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ABSTRACT

Natural processes that determine soil and plant litter properties are controlled by 
multiple factors. However, little attention has been given to distinguishing the effects of 
environmental factors from the effects of spatial structure of the area on the distribution of 
soil and litter properties in tropical ecosystems covering heterogeneous topographies. The 
aim of this study was to assess patterns of soil and litter variation in a tropical area that 
intercepts different levels of solar radiation throughout the year since its topography has 
slopes predominantly facing opposing geographic directions. Soil data (pH, C, N, P, H+Al, 
Ca, Mg, K, Al, Na, sand, and silt) and plant litter data (N, K, Ca, P, and Mg) were gathered 
together with the geographic coordinates (to model the spatial structure) of 40 sampling units 
established at two sites composed of slopes predominantly facing northwest and southeast 
(20 units each). Soil and litter chemical properties varied more among slopes within similar 
geographic orientations than between the slopes facing opposing directions. Both the 
incident solar radiation and the spatial structure of the area were relevant in explaining the 
patterns detected in variation of soil and plant litter. Individual contributions of incident 
solar radiation to explain the variation in the properties evaluated suggested that this and 
other environmental factors may play a particularly relevant role in determining soil and 
plant litter distribution in tropical areas with heterogeneous topography. Furthermore, this 
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INTRODUCTION

Tropical forests are one of the richest and most 
complex natural systems on the planet (Brummit 
and Nic Lughadha, 2003; Leigh et al., 2004). Their 
great richness of species has repeatedly been linked 
to accelerated dynamics of natural processes and 
high availability of natural resources (Pinto et al., 
2006; Homeier et al., 2010; Putten et al., 2013). A 
frequent approach is to use the relationships between 
plants and soil to evaluate the variation in richness 
of tropical forests, operating under the assumption 
that soil is a main plant resource (Chen et al., 1997; 
Oliveira-Filho et al., 2001; Budke et al., 2007; John 
et al., 2007; Gleason et al., 2010; Laurance et al., 
2010; Aponte et al., 2013; Brandt et al., 2013). As 
such, evaluating the soil independently of plants is 
important to shed light on the particular processes 
that drive its variation and may, consequently, 
determine vegetation distribution in tropical forests.

Soil is formed as consequence of the combination 
of parent material, climate, organisms, topography, 
and time (Jenny, 1941; Fanning and Fanning, 1989). 
Once formed, its dynamics are closely related to the 

plant litter component (Troeh and Thompson, 2005). 
Litter is made up of dead plant parts deposited 
on the soil and represents a stock that gradually 
releases nutrients to reintegrate soil chemistry 
(Fassbender, 1993). Thus, it is common that the 
same factors that affect the soil also affect the litter 
component. Environmental factors that vary due 
to topographic changes may play a particularly 
important role in determining the variation in both 
soil and litter in landscapes with heterogeneous 
terrains (Chen et al., 1997; Seibert et al., 2007). 
Environmental factors are often studied in an 
isolated manner to avoid confounding trends and 
to allow a better understanding of their effects on 
the soil and the litter (Sariyildiz and Küçük, 2008; 
Alvarez-Clare and Mack, 2011; Leff et al., 2012). 
This approach may provide further insight regarding 
how natural processes can contribute to structure 
plant resource distribution in tropical forests across 
heterogeneous terrains.

As stated above, topography can play a decisive 
role in the dynamics and structuring of soil and 
litter. Topographic features like altitude, slope, 
and surface curvature can affect soil and litter 
by modulating changes in environmental factors, 

study corroborates that the spatial structure of the area also plays an important role in the 
distribution of soil and litter within this type of landscape, which appears to be consistent 
with the action of water movement mechanisms in such areas.

Keywords: tropical forest, spatial factors, environmental factors, slope geographic orientation, 
soil chemistry, litter chemistry.

RESUMO: Contribuição da Topografia e da Incidência Solar na Variação 
do Solo e da Serapilheira em Área com Terreno Heterogenêo

Os processos naturais que determinam os atributos do solo e da serapilheira são controlados por 
diversos fatores. Entretanto, pouca atenção tem sido dada para diferenciar o efeito de fatores ambientais 
de efeitos da estrutura espacial da área sobre a distribuição de atributos do solo e da serapilheira em 
ecossistemas tropicais em topografias heterogêneas. O objetivo deste estudo foi avaliar padrões de variação 
dos atributos químicos do solo e da serapilheira em uma área tropical que intercepta níveis distintos de 
incidência solar ao longo do ano, dado que sua topografia possui encostas predominantemente voltadas para 
direções geográficas opostas. Dados de solo (pH, C, N, P, H+Al, Ca, Mg, K, Al, Na, areia e silte) e serapilheira 
(N, K, Ca, P e Mg) foram coletados junto às coordenadas geográficas (para modelar a estrutura espacial) 
de 40 unidades amostrais estabelecidas em dois sítios compostos, respectivamente, de encostas voltadas 
para noroeste e sudeste (20 unidades em cada). Os atributos do solo e da serapilheira variaram mais entre 
encostas voltadas para orientações geográficas semelhantes do que entre encostas voltadas para orientações 
opostas. Tanto a incidência solar quanto a estrutura espacial da área foram relevantes para explicar os 
padrões detectados de variação do solo e da serapilheira. As contribuições individuais da incidência solar 
para explicar a variação dos atributos avaliados sugerem que esse e outros fatores ambientais podem ter 
papel particularmente relevante na determinação da distribuição do solo e da serapilheira em áreas tropicais 
com topografia heterogênea. Este estudo corrobora ainda que a estrutura espacial da área também tem 
papel importante na distribuição do solo e da serapilheira neste tipo de paisagem, o que parece consistente 
com a ação de mecanismos relacionados à movimentação da água nesses locais.

Palavras-chave: floresta tropical, fatores espaciais, fatores ambientais, orientação geográfica da encosta, 
química dos solos, química da serapilheira.
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above and below ground water routes, sediment 
deposition, and processes such as percolation and 
lixiviation (Huggett, 2007). These features change 
within shorter distances when the terrain becomes 
more heterogeneous, as is commonly observed in 
tropical regions with mountainous terrain (Budke 
et al., 2007; Unger et al., 2012). This implies that 
areas with rougher topographies will probably have 
a greater contribution from the spatial structure 
in explaining soil and litter variation patterns. 
However, changes in topographic features also 
determine the variation in environmental factors 
that are likely to have a share of importance 
in explaining soil and litter variation patterns; 
thus these environmental factors are themselves 
spatially structured. Separating the effects of spatial 
structures from the effects caused by environmental 
factors within this framework may lead to better 
landscape management decisions regarding tropical 
regions with heterogeneous topography.

An environmental factor that varies across 
heterogeneous topographies and may particularly 
have an impact on soil and litter dynamics is 
incident solar radiation. The amount of incident 
solar radiation can alter air and soil temperature 
and moisture (van de Berg and Santos, 2003; Aguilar 
et al., 2010; Gao et al., 2011). This determines the 
ionic composition of the soil solution by affecting 
litter and soil nutrient release rates (García et al., 
2006). The sunlight regime also causes variation 
in the metabolism of microorganisms that control 
nutrient cycling by imposing different litter 
decomposition and mineralization rates (Austin and 
Vivanco, 2006). Incident solar radiation in a given 
area is largely determined by terrain topography. 
Slopes with geographic orientation predominantly 
facing the equator receive greater amounts of 
sunlight than those facing opposite directions 
(Dubayah, 1994; Aguilar et al., 2010). Changes in 
slope geographic orientation within small distances 
are common in heterogeneous terrains in tropical 
regions and create distinct incident solar radiation 
rates over the soil and litter. Variation in incident 
solar radiation is thus expected to have a spatial 
structure of its own, particularly in heterogeneous 
topographies. The distinction between the effects 
of incident solar radiation itself, apart from the 
effects of spatial structure, is important to better 
understand the causes of soil and litter variation 
patterns in heterogeneous terrains.

This effort assumes that changes in topography 
accompanied by incident solar radiation variation 
have relevant effects on soil and litter variation 
patterns in mountainous landscapes, due to the 
heterogeneous terrain of such areas. The validity of 
this hypothesis was evaluated by testing if patterns 
of variation of soil and litter chemical properties 
can be detected in a tropical heterogeneous 
topography with slopes predominantly facing 
opposite geographic directions and by distinguishing 

the relative contribution of incident solar radiation 
and the spatial structure to explain the patterns of 
variation in soil and litter chemical properties.

MATERIAL AND METHODS

Area of study
Marambaia Island is located in the southern region 

of the State of Rio de Janeiro, Brazil (23° 4’ 37.09” S; 
43° 59’ 2.15” W). The area is within the Atlantic Rain 
Forest domain, and vegetation cover is characterized 
as Dense Ombrophilous Submontane Forest (Veloso 
et al., 1991). Mean annual rainfall is 1,237.7 mm 
and mean temperature is 20.9 °C in the winter and 
26.9 °C in the summer (Mattos, 2005). Marambaia 
Island consists of a homogeneous crystalline gneiss 
basement and altitude ranges from 0 to 641 m. 
Its topography is marked by a main mountain 
ridge that separates slopes predominantly facing 
northwest from slopes predominantly turned toward 
the southeast (Figure 1). The geological origin of 
Marambaia Island is associated with the evolution of 
the “Serra do Mar” mountain chain. It can be traced 
back to the rupture of the ancient Gondwana super 
continent and tectonic activity from the Jurassic 
period (Almeida and Carneiro, 1998). Marambaia 
Island was completely isolated from the mainland 
due to a rising sea level by the end of the Quaternary 
period (Menezes et al., 2005; Souza et al., 2005). 
No severe anthropic impacts have taken place in 
the area since the 1970’s. Past interventions were 
mostly restricted to the lower elevations of the 
slopes throughout the island (Pereira et al., 1990; 
Silva, 2005).

Data sampling
Two sampling sites were defined according to 

our objectives and the topography of the study area 
(Figure 1 - lower right corner). Site A consisted of 
slopes predominantly facing northwest, and site B 
consisted of slopes predominantly facing southeast. 
Site A is mainly characterized by greater exposure 
to incident solar radiation throughout the year 
and not receiving direct wind gusts that come from 
the open sea because it faces the calm waters of 
Sepetiba Bay. On the other hand, site B is mainly 
characterized by lower exposure to incident solar 
radiation while directly receiving continuous winds 
that blow from the open sea. The difference in 
incident solar radiation received by these two sites 
can also be observed in the image in the lower right 
corner of figure 1, where darker areas represent less 
exposure to sunlight.

Twenty transects (sampling units - U) with 
dimensions of 50 × 2 m were arbitrarily set up 
for sampling at site A and another 20 at site 
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B (a total 40 sampling units represented the 
whole Marambaia Island). Four soil samples 
and four litter samples were collected at each 
of these sampling units. Each soil sample and 
litter sample resulted from mixing together the 
material collected from the middle and extremities 
of the sampling unit. This mixing was done 
because the sampling units were long and likely 
to encompass some variation in soil and litter 
chemical nutrient content. Therefore, 80 soil 
and litter observations were made at each site 
and 160 observations for the whole Marambaia 
Island. Soil and litter were sampled in April 
2009. Litter was manually withdrawn from the 

ground until surface soil appeared, and the top 
20 cm of the soil was subsequently sampled with 
a screw auger. Chemical analyses were conducted 
separately for each replication. A mean value 
was obtained for each plot based on the four 
replications, which was subsequently used in the 
analyses. Soil and litter samples were prepared 
for chemical analyses as recommended by Tedesco 
et al. (1995) and Embrapa (1997). The sampling 
procedure allowed quantification of the following 
items for each of the 40 plots: litter chemical data 
regarding total concentration of nitrogen (Nlitter), 
potassium (Klitter), calcium (Calitter), phosphorus 
(Plitter), and magnesium (Mglitter); and soil chemical 

Figure 1. Location of Marambaia Island in the southern region of the state of Rio de Janeiro. Sampling 
sites A and B are distinguished in the lower right corner image by a white line drawn across the 
higher topographical ridge of the area. This image also indicates overall differences of incident solar 
radiation, where darker areas intercept less sunlight.
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data regarding pH in water [pH(H2O)soil], total 
concentration of organic carbon (Csoil) and 
nitrogen (Nsoil), available phosphorus in Mehlich-1 
extractor (Psoil), potential acidity in Ca(OAc)2 
pH 7,0 (H+Alsoil), calcium (Casoil), magnesium 
(Mgsoil) and aluminum (Alsoil) exchangeable in 
KCl 1 mol L-1, potassium (Ksoil) and sodium 
(Nasoil) exchangeables in Mehlich-1 extractor. The 
relative fractions of sand (sndsoil) and silt (sltsoil) 
present in the soil were also quantified for each 
plot (Embrapa, 1997).

The exact location of individual plots was 
recorded with a GPSMAP Garmin® 76CSx and 
consisted of UTM geographical coordinates 
(x and y) for the center of all 40 plots. Coordinates 
were then used to model the geographic space 
(Fortin and Dale, 2005) where the plots occur 
by synthesizing spatial filters (factors) with a 
Spatial Eigenvector Mapping procedure (SEVM) 
built into the Spatial Analysis in Macroecology 
(SAM) software (Rangel et al., 2010). These filters 
were assumed to respond for the spatial structure 
constraints caused by topography.

Data regarding mean annual incident solar 
radiation was obtained for each plot through GIS 
modeling and no in situ light measure of any kind 
was made. The location of each plot was overlaid 
on a Digital Elevation Model (DEM) of the area. 
The DEM was obtained using a refined image for 
Brazilian territory based on the SRTM (shuttle radar 
topography mission). The image had 1 arc second 
(~30 m) of spatial resolution (Valeriano, 2008).

Data analysis
Soil and litter data were fed into a main 

data matrix in order to start analysis. Data in 
this matrix was normalized and used to run a 
correlation Principal Component Analysis (PCA). 
The broken-stick criterion indicated interpretation 
should focus on the first and second axes because 
they represented most data variation (Legendre and 
Legendre, 1998). Scores of each plot on the first two 
PCA axes were isolated as response variables PC1 
and PC2, respectively. A Student t test was used to 
determine if the ordination of the plots from site A 
was different from that of site B in PC1 and in PC2 
(Gotelli and Ellison, 2004).

Incident solar radiation and space (spatial 
filters) were related to PC1 and then to PC2 with 
regression and partial regression analyses in order 
to quantify their contribution in explaining the soil 
and litter variation contained in each of these axes 
(Fortin and Dale, 2005; Rangel et al., 2010). Incident 
solar radiation and space (spatial filters) were also 
related to each separate soil and litter property 
with regressions to determine how much of their 
variation could be explained by each of these two 
explanatory factors. Final models were obtained 
by keeping the spatial filters, which minimized the 

Akaike Information Criterion (AIC) and increased 
the homogeneity of residual distribution (Zuur et al., 
2007, 2009).

The effect of the treatment on soil and litter 
property variation did not go unnoticed. Evaluations 
initially took treatments into consideration in order 
to determine their contribution in explaining the 
patterns of soil and litter variation. However, the 
analyses revealed that the treatment effect was 
either negligible or redundant with incident solar 
radiation and the spatial filters. That is why we did 
not consider a treatment variable and we continued 
evaluating data using only incident solar radiation 
and spatial filters as explanatory factors.

Principal Component Analysis, broken-stick 
criterion and Student T tests were performed 
in the R programming environment v. 2.12.2 
(R Development Core Team, 2014) through use of 
functions present in its basic interface and in the 
Vegan package (Oksanen et al., 2014). Regression 
and Partial Regression Analysis were performed 
with aid of the SAM software (Rangel et al., 2010).

RESULTS

Mean and standard deviation values for soil 
and litter properties in each sampling unit are 
shown in tables 1, 2, and 3. Such information was 
successfully synthesized by the PCA procedure 
and enabled a straightforward interpretation of 
the soil and litter variation patterns (Figure 2 and 
Table 4). PC1 and PC2 together captured 63.3 % of 
soil and litter data variation. The first component 
alone responsible for 46.8 % of this variation and 
the second was responsible for an additional 16.5 %. 
Final ordination of sampling units on the first two 
components indicates that soil and litter properties 
differ between sites A and B (Figure 2).

The differentiation pattern was not detected for 
the ordination of sampling units on PC1 (t = -0.49; 
GL  =  37.98; p  =  0.63). However, PC1 captured 
variation of the properties pHsoil, Nasoil, Psoil, Alsoil, 
Csoil, sltsoil, sndsoil, Plitter, Klitter, Nlitter, and Calitter, and 
indicates that these properties vary mostly within 
sites A or B but not much between them (Figure 
2 and Table 4). Distinction between ordination of 
sampling units from sites A and B was detected for 
PC2 (t = 6.72; GL = 37.95; p<0.001), which mainly 
captured variation of the properties Ksoil, Casoil, 
Mgsoil, Nsoil, H+Alsoil, and Mglitter. This indicates 
that the variation of this second group of properties 
occurs mostly between sites A and B. This PCA 
further shows that among these properties, H+Alsoil, 
Nsoil, and Mglitter tend to be higher at site A, while 
Casoil, Mgsoil, and Ksoil tend to be higher at site B 
(Figure 2 and Table 4).
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Table 3. Mean and standard deviation for litter concentration of the P, K, N, Ca, and Mg for each sampling 
unit (U) at sites A and B with greater and lower exposure to incident solar radiation, respectively, 
on Marambaia Island

U
Site A

Plitter Klitter Nlitter Calitter Mglitter

g kg-1 
  

1 1.22 ± 0.11 0.43 ± 0.05 38.9 ± 5.1 70.35 ± 3.0 6.3 ± 1.7
2 0.99 ± 0.09 0.36 ± 0 28.9 ± 1.2 22.4 ± 3.8 4.9 ± 1.1
3 1.06 ± 0.19 0.40 ± 0.05 38.2 ± 2.4 43.4 ± 6.9 5.4 ± 1.2
4 1.06 ± 0.03 0.34 ± 0.03 33.6 ± 2.3 33.9 ± 4.4 5.5 ± 1.1
5 1.04 ± 0.04 0.40 ± 0.05 36.2 ± 5.7 41.0 ± 10 4.4 ± 0.8
6 1.13 ± 0.20 0.35 ± 0.02 31.7 ± 5.1 24.1 ± 10 4.9 ± 1.0
7 1.00 ± 0.07 0.38 ± 0.02 32.8 ± 1.9 38.3 ± 3.2 5.3 ± 0.6
8 0.91 ± 0.07 0.36 ± 0 29.4 ± 3.1 23.2 ± 5.0 4.3 ± 1.6
9 0.98 ± 0.08 0.40 ± 0.02 28.3 ± 4.4 34.4 ± 6.2 4.7 ± 0.7
10 1.12 ± 0.07 0.40 ± 0.05 40.0 ± 6.3 53.3 ± 3.4 7.4 ± 1.3
11 1.08 ± 0.06 0.38 ± 0.02 29.7 ± 2.7 16.2 ± 7.7 3.9 ± 1.1
12 1.05 ± 0.26 0.33 ± 0.07 34.7 ± 2.3 25.2 ± 5.8 4.9 ± 1.5
13 1.39 ± 0.07 0.36 ± 0.09 41.6 ± 1.0 66.7 ± 13 7.0 ± 0.5
14 1.18 ± 0.10 0.38 ± 0.02 35.1 ± 4.4 49.0 ± 11.2 5.3 ± 0.8
15 1.09 ± 0.08 0.36 ± 0 34.1 ± 3.5 27.1 ± 6.2 5.8 ± 1.9
16 1.24 ± 0.38 0.36 ± 0 28.1 ± 4.7 21.1 ± 7.5 4.6 ± 1.3
17 1.23 ± 0.09 0.33 ± 0.02 31 ± 5 67.5 ± 18 4.4 ± 1.2
18 1.10 ± 0.09 0.36 ± 0.06 27 ± 7.7 37.9 ± 8.4 3.7 ± 0.7
19 1.20 ± 0.23 0.41 ± 0 32.4 ± 8.7 46.4 ± 9.4 7.5 ± 1.3
20 1.40 ± 0.08 0.39 ± 0.03 41.1 ± 1.4 46.5 ± 6.5 7.4 ± 0.7

Site B
21 1.15 ± 0.25 0.33 ± 0.05 27.4 ± 2.9 24.9 ± 5.6 3.1 ± 1.2
22 1.09 ± 0.20 0.33 ± 0 28.6 ± 6.0 18.8 ± 3.8 3.1 ± 1.6
23 1.05 ± 0.07 0.32 ± 0.05 27.3 ± 2.8 18.2 ± 2.9 3.4 ± 1.2
24 0.93 ± 0.21 0.32 ± 0.03 27.8 ± 2.6 22.1 ± 6.6 3.3 ± 0.9
25 1.41 ± 0.07 0.36 ± 0.05 29.3 ± 1.4 29.4 ± 2.9 4.5 ± 1.0
26 0.91 ± 0.07 0.36 ± 0.02 29.8 ± 2.0 20.3 ± 2.4 3.4 ± 1.1
27 1.13 ± 0.07 0.40 ± 0.02 33.2 ± 6.8 20.2 ± 4.0 3.9 ± 1.6
28 1.00 ± 0.36 0.38 ± 0 29.2 ± 3.3 15.5 ± 1.9 4.4 ± 0.5
29 1.10 ± 0.19 0.36 ± 0.02 34.3 ± 2.4 37.1 ± 3.2 5.7 ± 0.9
30 1.24 ± 0.05 0.46 ± 0.05 35.1 ± 3.8 44.4 ± 5.4 4.6 ± 1.4
31 1.42 ± 0.14 0.46 ± 0.02 40.9 ± 3.3 50.5 ± 6.8 4.5 ± 1.5
32 1.12 ± 0.10 0.39 ± 0.07 29.9 ± 6.4 32.5 ± 6.3 3.6 ± 1.7
33 1.07 ± 0.11 0.36 ± 0.09 31.2 ± 3.5 45.5 ± 9.3 5.7 ± 2.1
34 1.05 ± 0.10 0.43 ± 0.02 30.3 ± 1.2 35.3 ± 5.1 4.4 ± 1.0
35 0.99 ± 0.20 0.34 ± 0 29.6 ± 4.4 41.7 ± 4.7 5.2 ± 1.0
36 1.01 ± 0.05 0.36 ± 0 33.1 ± 1.1 36.4 ± 3.9 4.4 ± 0.2
37 1.19 ± 0.09 0.45 ± 0.02 37.5 ± 5.6 55.2 ± 6.8 6.2 ± 2,0
38 1.16 ± 0.07 0.44 ± 0.06 35.6 ± 7.3 56.4 ± 12 7.9 ± 2.3
39 1.18 ± 0.05 0.40 ± 0 33.8 ± 6.4 42.7 ± 6.6 6.9 ± 1.2
40 1.18 ± 0.08 0.40 ± 0.03 32.2 ± 5.4 43.1 ± 7.3 5.1 ± 1.8
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Models with incident solar radiation and the 
spatial structure successfully explained soil and 
litter variation synthesized by the first (Rα

2 = 24.8; 
F = 6.7; p=0.003) and second (Rα

2 = 49.9; F = 19.4; 
p<0.001) PCA components (Table 5). Each of these 
two explanatory factors made a similar contribution 
in explaining soil and litter variation within each 
site captured in the first PCA component when 
their effects were evaluated independently in the 
models. However, the independent contribution of 
solar incidence was almost four times greater in 
relation to the independent contribution of spatial 
structure in explaining variation of soil and litter 
properties between sites captured by the second 
PCA component (Table 5). Shared contribution of 
these fractions was small for both PCA components.

Models with incident solar radiation and the 
spatial structure also successfully explained at 
least part of the variation of the 15 soil and litter 
properties evaluated (no fit detected for sltsoil and 
Mglitter) when considered individually as response 
variables. Overall fits of the models for each property 
explained up to 58 % of their total variation, whereas 
most explained between 13 % and 33 %. Best fits for 
the models were obtained for Psoil, Ksoil, and sndsoil, 

and the worst fits were found for Casoil, Csoil, Klitter, 
and Nlitter (Table 5).

Controlling for the effects of the spatial structure, 
the experiment showed that incident solar radiation 
plays a relevant independent role in the variation 
of almost all (with exception of Casoil) of the soil and 
litter properties considered. Incident solar radiation 
plays a greater role than the spatial structure in 
11 of the 17 soil and litter properties evaluated. 
Its greater relative importance in explaining the 
variation in these 11 properties varied from 1.1 to 
31.4 times the importance of the spatial structure. 
Incident solar radiation was more important in 
explaining the variation of three (Ksoil, Nsoil, and 
H+Alsoil) of the six properties found to vary mostly 
between sites and eight (pHsoil, Alsoil, Csoil, sndsoil, 
Plitter, Klitter, Nlitter and Calitter) of the 11 properties 
that varied mostly within each site (Table 5).

In contrast, controlling for the effects of incident 
solar radiation, the experiment indicated that the 
spatial structure alone was important in more than 
half of the fitted models (including for both PCA 
components). The spatial structure separately played 
a particularly relevant role in explaining eight of 
the 17 soil and litter properties evaluated and had 
a greater relative importance in four of those cases 
(Nasoil, Psoil, Casoil, and Mgsoil). This greater importance 
varied from 1.1 to 6.5 times the importance of incident 
solar radiation. The spatial structure played a greater 
role in explaining the variation of two (Casoil and 
Mgsoil) of the six properties found to vary mostly 
between sites, and two (Nasoil and Psoil) of the 11 that 
varied mostly within each site (Table 5).

Table 4. Correlation values between the soil and litter 
properties and each of the first two components 
(PCi) of the Principal Component Analysis

PC 1 PC 2
pHsoil 0.87 -0.31
Ksoil 0.54 -0.69
Nasoil 0.58 0.36
Psoil 0.78 0.02
Casoil -0.40 -0.46
Mgsoil 0.02 -0.78
Alsoil 0.77 -0.21
Csoil 0.68 0.15
Nsoil 0.49 0.67
H+Alsoil 0.33 0.67
Sltsoil 0.85 0.001
Sndsoil 0.74 -0.09
Plitter 0.81 -0.18
Klitter 0.87 -0.21
Nlitter 0.86 -0.06
Calitter -0.93 -0.09
Mglitter 0.24 0.46Figure 2. Final PCA configuration showing sampling 

units and descriptors in the reduced space of 
the first two components. Sampling units of 
sites A and B are represented by black and 
gray dots, respectively. The ellipses indicated 
by capital letters A and B further show the 
differentiation between the two areas. Litter 
properties are identified by an asterisk (*).
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DISCUSSION

Our findings corroborate that topographic 
variation can have important effects on soil and 
litter variation patterns in tropical mountainous 
landscapes (Chen et al., 1997; Mulla and McBratney, 
1999; Seibert et al., 2007; Sariyildiz and Küçük, 
2008). Results indicate that slope geographic 
orientation is a main topographic feature driving 
soil and litter variation patterns in areas with 
heterogeneous terrain. However, most soil and litter 
variation was detected to occur within sites with 
slopes facing the same predominant geographic 
orientation. This suggests that topographic changes 
taking place on smaller scales than the overall 
scale considered here may have important effects 
on the soil and litter. Geographic orientation of 
slopes, surface curvature (concave, convex or plain), 
and altitude are all known to change within small 
distances in areas with heterogeneous topography 
(Sommer and Schlichting, 1997; Gao et al., 2011). 
Thus, it seems likely that thoroughly evaluating 
these topographic features on smaller scales (e.g., 
scales comparable to site A or site B alone) across 
areas such as mountain chains is likely to enhance 

our comprehension of soil and litter variability in 
tropical regions with heterogeneous topography.

Evidence in this study confirms that incident 
solar radiation can be a particularly important 
environmental factor in explaining soil and litter 
variation within the context of tropical heterogeneous 
landscapes. The detection of effects linking this 
factor to soil and litter variation further suggests 
that other environmental factors known to affect soil 
and litter may also be particularly relevant where 
topography features vary conspicuously (Fanning 
and Fanning, 1989; Dubayah, 1994; Gobin et al., 
2001; Gao et al., 2011; Brady and Weil, 2013). This 
is supported by the fact that a considerable amount 
of variation in soil and litter properties remained 
unexplained after models were fitted. It is likely 
that direct effects of incident solar radiation on 
the soil and litter are hindered by the plant cover 
in tropical heterogeneous areas, allowing other 
environmental factors to act. Levels of light that 
reach the forest understory can be as low as 3 % of 
the total incident solar radiation at the top of the 
canopy (Clark et al., 1996). Another reasonable 
hypothesis is that incident solar radiation has 
indirect effects on soil and litter, acting as a proxy 

Table 5. Results obtained from the regressions and partial regressions carried out for each of the first two 
principal components (PCi) of the Principal Component Analysis, and each soil and litter property. 
The table shows goodness of fit for all 19 models (R2), their F values (F), and their significances (p). 
The significance of each of the 19 models for incident solar radiation (SI) and the spatial filters (SF) 
are also shown. In addition, it shows the percent of relative contributions of incident solar radiation 
(R.SI), spatial structure (R.SF), and shared sunlight and spatial fraction (shrd) in explaining soil and 
litter variation on Marambaia Island. Ratios between the contributions of incident solar radiation 
and the spatial structure are also given (SI / SF)

Rα
2 F p SI SF R.SI R.SF shrd R.SI/R.SF

PC 1 24.6 6.7 0.003 0.02 0.02 11.3 12.4 2.8 1 / 1.1
PC 2 49.9 19.4 <.001 <.001 0.006 43.7 11.3 0.0 3.9 / 1
pHsoil 26.4 7.3 0.002 0.01 0.5 13.5 0.7 14.1 19.3 / 1
Ksoil 42.4 14.4 <.001 <.001 0.01 23.2 10.6 10.1 2.2 / 1
Nasoil 22.6 6.0 0.005 0.05 0.004 8.3 18.7 0.0 1 / 2.2
Psoil 57.4 26.1 <.001 0.01 <.001 7.2 47.1 4.1 1 / 6.5
Casoil 13.6 3.5 0.04 0.3 0.02 2.5 14.3 0.0 1 / 5.7
Mgsoil 25.4 7.0 0.003 0.01 0.008 14.5 15.5 0.0 1 / 1.1
Alsoil 29.0 8.2 0.001 0.001 0.08 22.4 5.9 2.5 3.8 / 1
Csoil 13.7 3.5 0.04 0.04 0.17 10.1 4.4 1.4 2.3 / 1
Nsoil 23.9 6.5 0.004 0.006 0.02 17.3 11.0 0.0 1.6 / 1
H+Alsoil 20.9 5.5 0.008 0.02 0.12 12.3 5.4 5.2 2.3 / 1
sltsoil 0.4 0.56 0.57 0.59 0.40 0.8 1.9 0.3 1 / 2
sndsoil 32.5 9.6 <.001 0.001 0.02 21.1 10.0 3.1 2.1 / 1
Plitter 20.3 5.3 0.009 0.009 0.16 16.1 4.4 1.8 3.7 / 1
Klitter 14.7 3.8 0.3 0.01 0.65 15.7 0.5 0.7 31.4 / 1
Nlitter 17.8 4.6 0.01 0.03 0.08 11.2 6.8 1.9 1.6 / 1
Calitter 27.1 7.5 0.002 0.01 0.02 14.0 12.2 2.8 1.1 / 1
Mglitter 1.0 0.7 0.51 0.99 0.36 0.1 2.2 1.3 1 / 22
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for other environmental factors. Thus, incident 
solar radiation would primarily affect other 
environmental factors, which would then directly 
affect the soil and litter. Such reasoning is supported 
by efforts that relate soil and litter variation to 
changes in air and soil temperature, soil respiration, 
evapotranspiration, and litter decomposition rates 
in areas with heterogeneous topography (Borém 
and Ramos, 2002; Seibert et al., 2007; Sariyildiz 
and Küçük, 2008; Alvarez-Clare and Mack, 2011). 
Further evaluation of other environmental factors 
known to change with the terrain in heterogeneous 
areas together with the spatial structure of the 
area seems likely to increase our understanding of 
how environmental effects determine soil and litter 
variation in landscapes with complex topography.

A closer look at the contribution of incident solar 
radiation in explaining soil and litter variation between 
and within sites A and B under the perspective that it 
acts as a proxy for other environmental factors allows 
additional understanding of the patterns detected. 
Greater incident solar radiation on the slopes of site 
A would imply higher air temperature and humidity 
(provided that water is not limited and higher 
temperatures increase rates of evapotranspiration) 
which increase the local decomposition rate, resulting 
in higher values of Hsoil and Nsoil. The inverse would 
be true for slopes of site B, causing the higher values 
of Ksoil and Mgsoil. Yet, there is also the possibility 
that greater Ksoil and Mgsoil content on the slopes of 
site B may occur because this area faces open sea 
and is more likely to receive exchangeable bases 
carried by sea wind (Chadwick et al., 1999; Brady 
and Weil, 2013). However, we did not control for this 
source of variation and, thus, we encourage future 
efforts to consider position relative to the ocean as 
yet another relevant topographic feature affecting 
soil and litter variation at landscapes close to the 
sea. Additionally, an interesting pattern was that 
incident solar radiation also played an important 
role in the variation of most soil and litter properties 
within each site. This strengthens the suggestion that 
environmental changes may also arise on small scales 
due to topographic features (e.g., direction the slopes 
face, surface curvature, and altitude) changing within 
small distances in heterogeneous areas. The fact that 
slopes within each site had a predominant geographic 
orientation but had some variation regarding the 
direction they face supports this line of thought.

Finally, results here also show that soil and 
litter variation in tropical areas with heterogeneous 
topography should be expected to have a relevant 
spatial structure regardless of the environmental 
factors considered in the model. As previously 
implied, environmental factors are themselves 
spatially structured at such locations, due to changes 
in topographic features both on large and small 
scales (Silva et al., 2007). Results here corroborate 
that these terrain changes seem to determine not 
only environmental variation, but also the contagious 

distribution of soil and litter (Gobin et al., 2001; 
Sariyildiz and Küçük, 2008). It appears reasonable 
that heterogeneous topography increases the effects 
of spatially contagious mechanisms on the soil and 
litter due to a high number of paths, obstacles, 
and terrain shapes that direct material movement 
and water flow. Water is likely a key actor within 
the scope of soil and litter dynamics in tropical 
heterogeneous areas. Its solvent properties affect 
processes that determine the number of ions present 
in the soil and litter, and it may be expected to create 
gradients of fertility and sediment deposition when 
flowing over and through the landscape (Resende et 
al., 1995; Huggett, 2007). The occurrence of abundant 
rainfall and high air humidity in tropical regions 
further supports this reasoning.

CONCLUSIONS

Both soil and litter exhibited detectable variation 
patterns within and between slopes with distinct 
geographic orientation in tropical areas with 
heterogeneous topography.

Incident solar radiation played a relevant role 
in explaining soil and litter variation patterns 
within and between slopes with distinct geographic 
orientation in tropical areas with heterogeneous 
topography. Evidence further suggests that this 
factor may have indirect effects on the soil and litter 
and act as a proxy for other environmental factors 
with more direct effects.

The spatial structure of the area under study also 
played a relevant role in explaining soil and litter 
variation patterns and indicated that part of the 
patterns detected can be understood in light of smaller 
scale changes in topographic features.
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