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Abstract

Forestry residual biomass from pruning operations is an important, though little
studied, potential resource. Residues normally remain in the stand, since tools
for their accurate quantification do not exist and it has no particular end use.
Traditional tree biomass estimation models consider the whole-tree, but
estimating pruned biomass requires the development of more specific
equations. This work provides a modelling approach for assessing biomass
along the stem and the corresponding residual biomass from forest pruning,
and quantitative results from different pruning intensities in Pinus pinaster Ait.
are presented. Two types of models were considered: allometric biomass
equations (whole-tree) and biomass ratio equations (tree by height along the
stem), and the 2-parameter Weibull distribution function resulted in the best
characterization. Diameter at breast height was the best explanatory variable in
all equations, and model accuracy increased when models were combined with
total tree height for the tree stem and thicker branches, or with crown ratio for
the remaining tree crown components. This study provides a powerful tool to
estimate residual pruned biomass, enabling its better management as a
valuable source of bioenergy, as well as the importance in nutrient balance and

fire risk which it plays in a sustainable forestry production.

Keywords: maritime pine, forest biomass waste, Weibull distribution function,

forestry modelling, silviculture.
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Highlights

» Final models combine allometric equations and Weibull probability density
function.

» Biomass equations by height along the stem allow accurate estimation of
pruned biomass.

* Model can be adapted to ascertain residual biomass from different pruning
intensities.

» Work provides a valuable tool to manage processing of residual pruned

biomass.
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1. Introduction

Maritime pine (Pinus pinaster Aiton) is one of the most important conifer
timber species in the Atlantic area and Southern Europe, as well as having
great potential as a source of residual forest biomass. However, there is a
distinct lack of information about the forest management of this species in the
Atlantic region, which affects the optimal utilization of both timber and residual
forest biomass. It is therefore of enormous value to expand the knowledge base
for the silvicultural management of this species and its associated residues in
order to improve and optimise the sustainability and profitability of P. pinaster

stands.

In timber forests, thinning and pruning are two of the key interventions to
consider due to their role in enhancing the quality of wood. Residual tree
biomass from thinning operations has been estimated for some of the main
forest species [1-3] but biomass extracted by pruning has not, however, been
guantified very frequently in forest species. Indeed, only a few recent studies in
urban forests [4-6] and agricultural systems [7] focusing on pruned biomass can
be found. Consequently, there is little information on the availability and
characteristics of the residual biomass resulting from forest pruning, which is
usually left in the forest stand without any further processing or proper

management.

The spatial distribution of biomass within crowns is generally ignored,
although more intensive silvicultural methods are now occasioning the need for
information on the vertical distribution of branch wood biomass in some regions
(e.g. [8]). Particularly, distinct crown components have been studied at
disparate levels of resolution in different fields, but recent work has been both

4
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more attentive to developments in other disciplines and increasingly concerned
with the vertical structure of the crown. There remains, however, comparatively
little information concerning the magnitude of intrinsic variation in crown

architecture or on the effects of stand manipulations [9].

Biomass estimation of forests has been subject to research for over a century
(c.f. Ref. [10]) and the importance of monitoring and assessing forest biomass
for governments worldwide has gained increased attention in the last few
decades against the background of global climate change [11,12]. To quantify
tree and forest biomass, mathematical equations that transform tree or stand
variables into biomass estimates have been shown to be important and
powerful tools for forest management. Most tree biomass estimates rely on
allometric relationships developed using traditional forest measurements and
include the whole-tree aboveground biomass for each tree component.
However, forest pruning only removes part of the tree crown biomass, meaning
that new studies and models are needed to better understand and quantify the
biomass extracted by pruning to different heights along the stem. This data is
essential to both establish and quantify the role of these residues in forest
systems with respect to aspects such as their use as biofuel [13] and the
important role they play as regards nutrient stability, silviculture and ecology
[13,14] as well as fire hazard [15-18]. What is more, the use of forestry biomass
for bioenergy is one of the flagship initiatives within the Europe 2020 framework

to develop a low carbon economy by 2050 (COM(2011)112 final) [19].

Several previous studies of Pinus pinaster in Atlantic forests have developed
biomass equations [1,2,18,20]. However, most have been carried out in adult

stands and employ traditional allometric equations for the whole-tree. In
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addition, these studies are limited by the lack of research on forest residual
biomass from silvicultural interventions [1,2], and those studies which do exist
mainly rely upon data from thinning treatments or final harvesting, rather than
pruning. Thus, it can be seen that research directed at filling these gaps in
information would be of great value when taking forestry management decisions

in timber forests.

In the present study, the amount of biomass from young pruned trees was
estimated using dendrometric parameters obtained from field measurements
and data from destructive sampling in P. pinaster stands in Northwest Spain.
The objectives were: (i) to develop biomass prediction tools for tree fractions for
the whole-tree and at different heights along the stem and (ii) to assess the
residual biomass extracted under different intensities of pruning. This
constitutes a novel methodological approach which can be applied to a variety
of silvicultural interventions in timber forests where pruning is an essential

treatment.
2. Material and methods

2.1. Study sites and tree data collection

The present study took place in the north-western region of Asturias, Spain
(Fig. 1a), which has an Atlantic climate, with mild temperatures (annual average
12-14 °C) and abundant rainfall (930-1475 mm) spread throughout the year.
Mean elevation ranged between 101 and 296 m above sea level. Soils were
acid (pH from 3.75 to 4.33), and the average slope of the plots was between

15% and 31 %.

The biomass study was carried out in three temporary plots (trees being 7 to

11 years at the time of the study) across the area of distribution of P. pinaster.
6



139 They were previously unmanaged (i.e. were without silviculture interventions)
140 and each was located close to one of a permanent network of silvicultural

141 research sites (Figure 1c) established in the region [21].

a) r

R

Atlantic
ocean

I

P pinastertemporal plot

9
P. pinaster permanent plot

Fig. 1. (a) Location of the study area in Southern Europe (Northwestern Spain),
(b) example of a trial from the permanent network of silvicultural research sites
(light pruning intensity), and (c) example of location of one temporary (yellow)
and one permanent (red) plot in Pinus pinaster stands.

142

143 A total of 28 non-pruned trees (from the three temporary plots) were
144  exhaustively characterized and destructively sampled. First, the following
145 dendrometric variables were collected from the trees while they were still

146  standing: diameter at breast height (d), total tree height (h), crown base height
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(hpase), defined as the height from ground to the point on the stem of the lowest
branch (live or dead), height to live crown base (hpase v), defined as the height
from ground to the point on the stem of the lowest live branch and crown
diameter (dcown). Next, certain of these measurements were used to calculate
the following tree variables: crown length, cl (total and live crown) and crown
ratio, CR, defined as the ratio between crown length and total tree height (cl/h).
In addition, age of the stand (t), number of trees per hectare (N), stand basal
area (G), quadratic mean diameter (Dg), mean diameter (Dy,), mean height (Hm),
dominant diameter (D,) and dominant height (H,), defined as the mean
diameter and mean height of the 100 thickest trees per hectare, respectively,
were estimated in each plot. Tables 1 and 2 show the main tree and stand
variables. Additional information about the study sites can be found in Hevia
[21].

Table 1 Details of the temporary plots at the time of the destructive sampling
(winter 2008-2009).

Experiment t N G Dy Dn Do Hm Ho
site
Valsera 11 1352 15.31 12.02 11.53 18.44 7.89 9.68
Monteagudo 11 1670 17.88 11.68 11.38 16.51 6.49 7.67
Loris 14 1450 25.77 15.05 14.55 19.42 12.75 14.95

t: age of the stand (years); N: number of trees per hectare (stems ha™); G: stand basal
area (m? ha™); Dy quadratic mean diameter (cm); Dm: mean diameter (cm); Do:

dominant diameter (cm); Hy,: mean height (m); Ho: dominant height (m).

2.2. Aboveground tree biomass sampling

After felling the 28 selected trees, destructive sampling was undertaken, and

the tree variables d, h, hpase and hpase v Were verified. Conventional



170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

methodologies for estimating forest biomass do not take into account the
vertical distribution of the different elements of the crown and are thus limited in
their ability to quantify biomass removed by forest pruning. In this work,
therefore, a more detailed destructive sampling of tree crown biomass was
made (see Fig. 2) whereby data such as the location within the tree of the

various biomass components (i.e., log, whorl) were noted.

Aboveground tree biomass was separated into two main tree components:
stem and crown (Fig. 2). The tree stem was further divided into stem wood and
stem bark (Ws, and Ws,), while tree crown (which is of interest as these are the
components affected by pruning) was separated into the fine biomass
components of needles (W,) and twigs (up to 0.6 cm butt diameter, Wyog), as
well as thin branches (butt diameter of 0.6 to 2 cm, W) and thick branches
(butt diameter of 2 to 7 cm, Wy7). In addition, in the field, the position of every
branch along the length of the stem was noted, allowing the characterization of

the vertical distribution of each crown component along the tree stem.

For each stump following felling, diameter at the bottom and top (cm), length
(cm) and bark thickness at the top (mm) were measured. The stem was then
cut into logs of 1 m, to a thin-end diameter of 7 cm, and data of diameter at
bottom and top (cm), length (m), and bark thickness at bottom and top of each
log (mm) collected. Each whorl on each log was also characterized by
measuring whorl diameter (cm) and distance between whorls (cm). For each
branch, which was cut individually with pruning shears, diameter at insertion
(cm), length (cm), weight (g), physiological status (live or dead) and position on
the tree (specific log and whorl) were defined. Each pruned branch was

defoliated and weighed in the field. The fresh weight of each tree component
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was measured using portable balances: the thicker fractions were weighed to

the nearest 50 g and the fine tree crown fractions to the nearest 0.01 g.

After field measurements, a subsample of each tree component was selected
and characterized in the laboratory. The stem subsample was composed of five
transversal discs cut from different stem heights (stump, diameter at breast
height, beginning of the crown, maximum crown diameter and a random point
within the crown). The crown components subsample comprised the first live
(and dead if there were any) branch from each log, which were also separated
into needles, twigs, thin branches and thick branches. The processing of these
subsamples was as follows: stem discs were separated into stem wood and
stem bark, and all tree fractions (stem and crown) were oven-dried (at 65T to a
constant weight) to determine field moisture content and to convert fresh weight
to dry weight and then establish the total aboveground biomass of each tree.

Table 2 lists the descriptive statistics of the destructively sampled trees.

Table 2 Summary statistics of the 28 destructively sampled trees.

Statistics d h CR Wew Wy Wy Wy, Wyos W, Wep Wi

Mean 9.18 757 081 1209 29 046 182 0.70 3.19 228 3.89

Min. 415 306 046 105 039 000 038 010 041 0.38 0.62

Max. 15.20 11.583 0.96 37.13 8.00 523 475 183 1325 998 13.67

SD 3.00 251 011 924 192 105 102 049 266 193 286

d: diameter at breast height, 1.30 m aboveground (cm); h: total tree height (m); CR,
crown ratio, estimated as cl/h; cl: crown length (m); W, total dry weight (kg) for each
tree component (Ws,= stem wood, Wg,=stem bark, Wy,= thick branches, Wy,= thin
branches, W= twigs, W,= needles) or group of components (W= crown branches,

W;.= fine crown biomass); SD: standard deviation for each variable (d, h, CR, etc.).

10
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Fig. 2. Schematic figure representing tree biomass components defined in the

present study.

2.3. Aboveground tree biomass modelling

All statistical analyses were performed with SAS 9.1 [22,23]. Biomass
modelling in this study related the dry weight of each tree component (needles,
twigs, thin branches, thick branches, stem wood and stem bark) at two levels:
(1) the whole-tree and (2) tree by height along the stem. The level of
significance chosen was 0.05 (a= 5%). The White test [24] was used for

heteroscedasticity and functions were weighted when necessary.

2.3.1. Biomass equations for the whole tree
The analysis of the whole-tree biomass was carried out by fitting allometric
equations (Equation 1) for the different tree components using the following

function:

W, = 5, X% +e, 1)

11
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where W, is the biomass of each tree component (i = needles, twigs, thin

branches, thick branches, stem wood, stem bark) for the whole-tree (kg); X,
the dependent tree variables; B, and [, the model parameters; and €;, the

model error.

Equation 1 was linearized previously using natural logarithms and then the
best set of dendrometric variables to include in the model was selected by the
stepwise procedure using proc REG of SAS/STAT® [23]. Once the independent
variables were selected, the allometric models were individually fitted using proc

MODEL of SAS/ETS® [22].

2.3.2. Biomass equations by height along the stem

The initial analysis indicated that the 2-parameter Weibull distribution function
was the best equation to describe biomass by height along the stem in P.
pinaster young stands. In this work, this function was used such that the

cumulative distribution for each biomass component took the following form:

L=1-e™®" where h'=(h, —h,,..)/cl @)

where W,; is the cumulative tree biomass component (kg) at a specific position

within the crown; W,, the whole-tree biomass component (kg); h’, the relative

height from the top of the tree (value of 1) with respect to the base of the crown

(value of 0); hpase, the height from the ground to the base of the crown; cl, the
crown length; h, the specific height within the crown (m). b and c, the scale and

shape parameters of the Weibull distribution function which together describe

the amount (or density) and distribution of the tree crown biomass.

12
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The 2-parameter Weibull distribution function was restricted to estimate the
biomass of each tree component from the bottom to the top (as illustrated in

Fig. 3) as follows:

)
W, =0ifh <h

base

'

Wi =W, 1—e[_(bjc] if h, >h 3)

A

base

Wy =W, if h =h
All terms are explained in Equation 2.

The system of equations constituted by the allometric models for the whole-tree
(Equation 1) and the biomass distribution models by height along the stem
(Equation 3) for each tree component was fitted simultaneously using the
MODEL procedure of SAS/ETS® [22]. Because simultaneous fitting requires the
same number of observations for all the variables, for each biomass value along
the stem, we included the whole-tree biomass of each component. Then, the
whole-tree equations were weighted by the inverse of the number of
observations of biomass by height along the stem for each tree. Figure 3 shows

the criteria considered for the definition of Equation (3).

13
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Fig. 3. Criteria for tree biomass equations by height along the stem.
2.3.3. Evaluation of models

Biomass models were evaluated by graphical analysis of residuals and by
applying the two goodness-of-fit statistics, root mean square error (RMSE) and

adjusted coefficient of determination (Rzadj).

2.4. Assessment of performance of biomass equations for forest pruning
Crown components are usually left in forest stands, and no data on pruning
extraction and best pruning intensity in timber forests exists, to our knowledge.
The biomass equations estimated in this work were used to assess the tree-
and stand- biomass removed through pruning interventions in P. pinaster
stands. Data from a previously established network of permanent research plots
of P. pinaster of similar characteristics (age, number of trees per hectare, etc.)
(cf. Hevia [21] and Hevia et al. [25]; Fig. 1b) were used to simulate six different

intensities of pruning (from 0% to 60% of crown length removed).

Residual biomass for each tree crown component and pruning intensity were
estimated. Values at tree- and stand- level used in this study assume that both
sampled tree and plot are representative of the current young timber stands of

this species in the Atlantic region.
14
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3. Results and discussion

3.1. Aboveground tree biomass modelling

The final equations of each biomass component (stem wood, stem bark,
needles, twigs, thin branches and thick branches), and the value of RMSE and
Rzadj for each equation, are given in Table 3. All the parameters were found to

be significant at the 5% level.

Diameter at breast height (d) was found to be the best tree-level predictor
variable. The strong relationship between d and various of the different tree
fractions studied, together with the practicability and low cost of its
measurement in the field ensure that d is one of the most widely used variables
in biomass functions [e.g. 2,18, 26-30]. Some authors, however, assume that d
is not sufficient for accurate predictions of tree biomass [31] and as a result d
has often been combined with other tree variables which are considered more
accurate in biomass equations. In the present study, total tree height (h) was
the variable selected together with d for the stem fractions (Wsy, Wsp), and thick
branches (Wy7) models. This concurs with other studies [e.g. 32-33] which also
found a significant improvement of biomass equations when h was used. In
contrast, crown ratio (CR) was the variable selected for the rest of the crown
biomass models (crown components of Wy, Wgos, Wh2), results in line with other
different works [e.g. 15,18,29-31,34-36] which obtained the most accurate
estimations of crown biomass components when crown variables were
included. Moreover, the use of CR as an independent variable in the model
ensures it is sensitive to changes in the crown parameters when silviculture

techniques such as pruning are applied. The CR is also important in explaining

15
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the variability of crown biomass fractions, which has also been observed for

needles of P. pinaster [37] and other conifers such as Pinus taeda L. [38].

Most of the models obtained in the present work showed accurate predictions
of tree biomass, particularly the equations by height along the stem, which
comparatively fitted at least slightly better than the whole-tree models for the
same biomass component, except for thick branches (Table 3). Specifically,
models for the whole-tree explained between 96% and 97% of the observed
variability for stem wood, stem bark and thick branches, and 74% to 76% for
needles and thin branches, respectively, with lower accurate predictions for
twigs (40%). On the another hand, equations by height along the stem
explained 96% to 99% of variability for stem wood, stem bark and thick
branches, and much higher variability for needles and thin branches (both 93%)
as well as twigs (95%). The goodness-of-fit data obtained in our study were
generally similar to those given in most biomass studies for the whole-tree
which use allometric equations for the same species [e.g. 18,37,39,40].
Moreover, similar goodness-of-fit statistics have been obtained in other studies
in which the Weibull distribution equation was used, e.g., for crown fuel biomass
of P. pinaster trees [18] and P. ponderosa trees [41] and branches and needles
of P. taeda [42]. In line with this, the 2-parameter Weibull distribution function
has also been used to adequately describe the foliage distribution of different

pine species [43-45].

In general, the models obtained for stem components fitted better than those
for crown fractions (Table 3). Specifically, and with respect to all components,
stem wood was the most accurate and twigs was the least, and this effect was

greater for the whole-tree equation. This result is to be expected due to the

16
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difficulties of estimating the thinner fractions in relation to the whole-tree. Our
results confirm previous studies with P. pinaster [46], Pinus radiata D. Don [47]
and comparing both conifers [2], where crown biomass models were less
accurate than those pertaining to stem components. These differences may be
related to factors such as the random method of selecting crown components
during the sampling, or differences in tree age, tree species or tree distribution
in the stand [2]. It has been stated that the crowns of conifers may be highly
variable for the same tree as well as for different trees, particularly with respect
to foliar biomass and surface area [48]. Moreover, the prediction of crown
biomass is more difficult compared to that of stem biomass, mainly because of
the lack of homogeneity of the components and the complexity of crown

composition [6,38].

In accordance with the literature, the inclusion of other independent variables
(i.e. with respect to age, silviculture, provenance, site quality, etc.) in future
works could substantially improve the precision of the models, particularly age,
which has been shown to be the variable most strongly associated with biomass
in P. pinaster (e.g. for site-specific studies [2,18,49], and more generalized
studies across contrasting environments [40]). The inclusion of age, as well as
employing long-term studies, will also provide more dynamic equations, to

better describe the effect of silviculture on biomass allocation.
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348 Table 3 Biomass equations and goodness-of-fit statistics for the whole-tree and the tree by height along the stem models for P.

349 pinaster obtained by simultaneous fitting.

Tree_ . . RMSE 2
Tree Level fraction  Tree component Biomass Equation (kg) R
Stem Wood W,, =0.024 120 ho* 1.6873 0.9681
Bark
W, =0.019 %" h®™ 0.3812 0.9615
Crown  Needles W, =0.015 (25" [TR 2V 1.3864 0.7439
Whole-tree
Twigs (up to 0.6 cm) W, = 0.031 [# 2% [CR 142 0.3759 0.3953
;rm;w branches (0.6 to 2.0 W,, = 0.062 [d**" [CR 05039 0.7555
Thick branches (2.0 cm W,, = 3.47 10" (85 [h ~6.441 0.2042 0.9746
to 7 cm)
Stem Wood heo e
W, ., =W, D1-exp —(ij 1.0822 0.9823
height along
the stem Bark heo O\
W =W l-exp| -| —— 0.2070 0.9865
h_sb sb p[ (O.Zle J




350
351
352

353

Crown Needles

h - 3.398
W, =W, [1-exp| - ! 0.5627 0.9295
- 0.638
Twigs (up to 0.6 cm) h 2573
W =W 1-exp| - i 0.0963 0.9457
h_bos bos p[ (0.552j J
Thin branches (0.6 to 2.0 he e
cm) W, , =W,, Q1l-exp| —=| —— 0.2476 0.9318
h_b2 b2 p (O.SZlJ
Thick branches (2.0 cm heo O\
to 7 cm) W, ; =W, Dl1-exp _(O 5‘ng 0.1819 0.9639

W,;: biomass (kg) of the tree component i (Wg,= stem wood, Wg,=stem bark, Wy,;= thick branches, W,= thin branches, W= twigs, W,=

needles); d: diameter at breast height (cm); h: total tree height (m); CR: crown ratio; RMSE: root mean square error; Rzadj: the adjusted

coefficient of determination of the model. All coefficients were significant at p<0.05.
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3.2. Assessment of performance of biomass equations for forest pruning
The aboveground biomass removed by simulated pruning for each tree
crown component in a representative tree and stand of Pinus pinaster in the
Atlantic region are presented in Table 4. Quantification of this residual biomass
gave a mean quantity of dry total crown biomass per tree of around 0 - 5 kg,
which represents approximately O — 4 t per hectare of dry tree residues in the
average stand (Table 4). This low value at stand level can be explained by the
low weight of the (principally fine) tree crown components extracted in a forest
pruning intervention.
Table 4 Biomass extracted at tree- (kg) and stand- (t ha) levels, in each

simulated pruning intensity (from 10% to 60% of crown length), for an average

Pinus pinaster tree and stand, based on data from Hevia [21].

Simulated pruning W, Wpos W, Wy Wi Wep W ot
At tree level
10% 0.008 0.008 0.048 0.001 0.016 0.049 0.065
20% 0.085 0.048 0.233 0.008 0.133 0.241 0.374
30% 0.326 0.129 0555 0.037 0454 0.592 1.047
40% 0.814 0.242 0.964 0.097 1055 1.061 2.116
50% 1.556 0.369 1.381 0.183 1.925 1.564 3.489
60% 2.444 0.486 1.740 0.264 2.929 2.003 4.933

At stand level

10% 0.0002 0.0003 0.0029 0.0000 0.0005 0.0029 0.0034
20% 0.0195 0.0137 0.0801 0.0046 0.0332 0.0847 0.1179
30% 0.1318 0.0596 0.2953 0.0368 0.1914 0.3320 0.5234
40% 0.4292 0.1412 0.6263 0.1302 0.5703 0.7565 1.3268
50% 0.9611 0.2454 1.0042 0.2935 1.2065 1.2976 2.5042
60% 1.6722 0.3498 1.3499 0.4749 2.0220 1.8247 3.8467
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W,: needle biomass (kg); Wyos: twig biomass (kg); Wp,: thin branches biomass (kg);
W,7: thick branches biomass (kg); Wg: fine crown biomass (kg); W, crown branches
biomass (kg); W, «: total crown biomass (kg).

Our simulations showed that pruning in a representative tree removes more
than 50% of twigs and crown branches (thin and thick) when pruning involves
removal of 50% of crown length. Needles, on the other hand, need heavier
pruning intensities to be implemented in order for half of this tree fraction to be
extracted (as illustrated in Fig. 4). These values are consistent with those
obtained in previous studies on pine and other conifer species which found
maximum foliage density to be located in the upper half of the tree [39,42,50-

52].

100

90

=&=-Wn
80
=a=\Wb06
=e=Wb2

==Wb7

70

60

50

% rCrown biomass removal

40

30

control 10 20 30 40 50 60

Pruning intensity (% crown length)

Fig. 4. Relative removal of crown biomass components (W,= needles; Wyos= twigs;
W,,= thin branches, W,;= thick branches) in relation to the total quantity of each crown
fraction in a representative tree of 10.5 cm of diameter at breast height for different
pruning intensity scenarios (0% (control) to 60% of pruned crown length).

Regarding the total crown biomass (W, ), the heaviest pruning simulated

removed around 20% of the total crown biomass (Fig. 5). Our results show that
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393

fine crown biomass (W) is more affected by pruning than crown branches (both

thin and thick branches) when removing over 40% of crown length.

The profitability of exploiting these resources is dependent upon the amount
of biomass that exists [5] and the intensity of the silvicultural treatment (see
Figs. 4 and 5; Table 4). For example, higher intensity pruning and larger trees

would provide a higher quantity of crown biomass [21].

% crown biomass removal

control 10 20 30 40 50 60
Pruning intensity (% crown length)

Fig. 5. Proportion of crown biomass —fine crown biomass (W, pale grey bars), crown
branches (W, dark grey) and total crown biomass (W o+, black)— removed in each
simulated pruning intensity —0% (control) to 60% of crown length— in relation to the
total tree biomass in an average Pinus pinaster tree with a 10.5 cm diameter at breast
height.

The results obtained cannot be compared directly with other studies, since,
as far as we are aware, no data on residual biomass obtained from forest
pruning of Atlantic timber conifers has been published. Thus, the orientative
values illustrated here, together with the equations developed in the present
study, can be considered as a valuable precedent for future research in timber

forest species. Furthermore, and in accordance with previous studies in urban

22



394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

forests [e.g. 4,6] the quantification of pruning residual biomass is of
considerable importance for the best planning for and management of these

biomass residues to achieve energy (biofuel) and environmental targets.
4, Conclusions

The development of biomass equations which allow the estimation of the
residual biomass resulting from forest pruning is crucial for timber species.
Moreover, the results obtained in this work extend the basic information
available to date for assessing forestry biomass in Atlantic managed P. pinaster
forests. This research has demonstrated that the residual pruned biomass of P.
pinaster can be determined with high precision from dendrometric variables and
biomass equations by height along the stem. In fact, the 2-parameter Weibull
distribution function selected showed comparatively better predictive reliability
than the classic allometric functions developed for the whole-tree. As such, the
equations developed here allow both total biomass and pruned biomass
residues to be determined from data contained in classic forest inventories.
Thus the equations and methodology presented here constitute a novel tool to
improve and optimise the management of timber forests which takes into
consideration the residues extracted by pruning operations, as well as the best

option for their further processing or proper management.
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