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Abstract
Two field experiments were carried out in 2006 and 2007 in central Italy (42°57’N, 12°22’E, 165 m a.s.l.) in order
to investigate the influence of site, planting densities/spacings and cutting cycles on the biomass production of four
poplar clones [(Populus – generosa) – Populus nigra “Monviso” and “AF6”, Populus – canadensis “AF2”, Populus
deltoides – Populus – canadensis “SIRIO”] selected for SRF. Hardwood cuttings of each clone were planted at two
different densities and planting designs: a) low density = 5500 cuttings ha-1 were placed in a single-row design; b)
high density = 11000 cuttings ha-1 were placed in a coupled-row design, and were tested with two cutting cycles:
one-year cycle and two-year cycle. The experimental design was a split-plot with three replicates. The initial survival
of clones was recorded after the establishment period. The number of shoots per plant (stool) was determined af-
ter the first growing season. Plant height (height of the main stem), main stem diameter at a height of 1 m and of
1.3 m above the ground and biomass production were measured from each plot, every year at harvesting time at
the end of the growing season. Plant samples were also taken in order to assess humidity content, lower and high-
er heating values (LHV and HHV) and ash content of poplar biomass. All poplar clones showed a very high stool
survival with values ranged from 95% to 99%. Monviso and AF2 can be advisable thanks to the higher biomass
production than AF6 and Sirio. Considering planting density, low density (5500 plants ha-1) seems to be more ad-
visable than high density (11000 plants ha-1) in order to obtain good biomass production with low planting cost.
Considering cutting cycles, two-year cutting cycle allows higher biomass production (5.8 odt ha-1 year-1) than one-
year cutting cycle (4.7 odt ha-1 year-1), regardless of clones or density. Concerning main stem height and diameter
some interesting equations were found in order to explain the relationship between them or with biomass produc-
tion. In particular, a functional relationship between dry biomass production and stool diameter, appropriate for
this climatic area and environmental conditions, was found. Analysis concerning wood energy content showed a
good quality of poplar biomass thanks to high HHV and LHV values (an average of 19.7 MJ Kg-1 and 19.4 MJ Kg-1),
low ash content (an average 3.6%) and low biomass humidity at harvest (an average 54%).
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Introduction

In short rotation forestry (SRF) fast growing
hardwoods of good coppicing ability are used in
carefully tended plantations to produce woody
biomass (Pellis et al., 2004). SRF has the po-
tential to become an important source of re-
newable energy in Europe because of high bio-
mass yields, good combustion quality as solid fu-
el and ecological advantages (Kauter et al.,
2003). In Italy there is an increasing interest in

the use of SRF crops as renewable energy
sources, taking advantage of their low input re-
quirement and of their alternative use for the
land taken out of agricultural production (Fac-
ciotto et al., 2006). In particular, during the last
few year, poplar (Populus spp.), already culti-
vated in Northern Italy at low planting density
to produce pulp-wood and wood-based panels,
has been found to be the most productive and
reliable species for SRF (Di Muzio Pasta et al.,
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2007). The characteristics that have contributed
to the success of poplar species and their hy-
brids include: ease of propagation, quick estab-
lishment, fast growth, vigorous sprouting after
cutting and suitability for a variety of wood fi-
bre products (Pontailler et al., 1999; Zalesny et
al., 2007). However, because of high cost of bio-
mass production and agricultural subsidies, en-
ergy from SRF is uncompetitive with fossil fu-
els without subsidies of its own (Facciotto et al.,
2003). Consequently, in order to promote the
use of biomass from SRF as an energy source,
it is essential to minimize this need for subsidy.
This can, among others, be attained by increas-
ing the biomass yield, decreasing costs for its
production, using and optimizing fuel quality
(Kauter et al., 2003). It is particularly important
to establish clones, planting densities/spacings
and cutting cycles that ensure the best utiliza-
tion of the site (Armstrong et al., 1999).

The aim of this work was to investigate, in
central Italy, the influence of site, planting den-
sities/spacings and cutting cycles on the biomass
production of four poplar clones selected for
SRF. It was also found a functional relationship
between dry biomass production and stool di-
ameter, appropriate for this climatic area and
environmental conditions.

Materials and methods

Two field experiments were carried out in 2006
and 2007 in central Italy (Experimental Station
of Papiano, 42°57’N, 12°22’E, 165 m a.s.l.) on a
clay-loam soil (22% sand, 35% clay and 43%
silt, 1.5% organic matter). Four poplar clones,
suited to IT conditions, were selected: (Populus
× generosa) × Populus nigra “Monviso” and
“AF6”, Populus × canadensis “AF2”, Populus
deltoides × Populus × canadensis “SIRIO”.
Hardwood cuttings (0.25 m long) of each clone
were planted at two different densities and
planting designs: a) low density = 5500 cuttings
ha-1 were placed in a single-row design (3.0 m
inter-row distance × 0.6 m intra-row distance);
b) high density = 11000 cuttings ha-1 were placed
in a coupled-row design (3.75 m inter-coupled-
row distance × 0.75 m inter-row distance on
each coupled-row × 0.48 m intra-row distance)
and were tested with two cutting cycles: one-
year cycle (harvested every 1 year after planti-

ng) and two-year cycle (harvested every 2 years
after planting).

The experimental design was a split-plot
with three replicates (blocks) and three main
experimental treatments (factors): 1) two plant-
ing densities (main plot); 2) four clones (sub-
plot); 3) two cutting cycles (sub-sub-plot). The
size of the plot was the following: main plot of
294 m2 (10.5 m width); sub-plot of 73.5 m2 (10.5
m width); sub-sub-plot of 36.8 m2 (10.5 m
width). Two border rows of trees were estab-
lished on the perimeter of each plots to reduce
potential border effects (Hansen, 1981; Zav-
itkovski, 1981).

The main agronomic practices are showed in
Table 1. Crop was carried out in accordance
with recommended management practices in
Italy (Facciotto, 1998; Istituto Sperimentale per
la Pioppicoltura, 2000). In particular, nitrogen
fertilization was not applied and the plantation
was only irrigated shortly after planting to pro-
mote a better establishment (see Tab. 1). Irri-
gations were not applied during the subsequent
growing seasons.

The plots were kept weed free with cultiva-
tion during site preparation, application of pre-
emergence herbicide (isoxaben 500 g ha-1) just
after planting and subsequently mechanical
weed control treatments as needed.

Measurements and statistical analysis

The initial survival of clones was recorded after
the establishment period. The number of shoots
per plant (stool) was determined after the first
growing season. Plant height (height of the main
stem) (H), main stem diameter at a height of 1
m (D1) and of 1.3 m (DBH, Diameter at breast
height) above the ground and biomass per plant
were measured from five plants per plot, every
year at harvesting time, at the end of the grow-
ing season. The one-year cutting cycle plots for
each clones were harvested at the end of No-
vember 2006 (plants aged one year both in root
and shoot = R1S1) and in the middle of De-
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Table 1. Main agronomic practices in the field experiment.

Preceding crop Sunflower
Fertilization (kg ha-1) 100 P2O5 + 100 K2O
Planting date 4 April 2006
Irrigation (m3 ha-1) 250 (May 2006); 300 (July 2006)
Harvesting date 29 Nov. 2006; 13 Dec. 2007



cember 2007 (plants aged two years in root and
one year in shoot = R2S1); the two-year cutting
cycle plots were harvested in the middle of De-
cember 2007 (plants aged two years both in root
and shoot = R2S2) (see Tab. 1). The plants from
the two central single-row or coupled-row of
each plot were cut, by chainsaw, 50 mm above
the ground level, removed manually and
weighed. A sample from each plot (about 10%
of total fresh biomass) was taken, collecting
three levels of the plants (basal part, breast-
height level and branches). The samples were
then weighed green, oven dried at 105 °C to a
constant weight in order to assess humidity con-
tent, dry weight of biomass and then an equivalent
yield [oven dry tonnes per hectare (odt ha-1)] for
each plot. These samples were also analysed to
determine lower and higher heating values
(LHV and HHV) and ash content of biomass,
using, respectively, a calorimeter (AC-350 Leco)
and a thermo-gravimetrical analyzer (TGA-701
Leco).

In 2007, also the thickness of the bark and
the diameter of the main stem were determined
at a height of 50 mm above the ground, on the
cutting area of three plants per plot. The bark
content was expressed as a percentage of bark
surface on total cutting surface.

The data of H and DBH were subjected to
a non-linear regression analyses by using the
model proposed by Pettersson (1955):

H = 130 + (a + b)-3

––––––– (1)
DBH

where H and DBH are the above mentioned
parameters and a and b are parameters of the
model. Furthermore, the data of D1 and the dry
weight of each plant (DW) were subjected to a
non-linear regression analyses by using the
model proposed by Di Muzio Pasta et al., 2007:

DW = kDa
1 (2)

with k and a as parameters of the model.
All data were subjected to analysis of vari-

ance (ANOVA) and treatment means were sep-
arated using Fisher’s protected LSD at P = 0.05
level. Analysis of variance was performed with
the EXCEL® Add-in macro DSAASTAT
(Onofri, 2006). All the non-linear models were
directly fitted to the experimental data, by us-

ing the software open-source R (Wirtschaft-
suniversität, 2009). The goodness-of-fit was as-
sessed by graphical analyses of residuals and F-
test for lack-of-fit (Bates and Watts, 1988).

Meteorological data

Meteorological data (daily maximum and mini-
mum temperature and rainfall) were collected
from a nearby station. Decadic averages were
calculated and compared with poliennal aver-
ages (Fig. 1). Temperatures and rainfalls were
not different between 2006 and 2007, except for
the high rainfall in September 2006 (Fig. 1).
However, annual rainfall did not differ among
the two years, with 595 mm in 2006 and 551 mm
in 2007.

Results and discussion

In 2006, the stool survival and the main stem di-
ameter (D1) of the R1S1 poplar clones showed
not significant differences among treatments
with mean values ranged from 95% to 99% and
from 23 mm to 27 mm, respectively (Tab. 2).
Considering main stem height (H) and shoots
per plant, significant differences were observed
only among clones. In particular, AF2 showed
the highest H value (3.46 m), Monviso and AF6
the highest number of shoots per plant (1.9)
(Tab. 2).

In 2007, AF2 and Monviso showed the high-
est H values both in R2S1 and in R2S2 plants,

Ital. J. Agron. / Riv. Agron., 2009, 4:191-198

193

Table 2. Survival, diameter height and shoots per plant on
R1S1 poplar clones.

Experimental Stool Main stem Main stem Shoots
treatment survival diameter height plant-1

(%) (D1) (mm) (m) (n.)

MONVISO 97 25 3.36 ab 1.9 a
AF2 99 25 3.46 a 1.3 b
AF6 98 25 3.26 b 1.9 a
SIRIO 95 24 3.22 b 1.5 ab

High density 97 23 3.23 1.8
Low density 98 27 3.42 1.4

clones n.s. n.s. * **
density n.s. n.s. n.s. n.s.
clones vs density n.s. n.s. n.s. n.s.

Means in vertical sequence not followed by the same letter are
significantly different at P = 0.05 according to LSD test. N.s., not
significant; * P = 0.05; ** P = 0.01. R1S1: plants aged one year
both in root and shoot.



confirming the results obtained in 2006; not sig-
nificant differences were found among densities
for main stem height (Tab. 3). Concerning D1,
significant differences were among clones, both
in R2S1 and in R2S2 plants, and among densi-
ties only in R2S2 plants. In this last case clones
with high planting density showed the lowest D1
value (34 mm in average) due to the intra-spe-
cific competitiveness more prolonged in R2S2
plants (two-year cutting cycle) than in R2S1
(one-year cutting cycle) (Tab. 3).

The model 1 fitted the H and DBH data well
(graphical analysis of residuals and F-test not
reported) providing the following estimated pa-
rameters: a = 0.1161 (P = 0.001); b = 0.0965 (P =
0.001) (Fig. 2). Furthermore, non-linear regres-

sion analysis performed on D1 and DW data, ac-
cording to the model 2, allowed to find a high-
ly significant relationship which can be used for
a non-destructive prediction of dry yield (Fig.
3). The relationship is a power function (R2 =
0.961, P = 0.01) and the relative estimated pa-
rameters are k = 0.0002 and a = 2.445 (Fig. 3).

Considering dry biomass production, the
yield obtained, in 2006, from R1S1 plants (one
year cutting cycle) showed significant differ-
ences between clones and planting densities
(Tab. 4). In particular, among poplar clones,
Monviso gave the highest yield (4.61 odt ha-1)
while Sirio the lowest yield (3.71 odt ha-1).
Among planting densities, the yield obtained
from high planting density was significantly
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Figure 1. Average decade val-
ues of rainfall (mm; bold bar)
and temperature (°C; solid
line) recorded during the ex-
perimental trial in 2006 (a)
and 2007 (b), compared to
pluriennial (1921-2005) aver-
ages (rainfall: mm, empty bar;
temperature: °C, sketched line).



nificant differences between clones and planti-
ng densities, but significant differences were
found between 2006 and 2007, with the average
value (5.28 odt ha-1) significantly higher than
that obtained in 2006 from R1S1 plants (4.12
odt ha-1) (Tab. 4). This is due both to the dif-
ferent length of the growing seasons and to the
roots more developed in R2S1 plants than in
R1S1 plants, that have allowed the highest
shoots yield values. These results showed as the
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Table 3. Main effect of experimental treatments on main stem
diameter and height.

Cutting cycle
Experimental 
treatment 1 year (R2S1) 2 years (R2S2)

diameter height diameter height
(D1) (m) (D1) (m)

(mm) (mm)

MONVISO 21 b 3.42 a 38 ab 4.70 a
AF2 21 b 3.37 a 39 a 4.65 ab
AF6 20 b 3.09 b 34 c 4.42 bc
SIRIO 23 a 3.34 a 36 bc 4.36 c

High density 20 a 3.30 34 b 4.43
Low density 22 a 3.31 40 a 4.63
Average 21i S 3.30e 37i 4.53e

clones ** ** * **
density n.s. n.s. ** n.s.

Means in vertical sequence not followed by the same letter are
significantly different at P = 0.05 according to LSD test. N.s., not
significant; * P = 0.05; ** P = 0.01.
i, e: values with the same apex are significantly different at P =
0.05. R2S1: plants aged two years in root and one year in shoot;
R2S2: plants aged two years both in root and shoot.

Table 4. Main effect of experimental treatments on yield
(odt ha-1).

Cutting cycle
Experimental 
treatment 1 year       2 years

R1S1 R2S1 R1S1+R2S1 R2S2

MONVISO 4.61 a 5.77 10.39 a 12.86
AF2 4.28 ab 5.51 9.79 ab 12.07
AF6 3.87 b 4.66 8.54 b 10.98
SIRIO 3.71 b 5.16 8.88 b 10.49

High density 4.65 a 5.87 10.52 a 13.29
Low density 3.59 b 4.69 8.28 b 9.91
Average 4.12e 5.28e 9.40i 11.60i

clones * n.s. * n.s.
density * n.s. * n.s.
clones vs density n.s. n.s. n.s. n.s.

Means in vertical sequence not followed by the same letter are
significantly different at P = 0.05 according to LSD test. N.s.,
not significant; * P = 0.05; ** P = 0.01.
i, e: values with the same apex are significantly different at P =
0.05. R1S1: plants aged one year both in root and shoot; R2S1:
plants aged two years in root and one year in shoot; R2S2: plants
aged two years both in root and shoot.
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Figure 2. Relationship between DBH (cm) and H for the
main stem of poplar. The symbols are the determined val-
ues; the line is the fitted response according to model 1.

higher (4.65 odt ha-1) than that obtained from
low planting density (3.59 odt ha-1); however,
due to the low yield differences, an economical
evaluation seems to be necessary in order to de-
fine the economical suitability for the two plant-
ing systems.

The yield obtained, in 2007, from R2S1
plants (one-year cutting cycle) showed not sig-
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(kg) per plant for the poplar. The symbols are the deter-
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biomass production increase after the first year
from planting and although this experiment is
not able to define the age of plant to obtain the
maximum biomass production, other authors
have found that the highest biomass production
can be obtained from R3S1 (plants aged three
years in root and one year in shoot) or R4S2
(plants aged four years in root and two year in
shoot) (Piccioni and Bonari, 2006).

Considering the yield obtained from R2S2
plants (two year cutting cycle), not significant
differences were found between clones and

planting densities (Tab. 4). However, the com-
parison between the two cutting cycles showed
that the yield obtained from two-year cutting
cycles (R2S2) (11.60 odt ha-1) was significantly
higher than that obtained combining the two
one-year cutting cycle (R1S1 + R2S1) (9.40 odt
ha-1) (Tab. 4). Monviso and AF2 averaged the
highest dry weight values both in R1S1 + R2S1
and in R2S2 cutting cycles (Tab. 4).

In all years the moisture of biomass at the
harvesting time showed not significant differ-
ences between clones and planting densities
with an average value of 54%.

The average yield biomass data obtained in
these experimental trials are in agreement with
those obtained in other experiments in Italy and
Europe (Armstrong et al., 1999; Benetka et al.,
2002; Verani and Sperandio, 2006). However, the
yield data given in the literature for poplars in
SRF differ considerably; this is because the re-
sults are strongly influenced by different types
of experimental trials and site specific condi-
tions (Kauter et al., 2003: Mareschi et al., 2005).
As a consequence, the results are not transfer-
able to different areas and so the agronomic ex-
perimental trials seem to be necessary to obtain
the preliminary information on the performance
of poplar SRF in each specific site of cultiva-
tion.

HHV and LHV obtained from R1S1 plant
samples showed not significant differences be-
tween clones and densities, with the average val-
ues of 19.7 ± 0.32 MJ Kg-1 and 19.4 ± 0.32 MJ
Kg-1, respectively (Tab. 5). Similar results were
obtained by Cuiping et al. (2004). On the basis
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Figure 4. Relationship between main stem diameter at cut-
ting height (50 mm above the ground) and percentage of
bark surface on total cutting surface. The symbols are the
determined values; the line is the fitted response according
to equation 3.

Table 5. High and low heat values (HHV, LHV) (MJ kg-1 of dry matter) and ash content (% of dry matter) of poplar bio-
mass. Standard errors are in parentheses.

Experimental Cutting cycle
treatment 1 year 2 years

R1S1 R2S1 R2S2
HHV LHV Ash Ash Ash

MONVISO 20.4 (1.10) 20.1 (0.48) 4.2 (0.41) 4.3 (0.55) 4.1 (0.17)
AF2 19.9 (0.45) 19.7 (0.07) 3.2 (0.13) 3.3 (1.11) 3.1 (0.05)
AF6 19.2 (0.09) 18.9 (1.07) 3.4 (0.23) 4.1 (0.58) 3.8 (0.35)
SIRIO 19.1 (0.60) 18.8 (0.61) 3.4 (0.67) 3.5 (0.25) 3.4 (0.36)

High density 19.7 (0.63) 19.4 (0.64) 3.7 (0.38) 4.5 (0.25) 3.8 (0.25)
Low density 19.6 (0.29) 19.4 (0.28) 3.4 (0.23) 3.2 (0.34) 3.3 (0.20)
Average 19.7 (0.32) 19.4 (0.32) 3.5 (0.22) 3.8 (0.31) 3.6 (0.17)

R1S1: plants aged one year both in root and shoot; R2S1: plants aged two years in root and one year in shoot; R2S2: plants aged
two years both in root and shoot.

Main stem diameter (mm)

B
ar

k 
co

nt
en

t 
(%

)



of heating values, 1 t of poplar dry biomass con-
tains the same energy of 0.46 t of petroleum.
Therefore the poplar biomass obtained from the
first one-year cutting cycle R1S1 (4.12 odt ha-1)
contains the same thermic energy of 1.9 t of pe-
troleum or 2060 L of diesel oil or 2209 m3 of
natural gas.

Considering ash content, the results showed
very similar data among treatments, with aver-
age values ranged from 3.5% to 3.8% (Tab. 5).
However, the ash content found from high den-
sity biomass samples were higher than that ob-
tained from low density samples (Tab. 5). This
can be explain considering that bark has high-
er ash content than wood and the bark propor-
tion, in the total biomass, decrease when the
stem diameters increase, such as occur in low
density planting systems and long cutting cycles
with respect to high density planting systems
and short cutting cycles (Senelwa and Sims,
1999; Tharakan et al., 2003; Werkelin et al.,
2005). Concerning this, the equation relating
main stem diameter (independent variable x) to
bark content (dependent variable y) was found:

y = 86.857x-0.5101, (R2 = 0.756) (3)

The relationship showed as bark content
dropped from 20% to 10% of the total cutting
area when the stem diameter at the cutting
height increased from 18 mm to 65 mm, re-
spectively (Fig. 4).

Conclusions

All poplar clones showed a very high stool sur-
vival with values ranged from 95% to 99%. This
characteristic is crucial in order to obtain a short
establishment period and the optimal plant den-
sity during the next growing seasons. Among
clones, Monviso and AF2 can be advisable
thanks to the higher biomass production than
AF6 and Sirio.

Considering planting density, low density
(5500 plants ha-1) seems to be more advisable
than high density (11000 plants ha-1) in order to
obtain good biomass production with low plant-
ing cost.

Considering cutting cycles, two-year cutting
cycle allows higher biomass production (5.8 odt
ha-1 year-1) than one-year cutting cycle (4.7 odt
ha-1 year-1), regardless of clones or density.

Concerning main stem height and diameter
some interesting equation were found in order
to explain the relationship between them or
with biomass production. In particular, a func-
tional relationship between dry biomass pro-
duction and stool diameter, appropriate for this
climatic area and environmental conditions, was
found.

Analysis concerning wood energy content
showed a good quality of poplar biomass thanks
to high HHV and LHV values (an average of
19.7 MJ Kg-1 and 19.4 MJ Kg-1), low ash con-
tent (an average of 3.6%) and low biomass hu-
midity at harvest (an average of 54%).
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