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Abstract Evaluating the influences of fine-scale habitat
heterogeneity on the composition, diversity, structure and
functioning of forests is critical to understand how tropical
forests will respond to climate change and devise forest
management strategies that will enhance biodiversity
conservation and aboveground biomass stock. Here, we
hypothesized that topographic and soil factors determine
fine-scale habitat differentiation, which in turn shape
community composition, species richness, structure and
aboveground biomass at the local scale in tropical forests.
To test this hypothesis, we selected two areas (each
100 x 100 m) with contrasting fine-scale topographic
conditions where all trees, palms and lianas with a diameter
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at breast height > 10 cm were tagged and identified to
species. In each selected area, 100 subplots of 10 x 10 m
were established. We mainly found that higher topographic
variability caused higher habitat differentiation with
changes in species composition and community structure,
but did not change species richness. Our habitat-scale
analyses indicated that, in the less heterogeneous area, the
distribution of species was more uniform along a fine-scale
topographical gradient with no variation in convexity,
which induced changes in structure and aboveground bio-
mass, but not in species richness. The nonsignificant rela-
tionship between species richness and aboveground
biomass may be attributable to species redundancy or
functional dominance. This study suggests that environ-
mental filtering is a fundamental process for shaping
community assembly and forest functioning along a local
topographical gradient in tropical forests.

Keywords Community—habitat associations - Convexity -
Rarefaction - Topographic variability

Introduction

Understanding the roles of environmental factors for
determining community assembly, ecosystem functioning
and biodiversity recovery of tropical forests is a central
focus in forest ecology (Ali et al. 2018a; Poorter et al.
2017; Rozendaal et al. 2019). Tropical forests harbor more
than half of the global biodiversity and have a major
influence on the mitigation of climate change while pro-
viding important ecosystem services that humans depend
on (Lewis et al. 2015). For instance, aboveground biomass
stock, as a key ecosystem property, in tropical forests plays
a vital role in the global carbon cycle (Lewis et al. 2015;
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Anderson-Teixeira et al. 2016) by sequestering carbon
dioxide, the main contributor to the greenhouse effect
(Anderson-Teixeira et al. 2016). Several studies have
shown that topographic factors (e.g., convexity, elevation
and slope) can determine plant growth (Moeslund et al.
2013), species distribution (Toledo et al. 2012) and diver-
sity patterns (Ali et al. 2018a; Rodrigues et al. 2019). As
such, topography modulates the relationships between
species diversity and ecosystem functioning in tropical
forests (Ali et al. 2019; Jucker et al. 2018). However, more
research is needed to understand the influences of habitat
heterogeneity on species diversity, composition, structure
and aboveground biomass and to understand the main
mechanisms underlying the fine-scale community assembly
in species-rich, structurally complex natural tropical
forests.

Topography can determine resource availability (e.g.,
energy, soil nutrients and climatic water), which provide
different habitats that favor the differential use of resources
by tree species (McEwan and Muller 2006; Brown et al.
2013). The habitat differentiation is important because it
can lead to an increased differential number of coexisting
species and therefore strongly shapes the community
assembly (Brown et al. 2013; Liu et al. 2014; Jucker et al.
2018). It is generally well-understood that topographic or
geographical gradients in climatic factors (such as mean
annual temperature and precipitation) influence species
diversity, structure and function of the forests over a large
scale (Jucker et al. 2018; Ali et al. 2019), whereas edaphic
factors (such as soil physical and chemical properties) did
so at a local or fine scale (Chiang et al. 2016; Ali et al.
2018b). In this context, it is understandable that topo-
graphic, climatic and edaphic factors determine the habitats
differentiation in forests (i.e., Wang et al. 2016; Guo et al.
2017), and hence may affect community composition,
species richness, structure and functioning of the forests
due to the heterogeneity of the available resources (Liu
et al. 2014; Guo et al. 2017; Ali et al. 2018a, b, 2019;
Rodrigues et al. 2019). Determining how habitat differen-
tiation can affect tree communities can also be quite rele-
vant for the management and conservation of forests at a
fine and local scale.

The Atlantic Forest in Brazil is a hotspot of vascular
plant diversity (Murray-Smith et al. 2009) and has a high
capacity for carbon storage in the standing biomass
(Magnago et al. 2015). Nevertheless, it is also one of the
most threatened tropical forests in the world, mainly due to
deforestation and fragmentation (Laurance 2009; Ribeiro
et al. 2011). Currently, only around 10% of the mature
forests are conserved, while the remnants of native vege-
tation are restricted to ca. 20% of the original forest cover
(Scarano and Ceotto 2015). Hence, evaluating the species
diversity and community structure along topographical
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gradients and across habitat differentiation in these Atlantic
forests is crucial for understanding forest functioning.

This study aimed to evaluate whether habitat differen-
tiation affects the community composition, species rich-
ness, structure and aboveground biomass along a local
topographical gradient in an Atlantic forest in Minas Gerais
state, southeastern Brazil. Specifically, we hypothesized
that (1) topographical factors and soil properties determine
habitat differentiation; (2) tree community composition,
species richness, structure and aboveground biomass will
change in different habitats; and (3) tree diversity is posi-
tively related with aboveground biomass along a fine-scale
topographical gradient. This study allowed us to investigate
at the community scale whether habitat differentiation
increases with increasing variability in topographical and
soil factors, thereby leading to increased species richness
and enhanced aboveground biomass at a fine scale.

Materials and methods
Study area

The seasonal semideciduous Atlantic forest fragment
studied in Vicosa municipality, Minas Gerais state, south-
eastern Brazil (Fig. 1) had been used for shade coffee
cultivation under natural forest cover until 1926, when it
became fully protected, allowing for natural regeneration
to occur. Later, land-use has been reserved (Paula et al.
2002). The study area has a moderate humid tropical cli-
mate, with a dry season from May to September and a wet
season between December and March. The mean annual
relative humidity is ca. 80%, mean annual air temperature
is 19 °C, and mean annual precipitation is 1340 mm.

The study area is located between 620 and 820 m a.s.l.,
and the relief varies from strongly undulating to moun-
tainous. A Dystric Red-Yellow Latosol soil dominates in
hilltops and mountainsides, and a Cambic Red-Yellow
Podzolic dominates in the upper fluvial terraces
(EMBRAPA 1997).

Forest inventory and data collection

We selected two sampling areas with contrasting topo-
graphic conditions: a southeastern area and a northeastern
area. Each area (100 x 100 m) was subdivided into 100
plots of 10 x 10 m (Fig. 1). A total of 200 plots (2 ha)
from the two areas were sampled from December 2016 to
January 2017. Within each plot, all trees having a diameter
at breast height (DBH) 10 cm were identified to the species
level and tagged for the measurement of tree height. All
individuals were identified using specialized literature,
through consultation with the Herbarium of Universidade
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Fig. 1 Location of the study area in relation to South America (a),
the Minas Gerais State, Brazil (b), and the forest fragment within the
campus of the Federal University of Vicosa (UFV), Vigosa

Federal de Vicosa, or by taxonomists. The Angiosperm
Phylogeny Group IV (APG IV 2016) was used for taxon
classification.

Estimation of aboveground biomass

The aboveground biomass of individual stems was calcu-
lated using the general allometric equation (Eq. 1) pro-
posed by Chave et al. (2014), based on tree DBH (cm),
height (H, m) and species wood density (p, g cm ™). We
used data from the Global Wood Density Database (Zanne
et al. 2009; Chave et al. 2009) to obtain the wood density
of each species, using genus or family averages whenever
species-level information was not available (e.g., Jucker
et al. 2018; Ali et al. 2019).

AGB = 0.0673(pDBH?H)**7¢ (1)

municipality, Minas Gerais state, southeastern Brazil (c). Location
of the two sample plots within the forest fragment (d)

The total aboveground biomass per plot was the sum of the
aboveground biomass of all trees having DBH > 10 cm,
which was then converted to megagrams per hectare
Mg ha™!) (Ali et al. 2018b). Species-level biomass was
calculated as the sum of the biomass of all individuals from
a given species. Estimation of aboveground biomass was
performed using the R package BIOMASS (Réjou-
Meéchain et al. 2017).

Measurements of topographic variables

We measured three topographic variables (i.e., slope, ele-
vation, and convexity) within each plot. Topographic
variables were measured using a total station, which
measures vertical and horizontal angles and linear dis-
tances and is positioned at an obstacle-free location and
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aimed at a prism. The prism sits on a metal stick and placed
over the point to be measured. The total station then emits a
laser beam that reflects in the prism and returns to the
equipment. Using the response time of of the laser beam to
the equipment and the angle of rotation of the station’s
bezel, the internal computer calculates the angles and dis-
tances and stores the data in its internal memory (Kahmen
and Faig 1988). The data was then transferred to a com-
puter and analyzed with AutoCAD software (Autodesk
Inc., San Rafael, CA, USA).

Elevation was calculated using the mean elevation at
each of the four corners 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 con-
nection of three of its edges (Guo et al. 2017). Convexity
was determined by subtracting the elevation at the centre of
the quadrat from the mean elevation of the eight sur-
rounding plots. On edge plots, convexity was calculated as
the altitude of the plot of interest minus the mean altitude
of the surrounding plots (Lan et al. 2011).

Measurements of soil properties

Within each plot, a composite sample of the surface soil
(0—10 cm depth) was collected. Soil properties of the
samples were measured in the Soil Analysis Laboratory of
the Federal University of Vicosa, following standard pro-
tocols (EMBRAPA 1997). The following soil properties
were assessed: soil organic carbon (C); total N; available P,
K, Ca, Mg, Fe, Zn; effective cation exchange capacity
(CEC); exchangeable acidity (H + Al); sum of bases (SB);
base saturation (V); aluminum saturation (m); pH and
organic matter (OM).

Data and statistical analyses

All data and statistical analyses were conducted in R.3.2.2
(R-Core-Team 2017). Soil properties were summarized
through principal components analysis (PCA) on the cor-
relation matrix, using the FactoMineR package (Husson
et al. 2018). For this purpose, all variables were centered
and standardized to meet the assumptions of linearity and
normality. After that, we performed multivariate regression
tree (MRT) analysis (De’ath 2002; Larsen and Speckman
2004) to group habitats with similar species composition
(i.e., species assemblages) according to topographic vari-
ables (Punchi-Manage et al. 2013; Wang et al. 2016; Guo
et al. 2017). MRT is a method of constrained clustering that
identifies clusters (a group of plots) that are most similar to
each other based on a set of predefined values (De’ath
2002). We then analyzed species dissimilarity (Euclidian
distance) between each cluster as being defined by
threshold values of topographic variables (De’ath 2002). In
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this study, the root node consisted of all 100 plots
(10 x 10 m) from each area. Each cluster defines a species
assemblage, and the threshold values of environmental
variables define an associated habitat type (Larsen and
Speckman 2004; Punchi-Manage et al. 2013; Rodrigues
et al. 2019). MRT analysis was performed using the rpart
package (Therneau et al. 2017). We represented the spatial
distribution of topographic variables and species compo-
sition from each area using Kriging maps with the Field
package (Nychka et al. 2019).

Species richness in the two sampled areas was evaluated
using both individual-based and sampled-based rarefaction
and extrapolation curves, which were constructed using the
first (species richness, ¢ = 0) Hill number (Chao et al.
2014). Extrapolations were made from the abundance data
considering between two and three times the total sample
size by habitat type (Colwell et al., 2012). Sample and
individual-based rarefaction/extrapolations were computed
using the iNEXT package (Hsieh et al. 2016). Rarefaction
was estimated as the mean of 100 replicate bootstrapping
runs to estimate 95% confidence intervals. Whenever the
95% confidence intervals did not overlap, species numbers
differed significantly at p < 0.05 (Colwell et al. 2012).

Differences in community composition among habitats
in each of the two areas was evaluated using nonmetric
multidimensional scaling (NMDS) and Jaccard similarity
(Clarke 1993) in the R package vegan (Oksanen et al.
2018). We used permutation multivariate analysis of vari-
ance (PERMANOVA, 9999 permutations) to determine
differences in species composition, also using vegan (Ok-
sanen et al. 2018). We used axis 1 of the NMDS (Euclidian
distance) as a proxy for community composition, which
explains the highest amount of variance with absence/
presence data (Oksanen et al. 2018; Villa et al. 2018).

Variables were tested for normal distribution by evalu-
ating the Q-Q plot, and homogeneity of variances by
Bartlett’s test using the dplyr package (Crawley 2012;
Wickham et al. 2018). To compare means of the variables
(i.e., topography and soil factors, community composition,
species richness, abundance, tree height, and aboveground
biomass) among habitats in each of the two areas, we used
a one-way ANOVA (for normally distributed data) fol-
lowed by a post hoc Tukey’s test (p < 0.05), and PER-
MANOVA (for non-normally distributed data) followed by
a posterior pairwise Adonis test (Martinez-Arbizu 2019).
All these analyses were performed with the packages stats
and pairwiseadonis (Martinez-Arbizu 2019).

We constructed a series of linear models to find the most
parsimonious models explaining the main effects of pre-
dictor variables (i.e., topographic and soil factors) on the
response variables (i.e., community composition, species
richness, abundance, tree height, aboveground biomass)
across the local scale topographical gradient. We also
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tested the main effects of species richness on community
structural attributes (i.e., abundance, tree height, above-
ground biomass). We used a generalized linear mixed
effects model (GLMMs) with Poisson error distribution to
investigate the effects of multiple predictors on species
richness. Generalized linear models (GLMs) with negative
binomial distributions to assess the effects of predictors on
abundance. The effects of topographic factors, soil factors
and species richness on aboveground biomass and com-
munity composition were calculated using linear mixed
effects models (LMMs) with Gaussian distributions. We
assessed collinearity between selected predictor variables
using Pearson correlation analysis, and when two variables
were strongly correlated (» > 0.7) they were then included
into the separate models (Fig. S1. Appendix/from Elec-
tronic Supplement Material, ESM hereafter). Predictor
variables were grouped into three categories, i.e., topo-
graphic variables, soil properties and species richness. The
topographic variables included elevation, slope and con-
vexity, whereas soil properties included pH and
exchangeable acidity (H + AL). In these models, the
identity of the subplots as pseudoreplication in each area
was included as a random factor to avoid autocorrelation.

To select the best model, we applied a multi-model
inference approach (Burnham and Anderson 2002) with the
MuMlIn package (Barton 2017), which allows all possible
combinations of the explanatory variables included in the
global model (Barton 2017). To determine which of these
variables were the most decisive in explaining changes in
community composition, species richness, abundance,
community structural and aboveground biomass, we used
an information theoretical approach based on the Akaike
information criterion with a correction for small sample
sizes (AICc) and AICc weights (Burnham and Anderson
2002). We selected the best model with the lowest AICc
and all models whose difference in AICc with the best
model was less than four units (Burnham et al. 2011). All
models were calculated in R using the packages lmed4,
nlme, and MASS (Pinheiro and Bates 2017; Ripley 2017;
Bates et al. 2019).

Results

We observed an evident differentiation between areas in
relation to topographic and soil variables. The first two
axes of the PCA explained 66.8% of the commulative
variation in the topographical and soil factors (Fig. 2). The
first axis explained 49.6% of variance and was positively
correlated with cation exchange capacity (r = 0.55,
p < 0.001) and pH (r = 0.42, p < 0.001). The second axis
explained 17.2% of the variation and was positively cor-
related with elevation but negatively with a slope (Fig. 2).

The southeastern area was topographically less hetero-
geneous, with the habitat types determined by the two
topographic factors, i.e., elevation and slope, and hence can
be divided into five habitats, i.e., (1) high plateau, (2)
intermediate plateau, (3) low plateau, (4) high valley, and
(5) low valley (Table 1). The northeastern area was topo-
graphically more heterogeneous, where habitat types were
determined by all three topographic variables (elevation,
slope, and convexity), and hence can be divided into seven
habitats. The northeastern area (NE) consisted of the same
types of habitats as the southeastern area (NE), but had two
additional habitat types, i.e., (1) intermediate low valley
and (2) a transition area between the high valley and low
plateau (Table 1). The soil properties were not important in
the habitats differentiation. Elevation determined the first
split of MRT for habitat types in both areas (breakpoint:
SE =711, NE = 716), accounted for 21-34% of species
variance, and the second split accounted lower values
(< 10%) of species variance. In the SE, elevation was also
the main factor for the second (breakpoint = 718) and third
(breakpoint = 705) split of habitat types, followed by
slope, which determined fourth split (breakpoint = 29).
Convexity was not included in the MRT for the SE but it
was a main factor for the second split (breakpoint = 0.37)
in the NE. Elevation determined the third (break-
point = 707) and fifth (breakpoint = 703) split and slope
determined the fourth (breakpoint = 28) and sixth (break-
point = 19) splits of habitat types in the NE (Fig. S2. from
ESM).

The NMDS showed that tree species composition varied
considerably among habitats along the topographical gra-
dient (Fig. 3). We found no significant difference between
the species richness patterns of the different habitats using
both individual-based and sampled-based rarefaction and
extrapolation curves (Fig. 4). Likewise, species richness at
the plot level did not differ among habitats (Table 1).

Community structural attributes and aboveground bio-
mass did not show differences among habitats in the NE
(Table 1). However, when analyzed at the area scale, basal
area, tree height and aboveground biomass differed sig-
nificantly between low valleys and high plateaus in the SE.
Subplots in depressions were dominated by species that had
high tree maximum height and aboveground biomass, but
low basal area (Table 1). Finally, soil factors differed
significantly among habitats only in the SE (Table 1).

The multi-model comparison among habitats within
areas showed that models including a single topographical
factor (i.e., elevation) consistently explained more varia-
tion in community composition than those with multiple
effects of topographic and soil factors (Table 2; Table S1.
from ESM). At local-scale analysis, topographic factors
were better predictors than soil properties. However, spe-
cies richness, abundance, community structural and
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aboveground biomass was not related to different predic-
tors. There was no significant relationship between species
richness and aboveground biomass at the local scale.
Species composition, elevation and slope showed a non-
uniform spatial distribution in each area (Fig. 5).

Discussion

Our results showed that topography is an important driver
for habitat differentiation, thereby determining community
composition and structure, but not species richness, at the
local scale in tropical forests. More specifically, we found
that elevation and slope were the main factors explaining
habitat differentiation in studied areas, and hence deter-
mining variation in community composition. Our results
corroborate the hypothesis that topographic factors deter-
mine community composition, structure and aboveground
biomass in tropical forests (Guo et al. 2017; Ali et al.
2018a; Jucker et al. 2018; Ali et al. 2019). The observed
habitat structuring along topographical gradients is proba-
bly linked to the underlying spatial variation of light, soil
nutrients and climatic water availability, which are strongly
influenced by topographic factors (John et al. 2007
Moeslund et al. 2013; Ali et al. 2019). This study shows
that environmental filtering is a fundamental process for
shaping community assembly in tropical forests (e.g., Liu
et al. 2014), even at a local-scale indicating that species
composition changes along a topographical gradient.

Our results indicated that species richness, using both
individual-based and sampled-based rarefaction and
extrapolation curves, maintains a similar pattern between
different habitats. Although the studied northeastern area
had a species richness higher than the southeastern area at
the plot scale, the observed pattern is consistent with the
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niche complementarity hypothesis, i.e., the occurrence of a
positive diversity effect at the more heterogeneous area due
to an increased resource use via niche differentiation
(Tilman 1999; Pausas and Austin 2001; Poorter et al. 2017)
caused by the higher topographic variability (Liu et al.
2014; Ali, et al. 2018a). Such variation among areas is
probably due to the heterogeneous distribution of resources
such as light, water and nutrients (e.g., Katabuchi et al.
2012). We presume that the nonsignificant differences for
species richness among habitat types in the studied areas
may be due to the marked difference in elevation of the
topographic gradient.

Community structural attributes including maximum
tree height and basal area as well as aboveground biomass
differed among habitats in the studied southeastern area
only. In our analyses, maximum tree height decreased from
valleys to plateaus. Valley areas have a higher availability
of soil water and nutrients as compared to plateau areas
(Moeslund et al. 2013; Liu et al. 2014). The increased tree
height observed in valleys is a typical feature of trees
growing in areas with high resource availability, whereas
the decreased height of trees from plateau habitats is
characteristic of plants in resource-poor areas (Poorter
2009; Reich 2014). These results are consistent with the
findings of a previous study that species distribution along
the topographical gradients can be strongly influenced by
habitat filtering, which selects attributes such as tree height,
being related to resource use, such as the light niche and
colonizing strategy (Liu et al. 2014; Ali et al. 2018a).
While these results indicate that habitat differentiation
influences the distributions of many individual species, the
community-level effects of soil resource variation have not
been examined extensively, which can be analyzing using
soil nutrients and topographic data to examine their relative
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Fig. 3 Nonmetric
multidimensional scaling based
on species composition
according to habitats (point
colors) by study area,
southeastern (a) and
northeastern (b) within the
campus of the Federal
University of Vigosa, Vigosa
municipality, Minas Gerais
state, southeastern Brazil.
According to the MRT, the
areas were divided into the
following habitats: (high plateau
(Hp); intermediate plateau (Ip);
low plateau (Lp); high valley
(Hv); low valley (Lv);
intermediate low valley (Iv),
and transition area between the
high valley and low plateau
(Tpv)

0.5 -

NMDS2

0.0 -

0.5 -

NMDS2

0.0 -

-05 -

contributions to diversity and aboveground biomass (e.g.,
Chiang et al. 2016; Ali et al. 2018b).

The difference in tree height observed among habitats in
the studied southeastern area correlated with differences in
basal area, whereas habitats with lower tree heights had
higher basal areas, but the habitat with the tallest tree, i.e.,
the low valley, had the lowest basal areas. Our data support
the results of a previous report that the conditions at high-
elevation habitats are apparently well suited for slow-
growing canopy tree species and have higher tree densities
and basal areas per unit area, compared to low-elevation
habitats (Punchi-Manage et al. 2013). Furthermore, there is
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a strong correlation between community structure attri-
butes and abiotic factors (Cornwell and Ackerly 2010) as a
trade-off to better withstand conditions of strong winds,
nutrient-poor soils or low soil water availability (Poorter
2009). We also found a significant decrease in above-
ground biomass among subplots in the studied southeastern
area, from valleys to plateaus, probably due to the differ-
ences in tree height and basal area among habitats (e.g.,
Leuschner et al. 2007). Thus, the local topography is
related to community structural attributes, with flatter
habitats harboring larger trees with higher biomass and
lower basal area than steeper areas. This fact may be
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Fig. 4 Sample-based and individual-based rarefaction (solid line)
and extrapolation curves (dashed lines) of species richness for
different habitats by northeastern (a, ¢) and southeastern (b, d) areas
within the campus of the Federal University of Vicosa, Vigosa
municipality, Minas Gerais state, southeastern Brazil. According to
the MRT, the areas were divided into the following habitats: high
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plateau (Hp); intermediate plateau (Ip); low plateau (Lp); high valley
(Hv); low valley (Lv); intermediate low valley (Iv), and transition
area between the high valley and low plateau (Tpv). Rarefaction and
extrapolation curves present the lines that represent the mean values
and the bands the standard deviation with 95% confidence intervals

Table 2 Subset of models
predicting the species

composition (linear mixed
effect model). The result of
information-theoretic—based
model selection is indicated.
Only models with AAICc < 2
are shown

Distribution Response variable Predictors AlCc AAICc AlCcwt
Gaussian Ime Species composition Null model 195.17 0 0.53%
LMMs ~ Elev 196.14 0.97 0.23%*

~ Elev + slope 196.7 1.53 0.18%*

~ Elev + convex 199.72 4.55 0.04%*

~ Slope 202.35 7.18 0.01

~ Convex 207.62 12.45 0.01

The Akaike information criterion corrected for small samples (AICc), difference between one estimated
AICc and the lowest AICc the best model (AAICc), and model weights (AICcwt). *Models that explain

significant main effects
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Fig. 5 Kriging maps of
topographic variables (elevation
and slope) and species = ;°° - 710
composition along the 100
environmental gradient in each

area (100 x 100 m),

northeastern (figures on the left) 80
and southeastern (figures on the

right) areas within the campus

of the Federal University of 60
Vicosa, Vigosa municipality,
Minas Gerais state, southeastern
Brazil. Each grid represents a
community weighted variable
value of a 10 x 10 m subplot.
Elevational contours are
indicated by black lines 20

40

100
80
60
40

20

correlated with the existence of a marked small-scale
edaphic gradient since we detected significant differences
in soil properties among habitats in the southeastern area.

Previous studies on forests have reported positive rela-
tionships between species richness and biomass (Paquette
and Messier 2011; Poorter et al. 2017). However, our
results show a nonsignificant relationship between species
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richness and aboveground biomass, which might be
attributable to functional redundancy or functional domi-
nance (Ali et al. 2019). The positive relationship between
species richness and biomass reported in the aforemen-
tioned studies is consistent with the sampling, niche com-
plementarity and facilitation effects (e.g., Poorter et al.
2015; Tilman 1999). On the other hand, the negative
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relationship between species richness and aboveground
biomass indicates that communities having high above-
ground biomass may exclude weak competitors (Ali et al.
2016), as predicted by competitive exclusion hypothesis
(Grime 1973). Moreover, the direct and indirect effects of
environmental factors such as soil and topographic factors
could also explain such weak or negative relationship
between species richness and aboveground biomass (Jucker
et al. 2018; Ali et al. 2019).

In this study, we found nonsignificant relationship
between species richness and aboveground biomass, which
may be attributable to the species redundancy or niche
overlap in the studied northeastern area, which means that
despite an increase in species richness, biomass remains
relatively constant without significant variation (Williams
and Houseman 2014; Muledi et al. 2017). For instance, in
the northeastern area, there were fewer stems and more
species, probably due to the higher topographic hetero-
geneity, which increases species coexistence. In the
southeastern area, on the other hand, the inverse situation
was observed, with the presence of a higher number of
stems and lower number of species, which could analo-
gously be caused by the lower topographic heterogeneity
(Ali et al. 2018a; Jucker et al. 2018). As such, a recent
study has found a weak positive relationship between
species diversity and aboveground biomass at larger spatial
scales due to species redundancy (Poorter et al. 2015).
Furthermore, other studies in tropical forests have reported
that functionally dissimilar species may be playing equiv-
alent roles in the ecosystem processes, e.g., biomass pro-
duction (Lohbeck et al. 2016; Poorter et al. 2017).
Presumably, the higher species richness in the northeastern
area compensates for the aboveground biomass produced
by the higher number of stems in the southeastern area.
This result indicated that stocks of aboveground biomass
were equivalent between the two studied areas, despite the
northeastern area having 48% more species and 20% fewer
stems than in the southeastern area.

Conclusions

This study reveals that higher variability of topographic
factors determines habitat differentiation with changes in
tree community composition, structure and aboveground
biomass, but not in species richness. Our local-scale anal-
yses indicate that in the less heterogeneous area there is a
more uniform distribution pattern of elevation along with
no variation in convexity across the gradients, which
induces changes in community structural attributes. On the
other hand, the more heterogeneous area shows no differ-
ence among habitats along the topographical gradients. We
provide the first indication of the relative importance of

topographic factors to community composition, structure
and aboveground biomass along topographical gradients in
a tropical Atlantic forest.
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