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ABSTRACT: The study of the relationships between the yield potential of forest stands
and the conditions offered for plant development is fundamental for the adequate
management of the forest when aiming at sustainable high yields. However, these
relations are not clear, especially in commercial forests, on rugged terrain where
relationships between the landscape, soil, and plants are more complex. Considering
this, we tested the hypothesis that the morphological aspects of the soil conditioned
by topography are the main limiting factors for tree development. Our objective was to
evaluate the edaphic and topographic influence on the dendrometric variation of Pinus
taeda L. of a forest stand in a subtropical climate at high altitude. For that, Spearman’s
correlation analysis and canonical correspondence were performed on two data datasets
containing pedological, topographic, and dendrometric information of a commercial
plantation of Pinus taeda, in the Campo Belo do Sul, Santa Catarina state, Brazil. Soil
sampling and characterization was performed in two distinct designs. The first design
was based on the morphological description of 11 soil profiles. The second was performed
with intensive prospecting of the area, with 102 sampling locations determined through
conditioned Latin hypercube sampling. For each sampling point, the height and diameter
of the four nearest trees were measured and the terrain attributes were calculated from
the digital elevation model. The solum depth, the thickness of the superficial horizon,
elevation, and vertical distance to channel network were the main conditioning factors
of the dendrometric variation, wherein taller trees were found in deeper soils, with a
thicker surface horizon, in lower areas that are vertically closer to the drainage network.
Our results showed that the selection of topographic and morphological variables has a
significant effect on the tree height and should therefore be used to select homogeneous
areas for the development of the species. In addition, we showed the importance of using
an intensive sampling survey to understand dendrometric variation.

Keywords: forest soil, soil-landscape relationship, forest site, soil use, forest zoning.

https://doi.org/10.1590/18069657rbcs201




Horst et al. Edaphic and topographic factors and their relationship with dendrometric...

’r-
‘
Y\

INTRODUCTION

Understanding the edaphic and topographic influence on forest development is essential
for rational management of forest and soil. Studies relating forest development to soil
conditions are common for native forests (Zhang et al., 2016; Mendonca et al., 2017;
Oberhuber, 2017; Soboleski et al., 2017 ), showing the strict relationship between soil,
relief, and forest, and highlighting the importance of studying these relationships at
the landscape scale. However, in commercial forests, these relations are not clear,
especially in rugged terrain where relationships between the landscape, soil, and
plants are more complex.

According to the annual report of the Brazilian Tree Industry (Iba, 2017), Brazil led the global
ranking of pine forest yield in 2016, with an average 30.5 m3 ha™ yr' in pine plantations,
with plantations predominantly concentrated in the south of the country. To improve the
efficiency of forest production and supply the current and future demand for feedstock,
the forestry sector seeks to incorporate information about soil and relief to plan planting
and operations. Using such information, it is possible to increase profitability and adjust
production to the support capacity of the soil, establishing management units and
zoning for silviculture and directing the use of capital and technology in areas of interest
(Costa et al., 2009; Gomes et al., 2016). That demands an elucidation of questions related
to the yield potential and main limiting factors for production in certain areas. There are
several studies relating Pinus taeda to soil properties, such as particle size distribution
(Rigatto et al., 2005; Dedecek et al., 2008), organic matter (Goncalves et al., 2012),
solum depth (Morales et al., 2010), and pH (Barbosa et al., 2012). Nonetheless, these
evaluations seldom consider relief information and restrict sampling to groups of plots
from a continuous inventory, disregarding the variability of soil and topography along
the landscape. In addition, these studies normally consider only physical and chemical
variables as edaphic factors. However, morphological properties such as solum depth
and the thickness of the A horizon can limit the expression of the effect of chemical and
physical variables on the forest (Castelo et al., 2008), especially in regions of complex
relief where pine forests are most common in Brazil (Gomes et al., 2016; lba, 2017).

Since tree growth is affected by the environment, a detailed study of these relationships
can be useful to establish methodologies to direct resources, besides providing a basis
for zoning and for calibration and validation of ecophysiological models that will help
forest management. Moreover, increasing the knowledge about forest dynamics may
be useful to show possible adaptations of the forest facing climate change, as observed
in McDowell and Allen (2015) and Brandt et al. (2017).

Considering the edaphic and topographic variability present along the landscape, we
tested the hypothesis that morphological aspects of the soil conditioned by topography
are the main limiting factors for tree development. Hence, our objective was to evaluate
the edaphic and topographic influence on the dendrometric variation of Pinus taeda L.
specimens of a forest stand in a subtropical climate at high altitude.

MATERIALS AND METHODS

Characterization of the study area

The study was conducted in a stand of Pinus taeda L. on first rotation, aged 29 years,
in Campo Belo do Sul, the mountain region of Santa Catarina state, Brazil (Figure 1a).
The area covers 108 ha (Figure 1b) and has no history of soil chemical correction. The
predominant climate type is Cfb (Alvares et al., 2013), mesothermic, subtropical humid,
and with an average well-distributed annual precipitation of 1,647 mm. The regional
geology is composed of a volcanic sequence of acid rocks from the Serra Geral Formation,
with a predominance of rhyodacite.

Rev Bras Cienc Solo 2018;42:e0180023 2



Horst et al. Edaphic and topographic factors and their relationship with dendrometric...

’r-
‘
Y\

Soil sampling and characterization was performed in two distinct designs: morphological
description and intensive prospecting. The first design was based on the morphological
description of 11 soil profiles (Figure 1b), representing the study area, according to the
methodology described in Santos et al. (2015). The locations of the descriptions were
intentionally distributed from the valley to the top of the toposequence.

Disturbed soil samples were collected in each horizon of the described profile for chemical
characterization and particle size distribution, as well as five undisturbed samples to
determine soil density (Ds), microporosity (Mi), macroporosity (Ma), total porosity (TP),
and saturated hydraulic conductivity (Ks). The analyses were performed according to
Donagema et al. (2011). The data were called dataset number 1.

Soils were classified both in Sistema Brasileiro de Classificacao de Solos (SiBCS)
(Santos et al., 2013) and the World Reference Base for Soil Resources of the FAO (IUSS

Working Group WRB, 2015), according to table 1. Our results will be discussed according
to SiBCS (Santos et al., 2013).

To represent the variability of the landscape according to the characteristics of the terrain,
a second sampling design was performed with intensive prospecting of the area, establishing
102 sampling locations (Figure 1b). The sampling locations were determined through
conditioned Latin Hypercube Sampling (cLHS) (Minasny and McBratney, 2006). At each
location, soil samples were collected for particle size distribution from layers 0.00-0.20,
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Figure 1. Location of the study area in the Campo Belo do Sul, Santa Catarina state (SC), Brazil (a) and enlarged area with digital
elevation model and distribution of data datasets (b), where the transect indicates the typical toposequence.

Table 1. Correlation between the Brazilian Soil Classification System and Word Reference Base used for soil dataset 1

n siBcs™ WRB?

3 Latossolo Vermelho-Amarelo Aluminico tipico Rhodic Ferralsol (dystric, ochric)

2 Cambissolo Haplico Aluminico umbrico Rhodic Dystric Cambisol (clayic, humic)
1 Cambissolo Haplico Aluminico tipico Rhodic Dystric Cambisol (clayic)

1 Cambissolo Humico Aluminoférrico latossdlico Rhodic Dystric Cambisol (clayic)

1 Neossolo Regolitico Distroimbrico tipico Dystric Regosol (clayic, humic)

2 Neossolo Litdlico distroiumbrico fragmentario Umbric Dystric Leptosol (clayic, humic)
1

)

Gleissolo Meldnico Aluminico tipico
Santos et al. (2013). @ IUSS Working Group WRB (2015). n = classified profiles.

=

Reductic Gleysol (dystric, clayic)
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0.20-0.40, 0.40-0.60, and 0.60-1.00 m. Particle size distribution was represented by the
average of the layers. Besides, morphological variables, solum depth (SoD) up to 1.00 m,
and the thickness of the A horizon (TAH) were measured according to Lepsch et al. (2015).

The dendrometric variables measured were diameter at breast height (DBH) using a
tape measure and total tree height (h) using a vertex. The sample intensity of trees was
defined to represent a resolution pixel of 10 meters (100 m?), wherein the four P. taeda
individuals closest to each sampling location were measured. The average height and
DBH of the four trees were used to represent each sampling location for datasets 1 and 2.

Twelve topographic variables (Table 2) were derived from a digital elevation model
(DEM) (Sigsc, 2010) with a resolution of 10 m, according to Wilson and Gallant (2000).
Processing was performed in SAGA GIS (Conrad et al., 2015).

Descriptive statistics were obtained for soil, dendrometric, and topographic variables in
datasets 1 and 2. For physical and chemical variables of dataset 1, the average of the horizons
A and B of each profile was calculated, to later calculate the average of the soil class, thus
avoiding the influence of the number of horizons in the mean. The hypothesis of normality
and homoscedasticity of the data was tested through the Shapiro-Wilk test (5 % probability).

The relationship between variables was evaluated through matrices of linear data correlation
for each data dataset through Spearman’s method, in which edaphic and topographic variables
were correlated with dendrometric variables. Canonical correspondence analysis (CCA) was
used to test if the edaphic conditions significantly explain the dendrometric variations. Two
matrices were prepared as follows: a vegetation matrix with dendrometric variables DBH
and h, the latter classified in four height levels (in decreasing order: h1, h2, h3, and h4),
and an environmental matrix with edaphic and topographic data. The Monte Carlo test was
used with 999 permutations in order to test the significance of the correlations. All statistical
analyses were performed in the R environment (R Development Core Team, 2017).

RESULTS AND DISCUSSION

Characterization and correlation of variables in dataset 1

Deep soils were identified at well-drained locations with flat or gentle slope relief, with a
sequence of horizons A-Bw (Latossolo Vermelho-Amarelo Aluminico tipico), while soils with a
sequence of horizons A-Cg occurred in poorly-drained conditions (Gleissolo Melanico Aluminico
tipico). In steep and strongly steep relief, we observed soils with a sequence of horizons A-Cr
or A-Bi (Neossolo Regolitico Distroumbrico tipico, Cambissolo Haplico Aluminico umbrico,
Cambissolo Haplico Aluminico tipico, and Cambissolo Huimico Alumino férrico latossélico) and
soils with a sequence of horizons A-R and A-CR (Neossolo Litélico distroumbrico fragmentario)
(Figure 2). The number of profiles described in each soil class is shown in table 2.

Table 2. Topographic variables derived from the digital elevation model (DEM) with their respective
abbreviations and units

Variable Abbreviation Unit
Elevation ELEV meters
Slope SL percentage
Topographic wetness index TWI dimensionless
LS factor LS dimensionless
Channel network base level CNBL meters
Valley depth VD meters
Terrain ruggedness index TRI meters
Vertical distance to channel network VDCN meters
Duration of insolation DUI hours
Relative slope position RSP meters
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Figure 2. Relationship between soil class, soil depth and tree height of a Pinus taeda commercial plantation in a typical toposequence
of the mountain region of Santa Catarina state.

Neossolos are located at altitudes that vary from 886 to 909 m, with slopes greater
than 13 % (Table 2). In these conditions, the topographic gradient can reduce infiltration
rates and increase runoff, accelerating erosion processes and the removal of superficial
horizons of the soil. Adding resistance of the parent material and slope instability, soils
observed in these areas were shallow, with an average SoD of 0.28 m, median of 0.15 m,
and superficial horizon around 50 % shallower than the other classes (Table 3).

Cambissolos were identified predominantly in convex slopes, distributed in gently
undulated relief (minimum slope = 8 %), as well as strongly undulated relief (maximum
slope = 24 %), which were moderately deep (0.90 m) to deep (1.50 m). In relation to TAH,
the mean and median in Cambissolos were 0.42 and 0.33 m, respectively (Table 3). The
Latossolos were between 892 and 931 m and 8 % of the average slope, which enables
the pedogenetic development of the profile at greater depths, mainly expressed by SoD
above 1.40 m (Table 3).

Gleissolos occurred in flat valleys, which hinder the vertical and lateral movement of
water and sediments, creating poor drainage conditions. They are moderately deep
soil (0.60 m) with a superficial horizon of 0.32 m (Table 3), located primarily in areas of
permanent preservation. Since they are not located in productive areas, the information
about this soil class was not considered for statistical analyses.

The development of P. taeda was different on Neossolos and Latossolos. While in the
Neossolos the average tree height reaches 29.7 m, in the latteritis up to 34.4 m (Table 3).
The standard deviation (SD) is small (1.1 and 1.5 m, respectively) and the mean values
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are very close to the medians in both classes. In Cambissolos, trees with an average
height of 31.5 m were found, with a high dispersion of data (SD = 3.4 m) (Table 3). The
variance in TAH on Cambissolos might be the cause of the dissimilarities in yield and
tree development in this soil class.

The specimens of P. taeda on Latossolos showed the highest DBH values, with an average
of 0.52 m, varying from 0.49 to 0.55 m (Table 3). However, those that developed on
Neossolos showed an average diameter greater than those on Cambissolos (0.50 and
0.48 m, respectively), a consequence of the extreme values in the mean of the first
class (maximum = 0.62 m), also observed in the high standard deviation (10.4). Similar
results were found by Rachwal et al. (2008), evaluating the relationship between black
wattle (Acacia mearnsii) and edaphic variables, who found lower values for DBH and
height in areas of Neossolos when compared to the values found in areas with deeper
soils, such as Cambissolos.

Gomes et al. (2016), with the objective of developing and applying a methodology to
establish management units for Pinus by mapping soil classes in the west of Santa
Catarina, pointed out that the limitations associated with the effective depth of soil, relief,
and stoniness/rockiness made the impediments for management the most important
limiting factors for cultivation of pine trees. Nevertheless, the ability to identify the most
productive areas using only soil classes depends on whether the limiting factors for plant
development in the area are or are not differential characteristics or covariates in the
system for soil classification used (Resende et al., 2012).

The same pattern related to height is identified in DBH medians (0.45 m in Neossolos,
0.48 m in Cambissolos, and 0.53 m in Latossolos). These results corroborate those of
Dedecek et al. (2008), who found a significant difference between DBH values studying
the same soil classes.

In relation to the chemical variables, the profiles showed pH(H,0) values between 4.6
and 4.8, with a tendency to increase with depth. The superficial horizons of both soil
classes showed higher organic matter (OM) contents, varying around 4.3, 4.6, and 4.2 %

Table 3. Descriptive statistics of dendrometric, topographic, and morphological variables of soil
dataset 1 separated by soil class

Class n Mean Med Min Max SD Mean Med Min Max SD
SoD (m) TAH (m)

R 3 028 0.15 0.10 0.60 0.28 0.16 0.15 0.10 0.22 0.06
C 4 1.12 105 090 150 0.26 042 037 033 0.60 0.13
L 3 1.50 150 140 160 010 035 037 030 0.39 0.05
G 1 0.60 0.60 0.60 0.60 - 032 032 032 0.32 -

Elevation (m) Slope (%)
R 3 897 897 886 909 11 14 13 13 15
C 4 901 895 887 925 17 16 16 8 24
L 3 903 892 886 931 25 8 7 7 10
G 1 881 881 881 881 - 1 1 1 1 -

h (m) DBH (m)

R 3 29.7 30.2 284 304 1.1 0.50 045 043 0.62 0.10
C 4 315 325 267 343 3.4 048 048 046 051 0.22
L 3 344 350 327 355 1.5 0.52 053 049 055 031
G 1 - - - - - - - - - -

Class = soil class; n = number of samples; SD = standard deviation; Med = median; Min = minimum value;
Max = maximum value; R = Neossolos; C = Cambissolos; L = Latossolos; G = Gleissolos; SoD = solum depth;
TAH = thickness of A horizon; h: tree height; DBH: diameter at breast height. - = since they are not located in
productive areas, the information about this soil class was not considered for statistical analyses.
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for Neossolos, Cambissolos, and Latossolos, respectively. Phosphorus contents (P) were
considered very low according to CQFS-RS/SC (2016), varying between 1.3 mg dm” in B
horizons of Latossolos to 3.9 mg dm™ in Cambissolos A horizons. The sum of bases (SB)
decreases considerably as the degree of development of soil increases, varying between
5.2 cmol. dm? in Neossolos and 0.7 cmol. dm™ in B horizons of Latossolos (Table 4).

Cation exchange capacity (CEC) values are medium to high (CQFS-RS/SC, 2016), with
higher values on topsoil due to the contribution of OM. The CEC was highest in Neossolos
(18.3 cmol, dm?) and lowest in B horizons of Latossolos (7.3 cmol. dm?). However, we can
observe that most of the CEC of these soils is occupied by potentially toxic cations such
as AP**, given the Al % values (Table 4).

In relation to the physical variables, none of the soil classes showed textural difference
between horizons, with clay contents increasing according to the degree of development of
the soils (Table 3). The soil structure formed in the superficial layers is strongly affected by
OM, predominantly granular and lumpy, characterized by the high porosity of the aggregates.
Because of this, comparatively, the subsurface layers with lower OM contents, showed higher
average Ds, reaching 1.18 Mg m in Cambissolos and 1.25 Mg m? in Latossolos (Table 4).

Total porosity values were higher in superficial horizons and Ds increases at greater depths,
increasing the frequency of micropores in relation to macropores (Table 4). Still in superficial
horizons, the average TP varied from 0.59 to 0.66 m*> m™ in the different soil classes. These
values were higher than those found by Morales et al. (2010) and Bognola et al. (2010)
in forests of P. taeda aged six and 12 years, respectively. These authors used a reference
value of 0.10 m> m” for macropores as a minimum threshold for good aeration. Applying
the same criterion and considering the difference between TP and Mi, we observe that
aeration is adequate in all the soil classes described in the study area (Table 4).

Values of Ks were sensitive to differences in soil classes. The A horizon of Neossolos
shows an average Ks of 716.8 mm h™ and a high standard deviation (Table 4). Considering
that Neossolos has a low SoD (Table 3), a high Ks favors water drainage from the
system and can decrease the water availability for plants on these soils. In the A
horizons of Cambissolos and Latossolos, Ks is lower, showing values of 276.9 and
299.1 mm h, respectively, and decreases considerably in B horizons, reaching an
average of 168.4 mm h™ in Latossolos (Table 4).

The most significant results for correlation between variables in dataset 1 were observed
with SoD and slope (Table 5). Tree height showed a significant positive linear correlation
with SoD (r = 0.71) and negative with slope (r = -0.89). The relationship of tree height
with SoD and slope is explained by the strong importance of slope for pedogenetic
processes (Gallant and Wilson, 2000; Valeriano, 2008), which affects the soil’'s water
holding capacity, the potential for erosion/deposition, and consequently, the degree of
development of the soil, shown by the inverse relationship between terrain slope and
SoD (r = -0.74).

Greater slopes in the landscape conditioned the formation of shallower soils in the study
area, with higher amounts of primary materials and lower clay contents, which explains
the correlation of slope with the variables Ks (r = 0.36), sand (r = 0.49), CEC (r = 0.40),
and pH (r = -0.37) (Table 5). The correlation of the variables Ks and sand with height
were negative (r = -0.52 and -0.54, respectively) (Table 5).

Tree height showed a linear correlation with Ds (r = 0.31), TP (r = -0.30), and Mi (r = 0.30).
Soils with higher sand content, in landscape positions that favor leaching and low water
holding capacity, were also associated with the poorer growth rates of P. taeda by
Santos Filho and Rocha (1987). The results of Bognola et al. (2010) suggested that soils
with slower drainage affect the growth of P. taeda, considering a scenario of frequent
and abundant rains. The dissimilarity of this affirmation in relation to the results of the
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Table 4. Descriptive statistics of chemical and physical variables of soil dataset 1

Class Hor Mean Med Min Max Sb Mean Med Min Max SD
pH(H,0) Assimilable P (mg dm™)
R A 48 4.8 4.7 48 0.1 41 3.8 3.7 4.7 0.6
A 47 47 45 4.9 0.2 25 2.4 1.7 35 0.7
c B 48 4.8 4.7 49 0.1 1.3 13 0.6 1.9 0.6
A 4.6 4.7 45 4.7 0.1 3.1 3.0 2.9 3.4 0.3
t B 4.8 4.8 47 4.8 0.1 13 1.3 0.8 1.9 0.6
OM (%) SB (cmol. dm”)
R A 43 3.8 3.8 5.2 0.8 5.2 5.9 32 6.5 1.8
A 4.6 3.7 3.0 7.8 2.2 2.5 2.2 0.7 48 2.0
¢ B 1.9 1.9 1.8 2.0 0.1 1.2 1.6 0.3 2.4 0.9
A 42 43 3.9 45 0.3 3.1 2.8 22 43 1.1
t B 1.3 1.3 1.3 1.4 0.1 0.7 0.7 0.6 0.9 0.2
CECpy7 (cmol. dm™) Al (%)
R A 18.3 17.8 17.6 19.4 1.0 53 48 43 67 13
A 15.7 15.2 122 20.1 3.3 68 67 49 91 21
¢ B 10.2 10.1 9.8 10.8 0.5 82 82 70 95 10
A 13.9 14.6 10.9 16.1 2.7 70 67 65 78 7
t B 73 6.6 5.9 9.4 1.9 86 86 81 90 5
Sand (g kg™ Clay (g kg?)
R A 127 120 114 148 18 560 565 540 573 18
A 94 92 81 112 13 632 637 585 668 43
¢ B 85 88 63 101 18 624 689 546 715 80
. A 75 75 57 94 18 622 636 585 646 33
B 55 60 44 62 10 688 682 680 700 11
Ds (Mg m?) Ks (mm h?)
R A 0.79 0.76 0.74 0.88 0.08 716 548 330 1272 493
A 0.88 0.90 0.70 1.00 0.15 276 258 50 541 201
¢ B 1.18 1.08 1.10 1.34 0.12 250 196 53 409 178
A 0.93 0.90 0.90 1.00 0.06 299 311 257 328 37
L B 1.25 1.01 1.00 1.31 0.12 168 207 46 251 107
TP (M3 m-3) Mi (m3 m-3)’
R A 0.66 0.67 0.62 0.69 0.04 0.46 0.47 0.41 0.50 0.05
A 0.65 0.65 0.60 0.70 0.06 0.50 0.50 0.40 0.60 0.08
¢ B 0.59 0.59 0.57 0.63 0.03 0.46 0.45 0.43 0.53 0.04
L A 0.63 0.60 0.60 0.70 0.06 0.50 0.50 0.50 0.50 0.01

0.59 0.60 0.58 0.60 0.01 0.47 0.50 0.40 0.50 0.06

Class = soil class; n = number of samples; SD = standard deviation; Med = median; Min = minimum value;
Max = maximum value; R = Neossolos; C = Cambissolos; L = Latossolos; G = Gleissolos; OM = organic
matter (Yeomans and Bremner, 1988); SB = sum of bases (Ca’" + Mg>* + K*); CEC = cation exchange
capacity (SB + H* + AP*); Al % = saturation by aluminum (AP** x 100/t); sand and clay determined by pipette
method; Ds = soil density; TP = total porosity; Mi = microporosity; Ks = soil saturated hydraulic conductivity
(Donagema et al., 2011). " Values of macroporosity can be inferred by the difference between TP and Mi.

present study can be attributed to the impositions indirectly caused by low SoD, since
Ks and sand content are higher in shallower soils (Tables 3 and 4).

Less acidic soils resulted in taller trees, according to the linear correlation between
pH and tree height (r = 0.41), although the correlations with the chemical variables
of the soil have not been expressive. Similarly, Rigatto et al. (2005) found significant
correlations between yield and pH (r = 0.73), studying the influence of this variable on
the wood yield of P. taeda in Telémaco Borba, PR. Furthermore, Barbosa et al. (2012)
presented the pH from the 0.00-0.20 m layer (r = 0.49) as an alternative to estimate
the wood yield of P. caribaea var. hondurensis in Brazilian Cerrado conditions. However,
according to CQFS-RS/SC (2016), forest species are tolerant of exchangeable Al in the
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Table 5. Significant Spearman’s correlation coefficients between dendrometric, topographic, and
pedological variables of soil dataset 1

DBH h SLOPE ELEV
SoD '0.48 '0.74 *0.74 .0.36
TAH 0.05 0.24 -0.10 .0.35
SB -0.21 -0.18 0.16 -0.26
H+Al 0.23 -0.12 -0.01 0.17
CEC -0.12 0.27 '0.40 -0.17
Al % 0.24 0.15 -0.14 '0.34
P -0.20 -0.07 0.09 0.01
oM -0.04 -0.15 0.10 -0.06
pH -0.06 0.41 ".0.37 0.00
Ds -0.14 0.31 -0.09 0.12
TP 0.15 -0.30 0.10 -0.11
Ma 0.06 0.42 -0.31 -0.23
Ks -0.04 .0.52 "0.36 0.11
Sand -0.40 -0.54 0.49 -0.34
Clay 0.00 0.20 -0.04 0.21
DBH 1.00 0.29 -0.56 -0.08
h 1.00 ".0.89 0.24

DBH = diameter at breast height; h = tree height; ELEV = elevation; SoD = solum depth; TAH = thickness of
A horizon; SB = sum of bases; H+Al = potential acidity; CEC = cation exchange capacity; Al % = saturation by
aluminum; P = phosphorus; OM = organic matter; Ds = soil density; TP = total porosity; Ma = macroporosity;
Ks = soil saturated hydraulic conductivity. Values preceded by " are significant at 95 %.

soil and the response to liming is mainly attributed to the supply of Ca and Mg instead
of the correction of soil acidity, which does not mean that low pH does not affect the
development of plants in specific cases.

In relation to SB, we did not find a significant linear correlation with height (r = -0.12),
contrary to the findings of Rigatto et al. (2005), Bellote and Dedecek (2006), and Ruiz et al.
(2016). Likewise, OM showed r = -0.15 with height and r = -0.04 with DBH (Table 5). The
possible explanation for the low negative linear correlation of SB and OM in this study
is that the physical conditions have limited the development of the forest, long before
fertility conditions. Similar conclusions were found by Castelo et al. (2008), in which
they point out the soil’s effective depth as a constraint in the worst sites, although they
highlight soil chemical properties as conditioning factors for better yields. Besides, as
discussed before, the tallest trees were found on Latossolos (Table 3), which have good
physical conditions and low nutrient contents (Table 4).

Since soil physical limitations had a more effective control on the growth response of
the species than chemical ones, in the conditions of data dataset 1, we can affirm that
morphological soil variables prevailed over chemical ones in determining higher h and DBH.

Characterization and correlation of variables in dataset 2

The intervals of maximum and minimum SoD values were close to those found in dataset 1,
with a minimum of 0.10 m, maximum of 1.50 m, mean of 0.59 m, median of 0.60 m, and
standard deviation of 0.36 m. The thickness of the A horizon surpassed the maximum
value previously found, rising from 0.60 m in dataset 1 to 0.70 m in dataset 2 (Figure 3).
Furthermore, the average slope in dataset 2 increased considerably in relation to dataset 1,
comprising steeper areas (40 % maximum slope). This is a consequence of the larger
sampling area, collecting information from lower (879 m) and higher (934 m) elevations in
relation to dataset 1. Because of the higher variance in data, the high correlations found in
dataset 1 were diluted in dataset 2.

In dataset 2, SoD kept positive linear correlations with tree height and DBH, showing
r = 0.39 and 0.26, respectively. Likewise, TAH showed r = 0.27 for height and r = 0.15
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Figure 3. Descriptive statistics of dendrometric, topographic, and pedological variables of dataset 2, in which the statistical variables
are: n: number of samples; m: mean; sd: standard deviation; s: skewness. Pedological variables are: (a) clay; (b) sand; (c) solum depth
(SoD); (d) thickness of A horizon (TAH). Topographic variables are: (e) elevation (ELEV); (f) valley depth (VD); (g) vertical distance
to channel network (VDCN); (h) relative slope position (RSP); (i) slope; (j) terrain ruggedness index (TRI); (k) topographic wetness
index (TWI); (I) channel network base level (CNBL); (m) duration of insolation (DUI); (n) LS factor (LS). Dendrometric variables are:
(o) diameter at breast height (DBH); (p) total tree height (h).
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Figure 4. Significant Spearman’s correlation coefficients between dendrometric, topographic, and pedological variables of dataset
2, in which: h = total tree height; DBH = diameter at breast height; SLOPE = slope; ELEV = elevation; VDCN = vertical distance to
channel network; SoD = solum depth; TAH = thickness of A horizon.

for DBH (Figure 4). This result is similar to that obtained by Morales et al. (2010), who
observed higher yields in sites with deeper soils. Corroborating this, Gomes et al. (2016),
when determining management units for pine trees, identified the variables effective
depth and relief as the main constraints for plantations in the west of Santa Catarina.

The particle size distribution did not show a significant influence on tree height, which is
in contrast with the results presented by Dedecek et al. (2008) and Rigatto et al. (2005),
who found a relationship with soil texture. For both, heights were higher in clayey soils than
in soils with medium texture. According to the authors, soils with higher sand contents
and thus lower capacity to store water and nutrients showed lower yield potential. This
is in line with a study by Oberhuber (2017), conducted in Australia, who showed that
the water storage capacity of the soil is one of the factors that can limit radial growth in
pine trees. Besides not showing significant variation in soil texture along the landscape
(Figures 3a and 3b), rainfall is regular during the entire year in the study area (INPE,
2017). Thus, the importance of the particle size distribution in water retention that is
pointed out by the cited authors might not be as important in subtropical areas at high
altitude where there is no significant textural gradient and/or variation.

The importance of slope to explain yield variations decreased from r = 0.74 in dataset 1
tor = 0.1 in dataset 2 in relation to height and from r = 0.48 to r = -0.06 in relation to
DBH (data not shown). On the other hand, elevation kept a correlation coefficient very
similar to the one obtained in dataset 1 (r = -0.45 in relation to height and r = -0.28 in
relation to DBH) (Figure 4). This result could be a reflection of the higher slope variation,
which consequently smoothed these patterns among the heterogeneity of observations.
Therefore, when all the local variability is considered, the topographic variables elevation
(ELEV) and vertical distance to channel network (VDCN) can be better indicators for yield.
This change in the behavior of the relationships and the reduction of the coefficients
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of correlation between tree height and edaphic and topographic variables highlight the
necessity to adopt viable strategies for a more intensive sampling along the landscape.

In relation to the topographic variables, VDCN and valley depth (VD) showed significant
correlation with tree height, r = -0.44 and 0.38, respectively. Regarding DBH, only
VDCN proved relevant (r = -0.36). In order to understand these results, it is important
to consider that soils closer to the channel network are Neossolos, located on steep
slopes. As soon as the distance to the channel network increases, the slope decreases
and more developed soils are found.

These results have been confirmed through CCA (Figure 5), which shows the canonical
correlations of edaphic variables in relation to dendrometric variables, represented by
h, DBH, and h1, h2, h3, and h4. The two axes explained 71 % (axis 1) and 23 % (axis 2)
of variance, with a total accumulated variance of 94 %. The Monte Carlo permutation test
showed that the dendrometric variables were significantly correlated with the edaphic
variables used, with p = 0.002.

The eigenvalues found for axes 1 and 2 were considered high (>0.5) according to ter
Braak and Verdonschot (1995), for variables SoD (-0.61) and VD (-0.56) with the highest
negative scores; and relative slope position (RSP) (0.58), ELEV (0.60), and VDCN (0.64)
with the highest positive scores in CCA 1. Despite the low importance of CCA 2 (23 %),
it shows a relevant negative score for channel network base level (CNBL) (-0.35) and
positive for aspect (ASP) (0.38).

Hence, the two groups were clearly separated into a high-levels group (h1 and h2) and
low-yield group (h3 and h4) (Figure 5). Axis 1, responsible for most of the variance,
shows the highest negative scores for SoD and VD and positive scores for VDCN and
ELEV, suggesting the importance of these variables to differentiate environments for
the development of P. taeda.

] h4
<
CNBL
h2
- TRI i ELEV
i DUI VDCN
N o TAH _ SLOPE \
> | o
‘;‘ i SoD DBH
© hl
O vD j RSP
LS
ASP h3
0
S
T T T T T
-0.5 -1.0 -0.5 0.0 -0.5
CCA1(71%)

Figure 5. Ordination diagram of canonical correlation analysis (CCA) of axes 1-2 based on principal
components of edaphic and dendrometric variables of a Pinus taeda commercial plantation, Campo
Belo do Sul, Santa Catarina, in which the pedological variables are: solum depth (SoD) and thickness
of A horizon (TAH). Topographic variables are: elevation (ELEV); valley depth (VD); vertical distance to
channel network (VDCN); relative slope position (RSP); slope; terrain ruggedness index (TRI); topographic
wetness index (TWI); channel network base level (CNBL); duration of insolation (DUI); LS factor (LS).
Dendrometric variables are: diameter at breast height (DBH); total tree height (h); high level 1 (h1);
high level 2 (h2); high level 3 (h3); high level 4 (h4).
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In relation to SoD, the trees tend to produce longer roots in soils with low availability of
water and nutrients, even though the largest amount of root absorption in pine trees
occurs in the top 0.30 m of soil (Lopes et al., 2010). Thus, a hierarchical mechanism for
controlling the distribution of photoassimilates between source and drain determines a
preferential contribution to the development of the root system in detriment of increasing
height (Goncalves and Mello, 2000).

Significant alterations in morphology and spatial distribution of roots can occur when the
limitation for root growth is severe, such as a lithic contact. This happens because when
roots find an insurmountable limiting condition in depth, an intense proliferation of lateral
roots occurs, which will contribute to a higher root specific surface (Zonta et al., 2006).
This strategy of growing horizontally can result in zones of root accumulation, increasing
the susceptibility to tipping, especially because of the large size of the trees. This risk
is aggravated by the decrease in tree density after thinning, as observed in the area.

Although the low SoD suggests a more limited amount of resources, especially regarding
water availability, a study by Pedron et al. (2011) proved that, in Neossolos, water
retention in Cr horizons can be higher in relation to A horizons. Thus, the water storage
potential in saprolites is conditioned by the initial mineralogic changes and formation of
micropores. Differently, water infiltration in these horizons is related to the particle size
distribution, amount, thickness, angle, and filling of fractures of the saprolite horizon,
relief conditions, and current land use (Stirmer et al., 2009). Besides, stoniness, and
rockiness can significantly affect root development because of the mechanical constraint
it offers for root growth, as well as by decreasing the volume of soil that can be explored.

Soil morphology has an important role in forest development. In the present study, the
morphological variable SoD together with topographic variables ELEV and VDCN were considered
the important variables responsible for the different yield levels of P. taeda, as evidenced by
the significant correlation with the dendrometric variables and confirmed in the CCA.

These variables can be quickly obtained through field surveys (morphological) or through a
DEM (topographic). Neither requires laboratory analyses that demand time and money, but
they require qualified people, with knowledge in soil science and mastery of geoprocessing
and statistical tools.

This result suggests that SoD maps can be used to select homogeneous areas for the development
of Pinus taeda. These maps can be obtained through digital soil mapping techniques using
topographic variables as predictors (Mehnatkesh et al., 2013; Yang et al., 2016).

CONCLUSIONS

The morphological features solum depth and thickness of the A horizon prevail as
conditioning factors for greater heights and diameters of trees. Among the topographic
variables, elevation, valley depth, relative slope position, and vertical distance to channel
network were the main factors responsible for dendrometric variation.

Sampling in small plots may not be the best strategy to determine the variables that
condition the yield in areas of complex relief such as that of the present study.

The selection of explanatory variables for dendrometry variations must be based on a
large sample dataset along the landscape and not just a few locations, in places similar
to the one in this study.
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