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APRESENTAÇÃO
Os diferentes tipos de vegetação ao redor do globo, principalmente as florestas 

tropicais, se destacam por fornecer importantes bens e serviços ecossistêmicos 
para a humanidade como, por exemplo, regulação climática, provisão de alimentos 
e diversas fontes de energia. Contudo, as crescentes e rápidas mudanças no meio 
ambiente causadas por sua intensa exploração no século 21 têm promovido reduções 
drásticas de importantes vegetações distribuídas em distintos Biomas. O Brasil como 
um país de dimensão continental e rico em recursos vem atravessando profundas 
transformações em seus Biomas, o que é destacadamente devido aos usos intensos 
da terra sem técnicas adequadas de manejo para a sua exploração. 

Diante desse panorama de significativas transformações do meio natural, se 
faz necessário e urgente o estudo de diferentes tipos de comunidades vegetais 
e ecossistêmicas para definir estratégias de manejo e conservação, assim como 
pesquisas que visem a otimização de produções agrícolas de forma sustentável. A 
união de compreensão ecológica precisa e adequadas técnicas de manejo permitem 
uma exploração sustentável a longo-prazo dos recursos vegetais, assegurando 
manutenção de diversidade e provisões para o futuro.

A execução de estudos robustos para alcançar essa interface entre conservação 
e exploração demanda o uso de eficientes ferramentas analíticas. Dentre essas 
ferramentas, as linguagens de programação têm se sido importantes aliadas 
para obtenções de predições e resultados estatísticos confiáveis e informativos. A 
linguagem contida no software R é a mais amplamente utilizada para processamento 
de dados e análises de vegetação. O R engloba diversos pacotes importantes para 
análises de dados de plantas em diversos contextos ecológicos e agrários. Com 
seus diversos pacotes, o R permite a busca mais apurada pela compreensão de 
padrões e processos ecológicos, avaliação de impactos antrópicos sobre vegetação, 
monitoramentos e previsões de condições do solo para plantios e predições de 
efeitos de mudanças climáticas em florestas. Essa gama de possibilidades analíticas 
amplifica o acerto em tomadas de decisão com relação ao uso dos nossos recursos 
naturais de forma geral.

Este livro tem como objetivo trazer uma compilação de algumas potencialidades 
do software R para análise de vegetação, contribuindo para o aumento da capacidade 
técnica de diversos profissionais das áreas de Ciências da Terra ou Naturais no uso 
dessa poderosa ferramenta analítica. Para tal, os capítulos aqui presentes discorrem 
de forma aplicada sob temas em contextos ecológicos e agrários. Todos os capítulos 
possuem links de compartilhamento livre de dados e scripts com códigos para 
execução das análises que eles abordam no R. Assim, desejamos que o conteúdo 
aqui presente auxilie você leitor (a) em sua tarefa analítica, amplificando a obtenção 
de resultados informativos e potenciais de aplicação prática. 

Écio Souza Diniz
Pedro Manuel Villa
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SPATIAL RELATIONSHIP BETWEEN SOIL AND 
PHYTOSOCIOLOGICAL INDICATORS OF ECOLOGICAL 

RESTORATION IN AN ATLANTIC FOREST SITE

CAPÍTULO 7
doi
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ABSTRACT: The objective of this study was to 
assess spatial relationships between soil and 
phytosociological indicators in an Atlantic Forest 
site under ecological restoration. Soil samples 
(0–10 cm depth) were collected from 49 points 
within the study area. Total organic carbon 
(TOC), particulate organic carbon (POC), 
mineral-associated organic carbon (MOC), 
permanganate oxidizable carbon (POXC), 
total nitrogen, glomalin-related soil protein 
easily extractable fraction (GRSP-EF), and 
arbuscular mycorrhizal fungal spore abundance 
were determined. The structure and diversity 
of tree and regenerating individuals were also 
assessed. Semivariogram data were subjected 
to ordinary kriging, and prediction maps were 
generated. All variables were spatial dependent. 
A high spatial correlation was observed between 
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GRSP-EF and density of tree and regenerating individuals. Glomalin has important 
functions in the soil, favoring the development of microorganisms and plants. TOC, 
POC MOC, and POXC were spatially correlated with structure and diversity parameters 
of tree individuals. These relationships were likely due to the presence of leaf litter, 
which contributes to soil organic matter content. Pearson correlation analysis showed 
that related variables were highly correlated. However, low or insignificant correlations 
were found among vegetation structure and soil attributes. Overall, phytosociological 
indicators showed little correlation with soil indicators.
KEYWORDS: soil attributes, phytosociological characterization, geostatistics, forest 
planting, forest restoration.

RELAÇÃO ESPACIAL ENTRE INDICADORES EDÁFICOS E FITOSSOCIOLÓGICOS 
EM UMA RESTAURAÇÃO ECOLÓGICA NA FLORESTA ATLÂNTICA

RESUMO: O objetivo do presente estudo foi relacionar espacialmente indicadores do 
solo e fitossociológicos em uma área em processo de restauração ecológica, em uma 
floresta da Mata Atlântica. Foram coletadas amostras de solo (0-10 cm) distribuídas 
em 49 pontos na área de estudo. Em cada amostra foram determinados: o carbono 
orgânico total (COT), carbono orgânico particulado (COp) e associado aos minerais 
(COam), carbono oxidável permanganato (POXC), nitrogênio total, proteína do solo 
relacionada à glomalina – facilmente extraível (PSRG-FE) e abundância de esporos 
de fungos micorrízicos arbusculares. Nos componentes arbóreo e regenerante 
foram determinados os parâmetros de estrutura e diversidade. O semivariograma foi 
ajustado para cada variável, posteriormente foi realizada a Krigagem Ordinária. Todas 
as variáveis apresentaram dependência espacial. De acordo com a espacialização, a 
PSRG-FE apresentou correlação espacial com a densidade de indivíduos arbóreos 
e regenerantes. Essa relação pode ter ocorrido porque a glomalina possui diferentes 
funções no solo, favorecendo o desenvolvimento dos organismos e plantas. O COT, 
COp COam e POXC apresentaram correlações espaciais com os parâmetros de 
estrutura e diversidade do componente arbóreo. Esse padrão, provavelmente, foi 
encontrado devido à deposição de resíduos vegetais, contribuindo com a adição 
de matéria orgânica no solo. Em relação à correlação de Pearson, as variáveis de 
mesma natureza apresentaram maiores correlações entre si, enquanto a estrutura 
da vegetação apresentou correlações baixas e insignificantes com os indicadores 
edáficos. Em geral, os indicadores relacionados aos atributos do solo apresentaram 
pouca correlação com os parâmetros fitossociológicos dos componentes arbóreos e 
regenerantes.
PALAVRAS-CHAVE: atributos do solo, caracterização fitossociológica, geoestatística, 
plantio florestal, restauração florestal.
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1 | 	INTRODUCTION

Centuries of deforestation have reduced the Atlantic Forest to about 8.5% of 
its original cover (Fundação SOS Mata Atlântica, 2016). This situation has prompted 
an increasing interest in the preservation of forest landscapes (Miranda et al., 2007), 
evidenced by the growing number of ecological restoration initiatives seen in Brazil. 

Ecological restoration can be defined as the process of assisting in the recovery 
of an ecosystem that has been disturbed, damaged, or degraded. The aim may vary 
from protecting biodiversity to restoring ecosystem services (SER, 2004). A critical step 
in ecological restoration is the evaluation and monitoring of the forest site (Brancalion 
et al., 2015). Different parameters may need to be examined to determine whether 
the site is responding positively to the adopted strategies. The most commonly used 
indicators are related to plant community structure and composition (Brancalion et 
al., 2015), but chemical, physical, and biological attributes of soil can also be used. If 
the results suggest low long-term sustainability, the restoration project may need to 
be revised (Brancalion et al., 2015). 

Biological parameters often show spatial variability. However, most restoration 
studies disregard this information (Dormann, 2007). Structural attributes of tree 
individuals, such as height, basal area, biomass, carbon content, and species 
diversity, may show spatial dependence according to microclimatic conditions, 
species characteristics, and biotic factors (Rode et al., 2010). 

The high spatial variability of variables has been a subject of geostatistical 
investigations (Yun-Qiang et al., 2009; Silva et al., 2017). In geostatistics, interpolation 
methods are used to predict variables for unsampled locations (Landim, 2006). This 
study aimed to investigate spatial relationships between soil and phytosociological 
indicators in an Atlantic Forest site under restoration in Brazil. We explored the 
following research question: How do soil attributes influence the spatial variations of 
forest structure? We hypothesized that plant species distribution depends on terrain 
relief, soil quality, and nutrient availability, that vegetation influences soil attributes, 
and that soil and phytosociological parameters are interdependent and spatially 
correlated. 

2 | 	MATERIAL AND METHODS

The study area occupies 14,902 m2 in the municipality of Magé, Rio de Janeiro, 
Brazil, under coordinates 43°01′W 22°35′S. Classified as Af in the Köppen system, 
the climate of the region is hot and humid, with no dry season. The average annual 
temperature is 21.9 °C and the average annual rainfall 2,050 mm. The soil is Gleysol 
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and Latosol (Santos et al., 2013), corresponding to Entisol and Oxisol, respectively, in 
the US Soil Taxonomy system (Soil Survey Staff, 2014). Dense ombrophilous forest 
is the primary vegetation (Fundação SOS Mata Atlântica/INPE, 2013), but, prior to 
restoration, the area was mostly covered by Brachiaria sp. and Imperata brasiliensis 
Trin. 

Tree species native to the Atlantic Forest and an exotic tree species, Khaya 
ivorensis A. Chev. (African mahogany), were planted in 2009, with a spacing of 2.5 × 
2.5 m. Seedlings received a starter fertilization of 150 g/hole NPK (06-30-06), 300 g/
hole limestone, and 3 L/hole composted cattle manure. 

Plot corners were georeferenced using mono- and dual-frequency global 
positioning system (GPS) receivers. Then, 49 sampling points, 20 m apart from one 
another, were systematically distributed across the area using ArcGIS 10.5. Sampling 
point coordinates were transferred to a GPS receiver, and soil samples were collected 
from the 0–10 cm depth. 

Samples were evaluated for total organic carbon (TOC) content (Donagemma 
et al., 2011), particle size fractionation of soil organic matter (Cambardella and Elliot, 
1992), permanganate oxidizable carbon (POXC) content (Weil et al., 2003), and total 
nitrogen content (Tedesco et al., 1995). The following biological parameters were also 
analyzed: arbuscular mycorrhizal fungal spore abundance (SA) (Gerdermann and 
Nicolson, 1963) and glomalin-related soil protein easily extractable fraction (GRSP-
EF) (Wright and Upadhyaya, 1998; Rillig, 2004). 

Plants were sampled from 6 m radius circular plots (113.10 m2) centered at each 
sampling point. All arboreal and regenerating plants were measured and identified. 
Tree individuals with a circumference at breast height equal to or greater than 15.7 cm 
(diameter at breast height, DAB ≥ 5 cm) were analyzed. Plants that did not meet this 
criterion but had a height greater than 60 cm were considered regenerating individuals, 
and only the number of individuals of each species was recorded. Circumference and 
height measurements were taken with a metric tape and hypsometer, respectively.

In order to characterize the tree stratum, we calculated the following dendrometric 
and phytosociological indicators: height (m), basal area (m2 ha−1), richness, density 
(ind ha−1), Shannon–Wiener diversity index (H′), and number of individuals belonging 
to the family Fabaceae—the most important family for regeneration of the studied 
area. The following indicators were estimated for regenerating individuals: richness, 
density, H′, and number of Fabaceae individuals.

Dendrometric and phytosociological indicators were subjected to an 
experimental semivariogram analysis using R software 3.4.0 (R Core Team, 2017). 
The nugget effect, sill, and range were calculated, and spherical, exponential, and 
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Gaussian models were fitted by the maximum likelihood method using the geoR 
package in R (Ribeiro Júnior and Diggle, 2001). The used routine for geostatistical 
analysis we used R can be accessed and downloaded in the link: doi.org/10.13140/
RG.2.2.31036.80005. The best-fitting semivariogram model was selected according 
to the Akaike information criterion (AIC), the Bayesian information criterion (BIC), 
the coefficient of determination (r²), Willmott’s concordance index (d), and the 
degree of spatial dependence (DSD). DSD was classified as follows: strong spatial 
dependence (DSD ≤ 25%), moderate spatial dependence (25% ≤ DSD ≤ 75%), and 
weak spatial dependence (DSD ≥ 75%). A DSD of 100% indicates a pure nugget 
effect. Dendrometric and phytosociological parameters for unsampled locations were 
predicted by the ordinary kriging method using ArcGIS 10.5 software. Kriging maps 
were interpolated two by two, and a Pearson correlation matrix was constructed. 
This procedure allowed to assess the similarity between maps. Correlation (r) was 
classified as very high (r ≥ 0.90), high (0.90 > r ≥ 0.70), moderate (0.70 > r ≥ 0.50), 
low (0.50 > r ≥ 0.30), or insignificant (r < 0.30) (Mukaka, 2012).

3 | 	RESULTS AND DISCUSSION

Spatial dependence was observed for all variables (Table 1). Grego and Vieira 
(2005) found that physical and hydraulic properties of surface soil (0–25 cm depth) were 
spatial dependent, in agreement with the results of the current study. The spherical 
model, followed by the Gaussian model, showed the best fit to semivariograms. The 
exponential model had a poor fit to the data. 

http://doi.org/10.13140/RG.2.2.31036.80005
http://doi.org/10.13140/RG.2.2.31036.80005
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Table 1. Semivariogram model parameters for soil and phytosociological variables of an Atlantic 
Forest site undergoing ecological restoration.

TOC, total organic carbon; POC, particulate organic carbon; MOC, mineral-associated organic carbon; POXC, 
permanganate oxidizable carbon; N, nitrogen; GRSP-EF, glomalin-related soil protein easily extractable fraction; 

SA, arbuscular mycorrhizal fungal spore abundance; h, height; G, basal area; S, richness; D, density; H′, 
Shannon–Wiener diversity index; AIC, Akaike information criteria; BIC, Bayesian information criteria; C0, nugget 

effect; C0 + C, sill; a, range; DSD, degree of spatial dependence; Sph, spherical; Gaus, Gaussian.

Our results corroborate previous reports. Yun-Qiang et al. (2009) used statistics 
and geostatistics to characterize and compare the spatial distribution of soil organic 
carbon and related factors in the Liudaogou basin, northern China. The authors found 
that the spherical model was best suited to describe the spatial dependence of soil 
organic carbon. Meng et al. (2009), in estimating the basal area of pines in Georgia 
using geostatistics, observed that the spherical model provided the best fit to data.

Most variables had moderate spatial dependence, but GRSP-EF and species 
density showed strong spatial dependence. Range varied from 33.39 (GRSP-EF) to 
67.58 (TOC) for soil attributes, from 37.38 (h) to 76.20 (Fabaceae) for tree individuals, 
and from 39.74 (density) to 59.42 (Fabaceae) for regenerating individuals. Range 
represents the distance limit beyond which samples are no longer correlated. High 
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range indicates that sample points are influenced by other sample points located far 
apart (Isaaks and Srivastava, 1989). Thus, Fabaceae tree individuals correlate with 
each other even when at great distances apart.

Semivariogram parameters were used for ordinary kriging to generate prediction 
maps (Figures 1, 2, and 3). The distribution patterns in the northern region of the 
study site may be related to soil mineral content (Figure 1A–D). Carbon content is 
higher in soils with higher clay content. Soil organic matter interacts with the mineral 
fraction, resulting in the formation of organo-mineral complexes (Signor et al., 2014).

Figure 1. Spatial prediction maps of (A) total organic carbon (TOC), (B) particulate organic 
carbon (POC), (C) mineral-associated organic carbon (MOC), (D) permanganate oxidizable 

carbon (POXC), (E) nitrogen, (F) glomalin-related soil protein easily extractable fraction (GRSP-
EF), and (G) arbuscular mycorrhizal fungal spore abundance (SA) in soil from an Atlantic Forest 

site under restoration. Contour lines indicate terrain elevation.
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Figure 2. Spatial prediction maps of (A) height, (B) basal area, (C) richness, (D) density, (E) 
diversity (H′), and (F) number of Fabaceae tree individuals growing in an Atlantic forest site 

under restoration. Contour lines indicate terrain elevation.

Figure 3. Spatial prediction maps of (A) richness, (B) density, (C) diversity (H′), and (D) number 
of Fabaceae regenerating individuals in an Atlantic Forest site under restoration. Contour lines 

indicate terrain elevation.

Soil samples had higher levels of MOC (Figure 1C) than POC (Figure 1B). 
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According to Bayer et al. (2004), 80% of the TOC is present in the MOC fraction, 
in agreement with the high correlation found between TOC and MOC in the present 
study (r = 0.93). MOC interacts strongly with soil minerals, being easily accumulated 
in the soil. Similar results were reported by Guimarães et al. (2012). The authors 
found that Latosol under Atlantic Forest had higher levels of MOC (9 g kg−1) than 
POC (4 g kg−1) at the 0–10 cm depth. Leaf litter probably contributed to nutrient 
cycling and the increase in organic matter content, favoring accumulation of carbon 
in the MOC fraction.

POXC and SA (Figure 1D and G, respectively) were inversely correlated (r = 
−0.30). Labile carbon consists of organic compounds that are easily mineralized by 
soil microfauna (Schimiguel et al., 2014). Therefore, areas with higher SA are those 
with the lowest oxidizable carbon content. GRSP-EF and SA, on the other hand, 
were positively correlated. Glomalin is a glycoprotein produced by mycorrhizal fungi; 
its levels in soil increase with the decomposition of spores and hyphae (Driver et al., 
2005).

Similar distribution patterns were observed for basal area, richness, density, 
and H′ (Figure 2), probably because these parameters are related. Areas with a high 
density of individuals typically have a greater presence of trees (basal area), richness, 
and, consequently, diversity. The low number of Fabaceae individuals in southwestern 
and eastern areas is due to the occurrence of Brachiaria sp. and bamboo (Figure 2). 
These invasive species prevent the establishment of native species at early stages 
of succession (Correia and Martins, 2015).

The density of tree individuals (Figure 2D) was lower than that of regenerating 
individuals (Figure 3B). Richness and H′ were higher among tree individuals (Figure 
2C and E) than among regenerating individuals (Figure 3A and C). Durigan et al. 
(2000) performed a phytosociological study in three vertical strata, upper stratum 
(DAB ≥ 5 cm), intermediate stratum (1 cm ≤ DAB < 5 cm), and lower stratum (DAB 
< 1 cm, minimum height of 10 cm), at the Caetetus Ecological Station, São Paulo, 
Brazil, and found a higher density of individuals in the lower (28,875 ind ha−1) and 
intermediate (3,525 ind ha−1) strata than in the upper stratum (1,080 ind ha−1). H′ 
and basal area, however, were greater in the upper stratum (2.41 and 31 m2 ha−1, 
respectively) than in the intermediate (1.83 and 2 m2 ha−1, respectively) and lower 
strata (2.01 m2 ha−1). 

Figures 2 and 3 show that areas with the largest numbers of Fabaceae 
individuals had the highest values of richness, density, and H′, indicating that most 
individuals were of this family. Roppa et al. (2012) assessed the richness, diversity, 
and composition of the woody flora of an Atlantic Forest site under spontaneous 
regeneration and found a high occurrence of Fabaceae individuals, about 20% of the 
sampled species. 
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The prediction maps of phytosociological variables for regenerating individuals 
had similar patterns (Figure 3), corroborating the high correlations found between 
the variables. This result indicates that a single phytosociological variable can be 
used to assess the progress of restoration, such as richness, which is more easily 
determined, optimizing time and labor (Brancalion et al., 2015).

Areas with higher soil GRSP-EF (Figure 1F) had higher densities of tree (Figure 
2D) and regenerating individuals (Figure 3B). These results demonstrate the close 
relationship between mycorrhizal fungi and plants. Glomalin contributes to soil quality, 
favoring plant development (Al-Kaisi et al., 2014; Qin et al., 2017). TOC, POC, MOC, 
and POXC distributions were correlated with those of basal area, richness, density, 
and H′ of tree individuals, which is likely due to the high amounts of litterfall and soil 
cover (Bayer et al., 2000). 

TOC showed a very high and positive correlation with MOC (r = 0.93; Table 
2). This result shows that soil carbon occurs mainly in a recalcitrant form, indicating 
greater stability in the soil. GRSP-EF was highly correlated with nitrogen content 
(r = 0.80), as indicated by the similarity between their spatial distributions (Figure 
1E and F). The correlation between GRSP-EF and POXC was moderate (r = 0.68). 
According to Fokom et al. (2012), glomalin is an important mode of storage of carbon 
and nitrogen in the soil; studies have shown that glomalin is positively correlated 
with carbon and nitrogen. Richness, density, and H′ of tree individuals were highly to 
very highly correlated, as also observed for regenerating individuals. The number of 
Fabaceae tree and regenerating individuals had a moderate to low correlation with 
richness, density, and H′. This is probably because most tree species (40.21%) and 
regenerating individuals (21.88%) belonged to this family. 

Table 2. Pearson correlation matrix for soil and phytosociological indicators of ecological 
restoration in an Atlantic Forest site.

TOC, total organic carbon; POC, particulate organic carbon; MOC, mineral-associated organic carbon; POXC, 
permanganate oxidizable carbon; N, nitrogen; GRSP-EF, glomalin-related soil protein easily extractable fraction; 
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SA, arbuscular mycorrhizal fungal spore abundance; h, height; G, basal area; S, richness; D, density; H′, 
Shannon–Wiener diversity index. *Results for regenerating individuals.

4 | 	CONCLUSION

The results of this study show that correlations between soil and 
phytosociological variables are high within each group but low or insignificant 
between groups. GRSP-EF was correlated with density of tree and regenerating 
individuals. TOC, POC, MOC, and POXC had spatial correlations with basal area, 
richness, density, and H′ of tree individuals. The fact that phytosociological variables 
were highly correlated suggests that a single variable can be used to assess the 
progress of forest restoration. 

Overall, soil and phytosociological indicators were not spatially correlated. 
Further studies should investigate the relationship between soil and phytosociological 
indicators in other areas for the monitoring of ecological restoration measures.
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