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Resumo

O objetivo deste estudo foi investigar o comportamento das variaveis dendrométricas de um plantio
comercial de Eucalyptus benthamii Maiden et Cambage plantado em solo do tipo Inceptisol na regido sul
do Brasil para fins de manejo florestal, baseado em métricas geoestatistica e krigagem ordinaria pontual.
Foi efetuado um grid amostral de 70 x 70 m de espagamento em um talhdo de 20 ha no municipio de
Bocaina do Sul, Santa Catarina. Cada unidade amostral foi materializada como um circulo de 10 m de
raio, onde foram medidos o didmetro a altura do peito (dbh), altura total (h) das primeiras 15 arvores e
das cinco de maiores diametros e o volume individual (v) pelo método de Smalian. As variaveis v, dbh, h
e a altura dominante (hdom) de cada unidade amostral foram submetidas a andlise geoestatistica,
baseada nos semivariogramas e na detec¢do da dependéncia especial destas varidveis. Somente h e
hdom apresentaram ajustes satisfatérios para o semivariograma experimental, onde o modelo esférico
representou a variagdo especial de suas caracteristicas. Através da krigagem foi possivel estimar com alta
precisdo as variaveis hdom e h (r? = 0,97; S« = £ 0,04; r? = 0,55, Sx = £ 0,21, respectivamente) em sitios
ndo amostrados (dados de validacdo), fornecendo subsidios para fins de gerenciamento florestal.
Entretanto, para dbh e v, é recomendado a realiza¢do de maior intensidade amostral para a identificar a
continuidade espacial.

Palavras-chave: Geoestatistica; variabilidade espacial; manejo florestal.

Abstract

The aim of this study was to investigate the behavior of dendrometric variables of a commercial
plantation of Eucalyptus benthamii Maiden et Cambage planted on an Inceptisol soil in Brazil for
management purposes, based on geostatistic metrics and ordinary punctual kriging. A sampling grid of
70 x 70 m spaced over a 20 ha block was established in the municipality of Bocaina do Sul, in the state of
Santa Catarina. Each sampling point was a circular plot of 10 m radius, where diameter at breast height
(dbh), total height (h) of the first 15 trees and the 5 thickest trees were measured and the volume (v) of
each tree was calculated by the Smalian method. The variables v, dbh, h and the dominant height (hdom)
of each plot were subjected to geostatistical analysis based on semivariograms to detect the spatial
dependence to these dendrometric variables. Only h and hdom presented satisfactory adjustment to the
experimental semivariogram, with the spherical model better representing the spatial variation of these
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characteristics. Through kriging it was possible to estimate with high precision the variables hdom and h
(r’=0.97, S,x=+0.04; r2=0.55, Syx = + 0.21, respectively), in forest sites not sampled (validation data), thus
providing subsidies for forest management purposes. Nevertheless, for dbh and v, it is recommended to
conduct a higher sample intensity in order to identify spatial continuity.

Keywords: Geostatistics; spatial variability; forest management.

INTRODUCTION

The genus Eucalyptus was introduced into Brazil in 1904. In recent years it developed to
be an important raw material for supplying the Brazilian and world market for energy, pulp,
paper, and solid wood. In 2016, Brazil led the global ranking of forest productivity, with a mean
of 35.7 m?® ha'' per year for eucalyptus plantations (Industria Brasileira de Arvores, 2017).
Investment in technology and research was one of the principal factors responsible for the
sector to be leader in the country and in the world.

According to Sanquetta et al. (2009), forest inventory can be considered an indispensable
technigue to obtain good knowledge about the potential of the existing resources in a certain
area; with its main characteristic being the sample representativeness and its statistical
validity. However, plot-based forest inventory does not consider the possible correlations
between neighboring observations and, therefore, does not sufficiently explore the
relationships that may exist between sampling units (Mello et al., 2005). Several studies have
shown that the dendrometric variables present spatial dependence, rendering the use of
geostatistics to guide management techniques essential (Lundgren et al., 2016; Barni et al.,
2016; Souza et al., 2015; Guedes et al., 2015; Ver Hoef; Temesgen, 2013; Mello et al., 2009),
specially in large forested areas . Barni et al. (2016) used kriging techniques to model the
spatial distribution of biomass stocks and generate a reference map in Brazilian Amazonia,
and Amaral et al. (2013) used this same technique to evaluate the influence of a degraded
forest with three species in an Ombrophylous Mixed Forest.

Geostatistical techniques can be useful in mapping soil physical and chemical
characteristics, mapping and distributing future samples, estimating attributes in unsampled
sites, and monitoring existing resources in the area. The semivariance model describes the
spatial dependence structure of the indicator variable as a function of distance and direction
(the latter if anisotropy is considered) while kriging is a linear spatial interpolator that explicitly
accounts for spatial correlation among observations of the variable (De Bruin et al., 2012).

To provide information that can contribute to the development of silvicultural treatments,
planning for harvesting and thinning operations, we hypothesize that dendrometric
characteristics have spatial dependence and can be interpolated in non-sampled areas. Thus,
the aim of this study was to investigate the behavior of dendrometric variables in a Eucalyptus
benthamii commercial plantation, for forest management purposes, based on geostatistic
metrics and ordinary punctual kriging.

MATERIALS AND METHODS

The study was conducted in a stand with clonal E. benthamii, located in the municipality
of Bocaina do Sul, in the State of Santa Catarina (Figure 1), between coordinates 27 °40 '32"
and 27 °41'13", southern latitude and 49 °52'42 " and 49 °53 '04 “, west longitude. The selected
stand is between 48 and 51 months old, with a spacing of 2.5x 3.5 m, and is in its third rotation.
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Figure 1. Location of the study area and the sampling grid.

The climate in the region is Cfb, according to the Kdppen classification, characterized as
a temperate oceanic climate, with an average temperature lower than 18 °C in the coldest
month and less than 22 °C in the hottest month (Wrege et al., 2012). The soil classification
according to the Brazilian System of Soil Classification is Cambissolo HUmico Aluminico
(Santos et al., 2013) and Inceptisol in Soil Taxonomy, with an incipient B horizon (Soil Survey
Staff, 2014). The relief consists of wavy and mountainous surfaces with an altitude ranging
from 800m to 1800m. In the stand, seedlings of the same species and of the same age were
planted, resulting in an even-aged stand. No management techniques such as pruning and

thinning were applied. In addition, the plot was free from weed competition, pests, and
damages caused by fire or wind (Figure 2).

Figure 2. Overview of the eucalyptus forest.

The sampling units were structured from a systematic and quadrangular sampling grid
at intervals of 70 m between the plots using the software ArcMap 10.3 (Environmental Systems
Research Institute, 2013). The measured 20.07 hectares, with 39 plots sampled, with a 10 m
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radius (314 m?) each. Within each plot, the diameter at breast height (dbh) of all individuals
was measured, and the total height of the first 15 trees and the 5 thickest trees for the
calculation of the dominant height, according to the concept of Assmann (Prodan et al., 1997),
which considers as the average height the 100 largest diameter trees in one hectare. The
heights were measured with a Vertex IV hypsometer and the coordinate values of each
sampling point were obtained accurately using the Trimble Juno GPS (Trimble, USA), with a
precision from 1 to 3 meters after post-processing.

For the inventory processing, the FlorExel program (Arce et al., 2002) was used; the total
height (h) of the trees was estimated by the linear, polynomial, logarithmic, logarithmic
regression models, and Prodan functions. The best model was selected based on the
coefficient of determination (r?) and the standard error of the estimate (Syx) (Equation 6).

The accurate scaling of the trees was performed by the Smalian method, which consists
in taking the measures of the tree circumference at the lengths of 0.7, 1.3 and 2.0m, and then
every two meters until to the end of the stem of the tree.

To calculate the assortment, the fifth-degree polynomial was used (Schopfer, 1966). The
fifth-degree polynomial is the best-known taper function in southern Brazil and has been
frequently used in forest inventories when the objective is to quantify multi-product and to
evaluate the evolution of trunk shape with advancing age (Figueiredo Filho et al., 2015). To
obtain the total stem volume (v, in m3), it is necessary to integrate the stem's sections between
the lower (h; = 0) and upper bound (h; = total tree height), according to Equation 1.

h,
v=K [d?Sh (M
hy

where: v= volume in m3; K = 1/40,000; di= diameter corresponding to any height (h)) along the
stem.

The mean height and the mean dominant height, both estimated per plot, the mean dbh
and the estimated volume (at plot level) were used for kriging modeling. The descriptive
statistical analysis of the data was performed using the program R (R Core Team, 2018).
Subsequently, geostatistical analysis was performed in GS + (Robertson, 2008) to verify the
existence of spatial dependence and, when applicable, to quantify the degree of spatial
dependence of the studied variables, from the adjustment of theoretical models to the
semivariograms (Equation 2):

y(d)=—" n(zd:])l:Z(x,-)—Z(xi+d)]2 )

2N(d) ;

where: y(d) is the estimated semivariance at a separation distance, or lag d; Z (x; + d) is the
value of the variable at the point x; + d; Z(xi) is the variable value at the point x; and; N(d) is the
number of pairs separated by a distance d and x; (Cressie, 1993).

Semivariograms were computed using active lag distance (the maximum spacing
between data points used in the analysis, a distance constrained by field dimensions) out to
400 m for all variables. The values established for active lag distance and lag class distance
interval are reasonable because there were sufficient pairs of observations available for each
lag spacing (>30) for the variogram to be representative of the whole sampling space and with
statistical reliability in each distance class (Schabenberger And Gotway, 2017).

The theoretical models tested were spherical (Equation 3), exponential (Equation 4) and
Gaussian (Equation 5) (Robertson, 2008)

7)oy = C”+C{(;J[j}@[jﬂ,fard£ 4 (3)

Cy+C, ford>A
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(d),, = G+ C(1-¢") @)
7(d) = G +C(1—ed2/AZ) (5)

where: Cp is the nugget effect; Co + C is the sill; d is the distance between two points and A is
the range of spatial dependence.

The adjustment of semivariograms models allowed to define the following parameters:
nugget effect (Co), sill (Cot+C), range (Ao) and the degree of spatial dependence (DSD). The DSD
is calculated by the relationship between the nugget effect and the sill, classified as high if it is
less than 25%, medium if the values are between 25% and 75% and low spatial dependence if
the value is greater than 75% (Cambardella et al., 1994). The occurrence of anisotropy was
evaluated from the construction of the four directional semivariograms with 0 °, 45 °, 90 ° and
135 ° for each variable, considering the parameters of nugget effect, sill and range. When the
semivariograms have similar parameters, the anisotropy is discarded.

The choice of the most appropriate model was based on the highest coefficient of
determination of the semivariogram (r?) and the lowest sum of squares of the residue (SQR). The
cross-validation, which compares observed and estimated values, was used to test kriging estimates.

According to Robertson (2008), in the cross-validation analysis (Leave-one-out), each
measured point in the spatial domain is removed individually from the domain and its
estimated value, as if it had never existed. Then the point is replaced, and the next point is
removed and estimated, and so on. We compared the models through the coefficient of
regression which represents a measure of the goodness of fit for the least-squares model
describing the linear regression equation (Robertson, 2008); the standard error refers to the
standard error of the regression coefficient and the y-intercept of the best-fit line.

The GS + program applies the method of Least Squares to fit the models and uses the coefficient
of determination (R%) and the sum of squares of residuals (RSS) as criteria for model selection.

In the presence of spatial dependence (high DSD%) and based on the parameters of the
adjusted semivariograms, the data were interpolated to the locations not sampled by the
kriging method as proposed by Amaral et al. (2013), and the thematic maps were made,
establishing the pixel size of 17.7 m, resulting in an approximate dimension (314 m?) of the
sample unit. Figure 3 depicts the general approach used in this study.

Forest Inventory (dbh; h
of first 15 indv and 5
tickest; Smalian method)

Exploratory data
analysis
Smalian method -
Volume - v (m? ha™")
and regression models
— heigth estimation

|

Assessment of spatial
dependence —
Theoretical models
from Semivariograms
(Spherical, exponential
and Gaussian)

Data
Highest R? of
Semivariogram, lowest Process
SQR, lowest Co and |
highest DSD%
& Subprocess

Interpolation by Kriging

v

Surface distribution map of Product
\ dbh, h, hdom and v.

Decision method

Figure 3. Assessment method for forest management purposes.
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RESULTS AND DISCUSSION

Equation 6 presented the best fit for the tree height estimation, with r? equal to 0.63 and
Syxequalto £ 1.9 m.

h=-2.0693+2.5391 dbh — 0.0602 dbh’ (6)

where:
his the height (m), dbh is the diameter (cm) at breast height at 1.30 m from the ground.

The scaling allowed to fit a model (Equation 7) which provides the inputs to be used to
calculate the volumes (Equation 1) with r?=0.96 and Syx=+ 0.07 m?3,

d; I Y Y nY Y

=1.2033 —3.9252| 7 |+ 16.4846( | ~36.6495| 7 | +36.6517| 7| ~13.7666| - (7)
dbh h h h h h
where:

d, is the diameter of section i (cm); dbh is the diameter at breast height (cm) and; 4 is the

height of section i (m).

The coefficient of variation (CV) (Table 1) for the different variables ranged from 4.3% to
14.3%, with the plot volume (v) being the dendrometric property that presented the largest
variability with a CV of 14.3%, considered to be an intermediate variation according to the
criteria proposed by Dalchiavon et al. (2012). These authors rank variability related to the
magnitude of the coefficient of variation (CV) as low (CV < 10%); intermediate (10% < CV < 20%);
high (20% < CV < 30%) and; very high (CV > 30%). Mello et al. (2005) found similar CV data for
the volume of Eucalyptus grandis and Guedes et al. (2015) for Eucalyptus spp. Specifically,
Vidaurre et al. (2015) found CVs of 4.36% and 3.03%, considered a low variation for dbh and h
respectively, in Eucalyptus benthamii at 5 years of age and with a 3 x 3 m spacing.

The mean dbh was 13.96 cm, which higher than reported by Maeda et al. (2015) for E.
benthamii and lower than that found by Vidaurre et al. (2015) in 3 x 3 m spacing in Guarapuava
(State of Parana, Brazil), for the same species at the age of five years.

Table 1. Descriptive statistical analysis for the dendrometric characteristics evaluated.

Attrib. n Mean Median SD CV (%) Min Max Cs Ck
dbh (cm) 39 13.96 14.07 0.86 6.15 11.80 15.51 -0.42 -0.17
h (m) 39 21.21 21.22 0.92 4.32 18.99 23.20 -0.37 0.18

hdom (m) 39 24.75 24.63 1.41 5.72 22.65 28.33 0.54 -0.54
v (m3/ha) 39 167.24 163.65 2394 1432 120.07 204.94 -0.09 -1.09

dbh (diameter at breast height); h (total height); hdom (dominant height); v (volume); n (number of observations); SD
(standard deviation); CV (coefficient of variation); Cs (coefficient of asymmetry); Ck (coefficient of kurtosis);

Similarly, Higa And Pereira (2003) reported values for mean height of 21.22 m for eight-
year-old stands of the same species in Colombo (State of Parana, Brazil), while Vidaurre et al.
(2015) found higher values (24.64m) for the same species, but at the age of five years old.

The detection of spatial dependence by the adjustment of theoretical semivariograms to
the experimental data are present in Table 2. For the plot volume (in m3), the model that best
fit to the experimental data was the exponential, agreeing with results found by Mello et al.
(2005), Mello et al. (2009) and Guedes et al. (2015). For height and dominant height, the
spherical model was the one that fitted best to the semivariogram. According to Bottega et al.
(2013), the exponential model and the spherical model represent mean and low continuity,
respectively of spatial variability. Mello et al. (2005) also found isotropy for four dendrometric
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attributes, mean volume per hectare, mean average height, mean square diameter and mean
basal area per hectare, in Eucalyptus plantations.

Table 2. Models and parameters of semivariograms of the dendrometric characteristics of E. benthamii.

Attribute Model Co Co+C Ao (M) r? SQR [()‘;: Class
dbh exp 0.43 0.92 1010.70 0.53 0.04 46.41 Interm.

h sph 0.21 1.07 290.00 0.55 0.21 0.20 High

hdom sph 0.57 2.75 291.90 0.977 0.04 20.08 High

Y exp 26.00 568.8 98.4 0.25 4501.0 4.6 High

dbh (diameter at breast height); h (total height); hdom (dominant height); v (volume); sph: spherical; exp: exponential;
Co: nugget effect; Co+C: sill; Ao (M): range of spatial dependence; r2: coefficient of determination; SQR: residual sum of
squares; DSD (%): degree of spatial dependence according to Cambardella et al. (1994).

The volume showed higher nugget effect and higher CV% than the other parameters
(Table 2), corroborating data of Siqueira et al. (2008) who made an analogy between the
coefficient of variation (CV) and nugget effect (Co) values. They pointed out that the attributes,
which represent higher coefficient of variation values, indicate a greater discontinuity among
the samples. The nugget effect (Co) evaluates the stability of the data or the lack of change in
their values as a function of the distance separating neighboring points; in some cases, the
nugget effect can be attributed to measurement errors or because the data have not been
collected at sufficiently close intervals; a similar behavior also reported by Barni et al. (2016).

Oliveira et al. (2018) found nugget effect values of 1.35 and 2.49 for dbh and volume,
respectively, in 36 circular plots with a fixed area of 400 m?2. According to the authors, the
magnitude of the nugget effect is related to small-scale sampling and measurement errors.
This is confirmed in the study of Amaral et al. (2013), who states that units should have a
dimension appropriate to the objectives of the analysis; in this case to evaluate the spatial
distribution of native species of a Mixed Ombrophilous Forest. According to these authors the
sampling intensity (45 units) and the used plot size (10 x 50 m) should be sufficient to prove
the efficiency of the procedure for further estimation of species distribution by geostatistics.
In this case, Mimosa scabrella (bracatinga) presented extremely long range and greater nugget
effect, as well as smaller values for spatial dependence and sill, compared to the other species
Ilex paraguariensis (yerba mate) and Dicksonia sellowiana (xaxim), causing greater discrepancies
in the estimates of the highest values for the individuals of this species. According to the
authors, this behavior is due to the low number of individuals present in the sample units, a
result of disturbances caused by anthropic actions.

Through the nugget effect (C0), it was observed that the variance of the data at distances
below the sample was greater for the volume when compared to the other variables. Thus,
with the application of more intensive samplings, a more detailed spatial continuity of the
volume would possibly be detected. Similar results were reported by Pelissari et al. (2014) in
Tectona grandis stands.

The degree of spatial dependence (DSD%) was verified from the relationship between the
nugget effect and the threshold, as proposed by Cambardella et al. (1994). All the studied
characteristics presented a high spatial dependence, except for the dbh, which presented
intermediate spatial dependence. The dominant height presented a strong spatial correlation
and this characteristic is considered by Mello et al. (2005) as a good indicator of the potential
of the kriging technique for site classification.

The range indicates the limit of spatial dependence of a variable, so that determinations
made at distances greater than this value will have random spatial distribution and are
therefore independent, and may be applied to classical statistics (Gazolla-Neto et al., 2016).
The larger this range, the greater the spatial continuity among the observations, which
provides better estimates for kriging, while requiring fewer samples (Mello et al., 2005). The
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range is a particularly important parameter, since it helps other researchers to decide the
spacing that they will use between sampling points (Lundgren et al., 2016). In our study, a
range greater than the analyzed lag distance was observed and the theoretical range (given
by the model) was 1.010 m (Figure 4a). According to Chung et al. (2014), a large range, greater
than the active lag distance, means that the variable continues to exhibit spatial dependency
past the maximum distance. However, if we used a lower active lag we would have less
semivariance and, consequently, fewer pairs of points which could affect the reliability of the
variogram.

The range for hgom (291.9 m) was lower than that reported by Guedes et al. (2015). They
studied spatial dependence for dendrometric variables in Eucalyptus spp. at different ages and
observed a reduction in the range value with increasing age and at 3.7 years old, with a found
range for hdom of 370.87 m. However, we must emphasize that these parameters are
influenced by the sampling performed, by the distance between the sampling points and by
the characteristics of the stand. The height (h) reached similar range when compared to the
hdom, but the adjustment was worse (Figure 4b).

The hgom showed the lowest dispersion for the observed semivariance (Figure 4c),
indicating a good correlation between the theoretical and experimental semivariograms
(r’=0.97). On the other hand, the volume (v) presented a low coefficient of determination and
a higher residual sum of squares (4,501), probably due to the second pairing and the higher
lag in comparing to the others, reflected in a lowest Aq and highest SQR (Figure 4d). In other
words, the residual error contributed to a high Co, which increases the sill (Co+C), in this case,
related to the lower spatial variability to this dendrometric characteristic, resulting in the lower
r2 (0.25). According to Silveira (2008) this pattern suggest the data tends to behave randomly,
related to the “pure nugget effect”, proving the same behavior to the volume in the present
analysis. When any autocorrelation is present (specially the large lags), the semivariance will
tend to the variance of the data (6?) (Cressie, 1993).

dbh h
£ 081 o =2 8 143 o
2 0.54 5 o g
g > 5 0.96 ) N
g 027 £ 048
®» 0.00 o
0 133 267 400 ? 0'006 133 267 400
Distance (m) Distance (m)
(@) o)
hdom v
8 285 S 59774
R} S ®
5 1.90 5 398.49
£ 095 £ 199.25
[ [
» 0.00 o 0.00
0 133 267 400 0 133 267 400
Distance (m) Distance (m)

Figure 4. Semivariograms adjusted for the dendrometric variables studied.

The estimated values after the cross-validation showed the best fit for the dbh, h, and
hdom (Figure 5a; 5b and 5c, respectively). This can be done by observing the regression
coefficient (or angular coefficient) of the dotted line, which, the closer to the observed values
- which corresponds to the points that define the dashed line - the better the adjustment.

On the other hand, for plot volume (Figure 5d), it is observed that it was not possible to
obtain good estimates from the model. Pelissari et al. (2015) studying the spatial distribution of
the dominant height of Tectona grandis L.f. also found low values of coefficient of determination
in cross-validation, but did not consider it necessarily incorrect, since these results are commonly
found in spatial modeling. Pelissari et al. (2014) also found r? values higher than 0.9 in the
semivariograms adjustment for volume and basal area of Tectona grandis at 5 years of age; in
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the cross-validation they found r? values close to 0.36. Lundgren et al. (2016) used kriging to
estimate the volume of 1875 eucalyptus trees. For the adjustment of semivariograms, the
authors found r? values of 0.90, 0.59 and 0.63, respectively, for sample size of 200, 100 and 50
trees. In kriging, r? values of 0.27, 0.24 and 0.05, respectively, were found.

(a) (b)
Cross-validation (hdom) Cross-validation (v)

£ 20494 ° é: o

2 > 176,65 00" ogb.

= © 2 )

© = ©

< 2265t 5L, % 120.07 tu o
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Estimated hdom Estimated v
RC=0.70; SE=0.25; r>=0.18 RC=0.43; SE=0.46; r>=0.02

() (d)

Figure 5. Cross-validation graphs and adjustment parameters: regression coefficient (RC), quadratic
prediction error (SE) and; coefficient of determination (r?).

A comparative analysis between the interpolated values on the map from kriging and the
actual values collected and processed through the forest inventory allow us to conclude that
the models generated for h and hqom Were better compared to dbh and v, since they presented
greater correspondence between the values (Figure 6) .
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Figure 6. The spatial distribution of the dendrometric variables, obtained from the semivariograms
model and the sampling points of the forest inventory.
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The lower part of the interpolation map of the dbh is presented as a region with high
values, although, in some cases, the sampled plots had small dbh, indicating the low accuracy
of the interpolation, with the same behavior evidenced for the volume interpolation map.
Nevertheless, especially for volume, mismatches were found in some cases, which reduced
the confidence of interpolation.

CONCLUSIONS

The kriging method was effective for the interpolation of h and hdom data in non-
sampled locations, with the spherical model being the best spatial model for the
semivariances, although the dbh presented an unsatisfactory fit. Therefore, it is proposed to
consider increasing the number of samples in this area of study and also to sample smaller
distances to increase the accuracy of estimates and the production of forest sites.

The spatial dependence structure was similar in all directions, suggesting that isotropic
spatial continuity exists. In addition, the spatial component should be considered in forest
inventory processing, and plots should not be treated as independent.
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