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Aims of the clone evaluation
• Initiated by the Berzelii Centre for Forest Biotechnology at 

UPSC 
• Benefits and risks of using clones in Swedish forestry 
• Genetic and physiological effects of SE propagation 
• Long-term genetic and environmental consequences of clonal 

forestry 
• Management implications of using vegetatively propagated 

material 
• Participants: Richard Bradshaw, Ulrika Egertsdotter, Pär 

Ingvarsson, Ola Rosvall, Harry Wu



History of vegetative propagation
• Introduction of vegetative propagation in 

Nordic countries started already in the 
1970s 

• Well-tested clones were propagated as 
rooted cuttings 

• Ageing reduce rooting ability, limiting 
commercial mass propagation 

• ‘Family forestry’ from elite crosses also 
raised interest in clonal propagation 

• Recent development in somatic 
embryogenesis (SE) has potential to fulfil 
commercial scale vegetative propagation



Regulatory landscape
• Vegetatively propagated (VP) material 

can cover 5% or 20 ha of a land holding 
• Areas planted with VP material must be 

reported and registered 
• No rules for: 

• minimum number of clones used 

• maximum number of ramets 
• planting design in the field 

• Rules were established when clones 
were not widely used   

• Diversity in clonal forestry practices 
should allow for more experience and 
better knowledge to accumulate



Benefits of vegetative propagation
• Vegetative propagation ‘capture’ a 

larger fraction of the genetic variation - 
genetic gain increased due to non-
additive genetic effects 

• Seed orchards are 20-40 years behind 
current breeding progress 

• Gain is diluted by pollen contamination 

• Seed orchard crops are unpredictable 
due to variation in flowering and seed 
set among clones 

• Vegetative propagation combines very 
well with modern molecular breeding 
tools (‘genomic selection’)



Genetic gain and genetic variance

• Genetic gain in clones is 
composed of both additive 
and non-additive genetic 
effects 

• Seed orchards only transmits 
addictive effects 

• Non-selected traits maintain 
more genetic variation 

• Family forestry maintain most 
of the genetic variation
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the	genetic	gain	is	composed	of	both	additive	and	non-additive	effects,	and	the	genetic	variance	for	
the	trait	under	selection	is	reduced	(Figure	2-4	middle	part).	Traits	not	selected	for	will	maintain	their	
genetic	variance	in	the	clone	mixture	if	they	are	not	correlated	with	the	trait	under	the	selection.	If	
the	selected	clones	are	used	as	parents	in	a	seed	orchard	or	artificially	crossed	to	produce	seeds	for	
family	forestry,	the	reduced	genetic	variance	due	to	linkage	disequilibrium	from	selection	is	partially	
recovered	by	sexual	recombination	(Figure2-4	lower	part).	Both	the	additive	and	non-additive	effects	
are	transmitted	to	individual	progeny,	but	the	non-additive	effects	will	not	affect	the	progeny	mean	
value.	Thus,	 it	 is	only	any	gain	 from	non-additive	effects	 in	 the	parent	 clones	 that	are	 lost	 in	 their	
progeny.	For	family	forestry,	the	genetic	variance	is	re-established	by	20-30	progeny	distributed	over	
the	families	(Figure	2-3).	

	

	

Figure	2-4.	Principal	difference	in	genetic	gain	and	genetic	variance	between	vegetative	propagation	
of	a	selected	clone	mixture	for	clonal	 forestry	or	 family	 forestry	with	vegetative	multiplication,	 i.e.,	
bulking	up	its	progeny.		

	

In	principle,	the	quantitative	genetic	variance	can	be	substantially	lower	for	the	selected	character	in	
a	mixture	of	a	few	clones	than	in	the	progeny,	due	to	the	Bulmer	effect.	In	reality,	since	selection	is	
most	 often	 for	 a	 number	 of	 traits	 and	 not	 completely	 accurate,	 significant	 variance	 is	maintained	
even	for	selected	characters	in	a	clone	mixture.	Variances	for	non-selected	characters	are	influenced	
to	the	degree	they	are	correlated	to	the	selection	traits.	If	not	correlated,	there	is	no	change	in	trait	
variance	except	by	random	sampling	if	the	number	of	clones	are	very	small.		

The	sampling	of	progeny	 from	tested	parents	 for	 family	 forestry	will	 reduce	gene	diversity	 (GD)	by	
genetic	drift.	This	is	counteracted	by	a	small	increase	in	sample	size.	A	few	progeny,	say	3-4	per	full-
sib	family,	will	significantly	increase	GD	(Figure	2-1).	Increasing	the	number	of	parents	will	raise	GD	as	



Introduction of new material from breeding

17	
	

objectives	are	to	adapt	trees	to	all	Swedish	current	and	future	conditions	including	changing	climate,	
to	 improve	 economically	 important	 tree	 characteristics,	 and	 to	 conserve	 genetic	 diversity	 (Danell	
1993a,	b;	Rosvall	 2011).	 The	program	 is	planned	 to	be	perpetually	 sustainable.	 The	main	breeding	
objectives	 involve	 climate	 adaptation,	 resistance/tolerance	 to	 abiotic	 and	 biotic	 stresses	 like	 frost,	
pests	 and	 pathogens,	 lumber	 yield,	 wood	 characteristics,	 and	 growth	 rate.	 These	 objectives	 are	
evaluated	 on	 test	 trees	 in	 field	 experiments	 and	 combined	 into	 a	 selection	 index	 by	 economic	
weights.	 In	 this	way,	 the	 selection	 index	 can	 handle	 different	 combination	 of	 traits	 of	 interest	 for	
different	purposes	and	forest	owners.	

The	breeding	strategy	
The	 Norway	 spruce	 breeding	 program	 follows	 the	 multiple	 breeding	 population	 system	 (MBPS)	
(Eriksson	et	al.	1993;	Namkoong	1984).	 Sweden	 is	 covered	by	22	closed	breeding	populations	 (BP)	
where	approximately	50	parent	trees	are	selected	and	bred	each	generation	(Figure	3-3).	The	entire	
meta-population	was	initiated	by	selecting	more	than	1000	progeny-tested	unrelated	founder	trees.		

	

	

Figure	3-3.	 The	Norway	 spruce	breeding	program	 follows	 the	multiple	breeding	population	 system	
(MBPS)	 with	 22	 sub	 populations	 (simplified	 on	 the	 map)	 where	 50	 selected	 trees	 are	 used	 for	
breeding	the	next-generation	recruitment	population	(after	Karlsson	and	Rosvall	1993).		

	

Each	of	 the	50	selected	breeding	parents	 in	a	sub-population	 is	mated	twice	 to	generate	 the	next-
generation	for	recruitment.	For	Norway	spruce,	clonally	replicated	field	tests	are	established,	i.e.,	the	
progeny	of	the	50	parents	are	sown	in	the	nursery	and	seedlings	grown	for	two	years.	About	50	well-
developed	seedlings	are	then	sampled	at	random	and	propagated	by	rooted	cuttings.	Some	kind	of	
early	selection	based	on	seedling	phenotype	can	be	used	and,	in	the	future,	selection	could	also	be	
enhanced	by	molecular	markers	or	genome-wide	selection.	About	10-20	rooted	cuttings	(ramets)	per	
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Figure	3-5.	Number	of	 clonally	 replicated	 genotypes	 tested	per	 25-year	 cycle	 for	 a	 single	breeding	
population.	During	a	100-year	period,	10	000	genotypes	are	tested	per	population	and	in	total	about	
200	000	for	the	whole	meta-population.	

	

When	the	field-planted	recruitment	trees	have	reached	about	3-5	meters	height,	data	are	collected	
and	 breeding	 values	 generated	 by	 best	 linear	 unbiased	 prediction	 (BLUP),	 using	 all	 available	
information	 from	 relatives	 in	 the	 current	 and	 earlier	 generations	 using	 the	 TREEPLAN®	 system	
(McRae	 et	 al.	 2004).	 Based	 on	 breeding	 values,	 50	 cloned	 genotypes	 are	 selected	 to	 the	 BP	 for	
breeding	the	next-generation	recruitment	population.	Selection	is	mainly	within-family,	keeping	the	
effective	 population	 size	 (NeV	 =	 variance	 effective	 population	 size)	 closer	 to	 100	 than	 50;	 it	 is	 an	
agreed	requirement	that	it	should	not	go	below	50.	The	total	cycle	is	estimated	to	be	about	25	years.		

Spruce	genotypes	selected	for	breeding	value	are	propagated	by	grafting	and	used	in	seed	orchards	
to	produce	 improved	seed	for	mass	propagation.	Due	to	ageing	effects,	 the	tested	genotypes	have	
become	too	old	to	be	propagated	easily	by	rooted	cuttings	for	commercial	use	in	clonal	forestry.	At	
present,	tested	genotypes	can	be	crossed	to	produce	progeny	to	be	used	for	family	forestry	either	by	
rooting	cuttings	or	by	SE.	

About	25	years	 for	 cycling	a	 single	breeding	population	 is	 also	 the	 cycle	 time	 to	 select	and	deliver	
more	 and	more	 improved	 trees	 to	 seed	 orchards,	 or	 for	 vegetative	 propagation	 of	 nursery	 stock.	
Since	deployment	areas	of	the	breeding	populations	overlap,	many	populations	can	supply	suitable	
trees	 to	 a	 particular	 site	 or	 across	 a	 region.	 As	 the	 breeding	 cycles	 of	 sub-populations	 are	 not	
synchronized	and	as	field	tests	are	repeatedly	evaluated	at	older	ages,	new	improved	trees	are	made	
available	 about	every	 five	 years.	Assuming	 that	 a	deployment	 seed	 zone	 can	be	 supported	by	 five	
breeding	populations	and	that	half	of	the	genotypes	are	well	adapted,	there	are	more	than	1000	new	
clonally	 replicated	 genotypes	 tested	 every	 five	 years	 for	 a	 particular	 regeneration	 area.	 These	
frequent	 selection	opportunities	 contribute	 to	a	more	 rapid	 succession	of	 genetic	 change	 in	 forest	
plantations	by	using	vegetative	propagation	than	by	using	long-lived	seed	orchards.		
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Figure	3-5.	Number	of	 clonally	 replicated	 genotypes	 tested	per	 25-year	 cycle	 for	 a	 single	breeding	
population.	During	a	100-year	period,	10	000	genotypes	are	tested	per	population	and	in	total	about	
200	000	for	the	whole	meta-population.	

	

When	the	field-planted	recruitment	trees	have	reached	about	3-5	meters	height,	data	are	collected	
and	 breeding	 values	 generated	 by	 best	 linear	 unbiased	 prediction	 (BLUP),	 using	 all	 available	
information	 from	 relatives	 in	 the	 current	 and	 earlier	 generations	 using	 the	 TREEPLAN®	 system	
(McRae	 et	 al.	 2004).	 Based	 on	 breeding	 values,	 50	 cloned	 genotypes	 are	 selected	 to	 the	 BP	 for	
breeding	the	next-generation	recruitment	population.	Selection	is	mainly	within-family,	keeping	the	
effective	 population	 size	 (NeV	 =	 variance	 effective	 population	 size)	 closer	 to	 100	 than	 50;	 it	 is	 an	
agreed	requirement	that	it	should	not	go	below	50.	The	total	cycle	is	estimated	to	be	about	25	years.		

Spruce	genotypes	selected	for	breeding	value	are	propagated	by	grafting	and	used	in	seed	orchards	
to	produce	 improved	seed	for	mass	propagation.	Due	to	ageing	effects,	 the	tested	genotypes	have	
become	too	old	to	be	propagated	easily	by	rooted	cuttings	for	commercial	use	in	clonal	forestry.	At	
present,	tested	genotypes	can	be	crossed	to	produce	progeny	to	be	used	for	family	forestry	either	by	
rooting	cuttings	or	by	SE.	

About	25	years	 for	 cycling	a	 single	breeding	population	 is	 also	 the	 cycle	 time	 to	 select	and	deliver	
more	 and	more	 improved	 trees	 to	 seed	 orchards,	 or	 for	 vegetative	 propagation	 of	 nursery	 stock.	
Since	deployment	areas	of	the	breeding	populations	overlap,	many	populations	can	supply	suitable	
trees	 to	 a	 particular	 site	 or	 across	 a	 region.	 As	 the	 breeding	 cycles	 of	 sub-populations	 are	 not	
synchronized	and	as	field	tests	are	repeatedly	evaluated	at	older	ages,	new	improved	trees	are	made	
available	 about	every	 five	 years.	Assuming	 that	 a	deployment	 seed	 zone	 can	be	 supported	by	 five	
breeding	populations	and	that	half	of	the	genotypes	are	well	adapted,	there	are	more	than	1000	new	
clonally	 replicated	 genotypes	 tested	 every	 five	 years	 for	 a	 particular	 regeneration	 area.	 These	
frequent	 selection	opportunities	 contribute	 to	a	more	 rapid	 succession	of	 genetic	 change	 in	 forest	
plantations	by	using	vegetative	propagation	than	by	using	long-lived	seed	orchards.		
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Figure	3-6.	Genetic	progress	for	a	BP	of	size	50,	and	a	SeedPP	or	ClonePP	of	size	1	and	20	clones	for	
five	cycles	of	breeding.	The	total	genetic	effect	(Tot-eff)	of	the	ClonePP	is	composed	of	the	additive	

genetic	effect	(A-eff)	and	the	dominance	genetic	effect	(D-eff).	The	ratio	for	dominance	variance	to	

additive	variance	is	VD/VA=0.25.		

	

	

Figure	3-7.	Additional	genetic	effect	by	selecting	1	to	50	clones	to	a	SeedPP	or	ClonePP	from	a	BP	of	

size	50,	after	five	cycles	of	breeding.	
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Breeding	cycle	

Genexc	effects	for	a	Seed	orchard	and	Clone	mix	with	1	and	

20	clones	VD/VA	=	25/100	

ClonePP	Tot-eff	1	clone	

SeedPP	A-eff	1	clone	

ClonePP	Tot-eff	20	clones	

SeedPP	A-eff	20	clones	

BP	A-eff	50	clones	

ClonePP	D-eff	1	clone	

ClonePP	D-eff	20	clones	



Gain using clones vs seed orchards
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Figure	 3-10.	 The	 stepwise	 development	 of	 realized	 genetic	 gain	 from	 a	 seed	 orchard	 of	 20	 tested	
genotypes	 established	 every	 20	 years	 with	 20-year	 time	 delay	 to	 seed	 production	 compared	 to	
continuously	 using	 a	 new	 clone	mixture	 of	 size	 20	 or	 using	 their	 progeny	 by	 family	 forestry	 with	
vegetative	propagation,	both	with	a	5-year	time	delay.	The	non-additive	effect	of	the	clone	mixture	is	
5%.		

Beside	 the	 difference	 in	 realized	 gain	 between	 clonal	 forestry	 and	 family	 forestry,	 the	 genetic	
variation	 is	 structured	 differently.	 The	 genetic	 variance	 for	 the	 selected	 character	 in	 the	 clone	
mixture	is	reduced	by	selection	(the	Bulmer	effect),	while	it	is	re-established	in	the	progeny	for	family	
forestry.	The	above	notwithstanding	and	as	discussed	here	and	in	chapter	2,	the	Bulmer	effect	is	not	
substantial	 in	 practice	 when	 selecting	 for	 a	 number	 of	 traits	 in	 moderate-	 to	 low-heritability	
conditions	and	by	using	an	appropriate	number	of	clones	in	the	mixture.	Gene	diversity	(GD)	as	well	
is	maintained	by	a	suitable	number	of	clones	keeping	control	of	effective	population	size	in	the	clone	
mixture.		

Empirical	experiences	 from	field	experiments	and	commercial	plantations	
with	clones		
Clones	of	Norway	spruce	have	long	been	planted	in	seed	orchards,	clonally	replicated	field	tests	and	
commercial	plantations	 in	Sweden.	 In	almost	all	cases,	 these	consist	of	clone	mixtures.	There	 is	no	
comprehensive	 investigation	 or	 analysis	 of	 problems	 caused	 by	 susceptible	 single	 clones	 or	 by	
reduced	 genetic	 variation.	 Here,	 we	 briefly	 review	 the	 different	 materials	 that	 could	 be	 used	 to	
gather	and	record	experience	of	using	clones	in	forestry.	

Commercial	plantations	
During	 the	 period	 1975-1990,	 when	 vegetative	 propagation	 by	 cuttings	 intended	 for	 using	 tested	
clones	was	 introduced	 in	Sweden,	 some	25	million	cuttings	were	propagated	and	planted	as	 clone	
mixtures	during	 a	period	of	 initial	 clone	 testing	 (Karlsson	1993;	 Sonesson	et	 al.	 2001).	 The	genetic	
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Perceived risks

• Plantation failure 
• Diversity loss at the 

stand or landscape level 
• Cost 
• Public acceptance



Somatic embryogenesis
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used	 in	 conservation	 programs	 to	 multiply	 scarce	 seeds	 from	 endangered	 and	 hard-to-multiply	

species	(e.g.,	Castanea	dentata).			

	

	

	

Figure	 1.	 	 Somatic	 embryogenesis	 (SE)	 process	 in	 conifers.	 The	 SE	 process	 starts	with	 initiation	 of	

early-stage	 somatic	 embryos	 from	 a	 zygotic	 seed	 embryo.	 	 Early-stage	 somatic	 embryos	 multiply	

almost	 indefinitely	 when	 kept	 on	 the	 same	 culture	 medium	 and	 form	 pro-embryogenic	 masses	

(PEMs).	Embryo	maturation	starts	after	transfer	of	the	PEMs	to	a	maturation	medium,	where	mature	

embryos	gradually	form.	Germinated	embryos	can	be	planted	in	compost	and	transferred	to	ex-vitro	
conditions	for	acclimatization	and	plant	growth.		

	

Application	of	SE:	possibilities	and	limitations	during	the	in	vitro	process	
After	the	PEM	culture	has	been	initiated	from	the	seed	embryo,	the	somatic	embryos	within	the	PEM	

are	 multiplied	 to	 sufficient	 numbers	 to	 obtain	 the	 required	 yield	 of	 plants	 at	 the	 end	 of	 the	 SE	

process.	The	target	mass	of	PEMs	depends	on	the	yields	in	the	subsequent	steps	of	the	SE	process,	

up	 until	 the	 SE	 plant	 is	 delivered	 for	 planting	 in	 the	 field.	 The	 yields	 for	 the	 different	 steps	 vary	

among	cell	lines,	as	discussed	in	subsequent	sections.	To	date,	there	are	large	differences	in	how	well	

the	 currently	 available	 SE	 laboratory	 methods	 work	 with	 different	 conifer	 species	 and	 different	

genotypes.	Spruce	species	(Picea)	typically	respond	well	to	the	 initiation	treatment	and	most	seeds	

give	sufficient	yields	in	all	SE	process	steps	up	to	the	plant	stage,	whereas	pine	species	(Pinus)	overall	
give	 low	 yields	 in	 all	 of	 SE	 process	 steps.	 This	 ‘recalcitrance’	 (inability	 to	 respond	 to	 the	 applied	

culture	method)	 in	pines	presents	a	challenge	 for	production	of	SE	plants	 for	 large-scale	plantings.	

For	 pines	 amenable	 to	 rooted	 cutting	 propagation	 like	 radiata	 pine	 (Pinus	 radiata),	 large-scale	

• Species difference in 
initiation success (Picea +, 
Pinus -) 

• Genotype differences in 
initiation success 

• 15 out of 25 P. abies 
families yielded SE cultures 
(Högberg et al 1998) 

• Genetic instability?

Maturation 
medium

Pro-embryogenic 
masses (PEM)



Swedish scenario for SE

• Many breeding zones imply continuous 
development of new clones 

• 200 seeds are needed to achieve 20 cell 
lines 

• Assuming production of 25M seedling per 
year and a limit of 1M clones per line → 
25 new clones needs to be introduced per 
year (per breeding zone)
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objectives	are	to	adapt	trees	to	all	Swedish	current	and	future	conditions	including	changing	climate,	
to	 improve	 economically	 important	 tree	 characteristics,	 and	 to	 conserve	 genetic	 diversity	 (Danell	
1993a,	b;	Rosvall	 2011).	 The	program	 is	planned	 to	be	perpetually	 sustainable.	 The	main	breeding	
objectives	 involve	 climate	 adaptation,	 resistance/tolerance	 to	 abiotic	 and	 biotic	 stresses	 like	 frost,	
pests	 and	 pathogens,	 lumber	 yield,	 wood	 characteristics,	 and	 growth	 rate.	 These	 objectives	 are	
evaluated	 on	 test	 trees	 in	 field	 experiments	 and	 combined	 into	 a	 selection	 index	 by	 economic	
weights.	 In	 this	way,	 the	 selection	 index	 can	 handle	 different	 combination	 of	 traits	 of	 interest	 for	
different	purposes	and	forest	owners.	

The	breeding	strategy	
The	 Norway	 spruce	 breeding	 program	 follows	 the	 multiple	 breeding	 population	 system	 (MBPS)	
(Eriksson	et	al.	1993;	Namkoong	1984).	 Sweden	 is	 covered	by	22	closed	breeding	populations	 (BP)	
where	approximately	50	parent	trees	are	selected	and	bred	each	generation	(Figure	3-3).	The	entire	
meta-population	was	initiated	by	selecting	more	than	1000	progeny-tested	unrelated	founder	trees.		

	

	

Figure	3-3.	 The	Norway	 spruce	breeding	program	 follows	 the	multiple	breeding	population	 system	
(MBPS)	 with	 22	 sub	 populations	 (simplified	 on	 the	 map)	 where	 50	 selected	 trees	 are	 used	 for	
breeding	the	next-generation	recruitment	population	(after	Karlsson	and	Rosvall	1993).		

	

Each	of	 the	50	selected	breeding	parents	 in	a	sub-population	 is	mated	twice	 to	generate	 the	next-
generation	for	recruitment.	For	Norway	spruce,	clonally	replicated	field	tests	are	established,	i.e.,	the	
progeny	of	the	50	parents	are	sown	in	the	nursery	and	seedlings	grown	for	two	years.	About	50	well-
developed	seedlings	are	then	sampled	at	random	and	propagated	by	rooted	cuttings.	Some	kind	of	
early	selection	based	on	seedling	phenotype	can	be	used	and,	in	the	future,	selection	could	also	be	
enhanced	by	molecular	markers	or	genome-wide	selection.	About	10-20	rooted	cuttings	(ramets)	per	



Genetic and ecological consequences of using 
clones

• Perceived risk of using clones include 

• Reduced genetic diversity. 

• What are the possible consequences of low genetic 
diversity? 

• How many clones are needed to capture ‘adequate’ 
levels of genetic diversity? 

• Genetic vs genotypic diversity? 

• Loss of adaptation or potential for adaptation 

• Indirect effects on associated communities



Possible negative effects of low genetic diversity

• Pests and pathogens may spread more rapidly  

• Low genetic diversity may limit productivity due to more 
intense competitive interactions 

• Unpredictable genotype x environment interactions 

• even genetically uniform populations may yield variable 
end products 

• long rotation times makes predicting future 
environmental changes hard
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So,	does	the	current	genetic	structure	of	Picea	abies	in	Europe	show	significant	diversity	at	northern	
latitudes,	 as	 suggested	 for	Acer	 and	 Fagus	 in	 the	 USA,	 or	 is	 the	 standard	 hypothesis	 of	 southern	
richness	 and	 northern	 purity	 supported	 (Provan	 and	 Bennett	 2008)?	 Tollefsrud	 et	 al.	 (2008)	

compared	modern	 genetic	 diversity	 in	 natural	Picea	 populations	with	 the	 palaeoecological	 record.	
Genetic	variation	was	assessed	among	369	European	populations	(4876	trees)	 in	the	mitochondrial	

nad1	 gene	 containing	 two	minisatellite	 regions	 and	28	mitochondrial	 variants	were	 identified.	 The	

patterns	 of	 genetic	 diversity	 indicated	 that	 survival	 in	 separate	 glacial	 refugia	 and	 postglacial	

colonisation	 had	 led	 to	 significant	 structuring	 of	 genetic	 variation	 in	 the	 southern	 range	 of	 the	

species	 in	 central	 Europe.	 The	 Fennoscandian	 populations,	 however,	 showed	 a	 “shallow”	 genetic	

structure	 consistent	 with	 the	 fossil	 pollen	 data,	 suggesting	 that	 the	 vast	 northern	 range	 was	

colonised	 from	 a	 single	 refugium”	 (Tollefsrud	 2008).	 Genetic	 diversity	 was	 greatest	 close	 to	 the	

inferred	 glacial	 refugium,	 but	 in	 Fennoscandia	 the	 diversity	 was	 maintained	 across	 large	 areas,	

corroborating	 the	 fossil-pollen	 record	 in	 suggesting	 that	 colonisation	 took	place	at	high	population	

densities.	 This	 study	 therefore	 suggested	 that	 the	 ancient	 outlying	Picea	 populations	 proposed	 by	
Parducci	and	Kullman	(2012)	contributed	rather	little	to	current	genetic	diversity.	Within-population	

genetic	 diversity	 was	 significantly	 lower	 in	 Fennoscandia	 than	 in	 central	 Europe,	 with	 increasing	

values	in	eastern	Finland	and	western	Russia	(Figure	7-2).	Natural	Picea	populations	in	Sweden	and	
Norway	 therefore	 show	 the	 smallest	 genetic	 variation	 in	 Europe,	 which	 is	 combined	 with	 a	 high	

phenotypic	plasticity.	

	

	

Figure	7-2.	Combined	maps	of	fossil	pollen	and	average	within-population	gene	diversity	(hS;	A)	and	

genetic	 differentiation	 (GST;	 B)	 for	 groups	 of	 neighbouring	 Picea	 abies	 populations	 within	 samova	

groups.	 Samova	 groups	 Ss2	 and	 Ss5	 were	 excluded	 because	 they	 contain	 fewer	 than	 three	



Genetic diversity: how many?
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Probability of loss of alleles
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• Rare alleles more 
likely to be lost  

• More individuals are 
needed to ensure 
retention of rare 
alleles



Genotypic diversity
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Effects of genetic diversity on adaptation

• Loss of genetic diversity could prevent adaptation to future 
climate change.  

• Likely stronger effects at range margins 

• More likely with negative effects at lagging edge (as 
opposed to leading edge)



Direct and indirect effects of genetic diversity

et al. 2002). This work, initially sparked by observations of
low genetic variation in high-profile species such as the
cheetah, often focuses on relationships between population
size, genetic diversity and fitness (e.g. Leimu et al. 2006).
These studies illustrate that genetic bottlenecks and inbreed-
ing can alter genetic diversity, with ecological consequences
such as reducing a population!s ability to persist in stressful
or changing environments (Frankham et al. 2002).

Two lines of research within the field of ecology provide
a foundation for the study of the ecological effects of
genetic diversity. First, interest in the ecological conse-
quences of biodiversity has focused on how the number of
species and functional groups (e.g. trophic groups, guilds,
etc.) within communities affects the stability and functioning
of ecosystems (Elton 1958; May 1973; Hooper et al. 2005).
Second, there is a growing focus on the ecological effects of
not just the mean value of a particular explanatory variable,
but the variance around the mean within experimental or
observational units (e.g. Bolnick et al. 2003; Clark et al. 2004;
Inouye 2005). For example, characterizing inter-individual
variation (regardless of the origin of such variation) in the
response of particular tree species to environmental
variation, rather than only the species average, can greatly
improve the predictive ability of models of forest dynamics
(Clark et al. 2004). Although there is a long history of work
on how the genetic differences between individuals (i.e.
genotype identity) influence species interactions (Turkington
& Harper 1979) and the interplay of genetic and ecological
dynamics (Birch 1960; Ford 1964; Pimentel 1968), there has
been little work until recently that is specifically focused on
the ecological effects of population genetic diversity to
parallel work on species diversity.

Finally, the field of community genetics has recently
sought to bridge the fields of evolutionary biology,
population genetics and community ecology (Antonovics
1992; Whitham et al. 2003). In so doing, community genetics

has highlighted that biodiversity is inherently a hierarchical
concept that is not restricted to any one taxonomic or
genetic level. In fact, phenotypic variation within species can
be as large or larger than that observed among species
(Bangert et al. 2005; Shuster et al. 2006). As long as there is
variation in ecologically important traits (growth rate,
competitive ability, immune function, virulence, etc.), the
amount of diversity at any level can have important
ecological effects.

The recent surge of interest in merging ecological and
evolutionary investigations (Whitham et al. 2006; Fussmann
et al. 2007; Johnson & Stinchcombe 2007) has led to a flurry
of studies that focus on: (i) the proximate ecological
consequences of standing genetic diversity in a population
and (ii) whether population genetic diversity can affect the
ecological interactions within communities via evolutionary
change. Studies relevant to these issues come from a variety
of fields, using a range of different methods and specific
focal questions. As this field moves forward, there is a need
to establish clear definitions and expectations for ecological
effects of diversity and to synthesize existing evidence
across studies. To that end, here we address three main
questions: (i) how does one study the effects of genetic
diversity in ecology? (ii) what are the mechanisms by which
diversity, and genetic diversity in particular, affects ecolog-
ical properties? and (iii) what is the evidence for ecological
effects of genetic diversity? We conclude with predictions
regarding when genetic diversity is likely to be most
important for ecological processes and we discuss directions
for future research in this field.

E F F E C T S O F G E N E T I C D I V E R S I T Y : D E F I N I T I O N S ,
M E A S U R E M E N T A N D M A N I P U L A T I O N

Studies that investigate the ecological consequences of
genetic diversity are complicated by the variety of possible

Figure 1 Processes underlying potential direct and indirect effects of genetic diversity on the ecological properties of populations,
communities and ecosystems. Solid black lines indicate direct ecological consequences of genetic diversity per se; dotted black lines indicate
effects of natural selection, which depend on genetic diversity; grey lines represent causal effects not directly related to genetic diversity per se.
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Genetic diversity: summary

Origin of new 
material Genetic diversity Genotypic diversity

Local Regional Local Regional

Natural 
regeneration low high high high

Seed orchards high high medium high

Few unique 
clones low-medium low low very low

Many unique 
clones medium-high medium medium low



Management implications

87	
	

Table	8-1.	 Total	 numbers	of	 new	 clones	 and	 clones	per	breeding	population	 introduced	each	 year	
and	during	100	years,	using	20	clone	mixtures	and	20	seed	orchards1	from	20	breeding	populations	
with	25	and	20	clones,	respectively,	for	a	variety	of	ramets	per	clone	(10	000-10	000	000)	and	total	
planting	area	(5-40%	of	productive	not	protected	forest	land,	40%	being	all	available	land	for	spruce	
planting	associated	with	using	200	million	plants	per	year)	with	2000	plants	per	ha	and	an	80-year	
rotation.	

Method	

Number	of	
ramets	or	

progeny	per	
clone	

Planted	spruce	forest	land	of	total	productive	forest	land	
%	(million	ha)	

5%	(1)	 10%	(2)	 20%	(4)	 40%	(8)	
	 	 	 	Annual	planting	(million	trees)	

25	 50	 100	 200	

		 		 New	clones	per	year	
Clone	mix	 10	000	 2500	 5	000	 10	000	 20	000	
Clone	mix	 100	000	 250	 500	 1000	 2000	
Clone	mix	 1	000	000	 25	 50	 100	 200	
Clone	mix	 5	000	000	 5	 10	 20	 40	
Seed	orchard	 10	000	000	 2.5	 5	 10	 20	
	 	 			 		 New	clones	per	population	and	year	
Clone	mix	 10	000	 125	 250	 500	 1000	
Clone	mix	 100	000	 12.5	 25	 50	 100	
Clone	mix	 1	000	000	 1.25	 2.5	 5	 10	
Clone	mix	 5	000	000	 0.25	 0.5	 1	 2	
Seed	orchard	 10	000	000	 0.125	 0.25	 0.5	 1	
	 	 	
		 		 New	clones	per	100	years	
Clone	mix	 10	000	 250	000	 500	000	 1	000	000	 2	000	000	
Clone	mix	 100	000	 25	000	 50	000	 100	000	 200	000	
Clone	mix	 1	000	000	 2500	 5000	 10	000	 20	000	
Clone	mix	 5	000	000	 500	 1000	 2000	 4000	
Seed	orchard	 10	000	000	 250	 500	 1000	 2000	
	 	 			 		 New	clones	per	population	and	100	years	
Clone	mix	 10	000	 12	500	 25	000	 50	000	 100	000	
Clone	mix	 100	000	 1250	 2500	 5000	 10	000	
Clone	mix	 1	000	000	 125	 250	 500	 1000	
Clone	mix	 5	000	000	 25	 50	 100	 200	
Seed	orchard	 10	000	000	 12.5	 25	 50	 100	
	 	 			 		 Years	of	duration	for	using	a	single	clone	mixture	with	25	clones2)	

Clone	mix	 10	000	 0.2	 0.1	 0.05	 0.025	
Clone	mix	 100	000	 2	 1	 0.5	 0.25	
Clone	mix	 1	000	000	 20	 10	 5	 2.5	
Clone	mix	 5	000	000	 100	 50	 25	 12.5	
Seed	orchard1)	 10	000	000	 160	 80	 40	 20	
1)	The	seed	orchard	case	uses	20	clones	per	orchard	and	is	planned	for	the	largest	demand	of	200	
million	seedlings	per	year.		
2)	The	duration	numbers	for	lower	demands	are	hypothetical.		



Public perception

• Clonal forestry and SE may impose a negative public 
perception since they combine intensive silvicultural 
techniques with ‘manipulation’ of genetic diversity.  

• What constitutes a ‘natural’ forest in terms of genetic 
diversity? 

• Intensification of silviculture associated with use of clones 

• Forest production likely to become focused on a smaller 
land area 

• Potentially releasing forest land for other purposes, 
including maintenance of ecosystem services



Operational guidelines

• Stand-level genetic diversity should be monitored and 
maintained at ~90% of natural populations  

• Landscape-level genetic and genotypic diversity should be 
maintained by subdividing breeding programs 

• Ensure adequate genetic diversity in cell lines used for SE 
propagation 

• Confine plantation forestry to existing intensively managed 
forest land or former agricultural land to retain the 
ecological benefits associated with semi-natural and natural 
forest areas.  

• Support basic and applied research on clones in silviculture



Publication of the report

• The report will be published as a special issue of 
Scandinavian Journal of Forest Research 

• Thus far two papers are available:  
• Egersdotter “Plant physiological and genetical aspects of the 

somatic embryogenesis process in conifers” https://doi.org/
10.1080/02827581.2018.1441433  

• Ingvarsson & Dahlberg “The effects of clonal forestry on genetic 
diversity in wild and domesticated stands of forest trees” https://
doi.org/10.1080/02827581.2018.1469665 
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