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Allometric relationships for volume and
biomass for stone pine (Pinus pinea L.) in

Italian coastal stands

Andrea Cutini, Francesco Chianucci, Maria Chiara Manetti

Tree biomass plays a key role in sustainable forest management and in deter-
mining forest carbon stocks. Accurate estimates based on species-specific em-
pirical data are necessary for regional and national inventories and forest car-
bon management. In this study, we obtained allometric relationships for volu-
me and aboveground biomass for stone pine (Pinus pinea) based on empirical
data collected in four coastal stands in Italy. Root sampling was also per-
formed. The results enabled generalized equations for volume and above-
ground biomass to be developed. However, an analysis also showed several dif-
ferences in biomass allocation in stone pine resulting from different stand
characteristics, emphasizing the importance of stand-dependent factors for ad-
justing regional or national biomass calculations. Biomass expansion factors
were also provided. This study provides tools to help forest managers in quan-
tifying volume and biomass, thereby contributing to the accurate estimation of
carbon sequestration and stocks in stone pine stands in Italy.

Keywords: Allometric Equations, Aboveground Biomass, Belowground Biomass,
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Introduction

Reliable estimates of forest biomass are es-
sential for assessing ecosystem yield and car-
bon stocks in compliance with the Kyoto
Protocol on greenhouse gas reduction
(Brown 2002). Tree biomass strongly affects
both ecological and ecophysiological pro-
cessed-based models of forest growth. In ad-
dition, determinations of forest stand bio-
mass have usually been considered to ensure
sustainable management, and foresters have
applied different methods to obtain such es-
timates (Zianis & Mencuccini 2004).

A distinction should be made between di-
rect and indirect methods for assessing forest
biomass. Direct methods involving harves-
ting and weighing tree biomass in the field
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are undoubtedly the most accurate appro-
aches, but they are time-consuming, destruc-
tive, and only practical in small areas and for
small samples of trees (Ketterings et al.
2001). Therefore, less destructive methods
using allometry have been applied more fre-
quently in forest ecosystems. This approach
permits the estimation of stand volume or
tree biomass from measurements of more ac-
cessible variables such as the diameter at
breast height, height and crown radius. In es-
timating the biomass of a forest, the use of
species-specific equations is preferred if
such equations are available because allo-
metric regressions should yield a more sui-
table fit at the specific site for which they
were developed. However, because calibra-
tion for each site is unrealistic, different ap-
proaches involving empirical, biomechanical
and ecophysiological models have recently
been proposed to simplify allometric analy-
ses of forest biomass (i.e., West et al. 1999,
Chave et al. 2001, Ketterings et al. 2001, Zi-
anis & Mencuccini 2004, Pilli et al. 2006).
Despite the variety of recently proposed
approaches, allometric analyses to date have
essentially been based on empirical relation-
ships. Foresters have developed a plethora of
allometric equations for different species
growing in a wide range of environmental
conditions (Zianis & Mencuccini 2003).
However, as biomass varies with stand and
site characteristics, implementing allometric
equations beyond the specific site and the
diameter range for which they were deve-
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loped could affect the accuracy of biomass
estimates. To overcome this problem, gene-
ralized allometric equations for different fo-
rest tree species offer a valuable alternative
for broad-scale applications (Pastor et al.
1984, Zianis & Mencuccini 2004, Zianis et
al. 2005). Within this framework, several re-
views of volume and biomass equations for
forest tree species have been published over
the past few years (Jenkins et al. 2004, Zia-
nis et al. 2005), and comprehensive data-
bases for biomass and carbon factors are
available, such as the “Allometric biomass
and carbon factors” database provided by the
Joint Research Center, European Commis-
sion (http://afoludata.jrc.ec.europa.eu/DS_Fr
ee/abce_intro.cfm).

Despite these improvements, relatively few
equations have been developed for southern
Europe. In particular, few studies of tree bio-
mass have been conducted for Mediterra-
nean pine species, such as stone pine (Pinus
pinea L.). Nevertheless, the species is of
great interest because of numerous distinc-
tive characteristics. Although stone pine has
been traditionally cultivated for its edible nut
(kernel), the species also yields several wood
and non-wood forest products. Accordingly,
the species has often been cultivated for
multiple purposes aside from kernel produc-
tion, such as timber, the reclamation of low-
land areas, consolidation of coastal dunes
and amenity planting (Cutini 2002). More-
over, stone pine has acquired a high ecolo-
gical, recreational and landscape value in the
past few decades (Mazza et al. 2011). Addi-
tional important characteristics of the species
include its genetic uniformity and its high
level of phenotypic plasticity (Mutke et al.
2005, Vendramin et al. 2008). Stone pine
appears either in arid inland or coastal sea
areas affected by salinity stress and can po-
tentially help in mitigating desertification
problems in these areas (Correia et al. 2010).
In addition, drought-tolerant species such as
stone pine are of great interest in the context
of climate change scenarios (Correia et al.
2010).

The majority of studies regarding forest
biomass in stone pine have been performed
on the Iberian Peninsula (Montero et al.
2005, Correia et al. 2010, Ruiz-Peinado et
al. 2011). Volume and biomass equations for
stone pine in Italy have been recently de-
veloped by Tabacchi et al. (2011b) for na-
tional forest inventory purposes (NFI -
http://www.infc.it), but tree sampling was re-
stricted to only 23 trees. Sample size is a
particularly relevant issue because previous
studies have shown that biomass allometry
can vary considerably with stand structure in
stone pine, despite the genetic uniformity of
the species (Cutini et al. 2009, Correia et al.
2010). In pine plantations, different stand
structural types, stand densities and seeding
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Fig. 1 - Stone pine distribution. Source: Fady et al. (2004).

can strongly influence the patterns of alloca-
tion to biomass compartments (Cutini et al.
2009), implying that empirical equations
should be checked and validated for different
study sites.

The main objective of this study was to de-
velop volume and biomass allometric equa-
tions for stone pine in Italy. Four stands
were selected in different forested areas of
the country. These stands differed in stand
structure and silvicultural practices. As a
second objective, the study aimed to inte-
grate and extend the information available
for stone pine at the national and European
levels. Biomass expansion factors were de-
veloped for this purpose to allow broad-scale
estimation of biomass for use either in re-
gional studies or for inventory purposes.

Materials and methods

Study sites

Stone pine is a native species of the Medi-
terranean Basin, covering approximately
650 000 ha of coastal lands (Fig. 1 - Quézel
& Medail 2003). According to the Italian na-
tional forest inventory (NFI - http://www.in-
fc.it), stone pine covers 46 290 ha of Italian
forests. Although it occurs throughout the
country, the species is primarily distributed
along the central-western coast and in
Sardinia.

The study involved four even-aged pine
stands in three sites in Italy. Two stands
were sampled at study sites on the eastern
and western Sardinian coast, in Bidderosa
(BDR - 40°27° N, 9° 46’ E) and Is Arenas
(ISAR - 40°08* N, 8°48’ E), respectively;
the remaining two stands were sampled at
the Castel Fusano study site, within the Na-
tional Natural Reserve of the Roman Coast,
20 km southwest of Rome (CFUS - 41°43°
N, 12°19” E). The climate of the forests can
be classified as Mediterranean, with rainy
winters and warm summers. The mean an-
nual air temperature in BDR, ISAR and
CFUS was 16.6, 16.9 and 16.2 °C, respec-
tively; the mean annual precipitation was
536, 599 and 709 mm, respectively (data
sourced from CRU TS 2.0 dataset,
http://www.cru.uea.ac.uk). The two Sardi-
nian sites were characterized by drier sum-
mers than those in Castel Fusano, due to
lower summer precipitation (approximately
50% lower).

Bidderosa lies on shallow soil derived from
intrusive igneous rocks, partially metamor-
phic rocks, and limestone. Is Arenas lies on
alluvial soil originating from alluvial depo-
sits. The area is affected by strong winds and
locally limited by acidity, salinity, and cal-
careous crusts. Castel Fusano lies on alluvial
soil derived from alluvial deposits with in-
clusions of metamorphic rocks.

Tab. 1 - Main characteristics of the studied stands. (Dg): diameter corresponding to mean

basal area of stand.

Stand Age Stalfd Basal Dg D range M‘ean No. tree  No. tree
D years den51_tly azrea_I (cm) (cm) height harvested ha.rvested

(n ha') (m’ha) (m) (volume) (biomass)
BDR 48 462 2372 256  12-35 8.8 20 20
CFUS-B 62 338 38.83 382 34-56 18.3 44 15
CFUS-C 50 370 33.8 33.7  26-65 15.4 39 17
ISAR 60 639 31.41 25 8-42 10.8 81 25
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The selected stands showed differences in
species composition, basal area, stand den-
sity, and structure. The two stands in Castel
Fusano also differed in structural type as a
consequence of different age and seeding.
Stand type B originated from partial seeding
in a pattern of alternating worked strips and
firm-seeded strips, whereas type C originated
from broadcast seeding (for more details, see
Cutini et al. 2009). Both the Sardinian plots
originated from broadcast seeding; these
stands were managed primarily for the con-
solidation of sand dunes, for protective pur-
poses and for recreational purposes. The spe-
cies composition in both Sardinian plots was
pure. The two plots in Castel Fusano (CFUS
-B and CFUS-C) were dominated by stone
pine, with holm oak (Quercus ilex L.) also
present (4% and 11% of basal area in B and
C, respectively); these stands were managed
for protective and aesthetic purposes (Cutini
et al. 2002). All the four stands were left to
develop naturally (no silvicultural treatments
were applied). Tab. 1 lists the principal stand
characteristics of each plot.

Data collection

Before the trees were harvested for this
study, the diameter at breast height (D) was
measured in all the sample plots. The harve-
sted trees were representative of the diameter
and height in each study plot. The D values
of the selected trees ranged from 10 to 50
cm.

One hundred eighty-four trees were harve-
sted to obtain data for volume equations.
Seventy-seven trees were harvested to obtain
data for biomass (see details in Tab. 1),
wood basic density (WBD) and biomass ex-
pansion factors. The trees were cut from the
stump, and dead and living branches were
separated from the stem. D, total height (H)
and height to the base of the crown were
measured for each tree with a measuring
tape. In addition, the diameter every 1 m
from 0.50 m to the top of each tree was de-
termined with a measuring tape. A sub-
sample of round sections of wood was col-
lected from the base, at breast height and at
heights of H/2 and H along the stem. These
sub-samples were used to calculate wood
density and dry weight.

Each tree was divided into the following
major fractions: (1) photosynthetic biomass
(needles and twigs: diameter < 3 cm): (2)
branches (diameter > 3 cm); (3) stem.

The total fresh weight of branches, twigs
and needles was measured in the field with a
portable digital scale with + 1 g precision; a
sample of both photosynthetic biomass and
branches was dried in a forced-air stove at
85 + 2 °C to a constant weight. A constant
weight was attained after approximately 4-6
days of oven-drying. The dry weight and the
dry-to-fresh weight ratio (¢) of the biomass
components were then calculated.

© SISEF http://www.sisef.it/iforest/
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Wood basic density and height-diameter
model (H-D)

Wood basic density (WBD), defined as the
ratio of dry biomass to green volume (kg
m), was calculated using the round sections
collected from the stem. Because wood
weight and volume vary with moisture,
WBD was expressed as the ratio of dry
weight to fresh volume. Fresh volume was
measured by immersion in water, and dry
weight was measured after drying the wood
in a forced-air stove at 85 + 2 °C for 4-6
days, until a constant weight was attained.
An average WBD value was calculated for
each harvested tree.

Nonlinear H-D models were developed by
log transforming both H and D. To investi-
gate the effect of stand structure and density
on the tree height curves, the resulting allo-
metries were statistically compared among
stands with an ANCOVA.

Volume and biomass calculations

Stem volume was calculated for each tree
by applying Heyer’s formula, which is based
on the volumes v; of » wood logs 1 m in
length (eqn. 1):

V=S +8,+S,+..+S, +5,

n—1
where S, S, S, are the areas of each log 1
m in length, assuming a cylindrical geome-
tric shape and measuring the diameter of
each log at 0.5 m log length. The area of the
top log, S, was estimated assuming a conical
geometric shape.

The stem biomass was then calculated by
multiplying the stem volume by the average
WBD value estimated for each harvested
tree. The biomass of branches, needles and
twigs was calculated by multiplying the total
fresh weight of the components by the dry-
to-fresh weight ratio. The aboveground total
biomass was then calculated by summing all
the aboveground biomass components.

Volume and biomass equations
The volume equation was derived using the
following formula (eqn. 2):

V=a(D*H)

where D is the diameter at breast height
(cm), H is the total height (m), and « is the
scaling coefficient. Given that both D and H
are subject to natural variation and measure-
ment errors and are therefore not indepen-
dent variables (Kaitaniemi 2004), we used a
Reduced Major Axis (RMA) regression
model II instead of an Ordinary Least
Squares (OLS) regression to estimate the
scaling coefficient in eqn. 2.

The choice of a linear model for volume
prediction was primarily motivated because
this approach is commonly used in Italy (Al-
berti et al. 2005) and has also been adopted
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for the National forest inventory (Tabacchi
et al. 2011b). Therefore, we used the linear
form to compare the volume equation ob-
tained in this study with that derived from
the volume table for Pinus pinea L. provided
by Tabacchi et al. (2011a, 2011b) for the
Italian national forest inventory.

The most common mathematical model for
estimating biomass in forestry is the power
function. Accordingly, we adopted in this
study a power function to model biomass al-
location after performing a preliminary
check of the fit (Zianis et al. 2005 - eqn. 3):

Y=aX"

where Y is total biomass (kg) or one of its
components, X is a tree dimension variable
(e.g., D, H, DH) and a and b are the scaling
coefficients. D is generally used as a single
tree dimension predictor variable. Accor-
dingly, we used D as a tree dimension varia-
ble, but we also investigated the influence of
H as a second independent variable on the
biomass predictions. Generally, the standard
method to obtain estimates for the coeffi-
cients a and b is to use a linear regression of
log-transformed data for X and Y (Zianis &
Mencuccini 2004 - eqn. 4):

InY=Ina+blnX

This transformation is appropriate if the
standard deviation of Y at any X increases
with X (heteroscedasticity - Ketterings et al.
2001). If this relationship holds, it implies
that values of ¥ can be measured more ac-
curately at low values of X than at high va-
lues of X (Zar 1996). The linear form is ap-
plied to the log transformed data, and esti-
mates for In a and b are derived (Zianis &
Mencuccini 2004). The log transformation
also results in homeoscedasticity of the tran-
sformed data; this property is a prerequisite
for the regression model (Zianis & Mencuc-
cini 2004).

However, even though the equation for the
log transformed data is mathematically equi-
valent to eqn. 3, they are not identical in a
statistical sense (Parresol 1999, Zianis &
Mencuccini 2004). In fact, using eqn. 4 pro-
duces a systematic bias when In Y is conver-
ted back to the original scale. Several pro-
cedures to overcome bias in logarithmic re-
gression estimates have been proposed
(Sprugel 1983, Zianis & Mencuccini 2004).
In the current study, we first estimated the
scaling coefficients by applying the log tran-
sformation (eqn. 4). We also used RMA re-
gression analysis in this case to incorporate
uncertainties associated with the X variable.
We then calculated the scaling coefficients
with a modified Gauss-Newton iterative me-
thod, assuming an additive error term (Pay-
andeh 1981). We assumed that the nonlinear
procedure guaranteed the additivity property
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(Parresol 1999). The performance of each
model for volume and biomass was tested
using the relative difference (RD) criterion
(eqn. 5):

y

where y and y denote the real and the pre-
dicted response variable (i.e., biomass or
volume), respectively. The root mean
squared error (RMSE) and coefficient of de-
termination (R?) were also reported. All sta-
tistical analyses were performed using R ver-
sion 2.13.1 (R Development Core Team &
2011), with the “Imodel2” package up-
loaded.

Root sampling

At the two study sites in Sardinia, 14 trees
were used for root biomass determination by
excavation. Root sampling was not per-
formed at the Castel Fusano study site be-
cause of regulatory constraints. The mean
horizontal area covered by the root system of
a tree was assumed to be equivalent to the
crown cover, neglecting differences in natu-
ral overlap. Moreover, anastomosis was not
observed in the harvested roots. The stump
and the soil associated with the selected trees
were then removed with a hydraulic excava-
tor to the maximum depth of root penetra-
tion, which was approximately equal to 2 m.
Roots were accumulated in layers according
to soil horizons and depth. In each layer,
roots were selected and washed by screening
the soil through a sieve; the roots were then
manually sorted into the following compo-
nents: (i) fine roots (< 2 cm); (ii) coarse
roots (> 2 cm); (iii) taproot; (iv) hypogeal
stump.

The total fresh weight of the root compo-
nents was measured in the field with a por-
table digital scale with + 1 g precision. A
sample of the components was then dried to
a constant weight in a forced-air stove at 85
+ 2 °C for 4-6 days to reach constant dry
weight. This procedure allowed the dry-to-
fresh weight ratio () of the root components
to be estimated. The total dry biomass for
each component was then calculated by mul-
tiplying the total fresh weight of the com-
ponents by the dry-to-fresh weight ratio.

Biomass expansion factors (BEFs)

BEFs were computed only for the above-
ground components due to limited root
sampling. The BEF was obtained as the ratio
of the total aboveground biomass to the stem
biomass and volume (Gracia et al. 2002). We
did not test the dependence of the BEF on
stand age due to the similar stand age of the
studied stands. Using the 14 trees harvested
for root sampling, we also calculated the
root-to-shoot ratio (RSR) and root-to-bio-
mass ratio (RBR) as the ratio of the root bio-
mass to the total aboveground biomass and

iForest (2013) 6: 331-337
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the ratio of the root biomass to the total Tab. 2 - Reduced Major Axis (RMA) regression coefficients for height (H) and diameter at
above + belowground biomass, respectively.  the breast height (D) using log-transformed data. The expression for regression was:
In(H)=In(a)+b In(D). Standard errors (SE) of the regression coefficients, root-mean squared

Results errors (RMSE) of the regressions and significance of the regressions (Prob) are reported.
Wood basic density and height-diameter . SE SE
relationships Site In@  a b @  ® R® RMSE Prob
WBD averaged 538 & 11 kg m’ over the "piy 044 155 054 02 008 079 008 001
entire dataset. WBD did not differ signifi- 1cerosa ' ) ' ’ ’ ’ ’ ’
CFUS-B 291 18.3 -0.005 0.14 0.04 0.0004 0.05 0.42

cantly among sites or between structural
types (one-way ANOVA) and was not signi- CFUS-C  2.24 9.42 0.13 0.14 0.04 0.21 0.06 0.02
ficantly correlated with either D or H. |5 Arenas 2.01 7.46 012 016  0.05 0.06  0.07 0.03
Moreover, WBD did not vary significantly
with height (one-way ANOVA).

The analysis of the H-D power function
(log transformed data) showed a significant
effect of the site on the H-D relationship
(ANCOVA, p<0.01). Moreover, a significant

Tab. 3 - Volume and biomass values estimated in the studied stands. Standard errors are re-
ported in parentheses. RMA refers to the linear regression of log-transformed data (eqn. 4);
NL refers to nonlinear regression.

effect was found between structural types in ~ Estimate ~ Component Parameters BDR CFUS-B CFUS-C ISAR
the Castel Fusano study site (ANCOVA, Volume  Currentstudy  V=0.039(D’H) 1129  299.6 252 181.5
p<0.05). Accordingly, the H-D equations (m’ha") 0.9) (6.7) (6.2) 0.9)
were calculated separately for each site and Tabacchictal.  7=0.041(D°H)  111.1 310 2593 1804
structural type using log transformatlot}s of (2011b) -0.40 0.9) (4.7) (6.4) (0.9)
both A and D (Tab. 2). H and D were highly - 570 2 cm0¢ 000 0und ™ RMA 1087 236 1905 1455
correlated only for the Bidderosa site; low (Mg ha") (0.9) ©.1) (32) (0.8)
correlations were obtained for Is Arenas and : ’ ’ :
Castel Fusano (structural type C) because of NL 114.5 237.5 193 152.9
the low R? values of the log transformed 0.9) .2) (3.3) (0.8)
data, despite the statistically significant cor- Stem RMA 76.6 165.3 133.5 102.5
relation found between the two variables. (0.6) (2.5) (3.3) (0.5)
The worst results were obtained with struc- NL 85.4 160.7 132.7 113.6
tural type B at the Castel Fusano study site 0.7) (2.4 (3.3) (0.6)
(Tab. 2), most likely because of the influence Stem+Branches RMA 93.4 211.7 169.8 125.3
of firm-seeding, the stand structure and the (0.3) (3.2) (4.2) (0.6)
silvicultural practices applied in this stand. NL 98 203.8 165.5 130.8
H and D were not statistically correlated for (0.8) (3.1 (4.1 0.7)
this structural type and site. Photosynthetlc RMA 17.7 24.5 21 27.4
(0.1) (0.4) (0.5) (0.1)
Allometric equations NL 17.5 17.8 20.9 26.8
Neither the site nor the structural type af- 0.1) 0.3) 0.5) 0.1)

fected the volume estimates (ANCOVA); ac-

cordingly, a generalized volume equation Tab. 4 - Goodness-of-fit statistics from the residual analysis performed in volume (184 trees)
was developed for the entire dataset. The and biomass (77 trees) data set. RMA and NL refers to the linear and nonlinear procedure,
RMA linear model II obtained takes the fol-  respectively.

lowing form (eqn. 6):

) Component Context Dataset R’ RMSE RD
V=0.039(D"H) Volume Tabacchi etal. All data 0.97 62.57 0.08
(n=184, R?>=0.98, p=0.01 ) where volume (2011b)
(V), D and H are expressed in dm’, cm and Current study  All data 0.98 55.17 0.08
m, respectively. The measured volume was  Aboveground RMA All data 0.97 97.2 0.17
also well predicted by the equation provided  total biomass NL All data 0.93 96.59 0.18
bty gabi'“gl et al. (2(;1 hb?; ris‘gtssﬁ‘(’)m cach  “ppotosynthethic  RMA BDR 0.72 439 0.17
study stand are reported in Tab. 3. On ave-
rage, the RD values in both the equations fomass NL BDR 0.91 3.91 023
were less than 10% (Tab. 4). Excluding H RMA CFUS-B 0.63 11.69 0.17
from the linear equation resulted in a lower NL CFUS-B 0.71 16.39 0.31
accuracy for the volume predictions (eqn. 7): RMA CFUS-C 0.96 2.44 0.14
V=0.77(D?) NL CFUS-C 0.83 2.74 0.15
RMA ISAR 0.86 5.18 0.13
(n=184, R*>=0.91, p=0.01). The RD value in NL ISAR 0.96 4.93 0.14
eqn. 7 averaged 53%. Stem Biomass ~ RMA All data 0.91 76.92 0.23
We found that the standard deviation of the NL All data 0.87 70.85 0.26
biomass components at any D increased with : - :
D (Flg 2) ACCOrdingly, the data were log Stem and ) RMA All data 0.92 87.93 0.2
branches biomass N All data 0.9 85.14 0.21
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Fig. 2 - Standard deviation (SD) of tree biomass for 5 cm diameter size classes.

transformed using eqn. 4. Except for the
photosynthetic component, no interactions
were found between biomass components
and site (ANCOVA, p<0.01). Similarly, no
interactions were found between biomass
components and structural type at the Castel
Fusano study site with the exception of the
photosynthetic  component (ANCOVA,
p<0.05). As a consequence, we predicted all
biomass components by generalized equa-
tions using the entire dataset, with the excep-
tion of photosynthetic components, which
were modeled separately for each site and
structural type. The results are reported in
Tab. 5. Root biomass and total biomass
(above + belowground) were excluded from
the analysis due to limited root sampling.

The nonlinear regression coefficients were
estimated using a nonlinear Gauss-Newton
iterative procedure. The input coefficients
used were those obtained from the linear for-
mula (eqn. 4). The results are reported in
Tab. 5.

Both approaches provided good estimates

of biomass; on average, the RD values ob-
tained with the two approaches were always
less than 30% regardless of the biomass
component considered (Tab. 4). Overall, the
linear regression underestimated the mea-
sured biomass, whereas the nonlinear regres-
sions overestimated the measured biomass,
considering either total aboveground bio-
mass or its distinct components. Because of
its lower RMSE, the nonlinear method yiel-
ded more accurate results than the linear
method despite the relatively small diffe-
rences in the biomass estimates. The inclu-
sion of A in all the equations tended neither
to increase R? nor to decrease RMSE.

Root sampling

The taproot represented the largest fraction
of root biomass (57.4 %), followed by coarse
roots (22.3 %), fine roots (10.6 %) and hy-
pogeal stump (9.7 %). The RSR ranged from
0.11 to 0.42 (average 0.25 + 0.03); the RBR
ranged from 0.10 to 0.30 (average 0.19 +
0.02). Although no significant correlations

Allometric relationships for stone pine in Italy

were found between RSR and D or between
RBR and D, both indices appeared to de-
crease as D increased.

Biomass expansion factor

Using nonlinear equations for biomass and
linear eqn. 6 for volume, we calculated the
BEF factor for total aboveground biomass
given either stem biomass or volume. The
BEF values ranged from 1.34 to 1.48 based
on stem biomass (average + standard error:
1.40 £ 0.04) and from 0.77 to 1.01 based on
stem volume (average + standard error: 0.85
+0.00).

Discussion

The WBD value found by this study was
similar to that reported by previous studies
for the same species (Gracia et al. 2002, Cor-
reia et al. 2010). A satisfactory correlation
between height and diameter was found only
for the Bidderosa site, where the sampled
trees were characterized by a lower height
than the trees at the Castel Fusano and Is
Arenas sites. It is well known that height
growth in stone pine is quite slow in habitats
where natural resources are limiting. In such
habitats, the dominant trees tend to be ap-
proximately 10-20 m in height or even less
when culminating (Mutke et al. 2012).
Therefore, it is reasonable to infer that the
low height growth pattern in stone pine
would cause the height-diameter growth
function to be relatively inaccurate, particu-
larly for taller trees, in which the diameter
would culminate later than the height. In ad-
dition, the low R? obtained for structural type
B in Castel Fusano most likely indicates the
influence of firm-seeding, stand structure
and the applied silvicultural practices on the
tree height curves. Strip-planting provided a
high stand density and, as a result, supported
a rapid and relatively uniform height growth
pattern in the stand trees, regardless of indi-

Tab. S - Regression coefficients for biomass components and diameter at the breast height (D) using linear (RMA) and nonlinear (NL) pro -

cedures.
Dependent variable Y n Parameters In(a) a b R? l:l?a) ?bF;
Aboveground total biomass 77 RMA -3.351 0.035 2.71 0.97 0.22 0.07
77 NL - 0.054 2.594 - 0.022 0.11
Photosynthethic biomass 77 RMA -3.822 0.022 2.271 0.88 0.31 0.1
77 NL - 0.009 2.537 - 0.006 0.183
BDR 20 RMA -4.66 0.00946 2.555 0.72 0.55 0.23
20 NL - 0.001117 3.2 - 0.001198 0.316
CFUS-B 15 RMA -11.091 0.000015  4.192 0.63 1.13 0.41
15 NL - 0.0000001 5.449 - 0.000000 0.85
CFUS-C 17 RMA -5.449 0.004303  2.68 0.96 0.51 0.18
17 NL - 0.01066 2.428 - 0.01143 0.294
ISAR 25 RMA -4.019 0.01798 2.406 0.86 0.32 0.12
25 NL - 0.009569  2.591 - 0.006031 0.179
Stem Biomass 77 RMA -3.641 0.026 2.694 0.91 0.28 0.09
77 NL - 0.091 2.346 - 0.038 0.114
Stem and branches biomass 77 RMA -3.88 0.021 2.819 0.92 0.24 0.08
77 NL - 0.045 2.602 - 0.019 0.114
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vidual diameter; for this reason, diameter
and height were not significantly correlated
(Cutini et al. 2009). Overall, it is probable
that the reliability of H as an explanatory
variable in allometric equations for stone
pine should be carefully evaluated. Other
stand variables, such as stand density, stand
age and dominant height, could be used to
improve the fraction of variance explained
by the height-diameter growth model (Cala-
ma & Montero 2004).

The volume allometry agreed well with that
derived for stone pine by Tabacchi et al.
(2011b) for the Italian National forest in-
ventory; as such, the volume data obtained
in this study can be used to implement the
existing generalized equation for Pinus
pinea, thus providing a more comprehensive
database for stone pine to be developed and
used at the regional and national scales.

Biomass can be measured more precisely at
low than at high values of D (Fig. 2).
Moreover, diameter explained much of the
variability in biomass values. Including
height in the biomass equation did not signi-
ficantly improve the fraction of variance ex-
plained by the biomass models, in contrast to
the results of previous studies (Correia et al.
2010, Ruiz-Peinado et al. 2011). This out-
come has usually been explained by the high
correlation between D and H (multicollinea-
rity; Ketterings et al. 2001, Zianis & Men-
cuccini 2003). Conversely, the low correla-
tion between D and H observed in the cur-
rent study most likely indicates that the ex-
planatory power of H is lower than that of D.
Note, however, that the inclusion of H im-
proves the linear equation for volume obtai-
ned in the current study (eqn. 6); therefore,
the choice of the form of the mathematical
function (e.g., a linear or power function) for
the volume and biomass allometries should
be of importance in selecting and including
tree dimension variable predictors such as H.

The nonlinear regression method used for
estimating biomass outperformed the linear
method using log transformed data (eqn. 3).
However, relatively small differences were
found between the two approaches. Al-
though the linear method produces a syste-
matic bias in biomass retrieval, Beauchamp
& Olson (1973) found very little difference
between the measured and uncorrected es-
timates. This result is consistent with the
corresponding findings of the current study.

The total aboveground biomass appeared
insensitive to stand density and structure in
stone pine. The scaling exponents b obtained
from both the linear and nonlinear above-
ground biomass equations were similar to
the universal exponent »=8/3 derived from a
universal structural model of the vascular
network proposed at the tree level by West et
al. (1999) and also empirically demonstrated
by Anfodillo et al. (2006).

Photosynthetic biomass is the only above-
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ground biomass component that differed
among sites and between structural types.
This result could be explained by the occur-
rence of distinctive crown shape features in
stone pine. Because canopy architecture is
strongly influenced by stand structure, dif-
ferent crown architecture shapes occur, ran-
ging from the globulus and umbrella to the
candelabrum type depending on stand cha-
racteristics (Ciancio et al. 1986). This out-
come should be carefully evaluated when
canopy photosynthesis models are calibra-
ted. The results also confirmed the high in-
vestment in crown biomass occurring in
stone pine and facilitating high cone produc-
tion in this species.

The mean RSR value found (0.25) was in
agreement with those reported in different
pine species (Levy et al. 2004, Walle et al.
2005). The RSR was lower than the 0.30 ob-
tained by Correia et al. (2010) and the 0.32
reported by IPCC (2003), both in Portuguese
pine stands, but it was similar to the 0.24 ob-
tained by Ruiz-Peinado et al. (2011) for
stone pine stands in Spain. The results also
outlined the importance of the taproot sys-
tem in stone pine, in agreement with Frat-
tegiani et al. (1993), who demonstrated the
importance of a long taproot in this species
to avoid competition from understory vege-
tation, particularly during the juvenile phase
of stand development.

Conclusions

Better volume and biomass estimates are
essential to a wide range of studies, inclu-
ding forest inventory, carbon and nutrient
cycling and global change. Our study de-
monstrated several differences in biomass al-
location in stone pine, a consequence of dif-
ferent stand characteristics. These results un-
derscored the importance of stand-dependent
factors and equations for calibrating bio-
mass. Nevertheless, this study also enabled
generalized equations for volume, biomass
and carbon factors to be developed for stone
pine. These results can integrate and extend
the existing databases for allometry and car-
bon factors for this Mediterranean species
(Somogyi et al. 2008).
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