of	 individual	organs	 is	 further	demonstrated	by	 the	
fact	that	individual	organs	on	a	tree	can	be	experimentally	activated	by	manipu-
lating	factors	that	stimulate	the	growth	of	specific	organs	independently	from	
processes	occurring	 in	organs	elsewhere	on	 the	 tree.	For	 instance,	exposing	
individual	buds	on	a	branch	to	rest-breaking	treatments	can	induce	bud	break	
in	 those	buds,	while	 similar	 buds	 on	 other	 parts	 of	 the	 tree	 remain	 inactive	
(Chandler,	 1942).	 Similarly,	 grafting	 multiple	 cultivars	 with	 differing	 chilling	
requirements	onto	one	trunk	will	not	influence	the	inherent	chilling	exposure	
required	for	activation	by	the	branch	of	each	specific	cultivar.	Also,	removing	
the	apical	meristem	on	a	shoot	will	promote	the	activation	of	growth	of	lateral	
buds	on	the	remaining	part	of	the	shoot,	while	buds	on	other	shoots	are	unaf-
fected	(Harris,	1983).	Although	the	exact	mechanism	of	the	environment	and/
or	endogenous	signals	that	activate	growth	is	not	fully	understood,	the	primary	
site	of	activation	is	clearly	at	the	organ	or	sub-organ	level.	This	is	certainly	one	
area	where	hormones	play	key	roles	in	influencing	carbon	partitioning	at	the	
whole	tree	level,	as	suggested	by	data	on	hormone	concentration	in	xylem	sap	
(Sorce	et	al.,	2002).

3.3  Interaction of current environmental conditions 
and genetic growth potential

The third principle is that after an organ is activated, current environmental con-
ditions and genetic growth potential interact to determine conditional organ 
growth capacity.	Although	often	overlooked,	ambient	temperature	is	probably	
the	single	most	important	environmental	factor	influencing	organ	growth.	This	
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importance	 is	 related	 to	 the	 strong	dependence	 of	 respiration	 on	 tempera-
ture.	All	irreversible	plant	organ	growth	is	dependent	on	metabolic	activity	and	
enzyme	function,	and	these	processes	are	linked	to	respiration.	Plant	respira-
tion	generally	has	a	temperature	response	quotient	(Q10)	of	about	2	(respira-
tion	doubles	for	every	10°C	increase	in	temperature	between	5°C	and	35°C,	
Amthor,	1989).	Therefore,	conditional	growth	capacity	of	any	organ	 is	highly	
dependent	on	ambient	temperature.	The	conditional	growth	capacity	of	fruits	
growing	 under	 near-optimal	 field	 conditions	 has	 been	modelled	 for	 several	
peach	 and	 apple	 cultivars	 using	 mathematical	 functions	 responsive	 to	 heat	
accumulation	(Berman	et	al.,	1998;	DeJong	and	Goudriaan,	1989;	Grossman	
and	DeJong,	1995a;	Lakso	et	al.,	1999;	Pavel	and	DeJong,	1993a;	Reyes	et	al.,	
2016).	That	other	environmental	 factors	such	as	water	status	can	also	have	a	
substantial	effect	on	organ	growth	 is	well	documented	 (Bradford	and	Hsiao,	
1982).	Extension	growth	of	shoots	has	been	successfully	modelled	by	consider-
ing	temperature	and	dynamic	changes	in	shoot	water	status	(Basile	et	al.,	2003;	
Berman	and	DeJong,	1997a).	Although	fruit	growth	is	generally	quite	sensitive	
to	water	stress,	 it	 is	 important	 to	distinguish	between	growth	 in	 fresh	vs.	dry	
matter	 since	 the	 former	 is	much	more	 sensitive	 than	 the	 latter	 (Berman	and	
DeJong,	1997b;	Girona	et	al.,	1993).	Nutrient	availability	also	can	strongly	influ-
ence	conditional	organ	growth	capacity	because	certain	nutrients	are	required	
as	constituents	for	growing	organs.	Accordingly,	Saenz	et al.	(1997)	have	dem-
onstrated	that	limited	N	availability	can	increase	developmental	rates	of	peach	
fruit.

3.4  The nature of organ growth

The fourth principle is that actual organ growth is a consequence of conditional 
organ growth capacity, resource availability (assimilate and nutrient supply) and 
inter-organ competition for those resources. Inter-organ competition for carbo-
hydrates is a function of location relative to sources and sinks of carbohydrates, 
transport resistances, organ sink efficiency and organ microenvironment.	When	
conditional	growth	capacity	of	an	organ	is	set,	organ	growth	should	proceed	
at	a	rate	equal	to	the	conditional	growth	capacity	as	 long	as	transport	 is	not	
limited	 and	 enough	 resources	 (carbohydrates)	 are	 available	 to	 support	 that	
organ’s	growth	and	the	growth	of	all	other	competing	organs.	However,	if	the	
tree	does	not	have	enough	carbohydrate	 to	support	 the	conditional	growth	
capacity	of	all	organs,	or	carbohydrate	transport	within	the	tree	is	limited,	then	
the	growth	of	an	 individual	organ	will	be	a	 function	of	 its	ability	 to	compete	
for	available	carbohydrates	with	other	organs.	When	flowering	and	pollination	
occur	under	favourable	conditions,	many	fruit	tree	cultivars	set	very	heavy	fruit	
loads.	Therefore,	lack	of	available	assimilates	and	inter-fruit	competition	for	car-
bohydrates	are	generally	the	primary	factors	that	limit	realized	fruit	growth	in	
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these	situations,	and	fruit	thinning	is	essential	to	manage	this	competition	(Cain	
and	Mehlenbacher,	 1956;	Costa	 and	Vizzoto,	 2000;	DeJong	and	Grossman,	
1995;	 Dorsey	 and	McMunn,	 1928;	 Grossman	 and	DeJong,	 1995b;	 Goffinet	
et	 al.,	 1995).	Certainly,	 there	 are	 some	 limitations	 to	 carbohydrate	 transport	
within	trees	(DeJong	and	Grossman,	1995;	Marsal	et	al.,	2003),	but	these	are	
difficult	to	specifically	quantify.	There	is	substantial	evidence	that	fruit	growth	
of	many	species	can	compete	effectively	for	carbohydrates	with	shoot,	 trunk	
and	root	growth	when	the	crop	loads	are	high	and	all	fruit	are	considered	as	a	
collective	sink	(Grossman	and	DeJong,	1995a;	Marsal	et	al.,	2003;	Proebsting,	
1958).	Yet,	 there	 is	 some	evidence	 to	 the	 contrary	when	pruning	 stimulates	
excessive	 vegetative	 shoot	 growth	 (Grossman	 and	 DeJong,	 1998).	 There	 is	
also	clear	documentation	of	the	capacity	of	individual	fruit	organs	to	compete	
with	each	other	and/or	vegetative	sinks	at	the	local	branch	level	(Genard	et	al.,	
1998).	A	further	complication	is	that	the	ability	of	fruit	to	compete	for	carbo-
hydrates	 appears	 to	 vary	 with	 the	 stage	 of	 fruit	 development	 (DeJong	 and	
Grossman,	1995)	and	location	within	a	tree	(Basile	et	al.,	2007).

Upon	examining	 these	principles	 for	 carbon	partitioning	 in	 fruit	 trees,	 it	
becomes	apparent	 that	phenological	patterns	of	organ	growth	are	 the	main	
determinants	of	carbon	partitioning.	When	experiments	are	conducted	involv-
ing	different	crop	 load	 treatments	or	some	other	 treatment	 that	dramatically	
favours	the	growth	of	one	type	of	organ	over	others,	biomass	data	collected	at	
the	end	of	the	season	appear	to	indicate	that	some	organs	are	in	direct	com-
petition	with	 others	 (Chalmers	 and	Van	 den	 Ende,	 1975;	 Proebsting,	 1958).	
However,	when	seasonal	patterns	of	growth	are	analysed,	 it	 is	apparent	 that	
direct	competition	between	different	organ	 types	 is	often	 limited	by	 tempo-
ral	separation	of	growth	activities	(Berman	and	DeJong,	2003;	DeJong	et	al.,	
1987;	 Miller	 and	Walsh,	 1988;	 Rufat	 and	 DeJong,	 2001).	 Generally,	 in	 late-
maturing	fruit	cultivars,	shoot	and	root	growth	is	the	dominant	sink	shortly	after	
bud	break	in	the	spring.	This	period	is	followed	by	a	peak	of	fruit	growth	and	
then	there	is	a	resurgence	of	root	growth	(Pace,	unpublished	data)	and	shoot	
diameter	 growth	 after	 harvest	 (Berman	 and	 DeJong,	 2003;	 Grossman	 and	
DeJong,	1995a).	 It	 is	 interesting	 that	breeding	efforts	 to	create	cultivars	with	
early	 fruit	 ripening	 times	have	apparently	 interfered	with	 the	natural	 tempo-
ral	separation	of	dominant	sink	activities	in	fruit	trees.	The	dominant	period	of	
fruit	growth	of	early-maturing	peach	cultivars	often	coincides	directly	with	the	
early	peak	of	shoot	growth.	This	increased	competition	between	fruit	and	shoot	
growth	results	in	decreased	yield	potential	(DeJong	et	al.,	1987;	Grossman	and	
DeJong,	 1995a).	There	 is	 also	 some	evidence	 that	 selection	 for	 early-matur-
ing	cultivars	has	involved	coincidental	selection	for	decreases	in	the	total	fruit	
growth	potential	and	dry	matter	content,	and	these	factors	account	for	some	
of	 the	 differences	 in	 yield	 potential	 between	 early-	 and	 late-maturing	 culti-
vars	(Berman	et	al.,	1998).	Selection	for	early-maturing	fruit	has	also	increased	
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the	 competition	 for	 carbohydrates	between	 sub-organs	within	 the	 fruit	 such	
that	 seed	 and	 endocarp	development	 corresponds	with	 the	 period	 of	 flesh	
enlargement	 (Pavel	 and	DeJong,	1993a)	 as	well	 as	 increasing	 the	 individual	
fruit	relative	growth	rates	so	that	the	tree	cannot	support	as	many	fruits	at	one	
time	(Grossman	and	DeJong,	1995a,b).

3.5  Carbohydrate storage

Where	does	‘allocation	to	storage’	fit	into	this	scheme	of	carbon	partitioning?	
Long-term	carbohydrate	 storage	 is	essential	 for	 tree	 survival	during	adverse	
conditions	(particularly	winter	for	temperate	deciduous	crops)	and	subsequent	
productivity.	However,	there	has	been	confusion	about	factors	controlling	stor-
age	 reserves	 in	 trees	 (Epron	et	al.,	 2012).	The	prevailing	view	has	been	 that	
trees	store	carbohydrate	reserves	during	times	of	‘excess’	photosynthate	pro-
duction	(when	current	supply	exceeds	demands	for	growth	and	tissue	metabo-
lism),	and	deplete	reserves	when	the	potential	rate	of	carbohydrate	utilization	
exceeds	the	rate	of	current	photosynthate	production	(Oliveira	and	Priestley,	
1988;	 Kozlowski	 et	 al.,	 1991;	 Dickson,	 1991).	 This	 has	 created	 the	 notion	
that	carbohydrate	storage	occurs	only	when	photosynthates	are	 in	excess	of	
demand.

Some	researchers	have	challenged	this	passive	concept	of	carbohydrate	
storage	 arguing	 that	 storage	 reserves	 are	 extremely	 important	 and	 storage	
sinks	 should	 not	 be	 conceived	of	 as	 passive	 reservoirs	 (Cannell	 and	Dewar,	
1994).	They	cited	examples	of	control	mechanisms	for	the	use	of	carbohydrate	
reserves,	and	that	storage	sinks	are	refilled	at	the	same	time	as	the	growth	of	
other	 carbohydrate	 sinks	 (Weinstein	 et	 al.,	 1991).	 Indeed,	 careful	 evaluation	
of	 seasonal	 dynamics	 of	 reserve	 mobilization	 and	 accumulation	 that	 corre-
spond	 to	periods	of	 shoot	 and	 fruit	growth	 indicates	 that,	 although	 rates	of	
reserve	 accumulation	 are	 generally	 lower	 when	 fruit	 growth	 rates	 are	 high,	
reserve	accumulation	still	occurs	during	this	period	even	though	potential	fruit	
growth	 rates	 are	 likely	 not	 at	 a	maximum	 (Ryugo	 and	Davis,	 1959;	 Priestley,	
1970).	Similarly,	although	autumn	appears	to	be	the	main	period	for	accumu-
lation	of	carbohydrate	reserves	in	temperate	deciduous	trees,	some	reserves	
are	accumulated	while	growth	is	still	occurring	during	summer	(Barbaroux	and	
Bréda,	2002;	Landhäusser	and	Lieffers,	2003;	Wong	et	al.,	2003).	Wargo	(1979)	
reported	that	substantial	storage	of	carbohydrates	preceded	radial	growth	of	
Acer saccharum	 roots	and	even	speculated	 that	 root	 storage	of	 that	 species	
may	have	priority	for	transported	carbohydrates	over	growth.

Da	Silva	et al.	(2014)	pointed	out	that	long-term	carbohydrate	storage	in	
trees	 is	a	 function	of	 the	volume	of	xylem	and	phloem	parenchyma	tissue	 in	
the	 tree.	Furthermore,	 the	volume	of	xylem	parenchyma	greatly	exceeds	 the	
volume	of	phloem	parenchyma.	Thus,	 the	collective	storage	 ‘organ’	of	a	 tree	
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can	be	thought	of	as	the	woody	parenchyma	tissues	of	the	tree.	The	storage	
capacity	of	 that	 ‘collective	organ’	 is	mainly	comprised	of	 the	overall	mass	of	
xylem	parenchyma,	the	maximum	potential	concentration	of	carbohydrates	in	
the	xylem	parenchyma,	 the	minimum	amount	of	carbohydrates	 remaining	 in	
the	xylem	parenchyma	after	maximum	mobilization	and	the	relative	change	in	
storage	activity	with	xylem	ageing.

If	tree	carbohydrate	storage	capacity	is	determined	primarily	as	wood	is	
formed,	and	only	current-year	 sapwood	growth	can	be	affected	by	environ-
mental	conditions	in	a	given	year,	the	overall	ability	for	a	tree	to	adjust	its	stor-
age	capacity	in	response	to	environmental	conditions	is	very	limited.	However,	
this	 also	 opens	 up	 important	 questions	 for	 future	 research	 into	 the	 effects	
of	growing	conditions	on	development	of	 carbohydrate	 storage	capacity	 in	
trees,	 the	dynamics	of	storage	and	mobilization	over	 time	and	the	 transport	
of	 substances	 from	 tree’s	 bottom	 to	 the	 top	 at	 different	 periods	during	 the	
season	(DeJong,	2016).	While	most	carbohydrate	transport	is	usually	thought	
of	as	occurring	in	the	phloem,	it	is	clear	that	much	of	the	upward	transport	of	
carbohydrate	mobilized	 from	xylem	parenchyma	 in	 the	 spring	occurs	 in	 the	
xylem	(Bonhomme	et	al.,	2010;	Ameglio	et	al.,	2002).	Tixier	et al.	(2017)	have	
proposed	a	novel	concept	 for	how	carbohydrates	stored	 in	 lower	parts	of	a	
tree	can	be	delivered	to	growing	shoot	tips	in	the	xylem	before	there	is	little	
or	no	transpiration	to	facilitate	xylem	flow.	In	addition,	while	seasonal	changes	
in	stored	carbohydrates	have	been	known	to	occur	for	a	long	time	(Kozlowski	
et	 al.,	 1991),	 recently	 it	 has	been	 shown	 that	 diurnal	 and	 seasonal	 changes	
in	temperature	patterns	cause	dynamic	changes	in	starch	storage	throughout	
dormancy	and	facilitate	re-distribution	of	storage	carbohydrates	 in	response	
to	 changes	 in	 temperature	 (Zwieniecki	 et	 al.,	 2015;	 Sperling	 et	 al.,	 2017).	 It	
appears	 likely	 that	 the	dynamics	of	carbohydrate	storage	 in	 trees	may	 influ-
ence	tree	phenology	to	a	much	greater	extent	than	previously	recognized.

4  Fruit tree canopy architecture
4.1  Tree architecture

In	recent	years,	there	have	been	major	advances	in	the	understanding	of	fruit	
tree	architecture.	While	the	growth	characteristics	of	specific	fruit	tree	species	
and	cultivars	have	been	generally	recognized	for	many	years,	recent	advances	
in	 statistically	based	analyses	 and	descriptions	of	bud	 fate	distributions	 and	
shoot	and	branch	growth	patterns	of	multiple	species	have	revealed	previously	
under-appreciated	similarities	and	differences	among	growth	characteristics	of	
numerous	fruit	tree	species	(Durand	et	al.,	2005;	Costes	et	al.,	2006).	This	has	
led	to	a	greater	understanding	that	trees	are	composed	of	repeating	growth	
units	with	similarities	in	patterning	of	lateral	vegetative	and	floral	buds	along	
their	axes	and	that	patterns	at	the	shoot	level	lead	to	differences	in	fruit	bearing	
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at	the	shoot	level	and	overall	tree	architecture	at	the	whole	tree	level	(Costes	
et	al.,	2014).

These	types	of	statistical	analyses	of	tree	architecture	have	been	used	to	
describe	differences	in	growth	and	architectural	development	of	different	apple	
(Costes	and	Guedon,	2002;	Costes	et	al.,	2003)	and	almond	(Prunus dulcis)	cul-
tivars	(Negron	et	al.,	2013),	the	influence	of	dwarfing	apple	rootstocks	on	scion	
growth	and	flowering	(Costes	and	García-Villanueva,	2007;	Seleznyova	et	al.,	
2003)	and	similarities	and	differences	in	bud	fate	structures	among	Rosaceous	
species	 (Costes	et	al.,	2014).	 It	also	has	been	used	 in	developing	simulation	
models	to	demonstrate	canopy	growth	dynamics	in	apple	(Renton	et	al.,	2006),	
sweet	 cherry	 (Prunus avium)	 (Lang	 et	 al.,	 2004),	 peach	 (Lopez	 et	 al.,	 2008;	
Lescourret	et	al.,	2011)	and	almond	(DeJong	et	al.,	2017).

4.2  Architecture-informed pruning

In	fruit	crops,	it	is	well	recognized	that	there	are	two	objectives	with	regard	to	
optimizing	the	capture	of	solar	energy	to	achieve	maximum	economic	yields:	
(1)	optimizing	the	total	light	interception	by	the	canopy	and	(2)	distributing	the	
light	within	the	canopy	to	obtain	as	many	high-quality	 fruit	as	possible	while	
nurturing	high-quality	 fruiting	spurs/shoots	 for	 the	 following	year’s	crop.	The	
increased	 understanding	 derived	 from	 shoot	 growth	 and	 tree	 architecture	
models	has	been	valuable	in	developing	canopy	management	strategies	that	
optimize	pruning	procedures	that	work	with	the	natural	growth	characteristics	
of	trees	to	achieve	these	goals	(Costes	et	al.,	2006;	Lauri,	2002).	This	has	led	to	
the	development	of	‘centrifugal’	pruning	techniques	involving	‘spur	extinction’	
in	apples	(Lauri	et	al.,	2004,	2009;	Tustin	et	al.,	2011),	and	less	intrusive	training	
systems	in	stone	fruits	that	adapt	pruning	practices	to	the	natural	growth	char-
acteristics	of	trees	(Day	et	al.,	2013;	Lang,	2001).	Recent	research	in	nut	crops,	
for	which	concerns	about	distribution	of	light	within	tree	canopies	to	maintain	
quality	are	less	than	for	fruit	crops	but	have	been	traditionally	pruned	similarly	
to	 fruit	 crops,	 has	 led	 to	 the	 realization	 that	 the	growth	habits	 and	 architec-
tures	of	some	nut	tree	species	naturally	lend	themselves	to	efficient	capture	of	
solar	energy.	Thus,	high	yields	can	be	achieved	without	extensive	pruning	and	
training	(Tombesi	et	al.,	2011).	In	California,	it	is	now	recommended	that	young	
almond	and	walnut	(Juglans regia)	orchards	be	managed	without	traditional,	
annual	pruning	(Duncan,	2010;	Lampinen	et	al.,	2015).

5  Conclusion
While	it	is	important	to	continually	increase	knowledge	and	understanding	of	
fundamental	aspects	of	the	physiology	of	fruit	trees	and	there	is	still	much	to	
be	 learned,	 it	 also	 is	 important	 to	 recognize	 that	 researchers	 have	 had	 very	
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little	success	in	improving	upon	what	aeons	of	natural	selection	has	provided	
in	terms	of	fundamental	tree	functioning.	This	should	not	be	a	surprise,	since	
trees	are	solar	energy	collection	systems	that	have	been	evolving	these	systems	
for	millions	of	 years.	Most	horticultural	progress	has	been	achieved	 through	
empirical	 research	 or	 using	 physiological	 knowledge	 and	 understanding	 to	
improve	tree	and	orchard	management	practices,	rather	than	improving	physi-
ological	processes.

6  Where to look for further information
Research	reports	and	articles	on	many	of	the	subjects	discussed	in	this	chapter	
authored	by	the	author	of	this	chapter	can	be	found	at	http://dejong.ucdavis.
edu/research-overview-publications/.

Updates	on	 fruit	 tree	physiology	can	be	obtained	by	 following	 the	pub-
lications	from	the	International	Society	for	Horticultural	Science	(https://www.
ishs.org/)	and	the	American	Society	for	Horticultural	Science	(https://www.ashs.
org/).

An	 interesting	and	very	readable	book	focused	on	the	structural	growth	
of	trees	is	The Growing Tree	by	Wilson	(1970).	Further	information	on	detailed	
studies	of	fruit	tree	architecture	has	been	reviewed	by	Costes	et al.	(2006).

Further	 information	 of	 the	 details	 of	 photosynthesis,	 physiology	 and	
growth	of	plants	can	be	found	in	Taiz	et al.	(2015).
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