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ABSTRACT

Acacia caven is a key native species in the dry land region of south-central Chile. It
is a species of high social and productive interest to landowners. Therefore, this study
proposes a biomass function for A. caven, which involves incorporating predictor variables
that are easily obtainable in the field and less complex than those used in already existing
functions for the species. Due to the multi-purpose nature of the species and its potential
for silvopastoral systems, these functions typify important planning tools to improve the
management of this plant resource. To generate the biomass function, the methodology
of destructive analysis of components was used on a total of 71 trees. These trees were
selected, cut and weighed in the field to generate and test different models. Statistical
analysis models were used and root collar diameter, diameter at breast height and total
height served as predictor variables, resulting in a good adjustment of the models (R?
adjusted the 0.97 for stem-branches, 0.90 for stems and 0.96 for total biomass), with high
correlations between estimated and real values. These functions may be used safely in
plant formations of A. caven located in the same distribution area and within the range of
the used variables. In the future, however, they require validation with new measurements
in other sectors than the area considered to increase geographical representativeness.
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RESUMEN

Acacia caven, es una de las principales especies nativas presentes en el secano
interior de la zona central de Chile. Es una especie que tiene un alto interés social y
productivo para los propietarios de este recurso. En este sentido, el objetivo de este
estudio es proponer una funcién de biomasa validada para A. caven, y que incorpore
variables predictoras de facil obtencién en terreno y de menor complejidad que las
consideradas en funciones ya conocidas para la especie. Dadas las caracteristicas de
especie multipropésito y su potencial para su uso en sistemas silvopastorales, estas
funciones son importantes herramientas de planificaciéon para mejorar la gestién y
manejo de este recurso vegetacional. Para la generacién de la funcién de biomasa, se
utilizé una metodologia de andlisis destructivo por componentes de 71 arboles, los cuales
fueron seleccionados, volteados y pesados en terreno, para posteriormente generar y
probar diferentes modelos. A través de analisis estadisticos se seleccionaron modelos
que utilizan como variables predictoras el didmetro a la altura del cuello, didmetro a la
altura del pecho y altura total. Los resultados muestran un buen ajuste de los modelos
(R? ajust. de 0,97 para fuste-ramas, 0,90 para ramillas y 0,96 para biomasa total), lo
que indica un alto nivel de correlacién entre valores estimados y valores reales. Estas
funciones se pueden utilizar con seguridad en formaciones vegetacionales de A. caven
que se ubiquen en la misma zona distribucional del recurso y dentro de los rangos de las
variables utilizadas, siendo conveniente en el futuro validarlas con nuevas mediciones
de sectores distintos al 4rea considerada para estos andlisis, aumentando su represen-
tatividad geogréfica.

Palabras claves
espino e estepa ¢ zona semiarida de Chile e sistemas silvopastorales

INTRODUCTION
The steppe or savanna forma- production, or atmospheric nitrogen
tions, where Acacia caven (Mol.) Mol. sequestration (being a leguminous

("espino") represents the dominant and
co-dominant species, cover approximately
957.000 hectares in Chile (14) especially
between the Coquimbo Region in the
north and the Biobio Region in the south.
Espino can be found in both pure formations
and in association with tree species such as
quillay (Quillaja saponaria), litre (Lithraea
caustica), maitén (Maitenus boaria), huingan
(Schinus polygamus) and others (32).

A. caven provides multiple benefits
and so counts as multi-purpose species.
It serves as firewood, for charcoal
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species). Its ecological use in erosion
control, increase of organic matter and
retention of soil humidity, nutrient
recycling and the creation of a favorable
micro-climate for the growth of vegetation
under its influence, raise its importance
further (13, 20, 23).

From a productive and ecological
viewpoint, A. caven is among the main
species present in the dry land area in
south-central Chile and in countries such
as Argentina, Bolivia, Uruguay, Paraguay
and Brazil (13).
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However, mainly as a result of human
pressure, itisbeingdegraded,inducingloss
of economic value of soil and vegetation
(7, 13). Despite such degeneration of
A. caven formations, their restoration has
been envisaged (31) by applying silvopas-
toral systems as a sustainable production
alternative (16, 21, 22, 24).

In line with their appearance, Espinal
formations are complex with a woody
stratum of varying cover and height,
dominated almost exclusively by A.
caven (25). Currently existing formations
correspond to an environmental unit
of mainly secondary origin (9, 13, 31);
composition and structure developed as
consequence of human intervention. Land
preparation for agricultural use altered
this resource decisively predominantly for
the production of wheat and cattle, albeit
later being abandoned due to market
fluctuations and low productivity. Espinal
cover of the resulting formations is less
dense, formed by smaller individuals
mainly from stump sprouts; on rare
occasions, where vegetation remained
free of incisive alteration, denser forma-
tions can be found (7).

In order to allow for a sustainable use
of A. caven and considering that it mainly
provides firewood and charcoal, it is
necessary to count on predictor functions
that make it possible to estimate the biomass
this resource potentially generates. Estima-
tions, however, remain challenging due to
the high variability of the species.

Functions make it possible to estimate
biomass through predictor variables
which can easily be measured in the field,
such as the diameter at breast height
(DBH) and total height (H), or crown
diameter and length, basal diameter and
length of branches, producing generic (for
various species) or specific (for one only)
functions (3, 11, 27).
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Various studies have produced biomass
functions for A. caven in the north-central
part of its natural distribution in Chile
(1, 10, 26, 30). These functions, never-
theless, lose precision when applied to
other regions with different conditions
than those of the study area, and different
ranges and parameters than the original
resource (1, 6,17, 30). Predictor variables
used in these functions, and for other
tree species, are mainly DBH, root collar
diameter (RCD), number of commercial
branches, crown diameter, trunk height,
commercial height, medium crown
diameter, height of maximum foliage,
number of stems (1, 2, 4, 10, 26, 28, 30).

This study aims to develop a biomass
function for A. caven present in the
southern part of its geographical distri-
bution area. The function is validated for
the dry inland area of the Maule Region
(Chile), considering predictor variables
that are easily obtainable in the field, with
less complexity than those considered in
already existing functions, making them
a key tool for improving the sustainable
management of this native plant species.

MATERIAL AND METHOD

Location and description of the
Study Area

The study area covers a surface of
2.4 hectares ofadultA. caven, with the coordi-
nates latitude 35°53'34" and longitude
72°08'44", within farm "San Adolfo", km 48
of "Los Conquistadores” Road, Cauquenes
community, Maule Region.

Methodology for inventory and
biomass measurements

The predictor function was generated
using the method of direct biomass deter-
mination or destructive analysis (3). This
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required a previous enumeration in the
study area, during which each tree got
classified as mono- or pluri-fustal (2 or
more stems) according to growth habit,
RCD and DBH variables and H of each
shank or stem. These variables were
measured on a total of 3,367 single- and
multi-stem A. caven trees distributed
across the study area.

In order to select the sample trees for
the destructive analysis, the observed
frequency (OF) of the resource was
determined first by using the root collar
diameter variable, as it represents the
most common variable in native forests
with characteristics like that of A. caven
and is also recommended by Gajardo &
Verdugo (10).

Furthermore, OF was determined
differentially according to root collar
diameter due to the existence of single- and
multi-stem individuals, and to increase
representativeness of the diameter classes
to be sampled (figure 1 and figure 2).

After determining the OF according
to growth habits, a minimum of 20 trees

was selected (35) which were distributed
proportionally to diameters, with the
restriction that at least one individual
for each diameter class (if existing)
was sampled.

In total, 71 trees (single- and multi-
stem) were cut for the destructive analysis.
The material extracted from these
trees was classified into stem-branches
-including the woody material with
minimum diameter of 3 cm-and twigs-
woody material with diameter below 3 cm
(including leaves and fruits) (10). Both
categories were weighed in the field using
ametallic support device designed specifi-
cally for this purpose and scales with a
maximum capacity of 200 kg + 0.1 kg,
thus obtaining the green weight of each
component for each tree.

To determine the relation between dry
weight and green weight and thus estimate
the dry weight of the components for the
generation of the biomass function, three
random samples of each component were
taken from five randomly selected trees, both
single- and multi-stem, of the 71 cut trees.
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Figure 1. Observed frequency according
to root collar diameter (RCD) A. caven
single-stem.

Figura 1. Frecuencia observada segin
didmetro a la altura del cuello (DAC) de
arboles monofustales de A. caven.

190

300

250

200

150

Frequency

LI B S e S S B B B e B e S B B s S e B e e e e |

9 11 13 15 17 19 21 23 25 27 29

.50 -
Diametric Class (cm)

Figure 2. Observed frequency according
to root collar diameter (RCD) A. caven
multi-stem.

Figura 1. Frecuencia observada segin
didmetro a la altura del cuello (DAC) de
arboles plurifustales de A. caven.
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These samples were first weighed
in the field (green weight) and then put
into bags and labeled for dispatch to
the laboratory of the Forestry Institute
in Concepcion.

The dry weight was obtained after
drying the material in an Yih Der oven,
DK-600DT model (Taiwan), with forced
ventilation at 103°C # 2°C, until obtaining
steady weight between measurements
every 2 or 4 hours (15). With the dry,
green and total weight data the dry weight
ratio (r_) per component according to
growth habit (single- or multi-stem) and
in total was determined, using equation 1
(3, 18). The extant literature for A. caven
reports dry weight ratio values (r_) for
stem-branches of 0.62 and for twigs 0.68
(30), so it was expected similar values for

this study.
2
w. .
_ =1 S_I
T = n 1
Zi:l W, i
where:
r., = dry weight ratio
w,_ = dry weight of sample unit i
Wv_i= green weight of sample unit i
n = size of selected sample (n>1)

The information obtained in the field
and described above was then system-
atized and processed for generating the
biomass function (BF).

On specific occasions when the stem
below 1.3 m split into two or more
sub-stems thus generating more than
one DBH, the medium DBH (DBH ) and
equivalent DBH (DBH ) (3) were calculated
according to equations 2 and 3 respectively,
and these variables were included as part
of the predictor variables to determine the
biomass function. Importantly, in those
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trees with only one DBH (one stem) both,
DBH_and DBH_ equal DBH.

" DBH @
DBH, =(~==""")
n

where:

DBH = medium diameter at breast
height in cm.

DBH, = diameter at breast height of
sub-stem i in cm

n = number of sub-stems

DBH, = \/Z; (DBH,)* (3)

where:

DBH = equivalent diameter at breast
height in cm

DBH= diameter at breast height of
sub-stem i in cm

n  =number of sub-stems with DBH
Adjustment and selection of
biomass function (BF)

One ofthe objectives when selecting the
models was to acquire simpler functions
than the existing ones for the species
(northern part of its natural distribution
area). Therefore, analyzed functions
contemplated only variables thatare easily
measurable in the field. In the process of
selecting the predictor functions, DBH,
and DBH,_ were considered and analyzed
independently, as was assumed that one of
these variables related better to the DBH
variable when contemplating more than
one value, because no tested model has
considered these variables in conjunction.
Indeed, existing models contemplate these
variables only independently in relation to
other variables such as H, RCD, or crown
starting height and radius (upper and
lower crown diameter).
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When analyzing the relation between
DBH and H to evaluate the coherence of the
in-field data, generally the expected corre-
lation of higher H with higher DBH was
maintained. In accordance with the infor-
mation from the field, the expected relation
of higher diameter class related to higher
biomass was confirmed. This initial analysis
gave information on the reliability of the
in-field data, validating it for subsequent use
for determining the biomass functions.

For the generation of the dry biomass
function per components and in total,
simple and multiple regression models
were adapted, using 12 models as a
guideline (6, 11, 29, 35) for the variable
type used and for each component
(stem-branches, twigs & total). Moreover,
12 additional trial models were obtained
through the Step-Wise method. In total
147 models were tested, considering the
modification of variables, namely the use
of variables as measured in the field, their
squared and cubed value, transformed
into natural logarithm and the combina-
tions between them.

Selection of the final models rested
on their compliance with the distribu-
tional and qualification assumptions of
each model in relation to the adjusted
statistic, the Mean Squared Error (MSE),
the Prediction Error Sum of Squares
(PRESS) and the Furnival Index (FI). The
latter enables comparing models using
transformed variables with models of
non-transformed variables (19, 33, 35).
Also, only models using variables with
p- value<0.05 were considered. For all
analyses SPSS 21.0 software (New York,
USA) was used.

RESULTS

Table 1 (page 193), shows the
maximum, minimum and standard
192

deviation range of the state variables of
the 71 trees cut (36 single-stem and 35
multi-stem) for the destructive analysis to
be carried out according to the selection
methodology described in section 2. In
addition, the rank of the state variables of
the subsample of randomly selected trees
is included to calculater .

Table 2 (page 194), shows r_ values
for each component and in total, subse-
quently used to determine the dry weight
of each of the 71 trees evaluated in the
field to specify dry biomass models.

For the selection of the best models for
the components among already proven
models, a total of 18 models complying
with the distributional assumptions were
selected. These models were then qualified
according to the statistics calculated for
each of them in order to be able to compare
them, with value 1 given to the best model
according to the mentioned criteria. (For
example, value 1 was assigned to the model
with the best value for adjusted R? etc.)

Eventually, the best model selected turned
out the one with the lowest total accumulated
qualification (table 3, page 195).

Table 4 (page 194), shows the model
selected for each component and total.
Given this particular situation, the models
selected were linearized applying the
natural logarithm function, correction
factor Fc was applied according to
equation 4 below (2, 8,11, 17, 36):

Fec = eMSE/Z (4)
where:
Fc = correction factor
MSE = mean squared error

o
1

base natural logarithm
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Subsequently, these models were
submitted to a comparative analysis
charting the dry weight values of observed
(real) biomass in relation to the dry
weight of estimated biomass (figure 3), to
determine whether the selected models
under- or overestimate tree biomass
(8, 35). If the models measure adequately,
the charted dots should run along or near
liney =x.

DISCUSSION

The enumeration carried out at
the beginning helped proving the high
variability of this species. Although in
general the expected growth tendencies
were confirmed, e.g., a higher RCD equals

more biomass, this did not always hold,
because mechanical damage (broken
branches, rot, signs of decay, etc.) of
some individuals affected their normal
production and consequent biomass.

The use of the observed frequency
criterion according to the RCD variable,
following Gajardo & Verdugo (1979), for
the selection of trees to be cut guaranteed
high reliability of the model selection
during the sampling process.

Regarding the easy measurement
of the wvariables used in the
models, it should be noted that eg,
Gonzalez-Benecke et al. (2014) indicate
that in order to obtain estimations that are
more precise and representative models,
other variables, like age, wood density
and/or productivity, should be included.
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Figure 3. Comparative analysis of model
precision for components of A. caven. (a)
stem-branches, (b) twigs, (c) total weight.

Figura 3. Andlisis comparativo de la
precision de los modelos seleccionados
por componente de A. caven. (a) fuste-

ramas, (b) ramillas y (c) peso total.
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However, these variables complicate the
actual applicability of the models in the
field, and make in-field measurements
difficult, considering in particular the
great diversity of the species. Thus it was
preferred sticking to variables which can
be applied easily.

Combining the information obtained
in the field with database analysis facili-
tated the generation of more than 147
preliminary models, based on the most
commonly reported models found in the
literature (6, 11, 29, 35). It also reinforced
this confidence in the methodology
proposed by Segura & Andrade (2008)
utilizing the models selected for each
component, and determine which one best
adapts to the production of aerial biomass
of A. caven in this particular region.

Out of these models, 18 with values
of adjusted R? between 87% and 97%
(p<0.05) were pre-selected, resulting
in good to very good data adjustment
(table 3, page 195). Also, the selected
functions consider the use of easy-to-use
regression variables such as RCD, DBH,
and H which can be obtained effortlessly
in the field (table 4, page 194) (8). They
also strengthen the models' reliability
and usability, making it superior to other
models, which consider variables such as
RCD, medium DBH of sprouts, height of
maximum foliage, upper and lower crown
diameter and total height (13).

The proposed models (table 4, page
194) do not differentiate between single-
or multi-stem individuals, although
initially the sampling methodology had
considered this differentiation.

The models obtained consider each
sapling as an individual, no matter if
several are part of one stump (multi-stem).
This kind of model makes it necessary to
measure the total height of each existing
sapling, which may imply more measuring
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work, but also leads to higher represen-
tativeness than the in-field estimation of
medium height of multi-stem individuals.

Moreover, with the existing technology of
dasometric instruments, and as conducted
in this study, the variable can be measured
quickly, allowing the use of H as estimator
for the two growth habit categories.

Also in table 4 (page 194), the lower
values of adjusted R? correspond to the
models related to the twigs component
with values between 0.87 and 0.90, which
was expected considering the difficulty
of finding a model for the crown biomass
with state variables such as RCD and DBH,,
and the high variability of the resource in
the field.

The higher adjusted R? values are
found in the stem-branches and total
components, which indicates that biomass
estimations of these components relate
better to the state variables of the trees,
confirming Segura & Andrade's (2008)
finding in relation to biomass model
determination. They point out that a high
correlation of the models for stem and
branches with variables such as DBH is
expected, but not so with leaves and twigs.

Regarding precision of the models
it turns out that the models for stem-
branches and total components are more
precise (figure 3a and figure 3c, page 196),
although someover-and underestimations
occur as biomass production increases.
This has also been discussed by Segura &
Andrade (2008).

In the case of the twigs component
(figure 3b, page 196), the model is
acceptable for lower values, but tends
to underestimate biomass for higher
values. It was believed that this tendency
may prove significant in relation to the
obtained frequency for individuals with
RCD longer than 20 cm (on average one
individual per diameter class), although
this almost never occurs.
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This makes it more difficult to
elaborate a model for these diameter
classes compared to individuals with a
lower RCD, which were well represented
in the in-field sampling process, again
confirmed via the three models' perfectly
acceptable precision level, both for
lower and medium biomass production.
Additionally, the studentized residue
dispersion graphs (figure 4) show that
the dot clouds have a random behaviour
around 0, which indicates that the data fit
properly to the models.

It should be noted that the selected
models by design do not comply with
additivity property, although for Dieguez
et al. (2003) this counts as one of the
most important properties models should
comply with. Yet, since the selected
models are log-linearized, Cancino's
(2006) argument holds, stating that the
summed-up biomass of the estimated

components for this type of model does
not equal total estimated biomass, so they
cannot be harmonized, and the additivity
concept is not admissible in these
particular situations.

In relation to the better adjusted
variables (RCD, DBH,_ & H), it was rightly
expected that RCD adjusts well, as this
variable has been representative for
characterizing these plant formations
(10). DBH_ variable adjusted better than
DBH_ in all selected models, pointing to
higher representativeness than real DBH,
as it produces better ponderation of the
different DBH measured in the field than
their simple measurement (Eq. 1 and 2,
page 191). In the case of H it was also to
be expected to rely on this variable in the
stem-branches and total models, as this
variable normally associates directly to
biomass production-higher H equaling
more biomass production.
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Figure 4. Studentized residue dispersion
of the models selected by component of
A. caven. (a) stem-branches, (b) twigs,
(c) total weight.

Figura 4. Dispersion de residuos
estudentizados de los modelos
seleccionados por componente de
A. caven. (a) fuste-ramas, (b) ramillas
y (c) peso total.
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A literature review on the determi-
nation of biomass in Peumus boldus (6,
11, 12) reveals that the state variables
that best explain biomass production
of the different species analyzed here
can be multiple, but they also affirm
that easily measurable variables such as
RCD, DBH and H are more characteristic
and representative.

In the selected models the coefficient
of determination adjusted R? is high,
showing values of 0.97 for stem-branches,
0.90 for twigs and leaves, and 0.96 for
total biomass, indicating a high level of
correlation between estimated and real
values. These values are similar to the
R? values presented by Aguirre & Infante
(1988), Prado et al. (1988) and INFOR
(2012) for the stem-branches (between
0.93 and 0.97), twigs (0.92) and total
(between 0.96 and 0.98) components.

CONCLUSIONS

The initial characterization of the
resource (enumeration) produced good
information  regarding  distribution
according to diameter classes, which
substantially improved the sampling of
the trees to be cut and their represen-
tativeness in what followed. Although
methodology of biomass analysis with
the destructive sampling process involves
high costs, it still serves well to obtain this
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