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Highlights
•	 Coppiced E. globulus trees in the 2nd rotation have similar heartwood and sapwood develop-

ment as single-stem trees in the 1st rotation.
•	 The	 initial	 tree	 planting	 density	 did	 not	 influence	 heartwood	 development	 of	 coppiced	

E. globulus trees.
•	 Heartwood diameter and height can be modelled with tree diameter and height respectively.
•	 Sapwood width is approximately constant within and between coppice and single-stem 

E. globulus trees.

Abstract
Coppiced Eucalyptus globulus trees with 18 years in a 2nd rotation were analysed in relation to 
heartwood,	sapwood	and	bark	content	taking	into	account	the	effect	of	the	initial	planting	density	
by	using	a	spacing	trial.	A	total	of	25	stumps,	with	a	variable	number	of	stems	per	stump	from	
1	to	3,	were	analysed.	Comparison	was	made	to	the	previous	1st	rotation	single	stem	trees,	also	
harvested	at	18	years.	 In	 the	2nd	rotation,	 the	stump	density	did	not	significantly	affect	stem	
height	and	diameter,	in	opposition	to	the	1st	rotation	where	spacing	significantly	impacted	on	tree	
dimensions. The effect of the initial planting density is somewhat lost in the coppiced stand in 
relation	with	i.e.	the	number	of	stems	per	stump.	Heartwood	was	present	in	all	the	coppiced	trees	
up	to	49.9%	of	the	total	tree	height	and	heartwood	volume	amounted	to	38.9–51.7%	of	the	total	
tree	volume.	Within	the	tree,	heartwood	content	decreased	from	the	base	upwards,	representing,	
on	average,	54.1%	at	the	base	and	decreasing	to	5.1%	at	15.3	m.	The	sapwood	width	remained	
relatively constant with an average radial width of approximately 2 cm. The average stem bark 
content	of	coppiced	trees	was	17.4%	of	the	total	stem	volume.	The	comparison	of	heartwood	and	
sapwood	development	in	the	coppiced	trees	did	not	show	significant	differences	to	the	1st	rotation	
trees,	nor	did	the	initial	spacing.	Heartwood	diameter	could	be	modelled	using	the	tree	diameter	
both for 1st and 2nd rotation trees.
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1 Introduction

Eucalyptus globulus	is	extensively	cultivated	for	the	pulp	and	paper	industry	in	temperate	regions.	
Portugal	was	 the	 forerunner	 in	 establishing	 large	E. globulus	 plantations	 and	 in	 setting	up	 an	
eucalypt-based	pulping	industry	by	the	second	half	of	the	20th	century.	Nowadays,	in	Europe,	E. 
globulus	plantations	exist	mainly	in	Portugal	and	Spain,	where	they	cover	approximately	1.3	mil-
lion	ha.	Most	of	these	eucalypt	plantations	are	managed	as	a	coppice	system,	with	a	first	cycle	of	
planted	single-stem	trees	followed	by	two	or	three	coppice	regenerated	cycles	until	final	harvest,	
stump	removal	and	replanting.

E. globulus	regenerates	readily	through	stump	coppice	after	harvesting	(Blake	1983;	Little	
and Gardner 2003).	Coppice	shoots	develop	from	dormant	buds	situated	in	the	live	bark	or	from	
lignotubers	 i.e.	buds	 found	near	 the	 junction	of	 root	 and	 stem	 (Reis	and	Reis	1997).	Coppice	
regrowth	benefits	from	an	established	root	system	and	biomass	production	from	the	first	coppice	
crop	usually	exceeds	that	from	the	single-stem	crop	of	the	1st	rotation.	Therefore	this	second	rota-
tion	without	replanting	is	usually	advantageous,	provided	that	the	first	rotation	was	well	established	
and	stump	regrowth	was	sufficient	(Hillis	and	Brown	1984;	El	Bassam	2010).	Stump	mortality	
also	influences	the	overall	production	values	in	the	coppice	cycles,	and	the	economics	of	eucalypt	
forestry	has	to	make	the	balance	between	a	production	increase	due	to	the	use	of	new	genetic	
material	with	higher	productivity	and	the	replanting	costs	(Guedes	et	al.	2011).	This	is	especially	
important	in	subtropical	regions	and	when	development	of	hybrids	and	clones	is	strong,	as	it	is	
the	case	of	Brazil	(Rezende	et	al.	2005;	Gonçalves	et	al.	2008).

In	the	usual	practice	of	E. globulus	forestry	in	Europe,	the	stand	density	in	the	coppice	cycle	
is	controlled	by	a	selective	thinning	that	is	carried	out	to	maintain	or	increase	until	about	20%	the	
stand	density	e.g.	by	reducing	the	number	of	shoots	per	stump	to	2–3	in	the	first	year	and	1–2	in	
the	second	year	(Tomé	et	al.	2001;	Little	and	Gardner	2003;	Soares	et	al.	2004;	Tomé	et	al.	2007).	
Similar	sprout	thinning	values	are	reported	in	Brazilian	and	Chilean	eucalypt	forestry	for	pulpwood	
production	(Geldres	et	al.	2004;	Souza	et	al.2012)	while	a	mixed	coppice	and	single	stem	model	
for	eucalypt	stands	was	also	reviewed	(Ferraz	Filho	et	al.	2014).	

Although	considerable	work	has	been	done	on	the	wood	quality	of	E. globulus single stem 
trees	(as	compiled	in	Pereira	et	al.	2010),	little	is	known	about	the	quality	of	coppiced	wood	and	
whether	there	are	differences	in	relation	to	the	previous	single-stem	rotation.	Information	on	the	
influence	of	silvicultural	practices	on	the	technical	quality	of	coppiced	trees	is	also	particularly	
sparse	(Gonçalves	et	al.	2004).

Among	the	stem	properties	that	impact	the	quality	and	value	of	pulpwood,	the	amount	of	
heartwood	is	important	because	it	affects	directly	the	pulp	yield	and	other	aspects	of	pulp	and	
papermaking	processes,	mainly	due	to	heartwood	higher	content	of	extractives	(Miranda	et	al.	
2007;	Lourenço	et	al.	2010).	Heartwood	is	present	in	a	significant	proportion	in	the	E. globulus 
stems	at	the	harvest	age	for	pulping	in	single	stem	plantations	and	its	proportion	was	shown	to	
increase	with	tree	size	(Gominho	and	Pereira	2000;	Gominho	and	Pereira	2005;	Morais	and	Pereira	
2007).	On	the	contrary,	sapwood	remains	relatively	constant	as	regards	its	radial	width	(Gominho	
and	Pereira	2000;	Gominho	and	Pereira	2005;	Miranda	et	al.	2006).	There	is	no	research	on	the	
development of heartwood and sapwood in coppiced E. globulus.

The	objective	of	the	present	study	is	to	bring	an	insight	on	the	stem	quality	of	coppiced	E. 
globulus trees in a 2nd rotation regarding the development of heartwood and sapwood within the 
tree,	as	well	as	of	bark,	and	to	analyse	the	effect	of	the	initial	planting	density,	i.e.	stump	density,	
by	using	a	spacing	trial	for	the	study.	The	first	single-stem	rotation	of	this	trial	had	been	previously	
studied	(Miranda	et	al.	2009),	therefore	allowing	comparison	between	the	two	cutting	cycles.
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2 Material and methods

2.1 Field sampling

Eucalyptus globulus	Labill.	trees	were	harvested	at	18	years	of	age,	at	the	end	of	the	2nd	rotation	
as	a	regenerated	coppice	stand,	from	a	spacing	trial	located	in	the	site	of	Alto	do	Vilão,	Furadouro	
(centre	of	Portugal,	10	km	from	the	Atlantic	Ocean,	39°20´N,	9°15´W,	50	m	of	altitude).	The	
climate	is	of	the	Mediterranean	type	tempered	by	oceanic	influence,	with	an	annual	rainfall	of	
608	mm	and	15.2	°C	mean	temperature.	Predominant	soil	type	is	a	sandy	podzol	associated	with	
eutric	cambisols.

The	Alto	do	Vilão	trial	is	the	oldest	eucalypt	spacing	experiment	in	Portugal.	It	was	estab-
lished with commercial E. globulus	seeds	in	March	1975	by	the	pulping	company	CELBI	(now	
ALTRI).	The	trial	consists	of	2	blocks,	each	with	5	plots	with	different	tree	spacings	(mxm):	3×2	
(1667	trees	ha–1),	3×3	(1111	trees	ha–1),	4×3	(833	trees	ha–1),	4×4	(625	trees	ha–1)	and	5×4	(500	
trees ha–1).	The	blocks	are	located	side	by	side	and	the	spacings	distributed	according	to	decreasing	
density in one of the blocks and the opposite in the other block.

The trial was harvested in March 1993, at 18 years of age, in the 1st rotation, as the planted 
single-stem	stand,	and	the	stumps	were	left	to	sprout	for	a	2nd	rotation	coppice	cycle,	as	it	is	usual	
in	the	commercial	Portuguese	eucalypt	forestry.	The	usual	practice	in	the	2nd	rotation	is	to	thin	
the	sprouts	of	each	stump	by	the	second	year	of	growth	in	order	to	maintain,	or	slightly	increase,	
the tree density in the plantation.

The	thinning	of	the	shoots	took	place	at	2.6	years	after	harvest,	following	the	usual	practice	
of	leaving	shoots	with	dimensions	comparable	to	those	of	the	first	rotation	of	the	same	age	(Soares	
et	al.	2004).	This	leads	to	a	variable	number	of	shoots	per	stump,	usually	ranging	from	one	to	three.	
The	end	of	the	2nd	rotation	was	in	2008,	at	18	years	of	age,	when	the	trial	was	harvested.	Before	
harvest,	the	diameter	at	breast	height	(d.b.h.)	and	the	total	tree	height	were	measured.

Sampling	was	made	in	a	total	of	25	stumps.	The	stumps	sampled	were	the	same	of	those	
sampled	in	the	previous	1st	cutting,	therefore	allowing	direct	comparison	between	the	two	rotation	
cycles,	since	in	both	cuttings	the	trees	were	18	year	old.	As	described,	the	stumps	had	a	variable	
number	of	stems,	ranging	from	one	to	three:	in	total,	7	stumps	with	3	stems/stump,	6	stumps	with	
2	stems/stump,	and	12	stumps	with	1	stem/stump.	From	each	sampled	tree,	10	cm	thick	discs	were	
cut	at	different	stem	heights:	base,	1.30	m	and	every	2	m	along	the	stem	until	the	top,	correspond-
ing	to	a	7	cm	diameter.

2.2 Measurements

The	stem	discs	were	analysed	using	an	image-analysis	system	(Gominho	and	Pereira	2000).	The	
total	cross-sectional	area	was	measured	as	well	as	the	heartwood,	sapwood	and	bark	area.	Over-
bark	and	under-bark	mean	diameters,	and	bark	mean	thickness	were	calculated	for	all	discs	using	
the	respective	area	measurements.	The	mean	bark	proportion	in	the	total	stem	cross-section	was	
calculated.	The	following	variables	were	calculated	for	heartwood	and	sapwood	as	mean	values:	
heartwood diameter, sapwood radial width, and proportion of heartwood area in the cross-sectional 
wood area.

The	height	reached	by	the	heartwood	within	the	tree	was	estimated	as	the	zero	intercept	on	
the linear regression of the heartwood area of the last two stem heights that contained heartwood, 
and	calculated	as	a	percentage	of	total	tree	height.

Tree,	stemwood	and	heartwood	volumes	were	calculated	using	sections	corresponding	to	
the	different	heights	of	sampling	as	a	cylinder	(0–1.3	m),	conical	sections	(1.3–3.3,	3.3–5.3	m,	…),	
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and	a	cone	(top)	(Gominho	and	Pereira	2000).	Sapwood	volume	was	calculated	as	the	difference	
of	stemwood	and	heartwood	volumes.	Bark	volume	was	calculated	as	the	difference	of	tree	and	
stemwood	volumes.

2.3 Comparison with 1st rotation data

The	trees	harvested	in	the	2nd	cutting	had	been	also	measured	at	the	end	of	the	previous	1st	cut-
ting,	therefore	allowing	direct	comparison	between	the	two	cycles	since	in	both	cuttings	the	trees	
were	18	year	old.	At	harvest	of	the	1st	rotation,	the	overbark	diameter	at	1.3	m	of	height	(d.b.h.)	
and	 the	 tree	height	were	determined	and	 the	heartwood	and	sapwood	were	measured	at	d.b.h.	
(Miranda	et	al.	2009).	These	values	were	compared	to	those	obtained	for	the	same	stumps	in	the	
2nd rotation.

For	comparison	of	tree	and	stand	volume	production	between	the	two	cutting	cycles,	the	
individual	tree	total	volume	was	calculated	for	the	1st	and	2nd	rotations	using	the	volume	equation	
model developed for E. globulus	in	Portugal	by	Tomé	et	al.	(2007),	based	on	d.b.h.	and	total	tree	
height	(h)	(V	=	0.2105	(d.b.h./100)1.8191 h1.0703).

2.4 Statistical analysis

To	estimate	the	influence	of	spacing	on	heartwood	formation,	one-way	ANOVA	analysis	of	vari-
ance	was	done	by	applying	pairwise	analysis	(Tukey	test,	p	<	0.05).	A	simple	regression	model	
was	applied	to	study	the	correlation	between	heartwood	volume	and	tree	volume	and	between	
heartwood diameter and tree diameter at breast height.

3 Results

3.1 Tree growth and volume

Table	1	summarizes	the	mean	biometric	data	for	the	Eucalyptus globulus	trees	in	the	2nd	cutting	
cycle,	as	coppiced	stems	from	the	five	stumps	per	spacing,	in	relation	to	b.h.	diameter,	height	and	
volume	(Fig.	1).	As	referred,	the	stumps	had	a	variable	number	of	trees,	from	1	to	3,	and	a	mean	

Table 1. Biometric	data	for	Eucalyptus globulus	trees	grown	with	different	planting	densities	in	the	1st	cutting	cycle,	
as	single	stem	trees,	and	in	the	2nd	cutting	cycle,	as	coppiced	trees.	The	values	refer	to	the	same	five	stumps	per	spac-
ing	in	the	two	cutting	cycles.	Mean	values	and	standard	deviation.

4×5 4×4 4×3 3×3 3×2

2nd rotation
D.b.h. (cm) 18.5 ± 3.1a 14.5 ± 2.9a 18.4 ± 5.0a 16.8	±	5.4a 19.6	±	3.4a
Height (m) 22.3 ± 2.1a 20.2 ± 3.0a 22.3 ± 3.3a 20.9 ± 5.0a 24.7	±	2.9a
Tree	volume	(m3) 0.30	±	0.07 0.20 ± 0.08 0.30 ± 0.15 0.25	±	0.17 0.35 ± 0.13
Number	of	stems	per	stump 2.0 ± 1.0 2.0 ± 1.0 1.6	±	0.5 1.4 ± 0.5 1.4 ± 0.5
Volume	per	stump	(m3) 0.64	±	0.30 0.48 ± 0.39 0.55 ± 0.34 0.38 ± 0.30 0.40	±	0.16
1st rotation
D.b.h. (cm) 26.2	± 5.9 22.9 ± 5.5 21.8 ± 3.8 20.0 ± 5.3 17.7	±	5.4
Height (m) 26.9	± 4.1 25.7	± 3.8 26.2	± 2.5 24.4 ± 4.5 21.2	+	7.4
Tree	volume	(m3) 0.67	±	0.32 0.51	±	0.26 0.45 ± 0.19 0.38 ± 0.20 0.32 ± 0.11

The	same	letters	within	rows	indicate	non-significant	differences.
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volume	per	stump	was	also	calculated	as	the	sum	of	its	individual	stems.	The	biometric	data	for	
the	trees	in	the	1st	rotation	are	also	included	in	Table	1.	The	stumps	sampled	in	the	2nd	cutting	
were	the	same	of	those	sampled	in	the	previous	1st	cutting,	therefore	allowing	direct	comparison	
between	the	two	rotation	cycles,	since	in	both	cuttings	the	trees	were	18	year	old.

The average tree height and diameter at breast height for all coppiced trees were 22.9 m 
and	18.6	cm,	respectively,	ranging	between	spacings	from	20.2	m	to	24.7	m	in	height	and	from	
14.5	cm	to	19.6	cm	in	breast	height	diameter.	The	spacing	did	not	significantly	affect	the	coppice	
stem	height	and	diameter	and	it	was	not	a	statistically	significant	source	of	variation	(P	=	0.301	
and	P	=	0.540,	respectively);	for	instance,	the	average	tree	diameter	for	the	3×3	and	5×4	spacings	
was	respectively	19.6	cm	and	18.5	cm.

The	estimated	volume	production	per	ha	is	shown	in	Fig.	2	for	the	2nd	rotation	and	is	com-
pared	to	that	of	the	1st	rotation.	Only	in	two	cases	the	production	was	higher	in	the	coppice	in	
relation	to	the	1st	rotation:	by	18%	and	20%	for	the	4×3	and	3×2	spacings	respectively.

Fig. 1. Variation	of	tree	volume	produced	by	each	stump	in	the	2nd	rotation	for	
each	spacing.	Individual	bars	represent	the	five	stumps	sampled	in	each	spac-
ing plot.

Fig. 2. Volume	production	per	ha	for	the	2nd	and	1st	rotations	from	different	
initial planting densities.
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3.2 Heartwood and sapwood development

Table	2	summarises	the	mean	values	of	heartwood	diameter,	proportion	and	volume,	and	sapwood	
radial width at breast height in the 18-year-old coppiced E. globulus trees grown in the different 
spacing plots. The proportion of heartwood in the cross-section at 1.30 m height level was on 
average	53%	and	attained	on	average	50%	of	total	tree	height.

The	 average	 stem	 volume	 ranged	 between	 0.30	m3 and 0.35 m3 and the proportion of 
heartwood	represented	between	38.9%	to	51.7%	of	 total	 tree	volume.	As	shown	in	Fig.	3,	 the	
heartwood	volume	presents	a	highly	significantly	correlation	with	tree	volume	(Vheartwood	=	0.539	
Vstem	–	14.291;	R2	=	0.862;	P	<	0.000).	The	analysis	of	variance	for	the	heartwood	volume	showed	
that	stump	density	was	not	a	significant	effect	of	variation	(P	=	0.124).

The proportion of heartwood in the stem cross-section decreased steadily from the stem base 
upwards,	approximately	following	the	stem	profile	(Fig.	4):	at	the	base,	heartwood	proportion	in	
the	cross-section	represented	on	average	54.1%	and	decreased	to	5.1%	at	15.3	m.

Table 2. Variation	of	heartwood	diameter,	proportion	and	volume,	and	sapwood	radial	width	at	breast	height	in	the	
18-year-old coppiced E. globulus	trees	grown	in	the	different	spacing	plots,	as	well	as	data	published	for	the	1st	rota-
tion (Miranda et al. 2009). Mean of all coppiced trees per spacing and standard deviation.

4×5 4×4 4×3 3×3 3×2

2nd rotation
Heartwood diameter (cm) 11.5 ± 4.2a 8.5 ± 3.8a 10.7	±	3.0a 8.4	±	3.6a 14.3 ± 1.0a
Heartwood	proportion	(%	total	
area)

58.8	±	7.2a 46.28	±	12.4a 51.1 ± 10.4a 46.4	±	16.7a 61.7	±	6.3a

Sapwood width (cm) 1.7	±	0.1a 2.1 ± 0.8a 1.9	±	0.6a 2.0 ± 0.4a 1.8 ± 0.4a
Heartwood	height	(%	total	height) 48.1	±	6.8 42.5	±	8.6 49.3	±	7.2 52.5 ± 8.2 57.3	±	2.4
Heartwood	volume	(m3) 0.075	±	0.04a 0.051 ± 0.02a 0.061	±	0.03a 0.083	±	0.06a 0.097	±	0.02a
Heartwood	volume	proportion	(%	
total)

41.2 ± 12.1 38.9 ± 11.1 42.8	±	9.7 43.5	±	13.6 51.7	±	5.9

1st rotation
Heartwood diameter (cm) 15.7	±	4.2 13.3 ± 4.2 13.2 ± 3.4 11.63	±	4.21 10.31 ± 4.99
Heartwood	proportion	(%	total	
area)

62.0	±	9.9 59.4 ± 9.9 61.8	±	8.0 57.7	±	13.9 58.4	±	17.5

Sapwood width (cm) 2.1	±	0.7 1.9 ± 0.4 1.8 ± 0.5 1.8 ± 0.4 1.5 ± 0.5

The	same	letters	within	rows	indicate	non-significant	differences.

Fig. 3. Heartwood	volume	versus	tree	volume	of	18-year-old	Eucalyptus globu-
lus	in	the	2nd	rotation	for	the	five	spacings.
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There	was	an	influence	of	stem	growth	on	heartwood	development.	A	high	correlation	between	
heartwood	diameter	and	coppiced	tree	diameter	at	breast	height	was	found	(Fig.	6),	corresponding	
to	the	following	model:	Heartwood	diameter	=	–2.622	+	0.875	d.b.h.;	R2	=	0.925;	P	<	0.001	(Fig.	5).

Sapwood	width	at	breast	height	was	in	the	range	of	1.7	to	2.1	cm	(Table	2)	and	no	signifi-
cant	 relationship	was	 found	between	sapwood	width	and	 tree	diameter	 (R2	=	0.009;	P	=	0.995).	
No	influence	of	spacing	was	found	(P	=	0.114).	The	within-tree	longitudinal	variation	of	sapwood	
radial	width	remained	approximately	constant	along	the	tree	at	about	2.0	cm	in	the	lower	part	of	
the	stem,	regardless	of	tree	dimensions,	although	increasing	slightly	to	2.6	cm	over	10.3	m	of	tree	
height	(Fig.	7).

3.3 Bark content and thickness

Within	the	tree,	bark	thickness	decreased	from	12.1	mm	at	the	base	to	3.4	mm	at	the	15.3	m	(Fig. 8). 
The	variation	of	bark	thickness	with	tree	height	level	(X)	could	be	modelled	for	these	18-year-old	
coppiced	trees	by	the	equation	y	=	10.987	X–0.584;	R2	=	0.914.	The	average	bark	volume	of	18-year-
old E. globulus coppiced	trees	was	17.4%	of	the	total	stem	volume	while	for	the	1st	rotation	at	the	
same	age	the	average	bark	content	was	somewhat	smaller	at	13.8%	(Table	3).

Fig. 5. Heartwood	diameter	versus	tree	breast	height	diameter	of	18-year-old	
Eucalyptus globulus	in	the	2nd	rotation	for	each	stump	for	the	five	spacings.

Fig. 4. Variation	of	tree	and	heartwood	diameter	along	the	tree	height.	Mean	
value	for	all	trees,	normalised	at	a	reference	value	of	100	at	the	base.
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Fig. 8. Axial	variation	of	bark	thickness	in	18-year-old Eucalyptus globulus in 
the	2nd	rotation	for	the	five	spacings.

Fig. 6. Relationship	between	heartwood	diameter	and	tree	diameter	at	b.h.	of	
Eucalyptus globulus at 18 years of age at the end of the 1st and 2nd rotations.

Fig. 7. Variation	of	sapwood	thickness	along	the	tree	height	of	18-year-old	Eu-
calyptus	in	the	2nd	rotation.	Mean	value	for	all	trees.
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4 Discussion

In	eucalypt	plantations	managed	under	a	coppice	regeneration	system,	it	is	usually	assumed	that	
the	peak	production	occurs	in	the	second	rotation,	as	a	result	of	a	more	developed	root	system	that	
allows	a	larger	supply	of	mineral	nutrients	and	water,	thereby	explaining	why	the	initial	growth	of	
the	coppice	shoots	is	usually	more	rapid	than	that	of	seedlings	(Miller	and	Kauffman	1998).	Sims	
et	al.	(2001)	referred	that	total	biomass	yields	of	the	coppice	harvest	were	significantly	higher	com-
pared to the single stem harvest of 19 Eucalyptus	species	after	6	years	of	growth.	However	stump	
mortality	or	destruction	by	silvicultural	operations	should	be	taken	into	consideration	(Camargo	
et	al.	1997;	Machado	et	al.	1990;	Stape	1997)

In	the	present	study,	the	estimated	volume	production	per	ha	is	shown	in	Fig.	2	for	the	2nd	
rotation	(coppice)	and	is	compared	to	that	of	the	1st	rotation	(single	stem).	An	overall	increase	of	
production	in	the	coppice	was	not	found	and	only	in	two	spacing	cases	the	production	was	higher	in	
relation	to	the	1st	rotation:	for	the	4×3	and	3×2	spacings	the	production	increased	by	18%	and	20%	
respectively.	No	trend	of	variation	in	relation	to	the	original	planting	density	was	observed	(Fig.	2).

While	individual	tree	growth	in	diameter	and	height	is	influenced	by	tree	competition	and	
therefore	by	the	initial	spacing	(West	2006),	basal	area	and	volume	production	per	unit	area	will	
result	from	the	combined	effect	of	number	of	trees	and	of	their	dimensions.	The	spacing	effect	in	
the	tree	dimensions	was	clearly	seen	in	the	1st	rotation	of	this	trial	(Table	1):	in	the	closest	3×2	
spacing	the	trees	were	smaller	and	increased	regularly	with	the	widening	of	spacing	until	the	4×5	
spacing	(d.b.h.	of	17.7	cm	and	26.2	cm,	respectively).

On	the	contrary,	in	the	case	of	the	trees	sampled	at	the	end	of	2nd	rotation,	the	initial	plant-
ing	density,	i.e.	stump	density,	did	not	significantly	effect	on	the	coppice	stem	height	and	diam-
eter (Table 1). This shows that a coppiced stand somewhat loses the effect of the initial planting 
density	and	has	a	more	irregular	space	occupation	by	the	tree	crowns,	which	will	be	in	relation	
with	the	specific	local	situation	i.e.	the	number	of	stems	per	stump.	In	fact,	the	tree	stand	density	
was	changed	between	the	two	rotations	due	to	the	variable	number	of	sprouts	left	in	each	stump	
(Table	1):	for	instance,	the	1st	rotation	stand	density	of	500	trees/ha	(4×5	spacing)	was	increased	
to	1100	trees/ha	in	the	2nd	rotation.	This	is	also	seen	by	the	diversity	of	tree	volume	per	stump	
in the different spacings (Fig. 1). The variation in tree density in coppiced regenerated plots was 
also	noticed	by	António	et	al.	(2007)	who	reported	values	between	1605	and	6400	trees	per	ha	in	
commercial E. globulus	plantations	in	Portugal.

The	thinning	of	sprouts	from	each	stump	is	therefore	an	important	step	to	determine	produc-
tion	on	a	unit	area	base.	Since	the	thinning	operation	is	subjective	and	at	the	decision	of	the	forest	
worker, it may be biased towards an over thinning in wider spacings.

Table 3. Variation	of	bark	thickness	at	b.h.	and	bark	content	in	%	of	volume	of	18-year-old	coppiced	(2nd	rotation)	and	
single stem (1st rotation) Eucalyptus globulus trees grown in the different spacing plots. Mean of all coppiced trees per 
spacing and standard deviation.

4×5 4×4 4×3 3×3 3×2

2nd rotation
Bark	thickness	(mm) 8.5	±	2.6a 7.7	±	1.5a 8.6	±	2.0a 7.9	±	2.6a 8.6	±	1.6a
Bark	content	(%	bolewood) 17.4	±	0.1 17.4	±	0.1 17.4	±	0.1 17.4	±	0.2 17.4	±	0.1
1st rotation
Bark	thickness	(mm) 10.3 ± 2.5 9.2 ± 2.8 8.9 ± 2.5 7.8	±	2.6 6.6	±	2.8
Bark	content	(%	bolewood) 14.4 ± 0.5 13.4 ± 2.5 14.0	±	0.7 13.8	±	0.7 13.4 ± 1.1

The	same	letters	within	rows	indicate	non-significant	differences.
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The sampled coppiced trees of E. globulus	at	the	end	of	the	2nd	rotation	contained	a	sub-
stantial	amount	of	heartwood:	on	average	53%	of	the	stem	cross-section	at	breast	height	level	was	
transformed	in	heartwood,	and	representing	on	average	46%	of	total	tree	volume	(Table	2).	These	
values	are	somewhat	above	those	found	for	E. globulus trees	used	for	pulping	at	the	usual	harvest	
age	(9–14	years)	where	heartwood	volume	represented	20%	to	39%	of	the	stem	(Gominho	and	
Pereira	2000;	Gominho	and	Pereira	2005;	Morais	and	Pereira	2007).	Miranda	et	al.	(2006)	and	
Miranda et al. (2009)	also	reported	high	values	of	heartwood	proportion	at	breast	height,	between	
58%	and	77.5%	for	18-year-old	E. globulus	trees	and	attaining	on	average	67.5%	of	total	tree	height.

An	effect	of	stump	density	on	the	heartwood	development	was	not	found	in	this	study:	both	
heartwood	volume	and	diameter	at	breast	height	were	similar	in	the	five	sumps	density	and	the	
differences	were	not	statistically	significant.

The	heartwood	showed	in	all	cases	a	similar	axial	profile	within	the	coppiced	trees,	with	
heartwood	area	decreasing	steadily	from	the	stem	base	upwards	and	approximately	following	the	
stem	profile	(Fig.	4).	Such	pattern	of	heartwood	axial	variation	broadly	parallels	what	has	been	
shown	previously	for	E. globulus	(Gominho	and	Pereira	2000;	Miranda	et	al.	2006;	Morais	and	
Pereira	2007)	as	well	as	for	other	eucalypt	species	e.g.	Eucalyptus grandis	Hill	(Wilkings	1991)	
and Eucalyptus tereticornis Smith (Purkayastha	et	al.	1980).	This	type	of	within-tree	variation	of	
heartwood	is	generally	found	in	hardwood	and	softwood	species	(Hillis	1987)	and	derive	from	the	
process	of	heartwood	formation	that	starts	at	a	certain	tree	age	and	size	and	progresses	outwards	
in	radial	direction	and	upwards	in	axial	direction.

In	this	study,	the	heartwood	content	was	found	to	be	positively	influenced	by	the	tree	growth	
and	a	linear	relationship	between	heartwood	volume	and	tree	volume	was	obtained	(Fig.	3).	The	
results	published	by	Miranda	et	al.	(2006)	for	18-year-old	trees	at	the	end	of	the	1st	rotation,	also	
showed a similar linear regression. Similar heartwood dimensional models were also reported 
for	eucalypts	with	other	ages	e.g.	Gominho	and	Pereira	(2000)	reported	a	positive	correlation	of	
heartwood content and growth for 9-year-old E. globulus trees. It was also shown that it was the 
difference	in	tree	growth	that	influenced	heartwood	development,	and	not	the	silvicultural	treatment	
e.g.	spacing,	per	se	(Gominho	and	Pereira	2005;	Miranda	et	al.	2006;	Morais	and	Pereira	2012).	
Thus,	in	practical	terms,	heartwood	development	will	be	increased	through	forest	practices	that	
increase	individual	tree	growth,	such	as	fertilization	and	irrigation,	or	wider	spacing,	as	previously	
reported	(Miranda	et	al.	2006;	Gominho	and	Pereira	2005).

The	comparison	of	the	2nd	rotation	in	relation	to	the	1st	rotation	(Fig.	6)	shows	that	the	rela-
tion	found	between	heartwood	diameter	and	tree	diameter	was	similar	for	both	rotations,	with	the	
increase	in	heartwood	directly	related	to	tree	size.	Therefore	the	differences	found	in	the	heartwood	
development	between	the	two	rotations	cycles	should	only	represent	the	differences	in	tree	size	
and	do	not	derive	from	the	type	of	rotation.	Similar	results	were	obtained	by	António	et	al.	(2007)	
when developing allometric models for E. globulus,	who	proposed	the	use	of	the	same	equations	
for the planted and the coppiced regenerated stands.

The	values	obtained	here	for	the	sapwood	width	(1.7	to	2.1	cm,	Table	2)	are	in	the	range	of	
values	referred	for	E. globulus trees	at	harvest	age	for	pulping	in	the	1st	rotation	(Gominho	and	
Pereira	2005;	Morais	and	Pereira	2007),	and	in	the	range	of	1.5	and	2.1	cm	for	trees	of	18	years	of	
age,	also	in	the	end	of	the	1st	rotation	(Miranda	et	al.	2006;	Miranda	et	al.	2009).

The	within-tree	longitudinal	variation	of	sapwood	width	remained	approximately	constant	
along	the	tree	(Fig.	7).	Other	studies	on	sapwood	development	have	also	reported	an	approxi-
mately constant width of sapwood along the below-the-crown stem for E. globulus (Gominho and 
Pereira	2000;	Gominho	and	Pereira	2005;	Miranda	et	al.	2006;	Miranda	et	al.	2007)	as	well	as	
for Eucalyptus grandis	(Bamber	1976;	Wilkins	1991).	These	results	indicate	that	sapwood	width	
in	one	species	may	be	independent	of	tree	age	and	dimensions,	and	support	the	theory	that	the	
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amount	of	sapwood	in	a	tree	is	related	to	its	conductive	needs	(Shinozaki	et	al.	1964).	Therefore	
the	formation	and	development	of	heartwood	progress	within	the	tree	to	regulate	the	amount	of	
sapwood	(Bamber	1976).

Bark	thickness	decreased	within	the	tree	along	the	below-the-crown	stem	(Fig. 8) with a 
pattern of variation similar for all the coppiced trees and spacings. A	similar	axial	variation	in	bark	
thickness	was	previously	reported	for	E. globulus: 6.5	mm	at	the	base	to	1.9	mm	at	the	top	(75%	
of	total	tree	height)	in	15-year-old	trees	(Quilhó	et	al.	2000;	Quilhó	and	Pereira	2001).

Since	tree	volume	growth	is	usually	estimated	by	measurements	that	include	the	bark	(over	
bark	diameter	measurements),	it	is	therefore	advised	to	measure	bark	thickness	simultaneously	
with	total	tree	diameter	for	obtaining	a	more	accurate	estimate	of	wood	volume	and	avoid	over-	or	
under	estimates.

The	average	bark	volume	of	these	18-year-old	E. globulus coppiced	trees	was	17.4%	of	the	
total	stem	volume	while	for	the	1st	rotation	at	the	same	age	the	average	bark	content	was	somewhat	
smaller	at	13.8%	(Table	3).The	average	bark	volume	of	18-year-old	E. globulus coppiced trees was 
17.4%	of	the	total	stem	volume	while	for	the	1st	rotation	at	the	same	age	the	average	bark	content	
was	somewhat	smaller	at	13.8%	(Table	3).	A	few	studies	made	on	7	and	11-year-old	E. globulus trees 
indicated	mean	values	of	15.2%	of	bark	content	(Ramírez	et	al.	2009;	Miranda	et	al.	2012).	Sansígolo	
and	Ramos	(2011)	referred	values	between	13.6%	and	15.9%	in	4-year-old	Eucalyptus grandis, and 
De	Jesus	et	al.	(1988)	reported	10–12%	for	Eucalyptus urophylla Blake	at	4	years	of	age.	In	all	cases,	
the	proportion	of	bark	in	eucalypt	trees	is	substantial	and	allows	considering	a	valorization	of	this	
biomass	residue,	e.g.	by	integration	into	a	biorefinery	concept	(Miranda	et	al.	2013).

5 Conclusions

The coppiced E. globulus trees in a 2nd rotation showed a similar heartwood and sapwood develop-
ment	as	the	single-stem	trees	in	the	first	rotation.	The	initial	tree	planting	density	did	not	influence	
heartwood development in the coppice. Heartwood dimensions within the tree were determined 
by	tree	size,	and	heartwood	diameter	could	be	modelled	with	tree	diameter	and	heartwood	height	
with tree height. The sapwood width was approximately constant within and between trees, and 
in	both	cutting	cycles,	therefore	showing	its	species’	specificity.

Coppice E. globulus trees are similar to single stem trees as regards tree development and 
heartwood	formation.	The	silvicultural	operation	of	sprout	thinning	at	the	beginning	of	the	2nd	
rotation	influenced	the	stand	tree	density	and	therefore	the	wood	production	will	depend	on	the	
thinning	decisions	i.e.	number	of	sprouts	left	on	the	stump.
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