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Spatial variation and area definition of nutrient extraction by
Marandu grass biomass

Variacao espacial e definicao de zonas de extracao de nutrientes pela
fitomassa do capim-Marandu

Sabino Pereira da Silva Neto'"; Antonio Clementino dos Santos?;
Raimundo Laerton de Lima Leite*; Emerson Alexandrino?;
José Neuman Miranda Neiva?; José Geraldo Donizetti dos Santos?;
José Expedito Cavalcante da Silva®

Resumo

O objetivo foi quantificar, descrever e identificar zonas de extragdo de nutrientes pela fitomassa da
Brachiaria brazantha cv. Marandu em sistemas de integragdo floresta-pasto em regido de transigdo
Cerrado-Amazonia sobre Neossolo Quartzarénico Ortico tipico, por meio de técnicas de geoestatistica,
de analise de componentes principais e da loégica de agrupamento ndo hierarquica de fuzzy k-médias.
As avaliagdes foram realizadas em dois sistemas de integragdo floresta-pasto originarios da
associagdo de Brachiaria brizantha cv. Marandu e vegetagao nativa raleada com 50% e 75% (IFP-1
e IFP-11, respectivamente) de sombreamento e em pastagem de Brachiaria brizantha cv. Marandu em
monocultivo. Para cada tratamento foi demarcada uma area de 4.000 m? (40 x 100 m) que continham 32
pontos de coleta dispostos em malha de 4 x 25 m. Em cada ponto previamente marcado nos tratamentos
avaliados se estimou as taxas de alongamento de laminas foliares, senescéncia foliar e de alongamento
de colmo. Ao final de cada ciclo produtivo foram determinados nas laminas foliares ¢ no colmo os teores
de nutrientes (N, P, K, Ca e Mg. A extrac¢do de nutrientes foi calculada em fung@o das taxas de producdo
bruta de forragem, de acumulo de forragem e de folhas. Zonas de extrag@o de nutrientes minerais pela
fitomassa da Brachiaria brizantha cv. Marandu sdo definidas utilizando-se técnicas de geoestatistica,
de analise de componentes principais e da loégica de agrupamento ndo hierarquica de fuzzy k-médias.
Assim o uso desses procedimentos ¢ viavel na defini¢do e delimitagdo de zonas homogéneas dentro e
entre os sistemas de producdo de graminea estudados.

Palavras-chave: Agropecuaria de precisdo, analise componentes principais, geoestatistica, krigagem
ordinaria, l6gica fuzzy k-médias, manejo da pastagem

Abstract

The present study aimed to quantify, describe and identify areas of nutrient extraction by Brachiaria
brizantha cv. Marandu biomass in integrated forest-pasture systems from a Cerrado-Amazon transition
region with Typic Quartzipsamment soil by using geostatistical techniques, principal components
analysis and non-hierarchical fuzzy k-means clustering. The evaluations were conducted in two
integrated forest-pasture systems from an association with Brachiaria brizantha cv. Marandu and native
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vegetation thinned with 50% and 75% (integrated forest production-I (IFP-I) and IFP-II, respectively)
shading and in Brachiaria brizantha cv. Marandu monoculture. For each treatment, an area of 4,000
m? (40 x 100 m) was demarcated containing 32 collection points arranged in a 4 x 25 m mesh. At each
point, the rates of leaf elongation, senescence and stem elongation were estimated. At the end of each
production cycle, the nutrient content (N, P, K, Ca and Mg) was determined in the leaf blades and stem.
The nutrient uptake was calculated according to the rates of gross forage production, forage accumulation
and leaf accumulation. The nutrient extraction zones of Brachiaria brizantha cv. Marandu biomass
were defined using geostatistical techniques, principal components analysis and non-hierarchical fuzzy
k-means clustering. Thus, the use of these procedures is feasible for the definition and delimitation of
homogeneous zones within and between the pasture production systems studied.

Key words: Geostatistics, fuzzy k-means clustering, ordinary kriging, pasture management, precision

agriculture, principal components analysis

Introduction

Through the establishment of integrated
systems, the presence of trees in pastures has
brought numerous benefits to the production
system, both in the recovery and sustainability
of forage production and to aspects of economic
importance (CARVALHO; BOTREL, 2002). It is
known, however, that the presence of trees reduces
the amount of sunlight reaching grasses growing
under the canopies, which usually decreases the
growth of understory plants (PACIULLO et al.,
2011). However, changes promoted by trees can
also improve the nutritional quality of the grass in
pasture areas under their influence (SOUSA et al.,
2007).

Thereductionoflightavailableto grasses growing
under a canopy of trees affects morphogenetic
aspects determining productivity, depending on
both the forage species and shading level imposed
by the associated tree species (PACIULLO et al.,
2008). However, certain fodder exhibit phenotypic
plasticity, which enables change to biochemical,
physiological and morphological characteristics in
response to environmental variation. The nature of
that response usually determines the capacity of
species to succeed under temporary or permanent
environmental stress (DIAS-FILHO, 2002).

The observed
quality and the biochemical, physiological and

changes in the nutritional

morphological characteristics of grasses grown in
silvopastoral systems can also cause changes in the

extraction and export rates of soil nutrients by the
grass biomass. The withdrawal of nutrients can also
vary with the spatial arrangement of the shading
trees. These changes can alter the spatial variability
of the pasture environment.

The
rates must be known to generate new innovative
technologies processes  that
incorporated into pasture management practices so
that the use of grass for fodder can be optimized.
Thus, spatial analysis may emerge as an efficient
tool that allows the interpretation of changes in the
spatial variability caused by the presence of trees in
the integrated forest-pasture environment.

heterogeneity of nutrient extraction

and/or can be

The present study aimed to quantify, describe and
identify areas of nutrient extraction by Brachiaria
brizantha cv. Marandu biomass in integrated forest-
pasture systems from a Cerrado-Amazon transition
region with Typic Quartzipsamment soil by using
geostatistical techniques, principal components
analysis (PCA) and non-hierarchical fuzzy k-means
clustering.

Materials and Methods

The study areas were located on the ranch of the
School of Veterinary Medicine and Animal Science
of the Federal University of Tocantins, Araguaina
Campus. According to the Koppen classification
system, the regional climate is type Aw (warm
moist), with a dry season from April to October,
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annual pluviometric rainfall values of 1,800 mm
and average temperature of 28°C. The soil of the
site was classified as Typic Quartzipsamment
soil, according to the Brazilian Soil Classification
System (Sistema Brasileiro de Classificagdo de
Solos - SiBCS) (EMBRAPA, 2006).

in two
formed by

were conducted
integrated forest-pasture

The evaluations
systems
association with Brachiaria brizantha cv. Marandu
and native vegetation thinned with 50% and 75%
shading (integrated forest production-I (IFP-I) and
IFP-II, respectively) and in Brachiaria brizantha
cv Marandu pasture monoculture (Mono). For each
treatment, an area of 4,000 m?> (40 x 100 m) was
demarcated containing 32 collection points arranged

in a4 x25mmesh.

The shading was adjusted in each studied area
using the illuminance level (Lux) measured with the
aid of a light meter (Instrutherm, model LD 200) in
32 equidistant points in each treatment in March,
July and November 2009 as a baseline. Readings
were obtained simultaneously in the forest and full
sun between 8:00 and 10:00 am. After obtaining the
shading values at the different equidistant points,
contour maps were constructed using geostatistical
techniques that allowed visualization of the shade
variability in each study area. Thus, with the aid
of this information, areas were thinned, and the
average shade was set as evenly as possible in each
site (Figure 1).

Figure 1. Contour maps of the spatial distribution of shade in integrated Marandu grass forest-pasture systems with
57.90% (£5.09) and 71.81% (+4.54) shading (IFP-I and IFP-II, respectively).

Shading (%)
100

In December 2009 (before planting the Marandu
grass), 1,500 kg ha' of lime was applied. After
application, the lime was incorporated into the soil
by disk harrow in the grass monoculture, whereas
in the IFP-I and IFP-II areas, incorporation was
performed by hand. The Brachiaria brizantha cv.
Marandu was sown in February 2010 at a rate of 6
kg of seed ha'. Additionally, 70 kg ha' of P O, in
the form of superphosphate and K O in the form of

&l
G5

50

20

potassium chloride were applied.

At each point previously marked in the
treatments, a tiller was identified to monitor the
leaf appearance, elongation and senescence and
stem elongation twice a week. From these data, the
elongation rates of the leaf blades, leaf senescence
and stem elongation were estimated and expressed
in mm day! tiller.
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Atthe end of 28 days, ateach point of the sampling
grid, the forage mass contained in a rectangle of 1.0
m x 0.5 m (0.5 m?) was harvested to approximately
10 cm above ground level. At the same time, a tiller
count was also performed to estimate the population
density and the average weight of the tillers.
Samples of emerging and opened leaf blades and
stems were harvested at this time. These samples
were subsequently measured, dried and weighed to
establish the respective gravimetric factors (mg mm
. These estimates were used to transform the leaf
elongation and stem data into their mass increases
and senescence rate data into mass loss (mg tiller
day') (PONTES et al., 2003). These values were
then used to estimate the gross production rate of
forage (GPRFor), forage accumulation (ARFor)
and leaf accumulation (ARLe).

At the end of each production cycle, the
nutrient levels were determined in the leaf blade
and stems. The content of nitrogen (N) was
obtained by the Kjeldahl method, phosphorus
(P) by photocolorimetry, potassium (K) by flame
photometry and calcium (Ca) and magnesium (Mg)
by titration (EMBRAPA, 2005).

The extraction of nutrients on the basis of
GPRFor, ARFor and ARLe was calculated by the
following formula: Nutrient extracted (kg ha'! day
)=0.001 x DM x NC, where DM = dry matter in
kg ha'! from GPRFor, ARFor and ARLe; and NC =
nutrient concentration in the plant, leaf blade and
stem in g kg™

of the data
collected in the areas studied was conducted to

Initially, exploratory analysis
determine whether these events occur randomly or
are aggregated by calculating the mean, median,
minimum and maximum and the asymmetry
coefficient, kurtosis and variation as well as the type
of distribution. Kolmogorov-Smirnov tests at a 5%
significance level were used to test the normality
hypothesis. The coefficient of variation (CV) limits
proposed by Warrick and Nielsen (1980) were

adopted to classify variability in the data; these
limits are classified into low (CV < 12%), medium
(12 <CV < 60%) and high (CV > 60%).

To statistically assess the areas, a multiple
comparison of averages was performed using a non-
parametric Kruskal-Wallis test at a 5% significance
level for the data sets that did not present normal
distribution and Tukey’s test at 5% significance for
normally distributed data. A comparison was made
between treatments through the means found for
each variable.

The
characterized by geostatistical analysis, calculating

pattern of spatial dependency was
the semivariance with the equation proposed by
Matheron (1963). Initially, visual fitting of the
selected model to the point cloud of the experimental
semivariogram was performed. The present study
tested the semivariogram models: 1) spherical,
2) exponential and 3) Gaussian. The fit of the
semivariograms provided the values of the nugget
effect (C,), range (A) and the sill (C + CO0) (VIEIRA,
2000). The nugget effect is the semivariance value
at distance zero and represents the random variation
component; the range is the maximum distance of
spatial dependence and occurs where the sill is the
value at which the curve of semivariance stabilizes
to a constant value.

The selection of the fitted semivariogram model
was based on minimizing the sum of squared
residuals (SS) and maximizing the multiple
determination coefficient (R?). In addition, the
performance of each model was evaluated through
the Akaike criterion (AIC). This criterion is given
by the following equation: AIC = -2 log (L) +
2K, where L is the maximized likelihood of the
candidate model, and K is the number of parameters
of the model in question.

To analyze the degree of spatial dependence
(DSD), the ratio given by the following expression
was used: DSD = [C/C + C ] x 100, which allows
the classification of DSD in low spatial dependence
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(DSD <25%), moderate spatial dependence (25% <
DSD <75%) and strong spatial dependence (DSD >
75%) (ROBERTSON, 2008).

Interpolation of the values was performed by
ordinary kriging to define the spatial pattern of
variables in the areas, allowing the preparation of
contour maps.

PCA was performed based on the correlation
matrix between the components and the observed
attributes to identify new variables that account
for most of the variability, thus generating new
values for each variable obtained by ordinary
kriging corresponding to the main components. It
was decided to select the major components whose
eigenvalues were greater than one or with variance
equal to or greater than 70% (MARDIA, 1979).
Through these techniques, it was possible to identify
which variables best represent the characteristics of
the area.

Grouping of the new variables from the selected
principal components was obtained through the
transformation of variables using non-hierarchical
fuzzy k-means. The fuzzy exponent determines the
degree of confusion or overlap between the various
groups or clusters created. When @ = 1, the solution
is divided, that is, there are well-defined clusters.
When @ = oo, the solution has a high degree of
confusion.

To determine the optimal number of units,
the Fuzziness Performance Index (FPI) and the
Modified Partition Entropy (MPE) were used. The
optimal number of clusters of classes was then
defined as one in which it minimizes the values of
these two indices.

Analysis of variance (ANOVA) was used to
check whether there were differences between the
variable averages in the different zones generated
from the cluster analysis. To compare the classes,
Tukey’s honest significant difference (HSD) test for

samples of different sizes was used.

Results and Discussion

The gross production rate of forage (GPRFor)
and the forage (ARFor) and leaf accumulation rates
(ARLe) were influenced by the different shading
conditions to which Marandu grass were exposed,
with interaction between the shading level and the
forage collection period (Table 1). During the first
and second collection cycle, the grass grown in
monoculture (Mono) had higher production rates
than those of IFP, which did not differ. Nevertheless,
the accumulation rates (GPRFor, ARFor and ARLe)
in the grass monoculture decreased over time. In
the IFP areas, the rate remained constant between
evaluation cycles. Thus, in the third evaluation
period, it was observed that the grass buildup rates
no longer differed between the investigated areas.

Therefore, it was noted that the IFP systems
managed to maintain steady growth of grass over the
production cycles, possibly due to the incorporation
of nutrients and increased soil microbial activity
(XAVIER et al, 2003; NEVES et al., 2009).
Furthermore, the shading and litter cover formed on
the ground may have alleviated water stress, which
reduced seasonality in the production of grass in IFP
areas. Andrade et al. (2004) investigated the growth
of Marandu grass under artificial shade and also
observed that the seasonality of grass production
may have been reduced due to shading.

The results presented in Table 2 show that the
rate of extraction of nutrients in the grass biomass
differed depending on the use. The monoculture of
Marandu grass exported most nutrients in greater
quantities. This situation was expected given that
this area presented the highest average rates of
biomass accumulation. The N extraction rates did
not differ between the Mono and IFP-I areas.
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Table 1. Gross forage production rate (GPRFor), forage accumulation (ARFor) and leaf accumulation (ARLe) of
Marandu grass monoculture (Mono) and integrated forest-pasture systems with 50 and 70% shading (IFP-I and IFP-
IL, respectively).

Location T C};‘c)le 3 Mean
GPRFor (kg of MS? ha'! day™')
Mono 120.03 aA 83.51 aB 55.78 aC 86.44 a
IFP-I 72.75 bA 64.67 abA 57.16 aA 64.86 b
IFP-II 52.35 bA 44.19 bA 42.51 aA 46.35 ¢
Mean 81.71 A 64.12 B 51.82B 65.88
ARFor (kg of DM ha'! day™)
Mono 107.85 aA 7791 aB 46.06 aC 7728 a
IFP-I 61.81 bA 59.44 bA 56.56 aA 59.27b
IFP-II 50.40 bA 42.35bA 41.49 aA 4490 c
Mean 7336 A 59.90 B 48.19B 60.48
ARLe (kg of DM ha'! day™)
Mono 95.93 aA 67.04 aB 39.37 aC 67.45 a
IFP-I 46.70 bA 39.13 bA 4391 aA 43.25b
IFP-II 33.14 bA 28.62 bA 28.77 aA 30.17 ¢
Mean 58.59 A 4493 B 3735B 46.96
Means followed by the same letters (lowercase in the column and uppercase in the row) do not differ by Tukey’s test at 5%
probability.

Table 2. Descriptive statistics of extraction rates of mineral nutrients (N, P, K, Ca and Mg) by grass biomass in
relation to the gross production rate of forage (GPRFor), stem accumulation (ARSt) and leaf accumulation (ARLe)
and shading level in land use systems based on Marandu grass monoculture (Mono) and integrated Marandu grass
forest-pasture with 50 and 70% shading (IFP-I and IFP-II, respectively).

Continue ...
. . Coefficient
Location Cycle means Med' Min? Max? Variance  Skewness  Kurfosis KS*p-value
N GPRFor (kg of N ha! day™)
Mono 1.09 (0.06) ab 1.00 0.66 2.18 30.95 1.21 2.29 0.23"
IFP-I 1.18 (0.11) a 1.07 0.25 3.13 54.09 1.26 2.44 0.22°
IFP-1I 0.87 (0.08) b 0.74 0.00 1.89 53.72 0.63 -0.30 0.13"
N ARSt (kg of N ha! day™')
Mono 0.07 (0.008) b 0.07 0.01 0.22 62.40 0.85 1.82 2x107
IFP-I 0.20 (0.02) a 0.20 0.02 0.57 62.60 1.02 1.78 0.17
IFP-1I 0.18 (0.02) a 0.19 0.00 0.40 51.40 0.34 -0.66 0.71"
N ARLe (kg of N ha' day™)
Mono 1.20 (0.08) a 1.11 0.56 2.80 38.51 1.33 3.05 041"
IFP-1 1.04 (0.11) ab 1.00 0.21 3.20 60.98 1.68 4.17 0.001™
IFP-II 0.75(0.08) b 0.60 0.00 1.72 59.29 0.78 -0.39 0.005™
P GPRFor (kg of P ha' day™)
Mono 0.53(0.04) a 0.53 0.25 1.28 42.20 1.12 2.24 0.53"
IFP-1 0.30(0.03) b 0.28 0.06 0.87 55.66 1.48 3.33 0.02™
IFP-II 0.21 (0.02) b 0.20 0.00 0.53 56.85 0.99 0.80 0.12°
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... Continuation
P ARSt (kg of P ha'! day™)
Mono 0.05 (0.006) a 0.04 0.006 0.12 65.40 0.54 -0.89 0.08°
IFP-1 0.07 (0.009) a 0.06  0.006 025 69.80 1.78 4.49 0.002"
IFP-II 0.06 (0.006) a 0.06 0.00 0.14 52.70 1.03 1.65 0.11"
P ARLe (kg of P ha'! day™)
Mono 0.48 (0.04) a 0.47 0.15 1.27 48.04 1.26 3.02 0.19
IFP-I 0.21(0.02) b 0.21 0.05 0.57 55.98 1.52 3.75 0.01™
IFP-1I 0.15(0.02) b 0.12 0.00 0.39 62.82 0.90 0.04 0.01™
K GPRFor (kg of K ha'! day™)
Mono 0.98 (0.06) a 0.85 0.52 2.09 36.17 1.46 2.10 0.01™
IFP-I 0.89(0.09) a 0.84 0.18 2.31 54.53 1.24 2.21 0.22°
IFP-1I 0.63 (0.06) b 0.57 0.00 1.50 54.00 0.90 0.71 0.18°
K ARSt (kg of K ha'! day™)
Mono 0.10(0.01) b 0.09 0.01 0.35 69.70 1.52 4.13 0.35
IFP-I 0.21 (0.02) a 0.20 0.02 0.65 62.50 1.26 2.68 0.22°
[FP-1I 0.18 (0.02) a 0.18 0.00 0.43 49.90 0.68 0.83 0.37"
K ARLe (kg of K ha! day™)
Mono 0.71 (0.05) a 0.64 0.36 1.45 41.31 1.11 0.64 0.005™
IFP-I 0.47 (0.05) b 0.44 0.09 1.33 60.00 1.41 2.65 0.004™
IFP-II 0.36 (0.04) b 0.30 0.00 0.99 60.00 1.17 1.13 0.008™
Ca GPRFor (kg of Ca ha'! day™)
Mono 0.05 (0.003) a 0.04 0.03 0.09 34.43 1.45 1.80 0.005™
IFP-I 0.03 (0003) b 0.03  0.007 0.08 52.60 1.10 1.92 0.35
IFP-11 0.02 (0.002) ¢ 0.02 0.00 0.05 55.56 0.78 0.28 0.27
Ca ARSt (kg of Ca ha' day™')
Mono 0.003 (0.0004)a  0.003 0.0008 0.01 60.80 0.84 0.38 0.33"
IFP-I 0.005 (0.0006) a  0.005 0.0005 0.02 62.50 1.10 1.71 0.18
IFP-11 0.005 (0.0005)a  0.004  0.00 0.01 58.90 1.09 1.44 0.41"
Ca ARLe (kg of Ca ha' day™)
Mono 0.03 (0.002) a 0.03 0.01 0.06 38.97 0.49 -0.28 0.04™
IFP-I 0.02 (0.002) b 0.02  0.004 0.06 60.20 1.25 2.08 0.42°
[FP-1I 0.01 (0.002) ¢ 0.01 0.00 0.04 60.37 0.96 0.48 0.02"
Mg GPRFor (kg of Mg ha'! day™)
Mono 0.14 (0.008) a 0.14 0.08 0.25 32.16 0.86 0.15 0.03™
IFP-I 0.11 (0.01)b 0.11 0.03 0.28 49.77 1.03 1.87 0.117
IFP-II 0.07 (0.006) ¢ 0.06 0.00 0.13 46.93 0.34 -0.41 0.26"
Mg ARSt kg of Mg ha'! day™')
Mono 0.01 (0.001) b 0.01  0.002 0.03 61.80 0.87 0.69 0.25°
IFP-I 0.02 (0.002) a 0.02  0.002 0.06 59.50 0.77 0.58 0.43"
IFP-II 0.02 (0.002) a 0.02 0.00 0.04 49.20 0.33 -0.33 0.06"
Mg ARLe (kg of Mg ha'! day™)
Mono 0.13 (0.009) a 0.12 0.06 0.25 38.41 0.72 -0.44 0.07"
IFP-I 0.09 (0.009) b 0.09 0.02 0.25 54.64 1.38 3.42 0.006™
IFP-11 0.05 (0.005) ¢ 0.05 0.00 0.10 50.61 0.51 -0.45 0.01™
Shading (%)
IFP-I 57.90 (5.09) b 65.02 1.93 92.57 49.80 -0.53 -0.97 0.21"
IFP-1I 71.81 (4.54) a 83.49 215 9517 35.78 -1.41 1.16 9x10°"

Means followed by the same letter in the column do not differ (5% Kruskal-Wallis). Values in parentheses refer to the standard error
of the mean. © Med.: median; @ min: minimum, ® max: maximum, ® KS: Kolmogorov-Smirnov normality test, (*): significant at

5%, (**): non-significant.
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The application of the Kolmogorov-Smirnov
normality test showed that the Mono and IFP-I
areas were not normally distributed in 53 and 62%
of the total cases studied, respectively. Note that
in these areas, the skewness values were positive
and high when compared to those of IFP area II.
Vieira et al. (2010) observed that foliar nutrients
of soybeans in no-till areas were normally
distributed.

Following the classification criteria of the
coefficient of variation (CV) proposed by Warrick
and Nielsen (1980), the daily extraction of N, P,
K and Ca in the biomass of the grass leaves was
highly variable (CV > 60%) in the IFP-I and IFP-
II areas, and the other variables showed average
variability (12 < CV < 60%). It is noteworthy that
the CV was greater in [FP-I and IFP-II compared
to that of the Mono area. This higher incidence
of high CV in the IFP-I and IFP-II areas may be
due to variation in the shading conditions, which
in turn changes the deposition and accumulation
patterns of soil nutrients. Thus, different nutrient
inputs and light alter the grass growth rates
and nutrient extraction. According to Paciullo
et al. (2011), in an agro-silvopastoral system,
the arboreal component changes most pasture
characteristics, depending on the distance to the
row of trees.

Coefficients of variation lower than 35%
indicate that the data set is homogeneous and
that the average has meaning and may thus be

representative of the location from which it was
obtained. Datasets with a CV greater than 35% are
heterogeneous, and the average has little meaning,
while in those with a CV greater than 65%, the
series is highly heterogeneous, and the average
has no meaning (NOGUEIRA, 2007). Thus,
the use of average values does not adequately
represent the variables in the study areas, which
can cause errors in distinguishing sites. Therefore,
information about the spatial variability of the
variables should be incorporated through spatial
association studies (KRAVCHENKO et al., 2006),
which would help to reduce the standard error of
the mean estimates (CERRI et al., 2004; VIEIRA
et al., 2010).

The results of the geostatistical analysis indicate
that all the variables presented spatial dependence
defined by an omnidirectional semivariogram
adjusted to theoretical spherical, exponential
or Gaussian models (Table 3). When studying
morphological components of Marandu grass in
places with different levels of pasture degradation,
Silva Neto et al. (2012) found that the values fitted
spherical and exponential semivariogram models.
Some studies have shown that mineral nutrient
concentrations in the tissue of plants commonly
fit spherical and exponential models (VIEIRA et
al., 2010; LEAO et al., 2010; CAVALCANTE et
al., 2011; RODRIGUES JUNIOR et al., 2011).
The fitted models showed high coefficients of
determination (R?), ranging from 0.80 to 0.99, and
low residual sums of square (SS).
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Table 3. Models and estimated parameters of semivariograms fitted to the values of extraction rates of mineral
nutrients (N, P, K, Ca and Mg) by grass biomass due to the gross production rate of forage (GPRFor), forage
accumulation (ARFor) and leaf accumulation (ARLe) and shading level in soil use systems based on Marandu grass
monoculture (Mono) and in integrated Marandu grass forest-pasture systems with 50 and 70% shading (IFP-I and
IFP-II, respectively).

Continue ...
. Parameter
Location  Model C, C] Ra®  DSD'  Class R SS;  AIC®
N GPRFor (kg of N ha! day™")
Mono Exponential 0.04 0.08 16.42 66 Moderate 0.97 2x10%  -91.80
IFP-1 Exponential 0.19 0.65 64.64 77 Strong 0.98 1x10%  -58.89
IFP-11 Spherical 0.03 0.23 29.92 88 Strong 0.90 2x10°%  -49.27
N ARSt (kg of N ha'! day!)
Mono Spherical 0.00 0.001 52.00 90 Strong 0.98 3x10%  -181.60
IFP-1 Spherical 0.00 0.005 40.46 90 Strong 0.99 1x107  -148.00
IFP-11 Gaussian 0.0004  0.006 27.32 94 Strong 0.97 1x10°  -145.80
N ARLe (kg of N ha! day™)
Mono Gaussian 0.12 0.09 14.63 43 Moderate 0.96 2x10%  -79.62
IFP-1 Exponential 0.13 0.57 39.06 82 Strong 0.99 6x10*  -66.36
[FP-1I Spherical 0.02 0.22 29.36 93 Strong 0.87 3x10°  -47.32
P GPRFor (kg of P ha' day)
Mono Spherical 0.006 0.04 26.00 86 Strong 0.87 9x10°  -89.21
IFP-1 Exponential 0.01 0.04 53.93 73 Moderate 0.99 4x10°¢  -121.00
IFP-1I Spherical 0.003 0.01 34.38 82 Strong 0.95 5x10°  -115.00
P ARSt (kg of P ha'! day™)
Mono Spherical 0.00 0.0007  47.00 90 Strong 0.97 2x10%  -184.00
IFP-1 Spherical 0.0008  0.0006  42.53 87 Strong 0.99 3x10%  -199.20
IFP-1I Spherical 0.00 0.0005  50.01 90 Strong 0.98 4x10°  -196.40
P ARLe (kg of P ha'! day™)
Mono Spherical 0.01 0.03 25.58 72 Moderate 0.86 7x10°  -91.65
IFP-1 Spherical 0.005 0.01 52.35 71 Moderate 0.99 1x10°  -132.30
IFP-11 Spherical 8x10° 0.01 31.75 92 Strong 0.93 4x10°  -117.80
K GPRFor (kg of K ha'! day™)
Mono Spherical 0.04 0.22 92.31 83 Strong 0.98 3x10%  -90.23
IFP-1 Exponential 0.11 0.73 131.90 86 Strong 0.99 3x103  -69.76
[FP-1I Spherical 0.03 0.11 33.04 77 Strong 0.95 2x10-#+  -71.63
K ARSt (kg of K ha'! day™)
Mono Spherical 0.00 0.003 54.00 90 Strong 0.98 2x107  -155.40
IFP-1 Spherical 0.00 0.008 48.32 90 Strong 0.99 3x107  -141.60
[FP-1I Spherical 0.00 0.004 48.27 90 Strong 0.98 2x107  -151.00
K ARLe (kg of K ha! day™')
Mono Exponential 0.04 0.16 70.00 80 Strong 0.94 1x10*  -93.61
IFP-1 Exponential 0.03 0.11 37.70 78 Strong 0.99 2x105  -98.23
IFP-1I Spherical 0.01 0.04 28.95 74 Moderate 0.88 9x10°  -83.95
Ca GPRFor (kg of Ca ha' day™)
Mono Exponential 1x10°  5x10° 55.53 82 Strong 0.95 3x10°  -225.70
IFP-1 Exponential 1x10°  3x10° 37.14 70 Moderate 0.97 9x1010  -215.70
IFP-1I Spherical 4x10*  1x107 38.59 78 Strong 0.97 2x101°  -230.30
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... Continuation
Ca ARSt (kg of Ca ha'' day™)

Mono Spherical 0.00 3x10° 54.00 90 Strong 0.97 2x10"  -306.80
IFP-1 Spherical 0.00 4x10°  48.00 90 Strong 0.94 8x10*  -286.10
[FP-II Spherical 0.00 4x10°  49.00 90 Strong 0.97 6x10"°  -294.10

Ca ARLe (kg of Ca ha' day™)
Mono Gaussian 1x10°  5x10*  26.35 27 Moderate 0.80 4x10"°  -41.91
IFP-I Spherical 5x10%  2x10°  40.49 81 Strong 0.98 7x101°  -218.50
IFP-II Spherical 3x10%  8x10*  43.83 74 Moderate 0.97 1x101°  -247.10

Mg GPRFor (kg of Mg ha'! day™)

Mono Spherical 0.001 0.002 100.00 64 Moderate 0.96 6x10%  -180.20
IFP-I Exponential 0.001 0.003 16.74 69 Moderate 0.96 1x107  -163.00
IFP-1I Spherical 2x1073 0.001 35.28 81 Strong 0.97 2x10¢

Mg ARSt (kg of Mg ha'! day™)
Mono Spherical 0.00  0.00003  54.00 90 Strong 0.98 4x101 -252.70
IFP-I Spherical 0.00  0.00005 31.97 90 Strong 0.98 5x10" -232.90
IFP-II Spherical 0.00 0.00005  59.30 90 Strong 0.96 8x10"  -241.40

Mg ARLe (kg of Mg ha' day™)
Mono Spherical 0.002 0.001 55.40 36 Moderate 0.96 2x10%  -173.20
IFP-I Spherical 0.001 0.002 44.39 59 Moderate 0.98 3x10%  -172.90
IFP-II Spherical 2x10°  8x10° 34.78 83 Strong 0.98 1x10®*  -196.10

Shading (%)

IFP- 1 Spherical 0.00 655.00  57.00 100 Strong 0.98 14540 116.1
IFP-1I Spherical 0.00 39330  64.57 100 Strong 0.99 613 97.89

C: nugget effect; @C: sill; @Ra: range; “DSD: degree of spatial dependence; ®'SS : square sum of residuals, @AIC: Akaike

criteria, “R?: coefficient of determination.

The values of the DSD in most locations and
variables were strong. This result indicates that the
component related to random variation (C) is much
smaller than the component associated with the
structured variation (C,). Therefore, it is expected
that the phenomenon described by the models fitted
to the semivariogram can be represented more
accurately by interpolation with ordinary kriging
(VIEIRA et al., 2010). Identifying these areas can
assist in generating management techniques to
better leverage the benefits of silvopastoral systems
deployed in thinned forests.

The lower range values were found in the
variables that express the extraction of N and P
in the Mono area, ranging from 14.63 to 26.00
m. The largest ranges (from 52.35 to 131.90 m)
occurred mainly in the Mono (K ARFor, K ARLe,

Ca GPRFor, Ca ARFor, Mg GPRFor, Mg ARFor
and Mg ARLe) and IFP-I sites (N GPRFor, N
ARFor, N ARLe, P GPRFor, PARFor, PARLe and
K GPRFor). Therefore, the sampling grid used was
sufficient to express the spatial variability of the
variables.

Thus, the results are suitable to characterize the
phenomena at the investigated sites. Accordingly,
ordinary kriging with the semivariogram models
(fitted to each environment) was used to interpolate
the variable values at the unsampled points. Finally,
it was possible to perform the PCA using the
generated values.

After PCA, two components were extracted
with eigenvalues greater or close to 1 that
cumulatively explain 89.59, 97.74 and 96.67%
of the total variability of the data areas of Mono,
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IFP-I and IFP-II, respectively (Table 4). Thus,
the 15 original variables in the Mono area and 16
variables for the other areas were represented by

Table 4. Summary of principal components analysis.

two components of the original set with a loss of
explanation of 10.41, 2.26 and 3.33% in the Mono,
IFP-I and IFP-II sites, respectively.

Local
) Mono! IFP-I? IFP-II
Variance Component —
Principal Component
10 20 10 20 10 20
Eigenvalue 8.91 3.48 13.59 1.33 13.75 1.21
Variance (%) 59.40 23.19 84.95 8.29 85.93 7.54
Accumulated variance 59.40 82.59 84.95 93.24 85.93 93.47

(' Mono: Marandu grass monoculture, @ TFP-I: Integrated Marandu grass forest-pasture system with 50% shade, ® IFP-II: Integrated

Marandu grass forest-pasture system with 70% shade.

The first principal component alone represented
76.64, 91.52 and 90.80% of the total variability
of the data in the Mono, IFP-I and IFP-II areas,
respectively (Table 5). In the Mono area, the
strongest positive
correlations (< 0.90) with this component were N,
K and Ca extraction rates. In the IFP-I and IFP-II
areas, only the shading level had a low, negative

variables that showed the

correlation with the first component. Thus, these

results indicate that in the IFP sites, the level of
shading and nutrient extraction capacity by grass
biomass will contribute to the dissimilarity of the
management zones, whereas in the Marandu grass
monoculture, just a few nutrient extraction rates
would define the different zones. It should be noted
that the first principal component is always the
most important (GUEDES et al., 2006) and that its
variables have higher weights in the classification.

Table 5. Correlation between the original variables and the principal components of mineral nutrient extraction
rates (N, P, K, Ca and Mg) by grass biomass in relation to the gross production rate of forage (GPRFor), forage
accumulation (ARFor) and leaf accumulation (ARLe) and shading level in soil use systems based on Marandu grass
monoculture (Mono) and in integrated Marandu grass forest-pasture systems with 50 and 70% shading (IFP-I and

IFP-II, respectively).

Continue ...
Location
. Mono IFP-1 IFP-11
Variable .
Principal Component
1° 2° 1° 2° 1° 2°
N GPRFor 0.94 -0.25 0.97 -0.16 0.96 0.24
N ARSt 0.55 0.80 0.92 0.35 0.89 -0.20
N ARLe 0.80 -0.42 0.97 -0.15 0.94 0.30
P GPRFor 0.82 -0.30 0.96 -0.25 0.96 0.10
P ARSt 0.82 -0.37 0.96 -0.01 0.94 -0.29
PARLe 0.82 -0.37 0.97 -0.01 0.95 0.20
K GPRFor 0.87 0.11 0.96 -0.07 0.98 0.12
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... Continuation
K ARSt 0.55 0.81 0.87 0.44 0.94 -0.26
K ARLe 0.93 0.03 0.99 -0.05 0.96 0.22
Ca GPRFor 0.91 0.05 0.98 -0.10 0.99 0.04
Ca ARSt 0.44 0.85 0.89 0.13 0.94 -0.29
Ca ARLe 0.73 -0.23 0.96 0.06 0.97 -0.002
Mg GPRFor 0.86 -0.02 0.98 -0.07 0.95 0.18
Mg ARSt 0.47 0.84 0.85 0.36 0.91 -0.25
Mg ARLe 0.80 -0.26 0.98 -0.05 0.92 0.26
Shade - - -0.32 0.85 -0.54 0.71

Numbers in bold highlight the variables strongly correlated (> 0.70) with the principal components.

The second main component represented only
12.95, 6.23 and 5.87% of the total variance of the
data in the Mono, [FP-1 and IFP-II areas, respectively
(Table 5). In the Mono area, this component had a
higher correlation with the P extraction rate (Table
5). This new variable grouped areas by the similarity
in their ability to extract P. In contrast, the treetop-
shading levels will contribute to classify the zones
in IFP-I and IFP-II areas.

Based on these new PCA variables, management
zones were defined that can cause different

responses to the production system, depending

on the variables investigated. For this purpose,
the non-hierarchical clustering technique fuzzy
k-means was used, which is an iterative method
that has a greater capacity for analysis of larger data
sets (MINGOTTL, 2007). The appropriate number of
classes was determined using FPI and MPE values
as a function of the number of classes grouping
the data in each area (Figure 2a, 2b, 2c). From the
results of the FPI and MPE indices shown in Figure
2, the optimal number of management area classes
would be 5, 2 and 2 in the Mono, IFP-I and IFP-II
areas, respectively.

Figure 2. FPI (--) and MPE (----) index values in relation to class numbers in the areas of Marandu grass monoculture
(a), and in integrated Marandu grass forest-pasture systems with 50 and 70% shading (b and c, respectively).
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Interpolation followed the definition of the
optimal number of classes. Interpolations were
performed on the basis of the participation of each
individual 7 in class &k using natural neighbors
interpolation (Figure 3). Map analysis showed that
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the classes generated by the fuzzy k-means logic
were grouped mainly by shading level in the [FP-I
and II areas. Grouping in the Mono area revealed a
clear link between the classes and the N, K and Ca
content.
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Table 6 shows the ANOVA results between the
generated classes. It was observed that in the Mono
area, larger N and P extraction rates were observed
in class A, and higher extraction rates of the other
nutrients (K, Ca and Mg) were observed in class D.

The smallest extraction generally occurred in places
grouped in class B. In classes C and E, intermediate
nutrient export rates by the biomass of Marandu
grass were found. In the IFP-I and IFP-II sites, low
nutrient uptake occurred in places with higher levels
of shading.

Figure 3. Contour maps of management classes in the areas of Marandu grass monoculture (Mono) and in integrated
Marandu grass forest-pasture systems with 50 and 70% shading (IFP-I and IFP-II, respectively).
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Table 6. Nutrient extraction rates (N, P, K, Ca and Mg) by the Marandu grass biomass in relation to the gross
production rate of forage (GPRFor), forage accumulation (ARFor) and leaf accumulation (ARLe) and shading level

in the management classes generated.
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Continue ...
Location
. Mono! IFP-I? IFP-II?
Variable
Class
A B C D E A B A B
N GPRFor 1.09 ¢ 1.31b 0.84d 1.09 ¢ 1.35a 149a 1.16 b 1.14a 0.84b
N ARSt 0.05d 0.09 a 0.05d 0.08 b 0.07 ¢ 0.21 a 0.21 a 0.22 a 0.17b
N ARLe 1.21¢ 1.38b 0.94 ¢ 1.11d 1.61a 1.34a 1.01b 0.99 a 0.73b
P GPRFor 0.59¢ 0.62b 0.34¢ 0.48d 0.79 a 0.39a 0.29b 0.30 a 0.19b
P ARSt 0.53 ¢ 0.57b 031e 0.43d 0.72 a 0.08 a 0.07b 0.07 a 0.05b
P ARLe 0.53 ¢ 0.56b 0.30 ¢ 0.43d 0.71a 025a 021b 022a 0.14b
K GPRFor 0.89d 145a 0.72 ¢ 1.18b 1.06 ¢ 1.11a 091Db 0.85a 0.59b
K ARSt 0.06 ¢ 0.14a 0.07d 0.12b 0.09 ¢ 0.22b 023 a 022a 0.16 b
K ARLe 0.64d 1.0la 0.53 ¢ 0.81c 0.86b 0.59a 0.48b 048 a 0.35b
Ca GPRFor 0.045d 0.070a 0.038¢  0.054c 0.057b 0.04 a 0.03b 0.03a 0.02b
Ca ARSt 0.003e¢ 0.005a 0.0035d 0.004b 0.0037c¢ 0.006a 0.005b 0.006a 0.004b

Ca ARLe 0.033d 0.04a 0.029e¢e 0.036b

0.035¢ 0.03 a 0.02b 0.02 a 0.01b
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... Continuation
Mg GPRFor 0.151¢  0.181a 0.113d 0.158b  0.152¢ 0.14 a 0.11b 0.09 a 0.07b
Mg ARSt 0.009e¢e 0.017a 0.010d 0.014b 0.012¢c 0.025a 0.024b 0.022a 0.016b
Mg ARLe 0.15b 0.17 a 0.11d 0.14 ¢ 0.15b 0.11a 0.09b 0.06 a 0.05b
Shade - - - - - 35.14b 71.88b 51.82b

(1) Mono: Marandu grass monoculture @ IFP-I: Integrated Marandu grass forest-pasture system with 50% shading, ¢ IFP-II:

Integrated Marandu grass forest-pasture system with 70% shading

Conclusions

Extraction zones of mineral nutrients by
Brachiaria brizantha cv. Marandu biomass were
defined using geostatistical techniques, PCA and
non-hierarchical fuzzy k-means clustering. Thus,
the use of these procedures is viable for the definition
and delimitation of homogenous zones within and

between the pasture production systems studied.
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