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Abstract 

Background:  Understanding how soil fertility changes due to topographical conditions and forest attributes is an 
essential premise for local-scale forest management practices. We evaluated the effects of topographic variables and 
forest attributes on soil fertility along a local topographical gradient in a Brazilian Atlantic Forest. We hypothesised that 
soil fertility is positively affected by topographic variability and forest attributes (structure and diversity). We used tree 
species richness, composition, abundance, and aboveground biomass as forest attributes. We analysed two 1-ha for‑
est patches with contrasting topographical conditions. We used different linear mixed effects models (LMMs) to test 
the main effects of different forest attributes and topography variables on soil fertility.

Results:  The results showed that higher topographic variability determines soil fertility along a fine-scale gradient. 
The first two axes of the PCA explained 66.8% of the variation in soil data, with the first axis (PCA1) explaining 49.6% 
of the variation in soil data and positively correlating with fertility-related soil properties. The second axis (PCA2) 
explained 17.2% of the variation in topographical data and positively correlated with convexity (the elevation of a plot 
minus the average elevation of all immediate neighbour plots) and elevation. Our best models showed that topo‑
graphic variables (elevation and convexity) are the main predictors that affect fine-scale soil fertility.

Conclusions:  Our study demonstrates that the topographic variability, mainly elevation and convexity, determines 
fine-scale soil fertility in an Atlantic Forest. These results advance our understanding that context-dependent condi‑
tions based on topography and soil properties have a high variability at a fine scale, which can influence variations 
in forest attributes (i.e., species distribution, diversity and structure of tree communities). In addition, the information 
generated in this research may be important for planning forest restoration activities (passive and active) based on 
the high variability of environmental variables at a fine scale.
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Background
Elucidating the processes that influence plant–soil rela-
tionships is one of the most critical issues in forest ecol-
ogy (Kardol et  al. 2013; Ali et  al. 2017; Poorter et  al. 

2017). Most of the studies have focused mainly on the 
effects of soil properties on tree community diversity and 
ecosystem functioning (Ali et  al. 2017; Rodrigues et  al. 
2019, 2020). Soil properties change along environmental 
gradients at different spatiotemporal scales (Nettesheim 
et  al. 2015). However, environmental conditions (i.e., 
climate, topography) and forest attributes (i.e., tree spe-
cies composition, richness, abundance and biomass) 
can simultaneously explain chemical soil properties and 
fertility variability (Baker et  al. 2009; Malhi et  al. 2009; 
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Laughlin et al. 2015). However, these effects on second-
growth tropical forest are still poorly researched.

The Brazilian Atlantic Forests are one of the most spe-
cies-rich biomes and threatened tropical forests on the 
planet (Scarano and Ceotto 2015). Actually, the Atlan-
tic Forests, growth mainly as secondary forest in small 
remnant patches into the agricultural matrix (Scarano 
and Ceotto 2015). Second-growth forests that re-grow 
after disturbance depend on multiple drivers at different 
spatial scales (i.e., Arroyo-Rodrigues et al. 2017; Poorter 
et al. 2017). For example, at a regional-scale, climate (i.e., 
temperature and rainfall) is the predominant factor that 
determines plant species distribution (Powers et al. 2009; 
Zhang et  al. 2014). On a local-scale, where the climate 
does not change spatially, abiotic and biotic factors such 
as soil properties, topographical conditions and forest 
attributes (i.e., diversity and structure of tree community) 
increase the relative effects on patterns and process of 
second-growth forests (Villa et al. 2018a, 2020). Most of 
the studies assess the effects of topography and soil pro-
prieties on forest attributes, such as diversity, structure 
and aboveground biomass (Ali et al. 2017; Poorter et al. 
2017; Villa et  al. 2018a, 2018b). Conversely, few studies 
have analysed the effect of forest attributes and topog-
raphy on soil fertility. This information can be essential 
for the Atlantic Forest restoration because the fine scale 
environmental variability (i.e., topography and soil) 
determines the selection and spatial distribution of the 
tree species.

Topography is one of the most relevant factors that 
influence ecological process in tropical forests (Jucker 
et al. 2018; Li et al. 2018; Rodrigues et al. 2019), playing 
an essential role in determining soil chemistry and fer-
tility patterns (Moeslund et al. 2013; Jucker et al. 2018). 
Moreover, topography is strongly linked to soil fertil-
ity gradients and nutrient availability at the local scale 
(Balvanera et  al. 2011). Thus, topographical variables, 
such as elevation, slope and convexity, can affect soil 
properties (Moeslund et al. 2013; Li et al. 2018), includ-
ing short elevational gradients in a tropical forest (Daws 
et al. 2002). For example, soils in valleys tend to be wetter 
and more fertile than those near ridgetops (Gibbons and 
Newbery 2003; Segura et al. 2003). Furthermore, steeper 
sites have a higher nutrient output and, therefore, gener-
ally have fewer available nutrients in the soil than flatter 
sites (Balvanera et al. 2011). Thus, differences in the for-
est attributes can be found in a short topographical gra-
dient (Rodrigues et  al. 2019, 2020) based on the effects 
of soil properties variability on tree species distribution 
(Maestre and Reynolds 2006).

Several researches demonstrated that forest attrib-
utes change along succession (i.e., Chazdon, 2014; Villa 
et  al. 2018a; Poorter et  al. 2019), e.g., forest structure 

and diversity as a function of directional change in for-
est communities (Campetella et al. 2011). Differences in 
forest structure and diversity can also affect soil fertility 
along succession (Kardol et al. 2013; Laughlin et al. 2015). 
In this sense, it is necessary to quantify the fine-scale 
biotic and abiotic drivers and their contribution to soil 
fertility as an ecological indicator that better represents 
the available soil nutrients for plant growth in tropical 
forests (Poorter et al. 2017; Ali et al. 2019).

In this context, we evaluated how topographic vari-
ables and forest attributes (i.e., structure and diversity of 
tree communities) affect soil fertility along Atlantic For-
ests, Minas Gerais State, Southeastern Brazil. We evalu-
ated soil-related fertility properties, tree species richness 
and composition (tree community diversity), abundance 
and aboveground biomass (tree community structure) 
as main forest attributes along a topographical gradient. 
We defined the following research questions: (1) how 
do soil-related fertility properties change along a topo-
graphical gradient? and (2) What is the main effect of for-
est attributes and topographic variables on soil fertility? 
We hypothesised that soil fertility is positively affected 
by topographic variability and forest attributes based 
on the premise that greater topographic variability and 
an increase in forest attributes (i.e., increase in richness, 
abundance, biomass) could induce greater incorporation 
and turnover of nutrients. This study allowed us to inves-
tigate whether topography and forest attributes affect soil 
properties associated with fertility as a potential ecologi-
cal indicator for fine-scale restoration.

Materials and methods
Study site
The study was conducted in a Seasonal Atlantic Forest 
fragment extending over approximately 75 ha at Viçosa, 
Minas Gerais State, Southeastern Brazil (20o45′14″ S, 
42o45′53″ W). According to the Köppen–Geiger clas-
sification, the climate is tropical altitude (Cwb), with a 
dry season between May and September and a wet sea-
son between December and March (Alvares et al. 2014). 
Mean annual temperature is 21 °C and mean annual pre-
cipitation 1270  mm, with the highest volumes of rain 
concentrated in December, January and February (Avila-
Diaz et al. 2020; UFV 2020). The study area is located at 
an elevation of 620–820 m.a.s.l., and the relief varies from 
strongly undulating to mountainous. The site is charac-
terised by two dominant soil classes: a red–yellow alsi-
cose latosol covers hilltops and mountainsides, while a 
cambic yellow–red podzolic dominates the upper fluvial 
terraces (Ferreira-Júnior et al. 2007).

The forest fragment was used to cultivate coffee until 
1926. With the acquisition of the area by the Univer-
sidade Federal Viçosa, it has been protected since then, 
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allowing natural regeneration (Paula et  al. 2004) as the 
main passive restoration strategy. Del Peloso (2012), 
through temporal analysis via images, observed that, in 
1963, the Southeastern patch was entirely on the forest 
fragment’s border, assigning a regeneration age to this 
patch of approximately 50  years (today ~ 57  years). On 
the other hand, the Northeastern patch was already part 
of the fragment’s nuclear area. It is possible to suggest, 
based on the information that the area was abandoned in 
1926, that it has been in natural regeneration for approxi-
mately 87 years.

Sampling design and forest survey
We analysed two 1-ha forest patches with contrasting 
topographic conditions, with a difference of approxi-
mately 30  years, a Southeastern patch (~ 57  years) and 
a Northeastern one (~ 87  years). Each patch was sub-
divided into 100 contiguous plots of 10 × 10 m to better 
capture the topography and soil properties at fine scale 
(van der Sande et  al. 2018; Rodrigues et  al. 2019). This 
experimental design is recommended to explain fine-
scale soil variability because it  can be captured in small 
plots in a short topographical gradient. Furthermore, soil 
fertility effects may be weaker at larger spatial scales and 
plots (van der Sande et al. 2018). All trees having a DBH 
(diameter at breast height; 1.3  m) greater than or equal 
to 5.0 cm were inventoried and identified to the species 
level using specialised literature, through consultation 
of the VIC Herbarium and by taxonomists. The Angio-
sperm Phylogeny Group IV (APG IV 2016) was used for 
taxon classification.

Estimation of aboveground biomass
The aboveground biomass of individual tree stems was 
calculated using a general allometric equation proposed 
by Chave et  al. (2014) based on tree diameter at breast 
height (DBH, cm), height (H, meters) and species wood 
density (g cm−3). We used data from the Global Wood 
Density Database (Chave et al. 2009; Zanne et al. 2009) to 
obtain each species’ wood density (i.e., Jucker et al. 2018; 
Ali et al. 2019). The total aboveground biomass per plot 
was the sum of all trees’ aboveground biomass (Ali et al. 
2017). The following equation was used:

Species-level biomass was calculated as the sum of the 
biomass values of all individuals from an individual spe-
cies. Estimation of aboveground biomass was performed 
using the R package BIOMASS (Réjou-Méchain et  al. 
2017).

(1)AGB = 0.0673(ρ× DBH
2
×H)0.976

Soil properties
To measure the soil properties associated with fertility 
within each plot, a composite sample of the topsoil (at 
0–10  cm depth) was collected. The samples’ soil prop-
erties were measured in the Laboratory of Soil Analysis 
of the Universidade Federal Viçosa, following standard 
protocols described in Ferreira-Júnior et  al. (2007). The 
following parameters were assessed: exchangeable acidity 
potential (H + Al, cmolc  dm–3), pH (H2O), exchangeable 
potassium (K, mg dm–3), sodium (Na, mg dm–3), calcium 
(Ca2+, cmolc  dm–3), magnesium (Mg2+, cmolc  dm–3), 
organic matter (OM, dag kg–1), effective cation exchange 
capacity (CEC, cmolc  dm–3), percentage of base satura-
tion (V, %), and soil texture (sand, clay and silt contents).

Measurements of topographical variables
Using a total station, we measured vertical and horizontal 
angles and linear distances at the four vertices of each of 
the 200 plots (Kahmen et al. 1988). We calculated three 
topographic variables (slope, elevation and convexity) in 
each plot from the values obtained. Elevation was calcu-
lated using the mean elevation at each of the four cor-
ners of the plot. The slope (measured in degrees) was the 
mean angular deviation of the horizontal of each of the 
four triangular planes formed by the connection of three 
of its edges (Harms 2001). Convexity was determined 
by subtracting the elevation at the centre of the quadrat 
from the eight surrounding plots’ mean elevation. On 
edge plots, convexity was calculated as the elevation of 
the plot of interest minus the mean elevation of the sur-
rounding plots (Lan 2011).

Data analysis
To address the first question, ‘how do soil-related fertil-
ity properties change along a topographical gradient?’, we 
used a principal component analysis (PCA) on the corre-
lation matrix to describe the topographical and soil gra-
dients between forest patches, reducing the number of 
redundant variables on the PCA axes. This analysis was 
preceded by variable standardisation to equalise their 
contributions on the PCA ordination axes (i.e., Schmitz 
et  al. 2020), using the ‘FactoMineR’ package (Husson 
et  al. 2018). Thus, we constructed two PCA analyses, 
a first PCA to represent the fertility and texture gradi-
ent due to the high correlation of the variables with the 
PCA axes. Subsequently, we analysed the Spearman cor-
relation between properties related to fertility and tex-
ture with the PCA axes to evaluate the contribution of 
variables (Additional file  1: Fig. S1). We applied a PCA 
separately for texture because there were no significant 
relationships with the axes and no significant varia-
tion between forests patches (Additional file  1: Fig. S2). 
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Then, we selected the first PCA axes related soil fertility 
(PCA1f) as a response variable (i.e., Schmitz et al. 2020; 
Villa et  al. 2021). To compare forest attributes, we used 
the Mann–Whitney U test in the tests for two independ-
ent forest patches. However, this test is widely used to 
test whether or not two independent samples are signifi-
cantly different (Crawley 2012).

To address the second question, ‘what is the main effect 
of forest attributes and topographic variables on soil 
fertility?’, we used different linear mixed-effects models 
(LMMs, with random and fixed effects) to test the main 
effects of different predictors (i.e., topographical vari-
ables and forest structure and diversity attributes) on the 
first PCA axes related soil fertility (PCA1f) as the con-
tinuous response variable. The most suitable data distri-
bution and link function was evaluated (Additional file 1: 
Fig. S3), detecting LMM with Gaussian error distribution 
(Crawley 2012). Based on this, we corroborate a high cor-
relation between PCA1 and other indicators of soil fer-
tility, such as CEC and SB index (Additional file  1: Fig. 
S4). To compare the variation of community composition 
between second-growth forests and old-growth forests 
patches a non-metric multidimensional scaling (NMDS) 
analysis was performed using ‘metaMDS’ function based 
on Bray–Curtis dissimilarities (Oksanen et  al. 2018). 
Finally, we extracted the scores on frequency-weighted 
NMDS axis 1 as proxy of community composition varia-
bility (i.e., Schmitz et al. 2020; Villa et al. 2021). All differ-
ent functions of NMDS are available within the “vegan” 
package (Oksanen et al. 2018).

The predictors with fixed effects for building the mod-
els were grouped into three categories: (i) topographic 
variables, (ii) forest structure attributes (abundance and 
aboveground biomass as continuous explanatory vari-
ables), and (iii) forest diversity predictors (i.e., species 
richness and composition) as continuous explanatory 
variables. We assessed collinearity between selected pre-
dictor variables using the Spearman correlation analysis; 
when two variables were strongly correlated (r ≥ 0.6), 
they were included in separate models (Additional file 1 
Fig. S4). We tested alternative models with individual 
effects of predictors and different combinations of pre-
dictors with low correlation, and the stand age and plots 
were considered as a random effect (1|stand age: plots). 
All models were calculated using the package ‘lme4’ 
(Bates et al. 2019) in the platform R (R-Core-Team 2018).

Finally, we compared the most parsimonious model 
(null model) with all the ecologically significant combina-
tions of fixed variables based on the multi-model infer-
ence approach with the Dredge function of the “MuMIn” 
package (Barton 2017). The general adjustment of all 
models was using the information-theoretical approach 
based on the Akaike Information Criterion (AIC) to 

evaluate the best models (LMMs) tested, considering 
all models with AIC < 2.0 as equally plausible (Burnham 
and Anderson 2002; Burnham et  al. 2011). The predic-
tors’ coefficients to interpret parameter estimates on a 
comparable scale were estimated using the “jtools” pack-
age (Long 2020). For graphical illustration, we used the 
‘ggplot2’ package (Hadley 2015).

Results
Differences in soil‑related fertility properties 
and topographical variables
The first two axes of the PCA explained 66.8% of the vari-
ation in soil data (Fig. 1). The first axes (PCA1) explained 
49.6% of the variation in soil data and correlated posi-
tively with the variability of fertility-related soil proper-
ties, such as total exchangeable bases (R = 0.92, p < 0.05), 
base saturation index (R = 0.82, p < 0.05), effective cation 
exchange capacity (R = 0.79, p < 0.05) and pH (R = 0.77, 
p < 0.05), and negatively with acidity potential (R = − 0.92, 
p < 0.05) and aluminium saturation index (R = − 0.91, 
p < 0.05). The second axes (PCA2) explained 17.2% of the 
variation in topographical data (Fig.  1) and correlated 
positively with convexity (R = 0.72, p < 0.05) and elevation 
(R = 0.53, p < 0.05), but did not present a significant cor-
relation with slope (Additional file 1: Fig. S1).

Differences in forest attributes
Our results showed differences in forest structure and 
diversity attributes (i.e., abundance and richness) between 
patches (Fig.  2A, B), except for aboveground biomass 
(Fig. 2C). Specifically, tree species richness at the plot scale 
is higher in a patch of high topographic variability (North-
eastern), while the tree abundance increases in the patch 

Fig. 1  Principal components analysis (PCA) of the topographic and 
soil variables of different patches (Northeastern and Southeastern). 
For analysis, elevation (elev), convexity (convex), slope, exchangeable 
acidity potential (H + Al), acidity potential index (m), pH (H2O), 
organic matter (OM), effective cation exchange capacity (t = CEC), 
sum of basic exchangeable cations (SB) and base saturation index (V) 
were included. Cos2 means the relative contribution of the variables 
represented by the vectors
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of low topographic variability (Southeastern). Despite 
the high aboveground biomass (AGB) stock variability 
between plots and patches, the mean values remain close 
(~ 150 t ha−1) without significant differences (Fig. 2C).

Effects of topographic variables and forest attributes 
on soil fertility
Our best model was used to select topographic variables 
as main predictors (ΔAICc < 2) that explain soil fertility 
variation. Our results showed that elevation negatively 
influences soil fertility (LMM: Est. = − 0.42, t = − 5.6, 

p < 0.001) explaining 60% of the variability (Table  1). 
Meanwhile, convexity (LMM: Est. = 1.40, z = 9.19, 
p < 0.001) had significant positive on soil fertility. Con-
versely, the forest attribute predictors had no significant 
effect on fertility (Table 1, Fig. 3).

Discussion
Our results showed that fine-scale topographic variables 
shape soil fertility. Elevation was the best predictor deter-
mining soil fertility along a topographical gradient in the 
studied Atlantic Forests. Moreover, the tested models 
reveal that convexity was  also the main predictor that 

Fig. 2  Differences in tree species richness (A), abundance (B) and 
AGB (C) between Northeastern and Southeastern patches in the 
Atlantic Forest, Minas Gerais, Brazil. Each black dot on the graph 
represents the mean value of the response variable on each plot 
around the mean the red dot and violins shape represent data 
variability

Table 1  Subset of models (linear mixed effect model, lmer) 
predicting soil fertility (response variable)

The result of the information-theoretic-based model selection is indicated. 
Models that explain significant main effects are indicated (*)

LogLik, log-likelihood; AICc, Akaike information criterion for small samples; 
ΔAICc, difference between the AICc of a given model and that of the best model; 
AICcWt, Akaike weights (based on AIC corrected for small sample sizes)

Predictors LogLik AICc ∆AICc AICcwt

 Elevation − 210.35 433.30 0 0.60*

 Convexity − 211.47 433.33 0.03 0.25*

Slope − 210.49 435.7 2.4 0.13

 Species composition − 212.71 438.0 4.7 0.01

Richness − 211.65 438.12 4.82  < 0.001

Abundance − 212.80 438.4 5.1  < 0.001

Fig. 3  Standardised regression coefficients of different generalised 
linear mixed effects models (LMMs, with random and fixed effects) 
to test the main effects of different predictors (i.e., topographical 
variables and forest structure and diversity attributes) on PCA1 
soil fertility in the Atlantic Forest, Minas Gerais, Brazil. Results are 
presented for the mean distributions. We show the averaged 
parameter estimates (standardised regression coefficients) of model 
predictors, the associated 95% confidence intervals and each factor’s 
relative importance, expressed as the percentage of explained 
variance
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explained soil fertility variation. These results partially 
demonstrate the hypotheses established in this research 
because forest attributes had no significant effect on soil 
fertility on a fine scale. These results highlight that these 
topographic variables were considered to establish cri-
teria for fine-scale Atlantic Forest restoration and man-
agement, mainly to select and manage tree species along 
topographical gradient.

The first axes (PCA1) explained 49.6% of the variation 
in soil data and correlated positively with the variability 
of soil-related fertility properties, such as total exchange-
able bases, base saturation index, exchange capacity effec-
tive cation and pH. In several studies, total exchangeable 
bases were positively correlated with a wide range of soil 
properties that affect soil fertility, including pH, effective 
cation exchange capacity, base saturation, organic-matter 
content and phosphorus availability (Holmes et al. 2005; 
Ali et al. 2019; Poorter et al. 2019). Previous studies pro-
vide evidence of a stronger relationship between topogra-
phy and pH (Gibson 1988; Zalatnai and Körmöczi 2004). 
However, Xia et al. (2015) found that soil properties had 
higher spatial variability within a 1-ha patch and that the 
low level of topographic variation within a small area 
was strongly associated with soil pH but poorly associ-
ated with all soil nutrients. Furthermore, changes in pH 
caused by topographic hydrology may exist (Moeslund 
et al. 2013). For example, due to gravity and water accu-
mulation in wetland depressions, soil organic matter 
often accumulates in these low-lying sites, where subse-
quent decomposition produces a decrease in pH (Court-
wright and Findlay 2011). These processes could probably 
explain our finding that the Northeastern patch, with 
higher topographic variability (Rodrigues et  al. 2019) 
being more related to higher pH values. Since this patch 
has several habitats (high convexity and depressions), this 
induces organic matter accumulation and, consequently, 
higher values of properties associated with soil acidity 
(i.e., acidity potential, aluminium saturation index).

The second axes (PCA2) explained 17.2% of the top-
ographical variation and correlated negatively with 
elevation, but there was no significant correlation 
with convexity and slope. Moreover, our main models 
explained the significant effects of elevation on fertility-
related soil properties, such as the total exchangeable 
bases that better represent the available soil nutrients 
for plant growth (Poorter et  al. 2017; Ali et  al. 2019). 
In a similar study, soil pH, conductivity, organic mat-
ter and macro- and micronutrients along an elevational 
gradient were significantly correlated with elevation 
(Grell et al. 2005). On the other hand, in contrast to our 
findings, Nettesheim et  al. (2015) showed that in the 
Atlantic Forests, even small terrain variations, such as a 

slight surface change in slope orientation, are sufficient 
to determine different soil conditions, thereby increas-
ing habitat differentiation.

Our results allow us to presume that topography and 
soil fertility relationships may be an important factor in 
local-scale restoration activities. For instance, tree spe-
cies distributed in valleys along a topographical gradi-
ent tend to regenerate faster, presumably because they 
have higher soil fertility and higher soil nutrient levels 
than slopes (Griscom and Ashton 2011). Slopes have 
better-drained soils, and nutrients leach downslope 
from the ridges and may accumulate in the valleys 
(Scatena and Lugo 1995), thus increasing tree growth 
in the valleys (Scholten et al. 2017). We presumed that 
the Northeastern patch, with a heterogeneous terrain, 
seems to maximise the influence of topographical con-
ditions on soil fertility. This patch has higher environ-
mental heterogeneity that can be decisive in providing 
habitats for the establishment of a greater number of 
tree species (Brown et al. 2013; Rodrigues et al. 2019). 
Topography has also been recognised as an important 
dimension of plants’ ecological niches, facilitating spe-
cies coexistence in tropical forests (Brown et al. 2013). 
Higher topographic variability and the consequently 
higher species diversity could be a critical factor in soil 
fertility feedback. An increase in tree species diversity 
maintains soil fertility through several mechanisms, 
such as differences in litter quantity and quality, which 
can indirectly impact soil microbiota and decomposi-
tion processes (Scherer-Lorenzen et  al. 2007; Oliveira 
et al. 2019).

We tested models that reveal that forest attributes 
had no affect soil fertility. However, in tropical for-
ests, soil properties have a closer relationship with for-
est attributes (Laughlin et  al. 2015). The processes by 
which diversity influences soil properties are related to 
litter production and litter quality (Scherer-Lorenzen 
et  al. 2007; Laughlin et  al. 2015; Oliveira et  al. 2019); 
differences between soil fertility in different forest 
gradients are mainly caused by soil litter quality and 
microbial biomass (Li et al. 2013; Laughlin et al. 2015; 
Oliveira et al. 2019). However, our study corresponds to 
a late-secondary forest succession, where there is prob-
ably a stabilization of forest attributes and consequently 
its effects on soil fertility. Therefore, we propose future 
studies to evaluate soil fertility differences, consider-
ing forest attributes during early and late successional 
stages, since it is expected that the topography will not 
change over time. Moreover, we suggest evaluating the 
contribution of species diversity on litter stock and 
feedback, considering second-growth forest at differ-
ent successional stages, since the litter composition can 
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affect soil properties such as nutrients and other eco-
logical indicators of soil fertility (Laughlin et al. 2015).

Our results allow us to elucidate fine-scale processes 
to establish specific management plan in forest res-
toration patches (i.e., natural regeneration, seedling 
planting). For example, we suggest identifying specific 
ecological patterns that allow classifying different habi-
tat types and environmental conditions (i.e., topog-
raphy, soil fertility) to define management strategies 
within the forest restoration plan (i.e., species selec-
tion, site preparation and species distribution). We 
emphasize that there is usually a tendency to establish 
the same management methods and techniques within 
a single forest restoration plan, ignoring the high envi-
ronmental variability at the landscape and local scale. 
Thus, we consider that in tropical forests with high top-
ographic variability, it is necessary to define the interest 
levels of restoration activities and to better evaluate the 
effects of topographic variables on soil fertility as one 
main ecological indicator. For the specific case of the 
Atlantic Forest, which is characterised by its high topo-
graphic variability and fragmentation, these premises 
must be urgently considered to contribute to the suc-
cessful development and monitoring of current forest 
restoration projects.

Conclusions
Our study showed that the topographic variables, ele-
vation and convexity, affected soil fertility in an Atlan-
tic Forest fragment. On the other hand, despite the 
difference in tree species richness and abundance, for-
est attributes had no significant effect on soil fertility at 
a fine  scale. Based on our results, the hypotheses can 
be partially accepted since some topographical vari-
ables have an important effect on the soil attributes. 
Finally, this study provides valuable information that an 
assessment of spatial soil variability in forests with high 
topographic variability must be a premise to optimise 
resources during management activities. Therefore, our 
study demonstrates that topographic variability and 
soil fertility are related; it can be extremely important 
for the development of management plans for fine-scale 
forest restoration and conservation, such as species 
selection, site preparation and species distribution at 
fine scale.
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