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Keywords: Abstract

intrinsically linear / e Studies dealing with the estimation of biomass, site productivity and the contribution of forests to
nonlinear and seemingly unrelated the global carbon balance require the use of allometric equations. There have been a great number
regression / of equations developed to estimate biomass components of trees and shrubs in various ecosystems.
weighting procedures However, there are less literature compilations that address the calculations of biomass components.

o [ report a total of 229 sets of allometric equations to estimate biomass components for 102 species in
72 different forest communities of arid, semi-arid, subtropical, tropical and temperate Latin-American
ecosystems.

o The selection of the appropriate allometric model is a key element in the accurate estimation of
biomass, stand productivity, carbon stocks and fluxes, and as a consequence, it is important to apply
special effort to the selection and estimation of biomass equations.

e | also discuss statistical methods of parameter estimation and recommend the dissection of two
conventional allometric equations when biomass studies are conducted on a wide range of diameters.
In order to use nondestructive procedures of biomass estimation such as the fractal theory, the null
hypothesis that the mean slope b value is equal to 2.67 was rejected for Latin American biomass
species.

o This information is critical for the establishment of environmental projects that aim to estimate
conventional parameters (i.e., productivity, habitat quality and fuel wood) as well as environmental
features (i.e., stocks and fluxes of carbon and nitrogen).

Mots-clés : Résumé - Equations des composantes de la biomasse pour des especes et des groupes d’especes
intrinséquement linéaires / d’Amérique latine.

non linéaires et apparemment sans lien e Les études portant sur 1’estimation de la biomasse, la productivité des stations et la contribution
de régression / des foréts a I’équilibre mondial du carbone nécessitent I’emploi d’équations allométriques. Il y a eu
procédures de pondération un grand nombre d’équations qui ont été développées pour estimer la biomasse des composantes des

arbres et des arbustes dans différents écosystemes. Cependant, il existe beaucoup moins de compila-
tions de la littérature scientifique qui portent sur les calculs des composantes de la biomasse.

e Je rapporte un total de 229 séries d’équations allométriques pour estimer les composantes de la
biomasse de 102 especes différentes dans 72 communautés forestieres des zones arides, semi-arides,
sub-tropicales, tempérées des écosystemes latino-américains.

e La sélection du modele allométrique est un élément clé pour I’estimation précise de la biomasse,
de la productivité des stations, des stocks de carbone et des flux et, en conséquence, il est important
de bien sélectionner les équations permettant I’estimation de la biomasse.

e J’ai également discuté les méthodes statistiques d’estimation des parametres et recommandé la dis-
section des deux équations allométriques classiques lorsque les études sur la biomasse sont conduites
sur une large gamme de diametres. Afin d’utiliser les procédures non destructives d’estimation de la
biomasse telles que la théorie des fractales, I’hypothese nulle que la pente moyenne b a une valeur
égale a 2,67 a été rejetée pour la biomasse des especes de I’ Amérique latine.

o Cette information est critique pour la mise en place de projets environnementaux qui visent a esti-
mer des parametres classiques (c’est-a-dire, la productivité, la qualité du site, le bois de chauffage),
ainsi que des caractéristiques environnementales (c’est-a-dire, les stocks et les flux de carbone et
d’azote).
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1. INTRODUCTION

The estimation of biomass components of trees and forests
has long been studied to aid the quantification of available for-
est resources, such as food, fuel, fodder and fiber (Agee, 1983;
Beskerville, 1965; Kie and White, 1985). At the present time,
forest biomass data can also be used to understand changes in
forest structure resulting from succession, or in differentiation
between forest types (Gehring et al., 2004; Vargas et al., 2008).
In recent years, the estimation of biomass components has
become important for environmental projects, since biomass
can be related to carbon stocks and to carbon fluxes when
biomass is sequentially measured over time (Brown et al.,
1989; Jenkins et al., 2001; Schroeder et al., 1997). Potential
changes in the other carbon pools of the ecosystem (litter,
coarse woody debris, root biomass, soil organic matter) can
be further derived from allometric equations by estimating the
relative prevalence of biomass components.

The development and use of allometric equations is the
standard methodology to estimate the biomass of tree compo-
nents (Brown and Iverson, 1992; Brown et al., 1989; Gillespie
et al., 1992; Chavé et al., 2001; 2003; Navar, 2004a; 2009).
Other approaches include volume estimation multiplied by
the wood specific gravity (Castedo-Dorado, 2007; Mohren
and Klein Goldewijkt, 1990). Theoretical, nondestructive ap-
proaches include the use of fractal techniques (West et al.,
1999) where the main assumption is that diameter at breast
height, D, is related to biomass, M, by D < M3/3, indicating
that the scaling exponent b in the allometric equation equals
2.67 (see also Enquist et al., 1998). Discussions regarding this
theoretical approach are ongoing (Pilli et al., 2006; Zianis and
Mencuccini, 2004).

In the meantime, there is an urgent need for local, regional
and national estimates of biomass and carbon density. The tra-
ditional technique for estimating the density of forest carbon
stocks and fluxes is based on forest inventories and allometric
relationships between the above-ground biomass (TAB) of a
tree and its trunk diameter (Brown 1997; Clark et al., 2001).
Brown et al. (1989) and Chavé et al. (2001; 2003) reported
methods for using existing forest inventory data to estimate
biomass densities of tropical forests. However, for forests with
complex diversity structure, there is a lack of allometric equa-
tions to estimate biomass components, resulting in deviations
from observed and estimated biomass components (Araujo
et al., 1999; Chavé et al., 2001; 2003). There is also a lack
of allometric equations developed on-site, and thus, extrapo-
lation is common in most studies. Although in the last few
decades there has been a significant effort to develop and com-
pile biomass component equations (i.e., Ter-Mikaelian and
Korzukhin (1997), and Zianis and Mencuccini (2004) who re-
ported a list of allometric biomass equations for 67 and 227
North American and worldwide species, respectively), there
are still numerous allometric equations in the literature that
have been derived from harvested trees of many species for
many sites.

Efforts to compile biomass component equations, such as
those of Ter-Mikaelian and Korzukhin (1997) for North Amer-
ican tree species, and Zianis and Mencuccini (2004) for world-
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wide species, should continue for the numerous biomass com-
ponent equations that have not yet been brought together.
There is an urgent need for biomass component equations to:
(a) develop sound practical environmental projects of regen-
eration of degraded forests with the right species, (b) project
biomass and carbon stocks in advance of regeneration projects,
and (c) calculate goods and services provided by natural and
regenerated tree species in the early stages of development.
The objectives of this report were thus: (a) to compile a set
of biomass component equations for Latin American species
and groups of species or forests, (b) to describe the statistical
techniques employed in parameter estimation to discuss the
robustness and weakness of these techniques, and (c) to test
the hypothesis that the scaling exponent b in the allometric
equation equals 2.67.

2. MATERIALS AND METHODS

For this report, I searched the literature for biomass equations
developed over the last 20 years in all journals published by El-
sevier, Blackwell and Springer Verlag Scientific Publications. The
search procedure included the keywords biomass equations, allomet-
ric equations, and Latin American biomass species. In addition, a
search in Google for biomass equations was conducted with the key-
words “ecuaciones de biomasa”. Equations found in the literature
provide biomass estimates for several diameter ranges and the statis-
tical techniques to estimate parameters are also reported. Allometric
equations were classified by vegetation type found in Latin Amer-
ica: arid-subtropical species, temperate and tropical species. Groups
of species are defined here as two or more species that have one sin-
gle allometric equation for one single biomass component. Allomet-
ric equations are classified as dry-subtropical, temperate and tropi-
cal vegetation types. In addition to the set of equations, I present the
species or group of species, the biomass component, the reference
where the equation can be found for further information, the diame-
ter range where the equation applies, the number of trees harvested to
develop the equation, the statistical technique employed to estimate
equation parameters and the plant community where trees were har-
vested.This information will be useful if scientists or forest resource
managers are interested in developing a single allometric equation for
each vegetation type.

Examples of the main statistical techniques employed to estimate
biomass component equation parameters are presented with two ex-
amples: (a) complex Tamaulipan thornscrub forests of northeastern
Mexico (Ndvar et al., 2004a) and (b) pine forests restricted to a diam-
eter range (Navar et al., 2004b) to explore weakness and robustness
of biomass equations.

The hypothesis that the mean b slope value of the allometric rela-
tionships (a) Ln(TAB) = a + bLn(D) or (b) TAB = aD’ is 2.67 was
tested to probe the fractal theory of West et al. (1999) to use in up-
coming nondestructive allometric estimations. Therefore, the average
b value from the compiled empirical equations (ben,) wWas compared
with the theoretical one (2.67). West et al. (1999) suggested that M
should scale against D with a universal exponent (b = 8/3), because
the scaling exponent would depend on an optimal tree architecture.
Moreover, the a parameter should be related to the wood density (o)
(Enquist et al., 1998).

The fractal theory uses the relationship between D and H to es-
timate b. This data has been modeled for several forest species (i.e.,
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Saunders and Wagner, 2008). However, this data was not available for
most allometric equations, therefore I could not estimate parameters b
or, henceforth, a using the fractal theory. Simple comparisons of mean
b values (bemp) of reported allometric equations with the universal
8/3 estimate have been previously conducted (e.g., Pilli et al., 2006;
Zianis and Mencuccini, 2004). To accomplish this contrast, first the
normality tests of the b values were calculated using the Kolmogorov-
Smirnoff and Shapiro-Wilk statistics, and second the estimates of the
standard deviation and confidence intervals provided information to
test whether the mean b slope value is equal or different to 2.67. In
addition, the probability that the estimated b values from the reported
studies will be equal to or larger than 2.67 was estimated using the
normal approach, since b (benp) values fitted this density function
well.

A total of 78 allometric equations (log-transformed and nonlinear
regression) meet the requirements for testing the hypothesis that b =
2.67. These equations estimate only total aboveground biomass in
kg using diameter at breast height in cm. Of these, 5, 45 and 28 come
from trees or shrubs of semi-arid — subtropical, tropical and temperate
climates, respectively. Mean (confidence interval) diameter at breast
height was 22 cm (4); but varied among forest types from 17 cm (10)
and 25 cm (4) to 21 cm (7) in semi-arid subtropical, temperate and
tropical forests, respectively.

3. RESULTS AND DISCUSION

The search successfully identified a set of 229 allometric
equations to estimate biomass components for 102 (26 for dry-
subtropical, 26 for temperate and 50 for tropical) species and
for 72 (4 for dry-subtropical, 11 for temperate and 57 for trop-
ical) different groups of species in Latin America. Of the 229
allometric equations, 35, 52 and 142 were derived for stud-
ies of dry to subtropical, temperate and tropical forests, re-
spectively. Allometric equations for Latin American species
and forests are presented in Table I (available only at www.
afs-journal.org).

3.1. Statistical techniques to estimate
equation parameters

A variety of statistical techniques to estimate parameters
were reported in this literature search, including linear, non-
linear, intrinsically linear, seemingly unrelated linear regres-
sion, and seemingly unrelated nonlinear regression. Linear
regression usually takes the form of TAB = a + P(D*H);
nonlinear regression takes the form TAB = oDP; and intrinsi-
cally linear regression takes the form Ln(TAB) = o + fLn(D).
The intrinsic linear regression requires a weighting parame-
ter since the logarithmic transformation compresses the data
to calculate regression parameters without heteroscedastic-
ity problems. When the original units are re-transformed, the
largest biomass values are usually underestimated. Bekersville
(1965) recommended that in this correction, the weighting fac-
tor could be calculated from CF = exp(MSE/2), where; CF =
correction factor, and MSE = mean square error of the regres-
sion analysis of variance. Seemingly unrelated regression is
the recommended statistical technique since biomass compo-
nents are related; i.e. leaf biomass is related to branch biomass,
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this is related to bole biomass, and all these components are re-
lated to total aboveground biomass (Cunia and Briggs, 1984;
1985; Parresol, 1999). Therefore, a set of biomass component
equations take the following forms: for seemingly unrelated
linear (e.g., TAB = Bl+ Bbr+ Bbo; Bl = al+pI(D*H)+ Bbr =
abr + Bbr(D*H) + Bbo = abo + Bbo(D*H)), and for unre-
lated nonlinear (TAB = Bl + Bbr + Bbo; Bl = alDP + Bbr =
abrDPP" + Bbo = aboDP") regressions: where TAB = total
aboveground biomass; Bl = foliage biomass, Bbr = branch
biomass; Bbo = bole biomass; and o and [} are statistical pa-
rameters that are independently estimated and restricted to
provide total aboveground biomass.

Using an example reported by Ndvar et al. (2004a) for the
biomass components foliage, branches and boles of 913 semi-
arid, subtropical shrubs of northeastern Mexico, nonlinear and
seemingly unrelated (non-) linear regressions least biased total
aboveground biomass, in contrast to the linear regression ap-
plied to the logarithm of the data using a correction factor for
complex Tamaulipan thornscrub trees (Fig. 1). The allomet-
ric equation with the weighting factor improves the prediction
of the biomass component in contrast to the conventional log-
transformed linear model, but it is still skewed for this data.
This usually happens for biomass data that contains small and
large trees, where there is frequently an inflexion point be-
tween these two types of biomass data. Therefore, in order to
fit the conventional biomass equations (log-transformed data
or intrinsically linear) it is necessary to develop two equations,
where one is used for small and the second one is used for large
trees, or to use nonlinear and seemingly unrelated (non-) linear
regression techniques to fit this data.

Using a more compacted example reported by Navar et al.
(2004b), all regression techniques reported in Table I produce
similar biomass estimates for small pine trees of Durango,
Mexico (Fig. 2).

3.2. Testing the fractal theory that the slope equals 2.67

The a and b values are negatively related fitting a power
function with the following equation a = 2.1786™%9 (Fig. 3).
When M is expressed in kg and D in cm, this equation is sim-
ilar to that reported by Navar (2009) as a = 5.1385p=+48%7
for coniferous forests of northwestern Mexico as well as to
the equation of @ = 7.0281b~*7>8 reported for 277 com-
piled biomass studies by Zianis and Mencuccini (2004). Three
similar equations were reported by Pilli et al. (2006) for
young, juvenile and mature trees, showing the consistency of
these biomass equations and the relationship between a and b.
These regression equations are consistent, although the statis-
tical parameters of this equation were calculated for all for-
est types, combining log-transformed data and nonlinear re-
gression techniques to estimate parameters. Large deviations
in this relationship could be explained by the variability of
species and forests, stages of development, and both statisti-
cal techniques employed in parameter estimation.

The summation of the mean empirical parametric values a
and b of the allometric equations equals 2.5364 and this out-
come supports that 2 < d + h < 3. The mean (+ confidence
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Figure 1. Five allometric equations and their residuals to estimate biomass for 913 shrubs and small trees of northeastern Mexico (d’apres
Navar et al., 2004a); LR = Linear, NL. = Nonlinear, WLR = Weighted Linear, SUR = Seemingly unrelated Linear and NSUR = Seemingly
unrelated nonlinear regressions. (A color version of this figure is available at www.afs-journal.org.)

interval) value of the slope for 78 allometric equations was
2.3785 (£ 0.05148), with a standard deviation of 0.2319. The
mean b slope value (+ confidence intervals) shows that this
figure is smaller than the theoretical value of the slope (8/3).
This finding is also consistent with the observations of Zianis
and Mencuccini (2004), who recorded an average b value of
2.3679 (+ 0.016) for 279 biomass studies. Pilli et al. (2006)
demonstrated that the b values of allometric equations devel-
oped at the adult stage (2.64) were not significantly different
than the theoretical b value, showing that the fractal theory ap-
plies well for trees at the adult stage but not for trees at younger
or more mature stages.

The mean (confidence interval) a value was 0.16 (0.03) and
it deviates notoriously from the basic wood density, p, val-
ues for these species. Mean basic density values reported for

pine and broadleaf trees are 0.40 and 0.64 g cm ™3, respectively
(Fuentes-Salinas, 1995).

The Kolmogorov-Smirnoff and the Shapiro-Wilk tests ac-
cepted the null hypothesis that the slope data distributes nor-
mally, since the maximum deviation between observed and es-
timated probability was 0.069 and 0.97 with probabilities of
p = 0.15 and p = 0.079, respectively. Based on this informa-
tion, 68% of the slope data falls within the interval of 2.14 —
2.61. The probability that the slope value is equal to or larger
than 2.67 is z = (2.3785 — 2.667)/0.2319 = z = —1.2436;
P(z) = 0.1068. Using the empirical b slope data, 7 out of 78
counts surpassed the value of 2.67, calculating a probability of
0.089. In other words, the slope surpasses the value of 2.67 in
only 10 out of 100 counts.
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Figure 2. Five allometric equations and their residuals to estimate
biomass for 25 small pine trees of P. durangensis of Durango, Mexico
(Source: Navar et al., 2004b) ; LR = Linear, NL = Nonlinear, WLR
= Weighted Linear, SUR = Seemingly unrelated Linear and NSUR
= Seemingly unrelated nonlinear regressions. (A color version of this
figure is available at www.afs-journal.org.)

The slopes and mean diameters statistically fit well with a
power function (Fig. 4). The slope of this relationship is nega-
tive with a value of less than 1 (—0.018). The value of the mean
predicted slope augments with decreasing mean diameters. In
the range of recorded mean diameters it never attains the 2.67
value proposed by Enquist et al. (1998) and West et al. (1999)
for Latin American forests. Forecasts using the power equation
project that the mean diameter of trees must be in the range of
0.001 to attain a mean slope value of 2.67, indicating that the
fractal theory could also apply to seedlings, as was noted for
mature trees by Pilli et al. (2006).

Mean diameter at breast height (cm)

Figure 4. The relationship between the slope and the mean diameter
for 78 allometric equations that estimate total aboveground biomass
as a function of DBH.

Mean slope values differ between forest types; from 2.24 in
subtropical and 2.32 in temperate to 2.41 in tropical forests,
although they were not significantly different. It is likely that
in addition to the stage of tree maturity, as observed by Pilli
et al. (2006) and noted in this study, the type of forest may
also contribute to testing the fractal theory well in biomass
estimation.

The mean slope value (2.3785) and its confidence interval
(0.051) indicates that the 2.67 slope value proposed by En-
quist et al. (1998) and West et al. (1999) is statistically dif-
ferent from the mean slope value for Latin American species.
Thus, these findings suggest that further research is necessary
to fulfill the potential of fractal geometry for application in
forest biomass studies since the empirical values observed pro-
vide better biomass estimates than the theoretical calculations.
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Thus, it is confirmed that the potential of fractal geometry has
not been fully investigated and further research is necessary to
reveal its value in forest biomass studies, since it can be ob-
viously noted that the empirical value provides better biomass
estimates.

4. CONCLUSIONS

In this manuscript, I report a total of 229 equations for
several biomass components, including boles, branches, fo-
liage, bark and roots for Latin American species and groups of
species. Of the total, 110 were reported for individual species
and the remaining were reported for groups of species. The
most common statistical techniques employed in parameter es-
timation were log-transformed data combined with linear re-
gression, nonlinear regression, and seemingly unrelated linear
and nonlinear regressions. Diameter at breast height, basal di-
ameter, top height, basal area and basic wood density are com-
mon independent variables. Reported statistical techniques to
estimate parameters are linear, nonlinear, intrinsically linear,
and seemingly unrelated nonlinear and linear regression. I
briefly explain the weakness and robustness of these tech-
niques with two examples. I also tested the null hypothesis that
the mean slope = 2.67, and the data collected on the slopes
of the allometric equations did not support this hypothesis.
Therefore, it is concluded that the fractal technique requires
additional study to further elucidate the slope value of the al-
lometric equation for Latin American species.
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