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Abstract 

Residue from Eucalyptus globulus plantations is an important source of bioenergy for 
use in power generation plants.  

In this work, a set of equations was developed to calculate the amount of residual 
biomass in Eucalyptus globulus plantations depending on their productivity. The 
volume of wood underbark was obtained from 321 stands. The stands were divided 
into 8 categories depending on their productivity (underbark volume of stem wood per 
hectare and year). 

For each component of the residues (leaves, branches and bark), Biomass Expansion 
Factors (BEFs) were determined using eight plots of different productivities to enable 
stem volume to predict residual biomass. The bark was the component with the 
greatest weight in the residue. Our results revealed significant differences (p <0.01) 
between BEFs and productivity. The maximum difference was 0.288 Mg m-3 and 0.160 
Mg m-3 between plots categories 8 (lowest productivity) and 1 (highest productivity), 
respectively.  

The equations for estimating the amount of residual biomass only depended on stand 
productivity. At 15 years of age, it was estimated that 75 Mg ha-1 and 39 Mg ha-1 of 
residue wood was produced for stand categories 1 and 8, respectively. Finally, 
predicted residual biomass was compared with that measured in the plots and were 

slightly lower than those measured in the plots. Relative errors ranged between 1% 
and 11% at 15 years of age. 

Keywords: Bioenergy; Stand productivity; Forestry logging residues; Biomass 
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1. Introduction

The expected decrease in fossil energy resources and their impact on the environment 
has motivated the development of bioenergy as a substitute for fossil fuels. 
Forests are considered an energy source as well as carbon sinks. Accumulation of 
carbon in trees is proportional to their growth rate, so the rate of carbon fixation is 
increased in fast-growing forest species [1]. Currently, Spain releases 33 Gt of CO2 into 
the atmosphere. Of this amount, 26 Gt are derived from the combustion of fossil 
products, and the remaining is caused by deforestation [2]. 

The genus Eucalyptus is composed of more than 500 species. Eucalyptus globulus is 
the most important species in southern Europe, covering an area of 14,000 km2. This 
species is the most important biomass producer in northern Spain [3] and is managed 
on a cutting cycle of approximately 15 years [4]. Eucalyptus globulus supplies raw 
material to the pulp and paper industry, which is of great importance to the Spanish 
economy [5]. 

Underbark stem wood is the fraction of Eucalyptus globulus used for pulp and paper 
industry with other parts of tree (branches, bark and leaves) being treated as forestry 
logging residues. This residue can be used as biofuel in power plants to generate 
electrical and/or thermal energy without fossil carbon dioxide emissions [6]. In addition 
to mitigating the greenhouse effect since the CO2 released in the combustion has been 
previously fixed during tree growth, the removal of this residue from stands adds some 
environmental advantages, such as reducing the risk of damage by pests and reducing 
the fire risk by removing much of the potential fuel [7]. As an associated disadvantage, 
the extraction of nutrients with the elimination of these residues should be mentioned 
[8, 9]. Knowledge about the amount of residues will help estimate the amount of 
nutrients extracted per hectare [9]. 

In the scientific literature, numerous studies have quantified the amount of biomass 
generated by forest species (Eucalyptus [10-17], Pinus, [18], Populus [19] and Salix 
viminalis [20]) and herbaceous species (Nauclea diderrichi [21], Chamaecytisus 
proliferus [22]). In most of these studies, biomass was estimated using empirical 
equations based on the adjustment of height and diameter data measured in 
experimental plantations, generally predicting the biomass of individual trees [17-20, 
23-27]. In practice, the use of these equations to estimate residual biomass would
involve measuring the diameters and the heights of the trees on an industrial scale. To
solve this problem, some authors [28, 29] used site index, a measure that quantifies
the grow potential of a site based on the dominant height. This process supposes that
the dominant height is independent of the environmental, edaphic and silvicultural
characteristics. This assumption is true when the growth response is stable and linear
[30]. However, in reality, the growth is strongly non-linear due the great variability of the
scenarios. For example, it is documented that the relationship between height and
diameter varies with altitude, and the trees are thicker and shorter in higher altitudes
[31]. This finding implies that different productivities would be obtained for the same
value of the site index. Remote sensing techniques have successfully collected data on
the volume of stands and other variables, such as the height of the tree crown [30].
However, despite improvements in image processing, the estimates lack accuracy due
to topographic and edaphic factors and the multitude of different scenarios that make
plantations very complex systems [32, 33]. Improvements in the development of these
techniques are necessary to reduce the uncertainty in biomass estimates [34]. Thus,
field data are still considered the most suitable way to estimate the amount of biomass
[33].

As such, these methods present operational difficulties in estimating the amount of 



logging forestry residues on an industrial scale. Therefore, new methods of estimating 
the amount of forestry residues should be investigated. 

Biomass Expansion Factors (BEFs) are multiplying factors that convert volume data 
into dry biomass data [17, 35-41]. Therefore, errors associated with the estimation of 
the volume will result in errors in estimation of the amount of biomass. In the present 
work, this possibility was minimized using the volume data measured in representative 
plantations by a forest processor. Furthermore, BEFs vary with the species, age, 
location and characteristics of the stand. Despite this, a simple BEF is normally applied 
for each species. In the present work, we determined how BEFs vary between stands 
with different productivity. This method provided better estimations of the amount of 
residual biomass. A variable called "category" was defined to divide the stands 
according to their productivity. The stand category was based on the marketable 
volume and age. 

Our objectives were (i) to determine the BEFs of the components of forestry logging 
residue (leaves, branches and bark) in relation to the productivity of Eucalyptus 
globulus stands and (ii) to develop equations to estimate the residual biomass per 
hectare from Eucalyptus globulus plantations in a way that is useful to the forestry 
industry. 

The analysis method and the conclusions of this proposal are applicable to other 
countries in which Eucalyptus globulus labill is grown, such as Australia, New Zealand, 
Chile, South Africa, Uruguay, China, Ecuador, Spain, Tunisia, Algeria, Italy, Ethiopia 
and Portugal [42]. The results of this work will aid in the management of forestry 
residues in a more efficient and sustainable manner. 

2. Material and methods

This section describes the phases that comprise the work. 

2.1.- Location 

This work was located in Cantabria, northern Spain (latitude 43º28'N, longitude 
3º48'W). The area has a maximum average temperature of 25°C in the warmest month 
and a minimum average temperature of 6°C in the coldest month. The average annual 
rainfall of 1200-1500 mm is distributed throughout the year, and levels are lower in the 
summer months. In this region, Eucalyptus globulus stands cover 45,000 ha [43] and 
are located in varied topography with soils mainly classified as Acrisols, Cambisols and 
Umbrisols [43]. 

2.2.- Experimental data and division of stands by categories 

Data from 321 stands were used to define the categories of productivity. Merchantable 
volume (volume of wood underbark (m3)), area (ha) and cutting age (year) for each 
stand were obtained. The marketable volume is the sum of underbark volumes of the 
harvested trees up to a diameter of 7 cm. Merchantable volume data were collected by 
a Caterpillar power shovel using a Waratah pickup head. This information was used to 
create a database that relates merchantable volumes to cutting age (Fig. 1). The 
stands were heterogeneous plantations formed by seedlings established on marginal 
agricultural and forest soils of Cantabria. This variability was fundamental since it 
represents a large number of scenarios. All the factors that influence the production of 
wood were collected in the productivity category. 
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Fig. 1. Merchantable stem volume (m3 ha-1) versus cutting age (years) in Eucalyptus 
globulus stands. 

Separation of stands into “category” was based on their productivity in terms of 
underbark wood volume per hectare and year (m3ha-1yr-1). A graphic analysis of the 
data set (Fig. 1) allowed the stands to be classified into a maximum of eight categories. 
Fig. 1 shows the linear fit of the stands belonging to each productivity category. 
Correlation coefficients were significantly different (p <0.05). Residual biomass 
estimates are improved as the number of productivity categories increases. This 
number (eight) was obtained under the condition that the productivity means between 
categories were significantly different (p<0.01). 

Table 1 describes the maximum productivity, minimum productivity and the mean 
productivity defining the cut-off intervals for the eight categories ordered from the 
highest to the lowest productivity.  

Table 1. Cut-off intervals of the eight productivity categories. 

Category 
Maximum 

(m3ha-1yr-1) 
Minimum 

(m3ha-1yr-1) 
Mean 

(m3ha-1yr-1) 
Number 
stands 

1 31 24 26 19 

2 24 22 23 38 

3 22 19 20 41 

4 19 17 18 69 

5 17 15 16 67 



 

6 15 12 13 48 

7 12 10 11 22 

8 10 <10 8 17 

The distribution of stands within categories followed a normal distribution. 

2.3.- Conversion of volume data into biomass 

Data for BEFs were collected from 8 selected stands, one per productivity category. 
The mass of each component of the residue and total residual biomass were assessed 
for each of these stands. For this analysis, a plot of 8 trees was chosen within each 
stand category at random; thus, there were a total of 8 plots and 64 trees. The plots 
were chosen to avoid edge effects [44]. In each plot, the diameter of the base (D, cm) 
and the total height (H, m) were measured for all trees (Table 2). Basal area was 
calculated from the diameter of the trees. In each plot, the eight trees were felled and 
separated into components "i" (1 = leaves, 2 = branches, 3 = bark) and stem underbark 
up to 7 cm top diameter. Once felled, branches, leaves and bark were weighed. 
Simultaneously, in each plot, four samples were obtained from each component of the 
residue. Then, the samples were placed in polyethylene bags and taken to the 
laboratory to determine their moisture and the ratio fresh-dry weight. A Sartorius 
BP121S balance and a Sartorius MA 45 thermogravimetric humidity meter were used 
for this purpose. The samples are heated at 120°C until the change in their weight is 
less than 0.1 mg. Dry weight was estimated by difference of moisture in the samples. 

Weight of the wood underbark was calculated from the volume of wood underbark of 
the stem given that its density is 0.571 Mg m-3 [45]. The volume of these trees was 
calculated as a truncated cone, measuring the diameter of the base (D) and height H. 
All biomass components of trees felled in the plots were expanded to the hectare (Mg 
ha-1) using the proportion of basal area of felled trees to basal area of the plot. The age 
of the plots was approximately 15 years. The altitudes of the plots ranged from 100 to 
450 metres above sea level. 

Table 2. Stand characteristics of the sampled plots 

Stand category Age (years) 
H 

 (m) 
Dm 

 (cm) 
QMD 
 (cm) 

BA 
 (m2ha-1) 

N 

1 15.1 21.5 25.1 25.2 57.8 936 
2 14.9 20.4 22.1 22.3 42.9 1100 
3 15.2 18.9 21.4 21.7 41.9 1136 
4 15.3 19.1 19.4 19.3 32.3 1104 
5 15.0 18.9 18.1 19.0 31.2 1100 
6 14.8 18.0 16.8 18.2 30.6 996 
7 15.5 15.8 17.1 15.9 21.7 1015 
8 16.1 14.9 12.7 15.0 17.6 1190 

Note: N is number of trees per ha; Dm (cm) is mean diameter of the trees; H (m) is the height of trees; 
QMD (cm) is the quadratic mean diameter; BA (m2ha-1) is the basal area. 

BEF of the component “i” of the tree ”j” (j = 1, ... 8) belonging to plot category “k” (k = 1, 
... 8) was calculated using equation 1: 

 
 
 V

(W
)(BEF 

kj

i

kji
kj
)

  (Mg m-3)  (1)



where Wijk  (Mg) is aerial biomass of the component "i" in the tree "j" belonging to plot 
category "k". Vjk (m3) is the volume of the stem underbark of the tree "j" of the same 
plot. 

BEFijk were plotted against Vjk as an independent variable within each plot. This plot 
helped to explore the relation between the two variables. Subsequently, average BEFik 
was chosen for each "i" component as the mean of the 8 trees in each "k" plot. For 
example, the case of the category 1 plot is shown in Equation 2. 
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For each plot, the average BEF of the residual biomass (BEFk) was calculated as the 
sum of the average BEF of the residue components (Equation 3). 
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2.4.- Equations for estimation of residual biomass 

The BEFk obtained was used to transform the stem volume underbark (Fig. 1) into 
residual biomass. Residual biomass values were determined based on stand 
productivity category. The equations related to each stand productivity category (which 
is straightforward to obtain on an industrial scale) were used to estimate the residual 
biomass in the plots sampled. The predicted residual biomass was compared to that 
measured in the plots. This process allowed the goodness of fit of the model to be 
estimated. 

2.5.- Statistical analysis 

Analysis of variance (ANOVA) between average BEFik and plot category was 
performed to assess significant differences. The normality of the data was tested by 
Shapiro-Wilks. Then, post hoc tests (Tukey’s test) were performed to identify which 
categories were significantly different. To verify if the average BEFk and plot category 
were significantly different, an Analysis of Variance (ANOVA) was performed. 
Subsequently, post hoc tests were performed to identify which categories were 
different (Tukey’s test, p <0.001). After converting the merchantable volume data into 
residual biomass data, these data were adjusted for each category. The adjustment 
method used was a regression by least squares. The performance model was 



evaluated on the basis of the coefficient of determination (R2). Statistical analysis was 
performed with the package SPSS version 2.1. 

3. Results and discussion

Fig. 2 shows BEF values obtained for each component of the eight trees in plot 
productivity category 1 (BEFij1) and the line that was fitted to the values. The values 
were adjusted to a line. The coefficients of determination obtained (R2) were 0.05, 0.41 
and 6 10-5 for the three components of the residue. This finding implies that the 
regression line does not provide better results than a simple average. For each residue 
component, a constant BEF was chosen. This value was calculated as the mean BEF 
of the eight trees. This finding showed that the BEF for each component is independent 
of the volume of stem wood underbark since the adjustment line has a very small 
slope. This fact also the case for the other seven productivity categories (Table 3). 

Fig. 2. Biomass Expansion Factors, (leaves, branches and bark) of the trees in plot 
category 1 (BEFij1). 

Table 3. Determination coefficients for the eight productivity categories. 

R2 

Leaves Branches Bark 

Cat. 1 0.050 0.176 0.000 

Cat. 2 0.217 0.547 0.213 

Cat. 3 0.025 0.016 0.002 

Cat. 4 0.060 0.041 0.049 

Cat. 5 0.253 0.073 0.080 

Cat. 6 0.145 0.278 0.058 

Cat. 7 0.063 0.036 0.022 

Cat. 8 0.019 0.309 0.080 

Mean BEF of residue components in plots sampled is shown in Table 4, (categories). 
For all components, ANOVA revealed significant differences in mean BEFik among 
productivity category. For all components of the residue, the results revealed that BEFik 
increased as the productivity of the site decreased. In all the parcels sampled, the 
proportion of bark was greater followed by branches and leaves. For example, the 
proportion of leaves in plot category 1 (BEF11 = 0.039) is almost two-thirds of that of 
plot category 8 (BEF18 = 0.066). The leaves are the fraction with the highest calorific 
value followed by branches and bark [46]. From this perspective, it can be deduced 
that quality of fuel is greater in the stands in which the proportion of leaves is greater. 
Bark was the component in which the differences were more significant between plots. 
The bark proportion in plot category 8 (BEF38 = 0.133) was twice that of plot category 1 
(BEF31 = 0.062). Bark generates largest amount of ash during the combustion of 
residue. This feature implies that it contains highest concentration of nutrients [47, 48]. 



The proportion of bark in residual biomass decreased with productivity (Table 4). The 
proportion was 46.5% in plot category 8 versus 38.5% in plot category 1. Therefore, it 
can be deduced that the proportion of nutrients extracted in stands with poorer quality 
(higher category) is increased by removal of forest residue since the percentage of 
leaves and bark is greater. 

Table 4. Mean BEFik (Mg m-3) and standard deviation in plots sampled. 

Leaves Branches Bark 

Mean ± Std. Dev. Mean ± Std. Dev. Mean ± Std. Dev. 

Cat. 1 0.039 ± 0.003 a 0.060 ± 0.004 a 0.062 ± 0.005 a 

Cat. 2 0.041 ± 0.005 a,b 0.060 ± 0.008 a,b 0.073 ± 0.005 b 

Cat. 3 0.041 ± 0.006 a,b,c 0.062 ± 0.012 a,b,c 0.080 ± 0.006 b,c 

Cat. 4 0.047 ± 0.012 a,b,c,d 0.065 ± 0.011 a,b,c,d 0.093 ± 0.006 d 

Cat. 5 0.047 ± 0.014 a,b,c,d,e 0.065 ± 0.006 a,b,c,d,e 0.104 ± 0.009 d,e 

Cat. 6 0.051 ± 0.010 a,b,c,d,e,f 0.072 ± 0.013 a,b,c,d,e,f 0.122 ± 0.009 e,f 

Cat. 7 0.059 ± 0.008 d,e,f,g 0.085 ± 0.006 f,g 0.129 ± 0.003 f,g 

Cat. 8 0.066 ± 0.009 d,e,f,g,h 0.089 ± 0.010 g,h 0.133 ± 0.006 f,g,h 

Results associated with the same letter are not significantly different from each other (Tukey’s test, p <0.01). 

Fig. 3 shows the BEF for total residual biomass, and the mean BEFk for all productivity 
categories was 0.21775 Mg m-3. ANOVA revealed significant differences (p<0.01) 
between BEFk of plots sampled. As expected, the proportion of residues increased as 
plot category increases. For plot category 1 (the highest productivity stands), BEF1 was 
0.1604 versus 0.2880 for plot category 8 (the lowest productivity stands). The results 
revealed that BEFk values vary significantly according to plot category in mature 
Eucalyptus globulus plantations. This finding is consistent with the results of Soares 
and Tome 2012, [38]. They reported variability in BEFk with respect to site index and 
planting density. BEFk remains strongly stable as age increases [38]. The relationship 
between BEFk and site index is illustrated in Table 4 since the categories are a type of 
site index. 

Bars associated with the same letter are not significantly different from each other (Tukey’s test, p <0.01). 

Constant BEF=0.21775



Fig. 3. Mean BEF of residual biomass in plots sampled (BEFk). 

In young Eucalyptus stands, BEFs are strongly variable because large changes occur 
in the components that make up the tree as stands develop [36, 49]. González et al., 
2013 [17] reported BEF variability in young plantations of Eucalyptus nitens with high 
planting densities. As age increases, growth stabilizes, and the stem fraction increases, 
which increases tree stability [50]. According to [37, 51-54], the proportion of wood 
increases with age, while other fractions decreases. The BEF of stem is the density of 
dry wood. When this component increases, the BEF of the total biomass tends to 
stabilize, masking changes in the BEFs of the remaining components. Soares and 
Tome [38], studied the variation between the BEF and Site Index age, dominant height, 
stem volume with bark and stand density. They reported that BEFs for total 
aboveground biomass are uniform in stands of Eucalyptus globulus older than 5 years 
in Portugal for these variables. They reported a BEFcte = 0.7225 Mg m-3. Therefore, it is 
well documented that Eucalyptus spp. BEFs stabilize in adult ages. In this study, we 
found that BEFk varied between plots of different productivity categories (Fig. 3). 
Productivity category can be considered a form of Site Index. On other hand, assuming 
a BEFcte = 0.21775 Mg m-3 for all the productivity categories (Fig. 3), the difference 
between the BEFs reported by both studies is similar to the density of the wood (0.505 
Mg m-3). This difference is due to the different definition of the BEFs. While [38] defined 
the BEF as the relationship between the total biomass and the stem with bark volume. 
In this work, BEFk was defined as the relationship between the residual biomass and 
merchantable volume. 

BEFk values (Fig. 5) were used to convert the data of merchantable volume (Fig. 1) into 
total residual biomass values. Fig. 4 presents the amount of residual biomass per 
hectare in a stand according to its productivity category and cutting age. The data were 
fitted using linear, polynomial, exponential and logarithmic models within the least 
squares framework. The linear model provided the best fit in terms of the correlation 
coefficient (R2). At an average age of 15 years, the variation in the amount of residual 
biomass between category 8 and category 1 was 53%.  



Fig. 4. Amount of residual biomass (Mg ha-1) in Eucalyptus globulus stands. 

The results (Fig. 3) showed that as the productivity category of the stands decreased, 
the percentage of residue respect volume of wood underbark (BEFk) increased. 
However, this increase was not sufficient to generate more residues per hectare (Fig. 
4) due to the increase in volume of wood without bark in the best quality stands.

The equations allow us to estimate the amount of residual biomass at the end of 
harvest based only on knowledge of the volume of wood underbark and stand age. 
Both variables are easily accessible by the pulp industry. 

Fig. 5 (a) showed residual biomass predicted versus observed in the plots sampled. 
BEFk was used to calculate predicted residual biomass. For all categories, the amount 
of residual biomass predicted is less than that observed. Reasonable agreement was 
noted between residual biomass estimated and observed in category 1, 3 and 8 plots 
with errors of 11%, 10% and 8%, respectively. Good agreement was noted between 
residual biomass estimated and observed in category 2, 4, 5, 6 and 7 plots with errors 
of 5%, 1%, 3%, 1% and 3%, respectively. The model was able to predict the amount of 
residual biomass in Eucalyptus globulus stands according to its category. 

Fig. 5 (b) shows predicted residual biomass versus that observed in each category 
using the constant BEF=0.2775. Greater differences were noted between predicted 
and observed results when a constant BEF for residual biomass was used. These 
differences were greater in the extremes with errors of 21% and 31% for the 
productivity categories 1 and 8, respectively. This fact showed again the improvement 
in the estimation of the residual biomass with the use of a separate BEFk for each 
category. 

(a) BEFk associated with each category was used. (b) Constant BEF was used for all categories.

Fig. 5. Differences between the amount residual biomass predicted and observed using 
BEFk associated with each plot category and constant BEF in plots sampled. 



4. Conclusions

The use of forestry logging residues of Eucalyptus globulus for bioenergy requires the 
development of tools that allow its quantification. This quantification should be based 
on variables that are easily measurable on an industrial scale to facilitate the 
management of this resource. 

Variable “category” was defined as the mean volume of wood underbark that a stand 
generates per hectare and year. This variable is easily obtained once the harvest is 
complete. The category allowed the stands to be divided based on their productivity. 

Significantly different BEFs were found between plots of different categories for all the 
components of the residual biomass. The most remarkable difference corresponded to 
the bark component. 

The worse the productivity of the stand, the higher the percentage of waste compared 
to the volume of stem wood. This finding did not imply that the amount of residual 
biomass per hectare was greater. 

The amount of residual biomass per hectare was significantly different in stands 
belonging to the different productivity categories. 

Acknowledgements 

The authors would like to thank the staff of Forests 2000 S.L. (Sniace group) for 
support in data collection and their suggestions. 

References 

[1] C. Herrero, L. Juez, C. Tejedor, V. Pando, F. Bravo, Importance of root system in
total biomass for Eucalyptus globulus in northern Spain, Biomass Bioenergy 67 (2014)
212-222.

[2] L.M. López and J.M. Sala, Plantas de valorización energética de la biomasa, Ed.
Ochoa, 2002. ISBN: 84-7359-545-91.

[3] H. Weisgerber, W. Hiege, Selection and breeding in biomass, In: F.C. Hummel, W.
Palz, G. Grassi, editors. Biomass forestry in Europe: a strategy for the future.
London/New York: Elsevier.Applied Science; 142–7, 1988.

[4] Constantino Arosa Gomez. Study of optimal performances and shifts of eucalyptus,
pine and oak in Galicia. Cuadernos de estudios empresariales 2000,10, 31-59.

[5] ENCE. The eucalypto industry in Spain. 5º Spanish forestry congresso. Avila  Sep.
2009

[6] R. Pokharel, R. K. Grala, D. L. Grebner, S. C. Grado, Factors affecting utilization of
woody residues for bioenergy production in the southern United States, Biomass
Bioenergy 105 (2017) 278-287

[7] L.S. Esteban and J.E. Carrasco, Biomass resources and costs: Assessment in
different EU countries, Biomass Bioenergy 35 (2011) 21-30.



[8] D.L. Achat, C. Deleuze, G. Landmannn, Pousse, N. Ranger, L. Augusto.
Quantifying consequences of removing harvesting residues on forest soils and tree
growth- A meta-analysis. For. Ecol. Manage. 348 (2015) 124-141.

[9] A. Merino, M.A. Balboa, R. Rodríguez Soalleiro, J.G. Alvarez Gonzalez. Nutrient
exports under different harvesting regimes in fast-growing forest plantations in southern
Europe. For. Ecol. Manage. 207 (2005) 325–339.

[10] M. Fernández, J. Alaejos, E. Andivia, J. Vázquez-Piqué, F. Ruiz, F. López, R.
Tapias, Eucalyptus x urograndis biomass production for energy purposes exposed to a
Mediterranean climate under different irrigation and fertilization regimes, Biomass
Bioenergy 11 (2018) 22-30)

[11] E.H.S Ralph, Growing, harvesting and marketing coppice eucalyptus trees for
fuelwood. Solar Wind Technol. 7 (1990) 15–19.

[12] L.B .Guo, R.E.H Sims, D.J. Horne, Biomass production and nutrient cycling in
Eucalyptus short rotation energy forests in New Zealand, I: biomass and nutrient
accumulation, Bioresour. Technol. 85 (2002) 273-283.

[13] Z. Mulugeta, O. Mats, V. Theo. Above-ground biomass production and allometriic
relations of Eucalyptus globulus labill coppice plantation along a chronesquence in the
central highlands of Ethiopia, Biomass Bioenergy 33 (2009) 421-428.

[14] R.E.M Sims, T.G. Maiava, B.T. Bullock, Short rotation coppice tree species
selection for woody biomass production in New Zealand, Biomass Bioenergy 20 (2001)
329–35.

[15] C.J. Bennett, A.D. Leslie, Assessment of a Eucalyptus provenance trial at Thetford
and implications for Eucalyptus as a biomass crop in Lowland Britain. Quarterly Journal
Forest. 97 (2003) 257–64.

[16] M.V. Gil, D. Blanco, M.T. Carballo, L.F. Calvo, Carbon stock estimates for forests
in the Castilla-León region, Spain. A GIS based method for evaluating spatial
distribution of residual biomass for bio-energy, Biomass Bioenergy 35 (2011) 243-252.

[17] M. González-García, A. Hevia, J. Majada, M, Barrio-Anta, Above-ground biomass
estimation at tree and stand level for short rotation plantations of Eucalyptus nitens
(Deane & Maiden) Maiden in Northwest Spain, Biomass Bioenergy 54 (2012), 147-157.

[18] A. Merino, C. Rey, J. Brañas, R. Rodríguez, Biomasa arbórea y acumulacionde
nutrientes en plantaciones de Pinus radiata D. Don en Galicia, For. Syst. 12 (2003) 85-
98.

[19] S.L. Swamy, A. Mishra, S. Puri, Comparison of growth, biomass and nutrient
distribution in five promising clones of Populus deltoides under an agrisilviculture
system, Bioresour. Technol. 97 (2006) 57–68.

[20] A. Adler, T . Verwijsta, P. Aronsson, Estimation and relevance of bark proportion in
a willow stand, Biomass Bioenergy 29 (2005) 102–113.

[21] J. Onyekwelu, Growth, biomass yield and biomasa functions for plantation-grown
Nauclea diderricii (de wild) in the humid tropical rainforest zone of south-western
Nigeri.  Bioresour. Technol. 98 (2007) 2679-2687.



[22] M.M. García, F. López., A. Alfaro, J. Ariza, R. Tapias, The use of Tagasaste
(Chamaecytisus proliferus) from diferent origins for biomass and paper production,
Bioresour. Technol. 99 (2008) 3451–3457.

[23] K. Senelwa, R. E. H. Sims, Tree biomass equations for short rotation eucalypts
grown in New Zealand, Biomass Bioenergy 13 (1997) 133-140.

[24] L. Saint-Andre, A. MBou, A. Mabiala, W. Mouvondy, C. Jourdan, O. Roupsardd, P.
Deleporte, O. Hame, Y. Nouvellon, Age-related equations for above- and below-ground
biomass of a Eucalyptus hybrid in Congo, For. Ecol. Manage. 205 (2005) 199–214.

[25] N. António, M.Tomé, J. Tomé, P. Soares, L. Fontes, Effect of tree, stand, and site
variables on the allometry of Eucalyptus globulus tree biomass, Can. J. For. Res.
37(2007) 895-906.

[26] H.A.I. Madgwick, D.J. Frederick, D. Thompson, Biomass relationships in stands of
Eucalyptus species, Bioresour. Technol. 37 (1) (1991) 85-91.

[27] R.G. Oderwald, J.N Rayamajhi, Biomass inventory with tree taper equations
Bioresour. Technol. 36 (1991) 235-239.

[28] G. Guzmán, M. Morales, T. Pukkala, S. de-Miguel, A model for predicting the
growth of Eucalyptus globulus seedling stands in Bolivia, For. Syst.  21 (2) (2012)  205-
209.

[29] J.C. Grant, J. D. Nichols, R.G.B. Smith, P. Brennan, J.K. Vanclay, Site index
prediction of Eucalyptus dunnii Maiden plantations with soil and site parameters in sub-
tropical eastern Australia, Aus. For. 73 (2010) 234–245.

[30] T.S. Oliveira, M. Tome, Improving biomass estimation for Eucalyptus globulus
Labill at stand level in Portugal, Biomass Bioenergy 96 (2017) 103-111.

[31] C.R.A. Turnbull, D.E. McLeod, C.L. Beadle, D.A. Ratkowsky, D.C. Mummery, T.
Bird, Comparative early growth of Eucalyptus species of the subgenera Monocalyptus
and Symphyomyrtus in intensively-managed plantations in southern Tasmania, Aust.
For. 56 (1993) 276-286.

[32] D.S. Lu, The potential and challenge of remote sensing-based biomass esti-
mation, Int. J. Remote Sens. 27 (2006) 1297-1328.

[33] P. Bettinger, R. Hayashi, Estimation of Above-ground Biomass with Remotely
Sensed Imagery: a Brief Literature Review, Center for Forest Business, University of
Georgia, 2006.

[34] D.S. Lu, The potential and challenge of remote sensing-based biomass esti-
mation, Int. J. Remote Sens. 27 (2006) 1297-1328]

[35] A. Lehtonen, R. Makipaa, J. Heikkinen, R. Sievanen, J. Liski, Biomass expansion
factors (BEFs) for Scots pine, Norway spruce and birch according to stand age for
boreal forests, For. Ecol. Manage. 188 (2004) 211–224.

[36] C. Wirth, J. Schumacher, E.D. Schulze, Generic biomass functions for Norway
spruce in Central Europe e a metaanalysis approach toward prediction and uncertainty
estimation, Tree Physiol. 24 (2) (2004)121-39.

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V24-4903M03-24&_user=781396&_coverDate=12%2F31%2F1991&_alid=906333139&_rdoc=204&_fmt=high&_orig=search&_cdi=5692&_st=13&_docanchor=&view=c&_ct=204&_acct=C000043260&_version=1&_urlVersion=0&_userid=781396&md5=a93912761cf54576bcc48162a1e3e467


[37] Z. Somogyi, E. Ciencala, R. Makipa, P. Muukkonen, A .Lehtonen, P. Weiss,
Indirect methods of large scale fores biomass estimation, Eur. J. For. Res. 126 (2007)
197-207.

[38] P. Soares, M. Tomé, Biomass expansion factors for Eucalyptus globulus stands in
Portugal, For. Syst. 21 (1) (2012) 141-52.

[39] J .Pajtík, B. Konopka, M. Lukac, Biomass functions and expansion factors in young
Norway spruce (Picea abies L. Karst) trees, For. Ecol. Manage. 256 (2008) 1096-1103.

[40] C. Sanquetta, A. Corte, F. da Silva, Biomass expansion factor and root-to-shoot
ratio for Pinus in Brazil, Carbon Balance Manag. 6 (2011) 1-8.

[41] B. Tobin, M. Nieuwenhuis, Biomass expansion factors for Sitka spruce (Picea
sitchensis (Bong.) Carr.) in Ireland, Eur. J. For. Res. 126 (2) (2007) 189-196.

[42] G. A. Lopez, Domesticacion y Cultivo del Eucalipto, Boletín del CIDEU 8-9 (2010)
83-95.

[43] IFN3. Inventario Forestal Nacional, Dirección General de Montes y Conservación
de la Naturaleza del Gobierno de Cantabria 2000.

[44] WRB. World reference base for soil resources, Rome: FAO, World Soil Resources
Report Nº 103, 2006.

[45] C. Tejedor, Basic density selection for Eucalyptus globulus in northern Spain.
Within-tree and between-tree variation. In: Borralho NMG, Pereira JS, Marques C,
Coutinho J, Madeira M, Tomé M, editors. Proceedings IUFRO conference eucalyptus
in a changing world; October 11 to 15, Aveiro (Portugal). Aveiro: RAIZ, Instituto
Investigacao da Floresta e Papel, Portugal; 2004.

[46] S. Pérez, C.J. Renedo, A. Ortiz, M. Mañana, Energy potential of waste from ten
forest species in the North of Spain (Cantabria), Bioresource Technol. 9 (2008) 6339–
6345.

[47] J. Richardson, R. Björheden, P. Hakkila, A.T. Lowe, C.T. Smith, Bioenergy from
sustainable forestry, Guiding principles and practice, Dordrecht, The Netherlands:
Kluwer Academic Publishers; 2002.

[48] A.A. Bogush, J.A. Stegemann, R. Williams, I.G. Wood, Element speciation in UK
biomass power plant residues based on composition, mineralogy, microstructure and
leaching, Fuel 211 (2018) 712–725.

[49] H.J. Eufrade-Junior, S. P. Sebastiao Guerra, C. A. Sansígolo, A. W. Ballarin,
Management of Eucalyptus short-rotation coppice and its outcome on fuel quality,
Renew. Energy 121, (2018) 309-314.

[50] A. Kantola, A. Makela, Development of biomass proportions in Norway spruce
(Picea Abies), Trees 20, (2006) 111-121.

[51] M. Peichl, M.A. Arain, Allometry and partitioning of above- and belowground tree
biomass in an age-sequence of white pine forests, Forest Ecol. Manage. 253 (1-3)
(2007) 68-80.



[52] J. Aparicio, Rendimiento y biomassa de Eucalyptus nitens com alternativas
nutricionales parauna silvicultura sostenible em suelo arcilloso, Tésis máster en
Ciencias. Valdivia Chile, Facultad de Ciencias forestales Universidad de Austral de
Chile; 2001.

[53] C. Bonomielli, D. Suarez, Fertilization of Eucalyptus, 1. Efect on biomass
accumulation, Cienc. Investig. Agrar. 26 (1999) 1-10.

[54] E. Geldres, V. Gerding, J. Schlatter, Biomasa de Eucalyptus nitens de 4-7 años de
edad en un rodal de la X Región de Chile, Bosque 27 (2006) 223-230.






