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a b s t r a c t

The Amazon forest is host for a large number of deforestation activities caused by artisanal mining and
mainly by agriculture and livestock businesses. In order to regulate these activities and relieve the envi-
ronmental impacts, local authorities have been trying to guide them towardsmore responsible operations.
This paper describes the initiative of monitoring forest areas located near deforestation regions since
fundamental elements such as biomass and carbon accumulation of trees may be adequately controlled
andmonitored against occasional disturbances brought by these activities. The current standard approach
in the Amazon is tomonitor all trees in the forest within an area called transecto, in order to keep a rigorous
record of their behavior and growth. However, these control activities are restricted to controlling portions
that are located in strategic areas, therefore they do not represent the entire region to be monitored. This
research exploits a new methodology based on geostatistics, aimed at optimizing sampling, and allowing
the extension of the study tomuch larger forest areas,while keeping unitary utilization of human resources
unchanged and at the same time, increasing the studied areas footprint and the precision of the results. The
proposed methodology also allows the selection of the Legal Reserve (RL) area to be made according to the
actual carbon-accumulation distribution on the property's contained forest, allowing the determination of
a location target for the RL, what is not possible with the current used methodologies that rely simply on a
percentage area utilization for the RL, inside the property. This methodology was applied using the
available data set in this paper in order to optimize the samples and tomonitor the capacity of the forest to
store carbon at Tapaj�os National Forest, in Par�a, Brazil. It is expected that this methodology will contribute
to an overall cost decrease per unit area of the monitoring activities, increase the precision for the RL
location and simplify the needed procedures through the application of a user friendly toolkit, that can be
developed using the proposed methodology, whose complexity is totally transparent to the land and
business owners, regulators, environmental scientists andworkers involved. This, if correctly applied could
ultimately contribute to the sustainable development of the affected regions.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The Brazilian legislation is majorly concerned with preserving
the Amazon forest, thus, it has created the so-called Legal Reserve e
RL, where 80% of the property located in rural areas must be pre-
served and notarized as RL, allowing the exploration of 20% of the
area. However, there is no concern as to determine what would be
.
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the most appropriate area in which this RL should be located, and
this decision is entirely up to the landowner.

This paper proposes:

1. A methodology that is based on geostatistics, optimizing sam-
pling, and allowing to extend the study to much larger forest
areas

2. A propose of methodology allows the selection of the RL area to
be made according to the actual carbon-accumulation distri-
bution on the property tropical forest

The shrub and arboreal-pattern plants are the ones that offer the
longest carbon-stocking cycles in nature since photosynthesizing
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Fig. 1. Location of the Tapaj�os National Forest. Source: INPA.
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organisms are majorly responsible for the atmospheric CO2
sequestration, and plants are responsible for stocking two-thirds of
the carbon on Earth (Totten, 2000).

Several ecological studies reveal that most, if not all, commu-
nities are spatially structured, and that the sampling methods need
to be robust in order to detect different levels of spatial
autocorrelation.

The most used form of sampling is the transect, that aims to
characterize the transition areas (ecotone) or areas in different
successional stages (Brower and Zar, 1984), the transect lines are
widely used by ecologists fauna, characterized by the establish-
ment of ranges of known lengths (Garcia and Lobo-Faria, 2009).
Transect belts are used for better representation of the composition
of the area (Brower and Zar, 1984). For the detection and prediction
of the spatial structure is best described with samples plots (Oda-
Souza, 2009). The sampling methodology allows parcels in the
repetition of the methodology in a large community, allowing
adequate representation of local diversity (Garcia and Lobo-Faria,
2009).

Geostatistical analysis was chosen because it allows the
evaluation of the spatial distribution of the samples, uniquely
associating the dependency degree between samples with the
spacing measurements among sampled points and it may be
associated to the kriging method, which generates values for
non-sampled locations (Matheron, 1971). Thus, in addition to the
geostatistical analysis of the carbon accumulation, we may also
optimize the forest sampling, which is currently exhaustively
performed, that it, it is performed in the entire area, sampling
species by species.

For this study, the carbon accumulation was analyzed based on
geostatistics, establishing a relationship between the samples of
georeference arboreus species, in order to provide carbon accu-
mulation models in tropical forest areas located near the artisanal
mining regions, with the purpose of monitoring such carbon
accumulation, offering grounds to determine the most appropriate
location for the RL area. Sampling was performed at the Tapaj�os
National Forest, in the state of Par�a.
1.1. Tapaj�os National Forest

The Tapaj�os National Forest, who was created by decree no.
73,684 from 02/19/74. Art 1: It is instituted, in the State of Par�a, the
Tapaj�os National Forest (Fig. 1), under the jurisdiction of the” Chico
Mendes Institute for Biodiversity Conservation” e ICMBio, a federal
agency under theMinistry of the Environment of Brazil, responsible
for the management, monitoring and protection of 312 units of
existing nature conservation in Brazi. This forest has an estimated
area of 600,000 ha (six hundred thousand hectares), within the
following boundaries and confrontations: West e Tapaj�os River;
East e Cuiab�a Road - Santar�em; North e A line that goes through
the 50 (fifty) kilometer mark of the Cuiab�a-Santar�em Road and
through a point with latitude equal to 2�450S (two degrees and
forty five minutes South), at the right bank of the Tapaj�os River;
South - Cupari River and its affluent, Santa Cruz, also called Cupari
Leste, up to its intersection or axis prolongation, with the Cuiab�a e

Santar�em Road.
The soils occurring are, according to the American classification,

Oxisolos claywith loworganic matter content, acidic pH, low cation
exchange capacity (CEC) and high aluminum saturation (Chavel,
1982; Parrota et al., 1995; Ferraz et al., 1998; Telles et al., 2001)
according to the classification Brazilian oxisols are called red yellow
distr�oficos. The vegetation is classified as rainforest dense terra
firme (Higuchi et al., 1997; Clark and Clark, 1996). The study area is
located on a large plateau with water very deep water table,
sometimes to more than 100 m deep.

1.2. Deforestations activities

Reducing the size of natural forests around the world has
occurred as a result mainly of fires, cuts trees for commercial pur-
poses, devastation of land for agricultural use, or even natural
phenomena (Arraes et al., 2012). According to Ruviaro et al. (2012)
in recent years, the debate about environmental sustainability has
broadened to include the impact of agricultural production. In
addition to deforestation, agriculture causes many environmental



Fig. 2. Representation of the Brazilian Legal Amazon.
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problems are caused by excess manure and dung in the multiple-
stand cowsheds (Galka, 2004).

When it comes to mining activity, Monteiro (2005), states that
the dynamics derived from activities related to the extraction and
processing of industrial minerals are among the most significant
elements that have contributed and contribute to the realization of
significative changes in the eastern Brazilian Amazon. Hinton et al.
(2003) states Artisanal and small-scale mining provides an
important source of livelihood for rural communities throughout
the world, these activities are frequently accompanied by extensive
environmental degradation.

According to the Program Calculation Amazon Deforestation -
PRODES (http://www.obt.inpe.br/prodes/index.php), that monitors
the Brazilian amazon forest by satellite and was developed by the
National Institute for Space Research, the rate of deforestation in
the Amazon in 2012 was 4571 km2 year�1, and in the state of Par�a
that rate was 1741 km2 year�1 (38%), the highest rate of defores-
tation between the states that make up the Amazon.
Fig. 3. Example of a variogram with ideal characteristics.
The causes of deforestation in tropical forests cannot be reduced
to a single variable, by contrast, there are combinations of several
factors that favor environmental degradation, such as the interac-
tion between agricultural expansion, the timber trade, population
growth and the construction of roads, public governance, and that
may interact differently, depending on the spatial and temporal
dynamics in each region (Geist and Lambin, 2001).

In an attempt to preserve forests Brazilian forest code was
developed establishing the Legal Reserve (RL).

1.3. Legal reserve

The concept of Legal Reserve (RL) was only added to the Forestry
Code in 1965, and it is defined as the forest space that must be
preserved, in addition to the Permanent Protection Areas.

The Legal Reserve comprehends the preservation of part of a
greater area with a specific characteristic, with the purpose of
preserving the existing vegetation. According to art. 3, III, from the
2012 Forestry Code, Legal Reserve is deemed as the area located
inside a rural property or landowning, defined according to the
terms of art. 12, with the purpose of assuring the sustainable eco-
nomic use of the natural resources in the real estate, helping to
preserve and rehabilitate the ecological processes, and promoting
the conservation of biodiversity, as well as providing a shelter and
protection for the native fauna and flora.

The size of the Legal Reserve is determined according to the
region where the property is located. The city of Santar�em-Par�a is
located in the Legal Amazon, as defined by Act No. 1,806, from
January 6th, 1953, where Legal Amazon is defined as the Brazilian
Amazon, as established by the political, and not the geographical
viewpoint. Such a concept was necessary so that the government
could plan and promote development in the region. The Legal
Amazon (Fig. 2) covers the states of Acre, Amap�a, Amazonas, Mato
Grosso, Par�a, Rondônia, Roraima, Tocantins and part of Maranh~ao

http://www.obt.inpe.br/prodes/index.php
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(44th meridian west) (SUDAMe Superintendência do Desenvolvi-
mento da Amazônia - http://www.sudam.gov.br/sudam).

According to Sirvinskas (2013), the Provisional Decree No. 2166-
67/2001 has substantially changed art. 16 from Act No. 4771/65,
presenting four modalities of legal reserves: a) 85% of the rural
property located in a forest area in the Legal Amazon; b) 35% of the
rural property located in a cerrado area in the Legal Amazon, with at
least 20% of the property and 15% of compensation from other area,
as long as the latter is located in the same watershed, according to
the terms of x 7 of the abovementioned article; c) 20% of the rural
property located in a forest area or other forms of native vegetation
located in other regions of the country; and d) 20% of the rural
property in general field areas located in any region of the country.

Act No. 12,651, fromMay 25th, 2012 changed these values again
for areas located in the Legal Amazon: a) 80% of the real estate
located in forest areas; b) 35% of the real estate located in cerrado
areas; c) 20% of the real estate located in general fields. For prop-
erties located in the other areas other than the Legal Amazon, the
minimal percentage is 20%.

According to Miranda and Mattos (1993), a major challenge is to
hinder the destruction of the forest that is still intact, planning its
reasonable occupation. For this purpose, it is necessary to use the
Legal reserve in order to preserve the existing biodiversity and to
allow the exploration of the area. Schmidt (2008) states that
biodiversity has an important role in most policy documents on
state of the environment and environmental policy.

Despite the existence of a complex law that defines what is the
size of the area to be considered as a Legal reserve, there is no
methodology in order to define, within the property, which would
be the best area to be determined as a Legal reserve, or the area that
best represents the native forest, preserving the biodiversity, and
also the one that has the greater carbon accumulation or increase.
Prioritizing the purpose of creating a methodology driven towards
forest conservation, we will use geostatistics as a basis, optimizing
sampling and preserving the representation of the native forest.

Following an international trend, environmental legislation in
Brazil has become more stringent, but the effectiveness of legisla-
tion is highly debatable in the context of areas with a vast territory
like the Amazon (Sousa et al., 2011).

1.4. Carbon accumulation

Climate change poses numerous measurement, attribution,
performance monitoring and verification challenges, from the
global to the organizational and even down to the individual level.
For example, the science of climate change relies on the assimila-
tion of vast quantities of direct and indirect measurements of past
and present greenhouse gas fluxes to and from the atmosphere,
coupled with economic models of human activity, in order to
develop predictive models of future climate change and the asso-
ciated impacts (Ascui and Lovell, 2012).

Carbon is one of the basic chemical elements of the biological
constitution, and living beings represent the major reserve for this
element, in their biomass (Rezende, 2000). Carbon dioxide (CO2) is
one of the elements that represent the greenhouse gases (GHG),
and it is currently one of the main pollutants. The major CO2 res-
ervoirs are in the oceans and the soil, considering that the atmo-
sphere has a low part of CO2 (Rezende, 2000).

Photosynthesizing organisms are majorly responsible for the
atmospheric CO2 sequestration, and plants are responsible for
stocking two-thirds of the carbon on Earth (Totten, 2000). Among
plants, the shrub and arboreal-pattern ones offer the longest
carbon-stocking cycles in nature, through their aerial sustention
parts (trunks and branches) or underground parts (roots) before
releasing this material on the atmosphere by decomposition and/or
burning (Totten, 2000; Chang, 2002). Carbon sequestration by the
forest is defined as sink, and its release is defined as source (Totten,
2000; Chang, 2002). Moist tropical forests are one of the main
representatives of this sequestration, and it is during the early
growth stages that the main part of the atmospheric CO2 incorpo-
ration occurs (Rezende, 2000; Totten, 2000; Chang, 2002). Chang
(2002) states that there are three simple forms of carbon
sequestration:

a) preserving the carbon stock of the already existing forests
through protection measures.

b) combined actions of sustainable forest management practices,
forest regeneration, recovery of degraded forest areas, and
agroforestry practices in agriculture fields.

c) replacing fossil fuel sources by sustainable vegetal biomass
fuels.

Carbon accumulation or sequestration in forest areas is based on
two main premises. First, CO2 is a global circulation gas, thus, its
removal is equally important if it is made close to the emission
source or in more distant locations. The second premise is that
plants absorb CO2 from the atmospheric air through the photo-
synthesis process, using it to produce glucose and other organic
compounds used for their growth and metabolism. Woody plants
store carbon in the wood and other tissues until their death and
decomposition, where the carbon in the wood may be released as
CO2, CO, or CH4, or even be incorporated in the soil as organic
substances. Thus, there can be said that plants have a permanent
capacity to capture and fix carbon during their lives, and, as such,
they are important carbon sinks for long periods (Matheus, 2012).

The concept of carbon sequestration was suggested during the
Conference of the Parties (COP) from the United Nations Frame-
work Convention on Climate Change (UNFCCC), held in the city of
Kyoto, Japan, in 1997. The idea is preserving the native vegetation
and/or reforesting in order to absorb CO2 through photosynthesis
and/or keeping the carbon stock in plants (Yu, 2004; Matheus et al.,
2005).

According to Resende et al. (2001), the carbon accumulation in
ground ecosystems comprehends both the capture of carbon from
the atmosphere and the prevention on the emission of greenhouse
gases of the ecosystems, and there are two basic ways to approach
the carbon fixation issue in these ecosystems: protecting the eco-
systems that stock carbon in order for this process to be maintained
or even increased (the Amazon, for instance); and managing the
ecosystems to increase carbon fixation (direct planting and/or
reforestation of degraded or traditionally naked areas).

The Amazon rainforest absorbs approximately five billionmetric
tons of carbon dioxide (CO2) every year (Cama et al., 2013). Within
its biomass are great carbon reserves (from 70 to 80 billion tons)
(Asner et al., 2004 cited in Cama et al. (2013)).
1.5. Georeferenced systems

According to Geist and Lambin (2001), communities are
spatially structured, and that the sampling methods need to be
robust in order to detect different levels of spatial autocorrelation.
Although the importance of spatial autocorrelation in ecological
surveys is acknowledged, little quantitative information is available
(Goslee, 2006). Over 80% of the publications in ecological literature
do not take into consideration the structure of spatial dependence
(Dormann, 2007). Oda-Souza et al. (2008) attested that the geo-
statistical methods applied were adequate in order to verify the
existence of a spatial dependence of the fan systematic design on
data from forest spacing assays.

http://www.sudam.gov.br/sudam


Fig. 4. Location of database samples.
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Several methods adopted for spatial analysis were originally
developed in other scientific disciplines, mainly mining. Among
these methods is geostatistics based on variograms (Journel and
Huijbregts, 1991; Issaks and Srisvastava, 1989; Goovaerts, 1997).
1.5.1. Geostatistics
The development of geostatistics began from 1951 on, when a

South African mathematician, D. G. Krige, studying data from
gold concentration, got to the conclusion that the variability
obtained made no sense without taking into consideration the
spacing between the samples (Krige, 1951). However, Matheron
(1963, 1971) was the one who offered Geostatistics a great
advance, with the development of the Regionalized Variable
Theory. Regionalized Variable is based on random variables that
consider spatial aspects, that is, the relative positions where the
several values to be introduced in the models were observed.
They also have qualitative characteristics that are strictly con-
nected to the structure of the natural phenomenon they repre-
sent, such as, location, continuity, and anisotropy (varying
according to the direction). In order to determine whether classic
statistics or geostatistics must be used, the semi-variogram that
expresses the spatial dependence among samples is used. In the
case of spatial dependence, property values may be estimated in
the study for non-sampled locations within the field, with no
bias and minimal variability, through a method called kriging
(Vieira, 2000).

The study of the spatial structure offered by the analysis of the
spatial covariability function (semi-variogram) is not the final
purpose of spatial analysis. In fact, it is necessary to estimate the
values of the variables in non-sampled locations in order to attest
the spatial distribution of a certain variable being studied. Thus, the
analysis of the spatial structure must be considered as a funda-
mental, rather than final step that precedes the estimation tech-
niques (interpolation) for any value in any position in the studied
area, with no bias and little variability.

One of the most widely used methods to estimate the space or
time dependence of neighbor samples is through autocorrelation
which has also been applied in Soil Science (Webster, 1973;
Webster and Cualanalo, 1975; Vieira et al., 1981).

Semi-variability requires a less restrictive stationarity hypoth-
esis in relation to other measures, such as covariability, that re-
quires second-degree stationarity. This lower requirement for the
random function model offers no consequences for most practical
cases (Deutsch and Journel, 1992). This is why semi-variability may
be used in a broader number of situations.

The analysis structure for the regionalized phenomenon con-
sists in building a variogram model, which operationally charac-
terizes the main regionalization features (Journel and Huijbregts,
1991).

The variogram is generated from the calculus equation:

2bgðhÞ ¼ 1
NðhÞ

XNðhÞ
i¼1

½ZðxiÞ � Zðxi þ hÞ�2 (1)

where:

2bgðhÞ e is the estimated variogram;
N(h) e is the number of pairs of measured values, z(xi) and
z(xi þ h), separated by a distance vector h
z(xi) and z(xi h) e are the values of ith observation of regional-
ized variation, collected in points xi and xi þ h (i ¼ 1, …, n),
separated by the vector (Fig. 3).

The parameters of the variogram may be directly observed in
Fig. 1, where:

Range (a): distance within which the samples are spatially
correlated.

Sill (C): it is the value of the variogram corresponding to its range
(a). From this point on, it is considered that there is no more spatial
dependence between samples, because the variability of the dif-
ference between pairs of samples (Var[Z(x) � Z(x þ h)]) becomes
invariant with distance.

Nugget Effect (C0): by definition, g(0) ¼ 0. However, in practice,
as h tends to 0, g(h) converges to a positive value called Nugget
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Effect (C0). The value of C0 reveals the discontinuity of the variogram
for distances smaller than the spacing between samples. A portion
of such discontinuity may also be associated to measurement er-
rors, but it is not possible to quantify whether the greater contri-
bution is due to measurement errors or to the small-scale
variability not captured by the sampling.

Spatial variability (C1): it is the difference between sill (C) and
the Nugget Effect (C0).

According to Journel and Huijbregts (1991), the variogram
shows the best way to characterize a regionalized phenomenon.
The structural information is obtained through analyses and it must
be constantly compared to the characteristic of the phenomenon
sampled in the field.

With the variogram, it is expected that closer values are more
similar amongst themselves than more distant values, and that
the difference between the two values depends only on their
relative position. Also, a more detailed study of directional var-
iograms may evidence the occurrence of anisotropies. Anistropy
is simply the preferred direction in which the phenomenon
occurs.
Fig. 5. Proposed methodology for the optimum sampling distribution for modeling
carbon-accumulation for the appropriate positioning of RLFs.
1.5.2. Kriging
The interpolation method called Kriging is based on sampled

data of regionalized variables, and the structural properties of
the variogram obtained from these data. Kriging is a method of
spatial interference, which estimates the values in non-sampled
points from collected samples, considering the spatial depen-
dence structure of the phenomenon. Kriging is a weighted linear
combination of the observations (Moreau et al., 2012).

The estimation is obtained from the following expression:

Zðx0Þ ¼
Xn
i¼1

lizðxiÞ (2)

Where Z(x0): unknown value to be estimated; li: the weight ob-
tained by solving the linear system of equations (the kriging sys-
tem); and z(xi): set of n data available. This estimator was firstly
introduced by Matheron (1963).

Kriging generates the best non-biased linear estimation of data
related to an attribute in a non-sampled location, by the modeling
of the variogram (BLUE e Best Linear Unbiased Estimator). The most
usual methods are simple kriging and ordinary kriging, along with
some non-linear methods such as indicator kriging (Journel and
Huijbregts, 1991).

Simple kriging is used when the average is assumed as statis-
tically constant for the entire area. Ordinary kriging, on the other
hand, considers the floating or moving average for the entire area.
Indicator kriging consists basically on the application of ordinary
kriging to the transformed variable, that is, the variable resulting
from applying the non-linear function f(z) ¼ 0 or 1. The initial
concept was presented by Journel (1986) as a suggestion to build a
conditional cumulative distribution function for spatial distribution
estimation.
1.5.3. Preferential grouping of samples
When data are sparse and do not allow grouped values to be

ignored, it is necessary to use some mechanism that, by attributing
weights to data, attenuates or moderates their influence. Intui-
tively, data from densely sampled areas could receive a lower
weight than those from sparsely sampled areas. Such weighting is
equivalent to the ungrouping of data (Souza et al., 2001).

Some factors such as: accessibility conditions; expected attri-
bute values; and sampling strategy make sampling a preferred
method, or even in cases where the location of samples is not
regular.

Data ungrouping by the polygonal method is a method in which
the weights attributed to the samples are directly proportional to
the area of the Voronoi Polygon around them (Williams, 1979). In
zones with grouped data, the areas of the polygons tend to be small,
receiving smaller weights.

The weights attributed to each ungrouped sample depend on
the influence area of the sample. The ungrouping average for the
samples is provided by the following expression:

m ¼ 1
A

Xn
a¼1

uaZðuaÞ (3)

In which m is the ungrouped average of data, A is the sum of all
areas of the polygons, ua is the area of the centered polygon, and
ua$e$z(ua) is the value of the resulting variable observed in the
sample.



Fig. 6. Georeferenced samples.

Fig. 7. De-clustered samples.
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2. Materials and methods

This study used data sampled from the Tapaj�os National Forest,
located in the city of Santar�em, state of Par�a, Brazil. The sampled
database consists in 1 transect, which is 1000-meter long and 50-
meter wide. This transect is located within the research area of
LBA's Amazon Biosphere-Atmosphere Large-scale Program
(Amazon Biosphere-Atmosphere Large-scale Program http://lba.
cptec.inpe.br/lba/site/?). LBA is a research program initiated in
1998 through international cooperation agreements, which in
Brazil is coordinated by the National Institute of Environmental
Research. The current research plan incorporates three integrated
areas: the interaction biosphere-atmosphere, the hydrologic cycle
and the social-political and economical dimensions of the
Fig. 8. Histogram of the frequency distribution of DBHs in the total area
(1000 m � 50 m).
environmental changes in the Amazon. This same database has
been used in Vieira (2003) and the data collection area is located at
the coordinates 2,85611�S; 54,95806�W (Fig. 4).

All arborous species, or individuals, with diameter at breast
height (DBH) equal to or greater than 35 cm (DBH � 35 cm) were
identified, georeferenced and measured. Diameter at breast height,
or DBH, is a standard method of expressing the diameter of the
trunk or bole of a standing tree. In the central area of the transect,
individuals with 10 cm < DBH <35 cm were also sampled. Carbon
accumulation in the arboreus biomass is related to the arborous
diameter (Vieira et al., 2008).

The initial analysis was performed by distributing the frequency
of total DBHs of sampled individuals, generating the histogram of
DBH intervals, as well as distributing the carbon frequency, where
Fig. 9. Histogram of the frequency distribution of the carbon variable (Mg of C).

http://lba.cptec.inpe.br/lba/site/?
http://lba.cptec.inpe.br/lba/site/?


Fig. 10. Histogram of the frequency distribution of the normalized carbon variable (Mg
of C).

Fig. 11. Omnidirectional variogram, for variable C., where the value of the nugget effect
was 0.5, range of 20 m, and sill of 1.06. The type of variogram was adjusted for the
spherical model.
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the dry biomass above the ground was estimated by applying the
allometric equation developed by Chambers et al. (2001) in Central
Amazon and successfully tested in other areas (Vieira et al., 2008):

ln
�
biomass

�
¼ aþ b1 ln

�
DBH

�
þ b2½lnðDBHÞ�2 þ b3½lnðDBHÞ�3

(4)

Where: a ¼ �0.370; b1 ¼ 0.333; b2 ¼ 0.933; b3 ¼ �0.122;
This equationwas used to estimate the accumulation of biomass

resulting from the diametric increase in the studied area.
Higuchi et al. (2004) states that the estimated carbon stock can

be obtained from the product of the forest biomass carbon
Fig. 12. The results of kriging the variable Carbon (Mg o
concentration. The concentration of carbon in vegetation obtained
by Higuchi and Carvalho Jr. (1994) is around 48%, which is within
the range of concentrations in tropical forests, between 46% and
52% (Silveira et al., 2008).

For the collected data, it was necessary to de-cluster the sam-
ples, using the GSLIB public libraries (Deutsch and Journel, 1998,
1992), and then the new histogram was generated with the
normalized samples.

With this normalized database, the geostatistical analysis was
carried, and a spherical variogram was generated as a result.

From the data on the variogram, the kriging method was per-
formed so that the carbon values for non-sampled locations could
be inserted.

Further to the modeling of the area with the complete sampling
database, a set of random samples have been removed from the
database, and the remaining samples were employed to model the
same are in order to compare the resulting model with the original
model of the area. In the first experiment, 25% of the samples were
removed, with 152 of the total of 605 samples being randomly
removed. In the second experiment, 50% of the samples were
removed, with 304 of the total of 605 samples being randomly
removed. In the third experiment, 75% of the original samples were
removed, with 455 of the total of 605 samples being randomly
removed. Fig. 5 illustrates the procedure that has been used to
select different data sets from the original sample database though
the random removal of samples, so the resulting models from these
different data sets could be compared among each other.

3. Results and discussion

The sampling of the area (Fig. 6) shows that there is a grouping
of samples in the center of the area; thus ungrouping (de-clus-
tering) was performed, creating weights for each sample (Fig. 7).

The frequency distribution (Fig. 7) of DBHs was performed with
10 cm intervals, where the intervals represent DBHs in intervals of
30 cm � DBH � 40 cm; 40 cm � DBH � 50 cm;
50 cm < DBH � 60 cm; 60 cm < DBH � 70 cm;
70 cm < DBH � 80 cm, 80 cm < DBH � 90 cm;
90 cm < DBH � 100 cm, and greater than 100 cm. Where the
minimal value was 35.2 cm, the maximum value was 106.8 cm, and
the average was 55.75 cm 204 arboreus individuals were sampled,
which represent 52 families; and the families that stood out the
most were the following: Rubiacea, Caesalpinaceae, Lecuthidaceae,
Burseraceae, and Sapotaceae. The most abundant species was
Coussarea racemosa, followed by the species Protium apiculatum
and Aparisthmium cordatum.

The histogram of the frequency distributions of DBHs (Fig. 8)
shows the mean in 30.68 cm; maximum value of DBH was
143.70 cm and the minimum value of DBH was 10.00 cm. The
histogram of carbon (Fig. 9), the samples presents mean in 3.28 Mg
of C, the maximum value was 5.31 Mg of C and the minimum value
was 2.19 Mg of C.

The new histogram of the normalized samples (Fig. 10), has
values ranging from �3.37 to 3.16.
f C) using all samples, with blocks of 10 m � 10 m.



Fig. 13. Histogram of samples: 75% of samples (453 samples) and normalized histogram; 50% of samples (301 samples) and normalized histogram; and; 25% of samples (150
samples) and normalized histogram.
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With this new database, or declustered database, and the use
of geostatistical analysis, the variogram was generated, showing
that there is an organized structure for this variable, with no
preferential direction, that is, the variogram is omnidirectional.
The model that had a better adjustment was the spherical one,
with a nugget effect of 0.5, range of 20 m, and sill of 1.06
(Fig. 11).

With the data from the variogram, the kriging method was
applied in order to estimate the amount of Carbon (Mg of C) per
area (Fig. 12).

For the following stage, in order to check the sampling optimi-
zation, were used 75%, 50% and 25% the total of samples,
respectively 45, 301 and 150 samples, generated the histogram of
samples and the normalized histogram (Fig. 13).

The geostatistical study was made with the new database;
generate the omnidiretional variogram for variable Carbon (Fig. 14).
The variogram with 75% of samples, or 453 samples, and with 50%
of samples, or 301 samples, has the better adjusted model theory
was spherical model; the variogram with 25% of samples (150
samples) has no defined structure. The variogram parameters were
similar for variogram with 75% and 50% of samples (Table 1).

The kriging process (Fig.15) were performed for this variograms,
with 5m� 5m blocks, and the kriging results with the 75% and 50%
of samples results were similar.



Fig. 14. Generate omnidirectional variograms. Variogram with 100% of samples, adjusted spherical model. Variogram with 75% of samples, adjusted spherical model. Variogram
with 50% of samples, adjusted spherical model. Variogram with 25% of samples with no structure.
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The results of the kriging carbon modeling process show that
the datasets with 75% and 50% of the samples produced similar
models, which indicates that in this particular area, further models
could be built with a much smaller sampling distribution. Whereas
that the choice of Legal Reserve (RL) is in a particular area where
there is similarity of biodiversity, flora and fauna, the issue of car-
bon accumulation becomes important.

RL is an important instrument established in the Brazilian
Forestry Code that constrain the use of private owned properties in
the whole Country, in order to promote the sustainable utilization
of the natural resources, the preservation and rehabilitation of the
ecological processes and of the biodiversity. In order to achieve
these objectives, a RL must be selected and preserved, however
there is no definition on the criteria that should be used for the
selection of this area. In the light of this context, the adoption of a
specific methodology would contribute in the determination of the
best area inside a particular property to fulfill the objectives of the
RL as mentioned above. The methodology based in geostatistics
allows working on regionalized variables (Matheron, 1971) and
their special relationship, where each arboreous neighbor is treated
as a regionalized variable that keeps some special relationship with
other individuals of the population and each spatial relationship
Table 1
Variogram parameters.

Variogram Nugget effect Spatial variability Sill Range

100% of samples 0.5 0.56 1.06 20 m
75% of samples 0.53 0.51 1.04 20 m
50% of samples 0.54 0.54 1.08 25 m
25% of samples No structure
between these variables is measured by the variogram (Isaaks,
Srivastava, 1989), that is dependent on each specific area being
studied. This methodology allows the search for areas that contain
greater amounts of accumulated carbon, thus creating a criteria for
the RL selection and guaranteeing that the objectives set for this
area are achievable.

The resulting kriged carbon model allows a more objective de-
cision making process for the location of the RL within a certain
property. For instance, if a 600 ha particular area property located
within a forest area inside the Legal Amazon is taken into account,
the Brazilian legislation requires 80% of this area to be allocated as a
legal reserve, or RL. The proposedmethodology allows the selection
of the RL position to be made on the basis of the actual carbon-
accumulation characteristics of each particular area, as shown in
Fig. 16A. On the other hand, if the particular area property is located
outside any forest areawithin the Legal Amazon, the requirement is
that 20% of the property is allocated as RL. Again, the proposed
methodology allows the selection of the RL area to be made ac-
cording to the actual carbon-accumulation distribution on the
property, as shown in Fig. 16B.
4. Conclusion

The studied area close to prospect areas in Santar�em, state of
Par�a, Brazil, was exhaustively sampled; the study showed that this
sampling could be optimized, reducing the sampled, still main-
taining the representativeness of the total area, and the amount of C
(Mg of C) per area.

Thus, this methodology could be used as a reference to define
the Legal reserve area, based on the larger amount of Carbon stored



Fig. 15. Kriging results.

Fig. 16. A: Theoretical particular area of 600 ha within a forest area inside the Legal Amazon, where a RL of 480 ha (80% of the property) has been located according to carbon
accumulation parameters. B: Theoretical particular area of 600 ha outside forest areas inside the Legal Amazon, where a RL of 120 ha (20% of the property) has been located
according to carbon accumulation parameters.
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in that location, contributing to decrease the greenhouse gases, and
enabling a greater fixation of carbon in these areas.

The proposed methodology demands a smaller amount of
samples to be collected in order to create a representative model of
the carbon-accumulation. This model can then be efficiently used
for selecting the most appropriate position for the RLs, providing a
tangible basis for supporting the decision making process of
locating RLs.
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