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RESUMO

A relacéo solo-paisagem é fundamental na estratificagdo de pedoambientes, uma
vez que o fator relevo pode explicar a ocorréncia de solos em uma érea,
considerando os demais fatores de formacao do solo constantes O levantamento
de solos utiliza tal correlacdo na etapa de campo e no delineamento das unidades
de mapeamento. Com o advento dos sistemas de informacdo geogréfica e do
mapeamento digital de solos, a classificacdo digital do terreno pode ser
promissora, garantindo maior agilidade nos servigos. Uma dessas técnicas € o
Geomorphon, um algoritmo que produz mapa geomorfométrico da area de
interesse de forma automatica, identificando comumente dez fei¢des do terreno
que podem ocorrer na superficie terrestre. O mapeamento de solos é
fundamental em estratégias de planos de manejo nas areas de recursos naturais.
Entretanto, ainda consiste em um servico oneroso, em razdo do extensivo
trabalho de campo e amostragens. Neste trabalho, objetivou-se verificar a
relacdo entre classes de solos e feicbes do relevo em duas sub-bacias
hidrogréficas, Ribeirdo Lavrinha e Ribeirdo Marcela, localizadas no sul do
estado de Minas Gerais, utilizando o algoritmo Geomorphon testando nove raios
de abrangéncia e trés resolucBes espaciais (pixels de 10, 20 e 30 m) em modelos
digitais de elevacdo. Como referéncia das areas de classes de solos foram
utilizados mapas detalhados em escalas de 1:20.000 e 1:12.500 das sub-bacias,
respectivamente. Também foi utilizado um conjunto de dados independente com
informacbes de quantificacdo granulométrica em locais conhecidos, a fim de
verificar a variacdo desse atributo entre as feigbes do terreno classificadas
(unidades de geomorphon). O algoritmo testado demonstrou boa
representatividade das feicGes do terreno das areas estudadas e na relagdo com as
classes de solos predominantes. Os melhores raios de abrangéncia encontrados
foram o de 20 e 50 células para o Ribeirdo Lavrinha e Ribeirdo Marcela,
respectivamente. A resolucdo mais adequada encontrada foi de 30m para ambas.
Entre as unidades de geomorphons, a distribuicdo granulométrica apresentou
pequena variabilidade.

Palavras-chave: Geomorphon. Relevo. Resolucéo.



ABSTRACT

Soil-landscape  relation is fundamental for the stratification of
pedoenvironments, given that the terrain factor can explain the occurrence of
soils in an area, considering the remaining factors of soil formation. Soil survey
uses such correlation during the field stage and in the design of mapping units.
With the advent of geographic information and digital soil mapping systems,
digital classification of the terrain is promising, guaranteeing more agility in its
services. One of these techniques is Geomorphon, an algorithm that
automatically produces a geomorphometric map of the area of interest,
commonly identifying ten features of the terrain that may occur on the surface.
Soil mapping is a fundamental strategy for management plans in natural
resource areas. However, it is an onerous service due to extensive fieldwork and
samplings. This work aimed at verifying the relation between soil classes and
terrain features in two hydrographical sub-bacins, Ribeirdo Lavrinha and
Ribeirdo Marcela, located in southern Minas Gerais, Brazil, by means of the
Geomorphon algorithm, testing nine coverage radiuses and three spatial
resolutions (10, 20 and 30 m pixels) in digital elevation models. As reference for
the soil class areas, we used detailed maps of the sub-bacins in the scales of
1:20,000 and 1:12,500, respectively. We also used a set of independent data with
granulometry quantity information in known locations, in order to verify the
variation of this attribute among the classified terrain features (geomorphon
units). The tested algorithm showed good representativeness of the terrain
features in the studied areas and in the relation with the predominant soil classes.
The best coverage radiuses were of 20 and 50 cells for Ribeirdo Lavrinha and
Ribeirdo Marcela, respectively. The most adequate resolution was of 30 m for
both areas. Among the geomorphon units, granulometry distribution presented
little variation.

Keywords: Geomorphon. Terrain. Resolution.
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PRIMEIRA PARTE
1 INTRODUCAO

O mapeamento de solos tem por objetivo delimitar a ocorréncia de
classes de solos em uma area e discrimina, por meio de levantamento em campo
e analises de laboratorio, as caracteristicas peculiares de cada classe. Tais
informac6es sdo de fundamental importéancia na elaboracdo de planos de manejo
em diferentes segmentos gue envolvam o uso e ocupacao do solo como projetos
de colonizacdo, obras de engenharia, aptiddo agricola das terras e outros
(INSTITUTO BRASILEIRO DE GEOGRAFIA E ESTATISTICA, 2015).

A base de dados de mapas de solos no Brasil esta em sua maioria sob
escalas a niveis generalizados e exploratorios, ndo sendo indicados para
planejamento de manejo em areas de recursos nhaturais como sub-bacias
hidrogréficas (LIMA et al., 2013; SANTOS et al., 1995). O principal motivo se
deve ao alto custo do servi¢o, uma vez que demanda equipe qualificada, rede de
amostragens e analises laboratoriais (IWASHITA et al., 2012).

A etapa de levantamento em campo estabelece uma correlagéo entre 0s
solos e a paisagem na segmentacao das classes de solos, por considerar outras
varidveis ambientais como clima, tempo, organismos constantes (KAMPF;
CURI, 2012). Segundo Arnold (2006), as principais fontes de variacdo dos solos
em uma paisagem decorrem do relevo e da litologia em condi¢6es locais.

Com o advento dos Sistemas de Informacéo Geografica e a facilidade do
uso de softwares, o surgimento dos modelos digitais de elevacdo e técnicas
quantitativas como algoritmos ldégicos, permitindo informagdes adicionais da
area de estudo, tem gerado interesse aos cientistas do solo e no mapeamento de
solos na busca de informacGes precisas e pontuais (VAYSSE; LAGACHERIE,
2015).
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Uma dessas ferramentas € o denominado Geomorphon, um algoritmo
gerado para classificar as feigdes da superficie de forma digital e automatica. A
superficie terrestre, conforme essa ferramenta, é diferenciada comumente em
dez fei¢es do relevo (unidades de geomorphon) (JAZIEWICKS; STEPINSKI,
2013).

Considerando a importancia da relagdo solo-paisagem nos
levantamentos, um mapa geomorfométrico digital de classificacdo do relevo e
suas formas garantindo representatividade do terreno de interesse, pode
proporcionar agilidade nos servicos como estabelecimento de amostragens,
refinamento de mapas e reducgdo de custos (SARMENTO et al., 2014).

Neste trabalho, objetivou-se explorar a ferramenta Geomorphon na
classificacdo de feicGes geomdrfométricas de duas sub-bacias hidrograficas, a
fim de verificar a relacdo de tais feicdes com a ocorréncia de classes de solos e a
resolucdo de modelo digital de elevacdo, mais adequados a cada sub-bacia
hidrogréfica, para melhor representar o mapa geomorfométrico gerado. As areas
localizam-se nos municipios de Bocaina de Minas e Nazareno (estado de Minas
Gerais), sendo denominadas sub-bacias do Ribeirdo Lavrinha e do Ribeirdo

Marcela, respectivamente, afluentes da Bacia do Rio Grande.
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2 REFERENCIAL TEORICO
2.1 Importancia do levantamento de solos e mapeamento no Brasil

O levantamento de solos tem por objetivo efetuar o inventario dos solos
existentes em determinada area, a partir de suas caracteristicas morfogenéticas e
classificatorias, considerando a relagdao solo-paisagem e os fatores de formagao
(Hudson, 1992), de forma a verificar o padrdo de ocorréncia da distribuigdo dos
solos localmente (REZENDE et al., 2014). O produto final consiste de um
relatorio que compreende um texto descritivo e um mapa de solos, contendo as
unidades de mapeamento, com suas respectivas classes, de acordo com a escala
de abrangéncia e objetivos (IBGE, 2015).

Tais informacGes sdo de fundamental importéncia na elaboracdo de
planos de manejo em diferentes segmentos que envolvam o uso e ocupagdo do
solo como projetos de colonizacdo, obras de engenharia, aptiddo agricola das
terras e outros (SANTOS et al., 1995).

O territério brasileiro atualmente compreende uma base de dados de
mapas em escalas sob niveis generalizados e exploratérios (1:1.000.000 a
1:600.000) e apenas 10 dos 26 estados encontram-se sob escalas de 1:250.000.
Os mapas com escalas detalhadas (1:25.000) correspondem a 5% do total de
mapas de solos (LIMA et al., 2013; MENDONCA-SANTOS; SANTOS, 2007).

Segundo o0 manual de procedimentos normativos pedoldgicos (SANTOS
et al., 1995), mapas em escalas pequenas ndo sdo adequados para 0O
planejamento no ambito de propriedades rurais, projetos de assentamentos e
areas de bacias e sub-bacias hidrograficas, sendo recomendadas escalas de
1:50.000 ou maiores.

O levantamento de solos é uma atividade bastante onerosa, em termos de
tempo e custos, decorrente da qualificacdo do pessoal que o realiza e dos

frequentes deslocamentos de equipe. Lagacherie e McBratney (2007) relatam
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que a principal razdo de poucos mapas em escalas detalhadas na maioria dos
paises se deve ao alto custo dos levantamentos que envolve extensivo trabalho
de campo e laboratério. Iwashita et al. (2012) também destacam que, durante o0s
levantamentos de solos, tais restricdes financeiras e de tempo disponiveis

limitam a amostragem ao longo de toda a area.
2.2 Ferramentas digitais no auxilio a mapeamento de solos

O advento da tecnologia através de avancos nas ciéncias
computacionais, como a capacidade de armazenagem de dados e
processamentos, o surgimento de ferramentas como o GPS, as imagens de
satélites, por meio dos sensores entre outros, proporcionaram beneficios as
etapas de interpretacdo e delimitacdo de unidades de mapeamento dos solos
(CARVALHO et al., 2015; SILVA et al., 2016).

A espacializacdo de dados em ambiente SIG (Sistema de Informacao
Geogréfica), a partir da década de 1980, tem possibilitado a vantagem de
armazenar informagdes em um banco de dados, assim como de manipula-los,
ndo sendo o mapa um produto Unico e estatico possibilitando a obtencdo de
informacbes adicionais da area de estudo (MCBRATNEY; SANTOS;
MINASNY, 2003), por meio de técnicas quantitativas e algoritmos ldgicos, o
que tem atraido interesse nos cientistas do solo na busca de obter informacdes
mais precisas no mapeamento de solos (BUI, 2007; MINASNY et al., 2015;
VAYSSE; LAGACHERIE, 2015).

A investigacdo dessas técnicas tem sido realizada em diversos paises
(ASHTEKAR et al., 2014; BRUNGARD et al., 2015; HENGL et al., 2015;
MENEZES et al., 2014; PINTO et al., 2016; SILVA et al., 2015; VAGEN et al.,
2016) por meio de modelagens utilizando técnicas de predi¢cdo no mapeamento

digital de solos.
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2.3 Variabilidade e predicao espacial em classes e atributos do solo

O solo considerado como um sistema dindmico e aberto em suas
extensdes, é varidvel ao longo da paisagem. Sabe-se que ha variabilidade a
curtas distancias e no mapeamento de solos pode estar representada dentro das
unidades de mapeamento (em forma de associacbes e complexos) ou em
resolugdes de mapeamentos digitais no mesmo pixel (LIBOHOVA et al., 2016).
Para atributos do solo, como contetdo de argila e areia, ha evidéncias de que
essa variabilidade a curta distancia estd longe de ser insignificante
(LAGACHERIE; MCBRATNEY, 2007).

A variabilidade dos solos esta relacionada aos processos pedogenéticos
decorrentes da interagdo dos fatores de formacdo do solo estabelecidos por
estudos de Dokuchaev (1878) e explicitado na equacdo de Jenny (1941): S=f (C,
0O, P, R,T), sendo C, aspectos climaticos; O, organismos; P, material de origem;
R, relevo; T, tempo. Tais fontes de variacdo sdo assumidas na predicdo espacial
de classes e atributos do solo, explicitado por McBratney, Santos e Minasny
(2003) que estabeleceram o modelo denominado SCORPAN no mapeamento
digital de solos, por meio da equacgdo: S=f (s, ¢, 0, r, p, &, n), sendo S, classe ou
atributo do solo a ser predito; s, informac6es em campo ou laboratério do
predito; a, a idade ou tempo e n, localizacdo em coordenadas geogréaficas de S.

A necessidade de compreensdo da distribuicdo espacial dos solos e da
sua dindmica interna requer a integracdo dos estudos pedol6gicos com outros
ramos do conhecimento, considerando as varias escalas de abordagem da
pedopaisagem. Nesse sentido, destacam-se a geologia, em particular a
estratigrafia (principalmente dos depoésitos superficiais mais recentes), a
geomorfologia (quanto a morfogénese e morfografia) e a hidrologia (referente
aos fluxos hidricos superficiais e subsuperficiais) (VIDAL-TORRADO;
LEPSCH; CASTRO, 2005).
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Em condigdes locais e considerando os fatores de formagdo como clima,
organismos e o tempo constante, a litologia e o relevo podem explicar a
distribuicdo dos solos na paisagem (ARNOLD, 2006; GRAY; BISHOP;
WILFORD, 2014).

Na predicdo espacial de classes e atributos de solo, a covariavel
ambiental ou fator de formacédo relevo é fundamental aos levantamentos de solos
em campo e na segmentacdo das unidades de mapeamento, considerando os
outros fatores constantes (MOORE et al., 1993; RESENDE et al., 2014; ZHU et
al., 2001).

O relevo e suas formas foram considerados como apoio a0 mapeamento
de solos a partir do conceito catena estabelecido por Milne (1935), que destacou
a influéncia dos movimentos de materiais (horizontais e verticais) ao longo da
topografia, levando a pedogénese dos solos podendo estar parcialmente repetida
na paisagem (KAMPF; CURI, 2012; VIDAL-TORRADO; LEPSCH; CASTRO,
2005).

Outros modelos geomorfoldgicos da paisagem também contribuiram
para estudos da variabilidade de solos e sua distribuicdo espacial, como o de
Ruhe (1956) gue estabeleceu a relagdo entre superficies e feicdes geomérficas a
partir de estudos de solos com diferentes estratos em determinadas superficies e
propondo um modelo de evolucdo da paisagem a partir do retrocesso das
vertentes levantando a ideia de perdas desiguais de material nos diferentes
segmentos das encostas, onde a parte mais elevada das superficies mais recentes,
perderia mais material que a mais préxima do canal de drenagem, admitindo a
permanéncia de remanescentes de superficies antigas. Assim, determinados
solos estariam sempre associados a formas de relevo especificas e 0s seus
padrdes de distribuicao espacial seriam repetitivos e predizieis.

Darlymple, Blong e Conacher (1968) compartimentalizaram a vertente

em nove segmentos (topo, ter¢o superior, terco inferior, terco médio, ombro,
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meia encosta, escarpa, sopé de transporte, sopé de deposicdo) com base na
intensidade dos processos pedogenéticos e de erosdo que possam ocorrer em
cada um deles.

O modelo desenvolvido por Troeh (1965), baseado no perfil (inclinagéo)
de curvatura (curva) do terreno, sugere nove pedoformas que variam em
combinagbes de retilinearidade, concavidade e convexidade, enfatizando a
interacdo entre grau de intemperismo, evolucédo e dindmica de fluxos hidricos na
variabilidade dos solos. No mesmo sentido, Hugget (1975) estudando solos de
Hertfordshire, Inglaterra, enfatizou a importancia dos fluxos hidricos e redes de
drenagem na génese e variabilidade dos solos em funcédo das formas e fei¢Ges do
terreno.

Essa correlacdo solo-paisagem foi documentada por muitos
pesquisadores, 0s quais desenvolveram modelos considerando o relevo e suas
formas como fator preditivo (CARMO; CURI; RESENDE, 1984; COELHO;
LEPSCH; MENK, 1994; CONACHER; DALRYMPLE, 1977; CURI et al.,
1990; VALADARES; LEPSCH; KUPPER, 1971)

2.4 Técnicas geomorfométricas digitais no auxilio a levantamentos de solos

Considerando o grau de importancia da relacdo solo-paisagem no
levantamento de solos, o interesse na classificagdo de formas da superficie do
terreno de forma digital consiste no potencial para sintetizar a predominancia de
certos processos pedogenéticos, auxiliando o entendimento da pedogénese e
distribuicdo dos solos no terreno, sendo util tanto para o desenvolvimento de
modelos preditivos solo-paisagem quanto para guiar amostragens em campo a
fim de aperfeigoar a representatividade, evitar coletas desnecessérias e garantir
maior agilidade nos servicos (SARMENTO et al., 2014).

Nesse sentido, modelagens em mapeamento digital de solos tém

utilizado varidveis morfométricas na predicdo de classes e atributos do solo
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derivadas de um modelo digital de elevacdo, sendo as mais usuais a declividade,
o perfil e plano de curvatura (COELHO; GIASSON, 2010; VALERIANO, 2008;
VAYSSE; LAGACHERIE, 2015).

Entretanto, alguns autores relatam desvantagens neste método na
classificacdo das formas da superficie quanto ao calculo dos pesos de tais
variaveis, sendo baseados apenas na geometria e ndo na feicdo do terreno e
quanto aos resultados gerados na classificacdo de formas podendo ser diferentes
a depender dos pesos atribuidos e da técnica classificatdria utilizada (CAMIZ;
POSCOLIERI, 2015; GEORGIEVSKI, 2011).

Outro método de classificacdo digital das formas do terreno denomina-
se Geomorphon, criando recentemente por Jaziewikcs e Stepinski (2013). Esse
método segmenta o terreno em dez feicdes de ocorréncia da superficie terrestre.

Métodos que organizem a superficie do terreno de acordo com modelos
geomorfolégicos e relagbes entre a forma e a paisagem mostram potencial na
predicdo de atributos e classes do solo (MOORE et al., 1993).

2.4.1 Geomorphons

Consiste em método de classificagdo automatica, desenvolvido para
reconhecer variagbes de padrGes topograficos na paisagem, a partir de um
modelo digital de elevacdo. O algoritmo fundamenta-se em principios de padrao
local ternario, principio denominado “line-of-sight” e raios de abrangéncia,
classificando o terreno em dez feicBes gemorficas de ocorréncia da superficie
terrestre, sendo estas apresentadas na figura abaixo (JAZIEWICKS;
STEPINSKI, 2013).
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Figura 1 - Dez unidades de geomorphons de ocorréncia da superficie terrestre,
efetuado pelo algoritmo Gemorphon.
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Fonte: Jaziewicks e Stepinski (2013).

A classificacdo de tais feicdes é realizada pixel a pixel, por meio de um
modelo digital de elevacédo inserido. O calculo estabelece oito pontos (pixels),
atribuindo pesos aos mesmos ao redor do ponto central, sendo tais pesos 0, 1, -1,
que correspondem respectivamente a: igual, mais alto, mais baixo. Na Figura 1,
acima, os pontos em verde significam que 0s pesos desses pixels sao
semelhantes ao ponto central; os pontos em cor azul indicam que tais pesos sdo
mais baixos que o ponto central e os pontos em vermelho sdo pixels que estdo
mais altos que o ponto central. Com essa combinacao de oito pontos e atribuicdo
de pesos ¢é realizada a classificacdo. O alcance desses pontos selecionados para
formar uma unidade de geomorphon é estabelecido pelo raio de abrangéncia que
0 usuario pode determinar que variam de 0 a 50.

A atribuigdo de pesos néo é feita baseada somente no ponto de elevacéo,
mas para cada ponto sdo considerados o célculo dos angulos Zenith e Nadir,
adequando-se a topografica local, como apresenta a Figura 2. Quando a
diferenca entre o Nadir e o Zenith (A) forem menor que a planicidade (-t) do
ponto central, os pixels tendem a ser mais baixos que o ponto central, atribuindo
peso -1 (para o célculo do ponto A); quando a diferenca entre o Nadir e 0 Zenith

forem maior que a planicidade (t) do ponto central, os pixels tendem a serem
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mais altos (para o célculo do ponto B) e assim a classificacdo € feita pixel a
pixel.

Figura2- Angulos Zenith e Nadir na classificacdo das unidades de

geomorphons.
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Fonte: Jaziewikcs e Stepinski (2013).

Libohova et al. (2016) estudando a relacdo entre fei¢cGes topogréaficas e
atributos de subsuperficie dos solos no norte de Indiana (EUA), avaliaram
fatores como estrutura laminar autdctone, sedimento glacial denso e espessura
do horizonte A, e 0s relacionou com processos pedogenéticos e fluxos da agua,
encontrando resultados satisfatérios com pixels de 10 e 20 m e diferentes raios
de abrangéncia na representatividade das fei¢des do terreno. Os mesmos autores
afirmam que o uso do Geomorphon pode auxiliar na predi¢cdo de classes e
atributos dos solos e no entendimento de processos pedogenéticos.

Ashtekar et al. (2014) elaboraram um mapa digital de classes e atributos
do solo (pH, carbono orgéanico e capacidade de troca catibnica) e verificaram
gue o mapa de Geomorphons com pixels de 90m capturou a variabilidade da
area de estudo nos Llanos Orientales, Colémbia, encontrando unidades de

geomorphons em uma mesma unidade de mapeamento.
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Analisando fracfes de carbono organico em horizontes subsuperficiais
escuros em uma area cultivada com eucalipto no Rio Grande do Sul, Toma et al.
(2015) encontraram relacdo entre as unidades de Geomorphons e gradientes de
declive com diferentes concentracfes de carbono na camada de 0-5 cm,
identificando as areas de maior acimulo ou perda.

Pinto et al. (2016), utilizando um modelo digital de elevacdo com pixels
de 10m, encontraram diferencas na proporcdo de areas de unidades geomorficas
em sub-bacias hidrograficas em Minas Gerais, utilizando dois métodos de
classificacdo: Geomorphons e método classificatorio automatico de Iwahashi e
Pike (2007). Também verificaram que ao realizar predicdo espacial de
condutividade hidraulica saturada do solo, o uso do Geomorphon combinado a
outros atributos de terreno oi 0 melhor método dentre os testados, representando
melhor a transmissividade de 4gua no solo.

Desse modo, mapas geomorfométricos podem ser uteis no auxilio ao
levantamento de solos, possibilitando correlagdo com a ocorréncia de solos na
paisagem em condicdes locais, se as feicdes ou unidades geomorficas forem
classificadas de forma adequada. Nesse sentido, a resolucdo do pixel é

fundamental na representatividade das areas.
2.5 Resolucao espacial e representatividade

Uma célula ou pixel, é a entidade espacial fundamental em um modelo
raster em sistemas de informagdo geografica (DEMERS, 2001; GATRELL,
1991) e representa a resolucdo de uma imagem ou de um modelo digital de
elevacdo. A resolucdo espacial é importante na caracterizagdo de detalhes do
objeto de estudo, pois deve representar o fenbémeno real observado
(BURROUGH, 1986).

Hengl (2006) relata que quanto menor o pixel a tendéncia é que o

modelo digital de elevacdo seja mais acurado, entretanto ressalta que a
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topografia da paisagem influencia na acuracia, em decorréncia da superficie de
elevacdo, podendo ndo aparecer pontos muito altos como picos ou muito baixos
como vales encaixados ou linhas de drenagem, dependendo da resolucdo
utilizada (EVANS, 1980; FLORINSKI, 1998). Portanto, a resolu¢do adequada é
aquela que otimiza o reflexo da variabilidade de elevacdo da superficie e seja
capaz de representar feicdes geomorficas (BORKOWSKI; MEIER, 1994;
KIENZLE, 2004).

Florinski e Kuryakova (2000), estudando a relagdo da variacdo
topografica na area de platd do leste Europeu (RUssia) e o tamanho adequado de
pixel, concluiu que os pixels mais indicados & derivacao de atributos de terreno e
célculos de algoritmos sob uma matriz, estdo no alcance de 20 a 40 m? No
mesmo sentido, Roecker e Thompson (2010) relatam que finas resolucdes
classificadas de 5 a 10m ndo produzem assertivas informacdes do terreno,
havendo excesso de detalhes, conduzindo a alta variabilidade de informagdes em
predicdo espacial, causando confusdo nos mapas.

Cavazzi et al. (2013) ressaltam que ndo ha um padrdo adequado do
tamanho de pixels, mas que estes devem ser testados para cada area, conforme
0s objetivos pretendidos na extracdo de informagdes de uma imagem ou modelo

digital de elevacao.
2.6 Sub-bacias Ribeirdo Lavrinha e Marcela-MG

As sub-bacias hidrogréaficas do Ribeirdo Lavrinha e do Ribeirdo Marcela
situam-se no sul do estado de Minas Gerais, nascentes da bacia do Alto Rio
Grande que, por sua vez, fornecem energia e agua para a populacéo e campos de
agricultura. Embora representativas da bacia do Alto Rio Grande, estdo
localizadas em condigdes fisiograficas diferentes: Serra da Mantiqueira (sub-
bacia do Ribeirdo Lavrinha) e Campos das Vertentes (sub-bacia do Ribeirdo

Marcela).
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Na sub-bacia hidrogréfica do Ribeirdo Lavrinha, os solos sdo
predominantemente Cambissolos correspondendo a 92% da éarea,, rasos nas
partes altas e com profundidades atingindo de 0,70 a 1,20 m, incluindo o
horizonte C (MENEZES et al., 2009; MENEZES et al., 2014), resultado da
alteracdo do gnaisse do Neoproterozdico. O relevo é ingreme com vertentes
concavo-convexos e estreitas planicies fluviais (CENTRO TECNOLOGICO DE
MINAS GERAIS, 1983; RADAMBRASIL, 1983). Solos hidromdrficos ocupam
posi¢cdes mais baixas da paisagem, onde o lengol freatico é proximo a superficie
na maior parte do ano. A vegetacdo nativa é de floresta tropical de altitude,
sendo a distribuicdo da cobertura vegetal distribuida em mata nativa, ocupando
62% da area em declividades ingremes; pastagem degradada, ocupando 33% da
area, e plantacdes de eucalipto em 5% da area (PINTO, 2015). Essa sub-bacia
hidrogréfica abrange 676 ha, com elevagdo entre 1137 a 1733m de altitude. De
acordo com a classificacdo de Kdppen, o clima é Cwb (temperado himido com
inverno seco e verdo temperado) e baixa pluviosidade no verao.

Na sub-bacia hidrografica do ribeirdo Marcela, os solos de ocorréncia
predominante sdo Latossolos e Cambissolos (GIAROLA et al., 1997), que
ocupam as posi¢fes mais dissecadas (MOTTA et al., 2001) e por¢cdes mais
lineares da pedoforma convexa na paisagem. Latossolos Vermelhos (2,5 YR ou
mais vermelhos) geralmente ocupam posi¢fes mais planas e posicdes de topo
convexo. Os Latossolos Amarelos (7,5 YR ou mais amarelos) e Vermelho-
Amarelos (menos vermelhos que 2,5YR e mais vermelhos que 7,5 YR) ocupam
posi¢des que variam do topo ao sopé da encosta. Tais colora¢gdes mostram uma
condigdo hidrolégica pretérita de influéncia, onde o tipo de orientacdo das
camadas do material de origem condicionados por um regime diferenciado de
umidade em dois sistemas, exerceram influéncia na pedogénese do Latossolo
Vermelho, Latossolo Amarelo e Latossolo Vermelho-Amarelo. A orientagdo

horizontalizada das camadas condiciona a génese de Latossolos Amarelos e
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Latossolos Vermelho-Amarelos, tendo alta proporgdo de goethita/hematita e,
consequentemente, cores amareladas, como resultado de condigdes de umidade
diferentes dos solos mais vermelhos (CHAGAS et al., 1997). Os solos
hidromorficos ocupam as superficies jovens em posi¢cfes mais baixas da
paisagem. O material de origem é micaxisto e filito do Proterozoico e o padréo
de dissecagdo é homogéneo (CETEC, 1983; RADAMBRASIL, 1983). Esta sub-
bacia compreende uma area de 476 hectares, com altitudes variando entre 957 a
1057 metros e clima conforme classificacdo de Képpen correspondendo a Cwa
(clima temperado humido com inverno seco e verdo quente). A temperatura
varia em torno de 19° C e a precipitagdo média anual é de 1.300 mm. A
vegetacdo nativa corresponde ao Cerrado. O relevo de forma geral é suave com

intenso desenvolvimento do solo.
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3 CONSIDERACOES FINAIS

Diante do exposto e considerando a importancia da relagdo solo-
paisagem nos levantamentos de solos, uma técnica digital que classifique as
feicbes do terreno como o algoritmo Geomorphon pode assegurar maior
agilidade nos servicos em condi¢cfes tropicais. Busca-se também encontrar
resolucdes espaciais adequadas que capturem a variabilidade do terreno em

condicdes de relevo diferenciados na predicéo de classes e atributos de solos.
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ABSTRACT

Recently there has been a trend to use quantitative methods for digital soil and
geomorphological mapping. Among them, Geomorphons was developed to
identify the 10 most common landforms based on digital elevation models. The
objective of this work was to quantitatively assess the relationships between
Geomorphons units, calculated at three spatial resolutions and nine radius, and
soil types and properties of two watersheds with different soil-landscape
relationships in Brazil to help soil surveys and mapping under tropical
conditions. The study was conducted at Lavrinha Creek (LCW) and Marcela
Creek (MCW) watersheds, located in Minas Gerais State, Brazil. Spatial
resolutions of 10, 20 and 30 m were the basis for generating Geomorphons at 9
radii of calculation for the watersheds. They were overlapped to detailed soil
maps of the watersheds and chi-square test was performed to assess their
relationship with soil types. Observation points were compared with the best
correlated Geomorphons to also assess relationships with soil properties.
Geomorphons of 30 m resolution and radii of 20 and 50 cells, respectively for
LCW and MCW, were better correlated with soil types variability, in accordance
to these watersheds terrain features. Most observation points for each soil type
were located in the same Geomorphon unit that was dominant when analyzing
soil maps. Soil properties were less variable among Geomorphons units,
probably due to the high weathered-leached stage of soils. Geomorphons can
help to improve soil maps in tropical conditions assessing soils variability due to

its high correlation with tropical soil types variability.

Keywords: Geomorphons, Soil-landscape relationships, Pedology, Landforms,

Digital soil mapping.

INTRODUCTION
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In soil surveys, the understanding of existing relationships between soil
types and/or properties and landscape features are fundamental for the definition
of the most representative places for soil morphological description and
sampling. This knowledge is also needed during the digital soil and
geomorphological mapping (Bishop et al., 2012). However, due to those
relationships being regionally variable, adjustments of general geomorphology
models are required for fitting the soils variability in an area of interest
(Birkeland, 1999).

In this new period with the advent of digital soil mapping tools, there
have been a global interest in more detailed soil maps (Vaysse and Lagacherie,
2015) and the transition from qualitative to more quantitative soil mapping
methods (McBratney et al., 2003). This has been proposed in order to expose the
soil scientist's mental (qualitative) model (Bui, 2004) of soils distribution on the
landscape at the mapping process. Turning it into more quantitative methods,
this knowledge can be explicit on maps, recovered from them to allow for
improvement of the existing maps, and these relationships can be understood by
other soil scientists.

Most of those recently created mapping tools were developed in
countries whose soils are quite different from tropical soils (Schaetzl and
Anderson, 2005). Thus, in this latter condition, those tools have to be evaluated
and adjusted for better modeling soils variability. One of those tools is the
Geomorphons, created by Jasiewicz and Stepinski (2013). It consists of a
guantitative method for stratifying the landscape in the 10 most common
landforms. Thus, as relief influences soil properties (Jenny, 1941), its analysis
through Geomorphons, after a regional evaluation, could lead to improvements
in soil surveys and mapping, mainly for countries with lack of both soil data and
financial support for performing detailed soil surveys, such as Brazil
(Mendonga-Santos and Santos, 2007).
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Keeping in mind the need for more detailed soil maps in Brazil and
other developing countries, this study was carried out. It aimed to quantitatively
assess the relationships between Geomorphons units, calculated at three spatial
resolutions and nine radii, and soil types and properties of two watersheds with
different soil-landscape relationships in Brazil to help soil surveys and mapping

under tropical conditions.

MATERIAL AND METHODS

This study was conducted in Lavrinha Creek (LCW) and Marcela Creek
(MCW) Watersheds. Table 1 and Figure 1 contain their characterization and
location, respectively. Both watersheds drain toward to Grande River Basin,
which, in turn, contains diverse hydroelectric power plants and, thus, generates
electric energy for great part of southeastern Brazil (Beskow et al., 2009). This
country has faced water scarcity in many States in the last two years, which has
called more attention for watersheds and their environmental importance in
water recharge, which is highly influenced by land use and management
practices.

LCW is representative of Mantiqueira Range region, being a headwater
watershed, with Dystrudepts (DT) (soils classified according to Soil Taxonomy
(Staff, 2014) developed from gneiss on the sloping area and Udifluvents (Ut)
and Endoaquents (Et) on the lowest places of the landscape (Menezes et al.,
2014). MCW is included in Vertentes Fields physiographical region, with
gentler slopes when compared with LCW. MCW soils were developed from
mica schists, in which occur Hapludox (Hx) and Acrudox (Ax) on higher places,
DT on steep portions of the landscape, and Et on lower parts of the watershed
(Motta et al., 2001). The soil maps of those watersheds at detailed scale (LCW:
1:20,000; MCW: 1:12,500) were used as reference for comparisons with

Geomorphons.
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For the Geomorphons creation (Jasiewicz and Stepinski, 2013), Digital
Elevation Models (DEMs) of 10, 20 and 30 m of resolution were created from
contour lines at 1:50,000 scale (IBGE) through Topo to Raster tool in ArcMAP
10.1 (ESRI). From these DEMs, the Geomorphons were generated on the
website http://sil.uc.edu/geom/app at nine radii (5, 7, 10, 15, 20, 25, 30, 40, and
50 cells), which correspond to the number of cells (pixels) as radius of a
circumference around a cell of interest that is taken into account for determining
the Geomorphon unit (GU) of that cell of interest. Geomorphons identifies 10
most common landform units within the landscape, being them Flat, Peak,
Ridge, Shoulder, Spur, Slope, Footslope, Hollow, Valley and Pit. The three pixel
sizes, the nine radii, and the two watersheds made up a total of 54 Geomorphons
maps created for analysis.

The soil maps of the two watersheds and the 54 Geomorphons maps
were overlapped and the combination of each GU, out of the 10 most common
ones, with the soil polygon on the soil maps had its area calculated. Then, chi-
square statistic at 5 % of probability was performed (formula presented below)
to assess whether there was a relationship between the GUs and the soil types of
those different conditions.

Rk
=
in which o is the observed area of each combination between soil types and
GUs, and e is the expected area of each combination. The higher the calculated
value (X?) than the critic value (X? critic) determined on a chi-square table, the
greater the relationship between soil types and GUs. LCW and MCW,
respectively, have three and four soil types that were combined with the 10
possible GUs. Thus, the degree of freedom (DF) for them were, respectively, 29
and 39 (DF = [number of soil types x number of GUs] - 1). Then, analyses of the

relationships between the best Geomorphons and the soil types were performed
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for each watershed in order to clarify the quantitative soil-landscape
relationships.

Furthermore, observation points, where it were performed
morphological soil description and classification, were inserted on the
Geomorphons maps that presented the strongest relationship with the soil types
in order to evaluate whether those soils occurrence in punctual locales agreed
with the results found from the analyzes between soil maps and GUs, since soil
polygon maps allow for some uncertainty of soil classes within each polygon
(Soil Survey Manual, 1993). 37 points were analyzed in LCW and 29 in MCW.

In sequence, in order to test whether soil properties also vary according
to GUs, an independent data set containing the particle size distribution from the
0-20 cm depth for the two watersheds, containing 197 points in LCW and 165 in
MCW, were inserted on those best correlated Geomorphons maps. Then, a
Scott-Knott test at 5 % probability was performed in SISVAR 5.3 software to

assess the statistical differences of sand, silt, and clay contents among the GUs.

RESULTS AND DISCUSSION

Table 2 and Figure 2 show the chi-square calculated for each pixel size
and Geomorphons radius in each watershed.

It is noticed that the pixel size solely had great influence on chi-square
values and, consequently, the correspondence between the GUs and the soil
types. As an example, in Table 2, chi-square in MCW with radius of five and
pixel size of 10 m did not present relationship with the soil types for being
smaller than the critic X?, but the ones of 20 and 30 m did (Figure 3). It has also
been reported by Hengl (2006), who noticed that the optimal pixel size may
differ according to different target variables, thus, the one that provides the
highest correlation with the predicted variable should be chosen (Florinsky and
Kuryakova, 2000).
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For both watersheds, spatial resolution of 30 m had a higher relation to
the soil types than the other pixel sizes. As noticed by Roecker and Thompson
(2010), the more detailed resolutions presented lesser correspondence to soil
types than the coarse resolution, in this case, 30 m.

The Geomorphons radii, in turn, were also responsible for changes in
degrees of relationship between soil types and GUs (Table 2). As presented in
Figure 4, as the radius increases, the polygons of some GUs become larger. For
LCW, for example, at radii of five, 20 and 50 cells at pixel size of 20 m, all of
them presented correspondence with soil types for having a X? greater than critic
X?, although they look different from one another (Figure 4). At the greatest
radius, in general, the GUs correspondent to both low and concave places
(Footslope, Valley, Pit, and Hollow), ridges (Shoulder, Ridge and Peak) and
convex backslopes (Spur) had larger areas than in the other GUs. On the other
hand, GUs correspondent to flat places (Flat) and linear backslope (Slope)
decreased as the radius increases. Furthermore, it is important to highlight the
high similarity of the watershed limits, which were very well defined by the GUs
Peak and Ridge.

In both LCW and MCW, for all the combinations of pixel sizes with
Geomorphons radii, except for radius of five and pixel of 10 m in MCW (one
combination out of 54 possible combinations), there was significant relationship
between these parameters and soil types, according to the chi-square test at 5 %
probability (Table 2). The higher the X? value when it is greater than the X?
critic, the stronger the relationship with soil types is. It indicates that the GUs
identified by this tool is correlated with the distribution of soil patterns within
different landscapes, even though the Geomorphons at varying radius for
calculation and pixel sizes present visual changes (Figures 3 and 4).

In order to define the most appropriate Geomorphons for each

watershed, the highest X? value was taken as the most representative of the GUs



44

and soil types. As previously mentioned, all the best of them had an spatial
resolution of 30 m in the two watersheds, however the radius varied. For LCW,
radius of 20 cells was the most representative, while for MCW the best one was
calculated with 50 cells. Geomorphons with radius of 50 cells increase the
lowland landforms area (Figure 4), which is common of gentler relief
landscapes. In LCW, as the topography is steeper and relief is more variable,
lowland places are reduced in area, being better represented by radius of 20
cells. Figure 5 shows the best Geomorphons correlated with soil types for the
two watersheds.

Knowing the best Geomorphons for each watershed, the area of the soil
types within the GUs was calculated in order to relate soils occurrence with the
GUs (Figure 6). It was observed a pattern of soils distribution in the watersheds
with the GUs. In LCW, where DT domains with 92 % of the area, this soil class
mostly occupies Slope, Hollow and Spur GUs. This watershed presents very
steep slope gradient in the area, which tend to promote higher erosion rates and
contributes to the weak development of its soils (Aquino et al., 2013). The ET
and UT are predominantly located in Pit and Valley GUs, which are typic of
lower elevation areas. Pit is a low and concave place within the landscape, being
in accordance with the expected location where ET is commonly encountered,
while UT predominates in Valley GU, which, in turn, is not as low in elevation
as Pit, although being also close to the water course, which agrees with its better
drainage when compared with ET (Buol et al., 2011).

In MCW, the DT is close to the water bodies, occurring right above
them, the reason why the dominant GU for this soil type was Valley, followed
by Slope, which is a more linear GU, probably causing more erosion and, thus,
reducing the rates of soil development.

Both AX and HX of this watershed are found in higher and gentler slope

areas (Motta et al., 2002). This is in agreement with their predominance in Ridge
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GU, typic of the highest areas of the landscape, but not as sharp as Peak, where
they also occur. The other GUs in which these soil types occur are the same for
both soils. This is explained by the fact that in this watershed, both AX and HX
tend to be found in similar landforms. The main factor that drives their
differentiation is the orientation of the parent material layers (Chagas et al.,
1997): when horizontal-oriented, water is kept in the system for a longer time
than when vertical-oriented, which leads to distinct rates of hematite/goethite in
those soils, explaining their contrasting colors.

ET in MCW, differently as found in LCW, occupies larger area in
Valley GU than in Pit, followed by Hollow, although all of them being typic of
low and concave or flat places on the landscape, where water accumulates and
contributes to the development of soils hydromorphic features.

As observed in Figures 5 and 6, more than one GU was found within the
same soil type, which means that factors other than the ones taken into account
by Geomorphons driver soil differentiation. Similar results were found by
Cavazzi et al. (2013), who studied some specific places where parent material
was more important than terrain to explain soil variability, causing
misclassification on the maps. However, it could be found a relationship
between the soil types of the two watersheds with the GUs where they
predominantly occur. This is an adequate indicative that Geomorphons is able to
stratify the landscape in geomorphological units that have correlation with soil
types. Perhaps, for the tropical conditions evaluated, merging some of the GUs
could be done in order to facilitate the understanding of soils distribution along
the area of interest, such as done by Ashtekar et al. (2014) in Colombia as a first
attempt to model soil properties from Llanos Orientales. For example, ET was
predominantly observed in Valley in MCW and in Pit in LCW. Thus, although

Valley and Pit are different GUs, they were successful in separating
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hydromorphic soils, as expected. This could suggest that some soil types may
occur in different geomorphologies defined by Geomorphons.

Another possible explanation of more than one soil type occurring
within a GU is related with polygon soil maps. It is known that those soil maps,
even at a detailed scale, are allowed to contain small areas of other soil types
within a mapping unit (inclusions) (Staff, 1993). This could have led to the
occurrence of some soil types in unexpected GUs, although they were always
representing small areas, such as ET and UT in Spur and Slope in both MCW
and LCW (Figure 6).

In order to clarify this hypothesis, observation points where soil
morphological description and classification were performed were inserted in
the Geomorphons maps of highest correspondence with the soil types for the two
watersheds and compared with the GUs where they were inserted (Table 3).

Analyzing Table 3, for LCW, it can be seen that most of the DT is found
in Slope GU, in agreement with the previous results. Furthermore, the unique
point in a ET area was also in the same GU that the dominant one found by the
calculations of areas on the polygon map (Pit). UT, in turn, has points occurring
in Pit and Valley, being them characteristic of the landforms where this soil type
is commonly found.

For MCW, most of the DT is found in Slope GU, in agreement with its
incipient development, for being associated with more erosive places, while
found with predominance in Valley in terms of area. However, ET, AX, and HX
were found in the same previously observed GUs, respectively, Pit, Ridge, and
Slope.

From this analysis, it was noticed that most soil types in the two
watersheds (8 out of 11) were found in the same GU that predominated when

analyzing the area of occurrence per soil type on the maps. It confirms that the
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Geomorphons is capable of stratifying the landscape in terms of soil type
variability in these tropical conditions.

On the other hand, the only condition that disagreed (DT in MCW)
indicates that this soil type may occur in different GUs. DT is a soil type that can
be encountered in different landscapes (Schaetzl and Anderson, 2005), due to its
classification by absence of defined characteristics, which means this soil class
is highly variable in terms of properties, such as solum thickness, particle size
distribution, color, drainage, slope gradient, and so forth.

In order to test soil properties variability among the GUs, sand, silt, and
clay contents at 0-20 cm depth were statistically evaluated (Table 4). Particle
size distribution was selected for this test because it is considered a less variable
soil property along the time, being little affected by land use and management
practices, contrasting with soil organic carbon, for example.

It can be noticed that in LCW there is statistical difference for sand and
clay contents in Valley and Pit GUs, related to low and concave places, in
relation to the other GUs relative to higher places on the landscape. Silt content
did not differ among the GUs, for being generally low in these weathered soils.

These results may be an indicative of the more weathered-leached soils
in MCW than in LCW, which tends to diminish the soil property differences
even on different landforms for tropical conditions, along with the different
parent materials. The more developed the soils, the lower tend to be their
properties variability (steady-state condition) (Birkeland, 1999). It seems soil
particle size distribution within the two watersheds in tropical conditions has
relatively low variability, not following the GUs difference and being contrary to
the expected for temperate regions.

Bishop et al. (2015) raised the importance of scientific validity of results
and the formal use of geomorphological information generated nowadays,

especially in integrative sciences, as Soil Science. Reliance has been placed on
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pattern recognition for segmentation and mapping, but whether or not such
patters represent phenomena as soil classes or properties, should be tested. In
this sense, Qin et al. (2009) used a field work to relate slope position with A
horizon sand percentages through fuzzy logics. Likewise, in the current study, a
field work (soil survey and soil property sampling) with a GIS-based spatial
statistic helped to understand the Geomphorphon and its role on generating new
capabilities in soil mapping under tropical conditions.

It is known that regional adaptations must be made in developed models
to make them represent well soils variability in an area of interest. In this sense,
Geomorphons can help to stratify the landscape in units that may have more
homogeneity of soil properties within themselves in an easy way, especially in a
first approach to allow not only for a better understanding of soils occurrence on
the landscape, but also for further refinement of soil maps. Further work should
focus on adapting this tool for other Brazilian soil conditions in order to increase
the details of this country's soil maps with reduced costs, since financial support

for detailed soil mapping in Brazil is currently very scarce.

CONCLUSIONS

Geomorphon units have great relationship with soil types regardless the
pixel size and radius for Geomorphons calculation in both watersheds.

Comparing soil classification at observation points with Geomorphons
units, great correspondence was found with the results that took into account the
soil type on soil maps with dominant area per Geomorphons unit.

Particle size distribution do not vary according to Geomorphons units in
the studied tropical conditions, due to the more homogeneity found in those

weathered-leached soils.
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Figure 1 - Location and soil maps of the two watersheds in study.
Adapted from Menezes et al. (2014) and Motta et al. (2001).
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Figure 2 - Chi-square for the two watersheds calculated from varying

pixel size and Geomorphon radius to assess they correspondence with soil

types.
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Figure 4 - Different number of cells as radius for the creation of
Geomorphons for Lavrinha Creek watershed, with 20 m of spatial

resolution.
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Figure 6 - Graphics of the distribution of soil types within the

Geomorphons units for the two studied watersheds.
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Table 1 - Characterization of the two studied watersheds.

Watersheds

Characteristics

LCW

MCW

Between longitudes
UTM 553800 and
Location (coordinates) 557867 m and latitudes

Between longitudes
UTM 552591 and
550230 m and latitudes

7554419 and 7551367 7648373 and 7651231,
m, zone 23K zone 23K
Area (ha) 676 ha 470 ha
Altitute (m) From 1151 to 1687 m From 957 to 1057 m

Cwb - humid temperate

Cwa - humid temperate

Climate! with dry winter and with dry winter and hot
temperate summer summer
Meanannual
) 15°C 19.7°C
temperature
Meanannual
e 2,000 mm 1,300 mm
precipitation
Meanslopegradient (%) 36.5 11.8
Parent material Gneiss Mica schists
Atlantic Forest Cerrado

Nativevegetation )
(Rainforest)

(BrazilianSavanna)

According to Képpen classification system. “Mello et al. (2015).
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Table 2 - Chi-square values calculated for the combinations of pixel sizes
and Geomorphons units with soil types of the two studied watersheds.

Watershe ] . Spatialresolution
Radius X“critic
10 m 20m 30m
________________________ NG
5 139.88 164.13 160.81
7 146.95 156.62 164.90
10 156.92 148.24 100.36
Lavrinha 15 161.70 99.91 137.25
Creek 20 42.56 140.66 112.46 181.01
25 100.53 165.80 138.58
30 104.87 148.31 135.34
40 116.36 131.09 131.18
50 170.62 124.42 163.68
5 51.90 77.24 108.09
7 62.13 93.70 130.30
10 80.35 126.36 136.19
15 78.90 132.91 168.10
Marcela
20 54 57 104.56 154.11 162.75
Creek
25 124.34 153.31 157.03
30 140.76 156.45 159.79
40 163.20 126.89 176.63

50 166.49 160.53 182.33
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Table 3 - Number of observation points per soil class in each
Geomorphons unit in the two watersheds of study.

Tota
Soil Geomorphonsunits |
Types Flat Peak Ridge Shoulde Spur Slop Hollo Footslop Valley Pit T

r e w e
LCW.
DT -- -- 2 -- 7 12 7 -- 5 - 33
ET -- -- -- -- -- -- -- -- -- 1 1
uT -- -- -- -- -- 1 -- -- 1 1 3
Total 37
MCW

DT -- 1 -- -- -- 2 -- -- -- - 3
ET -- -- -- -- -- -- -- -- -- 1 1
AX -- 1 3 -- 2 1 -- -- -- - 7
HX -- 1 2 -- 3 5 3 -- 4 - 18
Total 29

DT - Dystrudepts; ET - Endoaquents; UT - Udifluvents; AX - Acrudox;
HX - Hapludox. LCW - Lavrinha Creek Watershed; MCW - Marcela
Creek Watershed.



Table 4 - Sand, silt, and clay content for the two watersheds of study.
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GUs Sand (%) Silt (%) Clay (%)
------------------- LCW---—-mmmm oo
Ridge 48.2 b 20.10 a 34.70 a
Spur 52.20 b 16.62 a 31.18 a
Slope 53.95Db 16.31 a 29.74 a
Hollow 52b 17.71a 30.28 a
Valley 57.14 a 18.48 a 24.38 b
Pit 58.00 a 14.25 a 27.75b
-------------------- MCW-----—--mmmmm-
Peak 17.77b 19.41a 62.82 a
Ridge 18.84 b 19.88 a 61.27 a
Spur 21.06 a 18.41 a 60.23 a
Slope 218la 18.96 a 59.23 a
Hollow 22.00 a 18.71 a 59.07 a
Valley 22.63 a 194 a 57.97 a
Pit 24.46 a 17.38 a 58.15a

Means followed by the same letter in the column do not differ statistically

at 5 % probability according to Scott-Knott test.



