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Summary

1. Species distribution within plant communities results from both the influence of deterministic pro-
cesses, related to environmental conditions, and neutral processes related to dispersal limitation and
stochastic events, the relative importance of each factor depending on the observation scale.
2. Assessing the relative contribution of environment necessitates controlling for spatial dependences
among data points. Recent methods, combining multiple regression and Moran’s eigenvectors maps
(MEM), have been proved successful in disentangling the influence of pure spatial processes related
to dispersal limitation, pure environmental variables (not spatially structured) and spatially structured
environmental properties. However, the latter influence is usually not testable when using advanced
spatial models like MEM.
3. To overcome this issue, we propose an original approach, based on torus-translations and Moran
spectral randomizations, to test the fraction of species abundance variation that is jointly explained
by space and seven soil variables, using three environmental and tree species abundance data sets
(consisting of 120, 52 and 34 plots of 0�2 ha each, located along 101-, 66- and 35-km-long transect-
like inventories, respectively) collected in tropical moist forests in southern Cameroon.
4. The overall abundance of species represented by ≥30 individuals, and 27% of these species taken
individually, were significantly explained by fine-scale (<5 km) and/or broad-scale (5–100 km) spa-
tially structured variations in soil nutrient concentrations (essentially the concentration of available
Mn, Mg and Ca) along the 120-plots area. The number of significant tests considerably decreased
when investigating the two smaller data sets, which mostly resulted from low statistical power rather
than weaker floristic and/or edaphic variation captured among plots.
5. Synthesis. Our results provide evidence that tree species turnovers are partly controlled by spa-
tially structured concentrations in soil nutrients at scales ranging from few hundreds of metres to c.
100 km, a poorly documented subject in Central African forests. We also highlight the usefulness of
our testing procedure to correctly interpret the space-soil fraction of variation partitioning analyses
(which always accounted here for the most important part of the soil contribution), as this fraction
was sometimes relatively high (R2 values up to c. 0�3) but nearly or not significant.

*Correspondence author. E-mail: jasvlx86@berkeley.edu

© 2016 The Authors. Journal of Ecology © 2016 British Ecological Society

Journal of Ecology doi: 10.1111/1365-2745.12707



Key-words: determinants of plant community structure, Moran’s eigenvector maps, spatially struc-
tured soil variables, torus-translation tests, tree community assemblages, tropical forests, variation
partitioning

Introduction

Understanding the factors limiting the distribution of tree spe-
cies in highly diverse tropical forests is a major challenge for
community ecologists. For a long time, the deterministic
niche-related vision inspired by Gause (1934) considered that
habitat filtering and competitive exclusion were the major
sources of floristic variation. Species composition was thus
expected to be well correlated with environmental factors.
However, tree species distribution is not only influenced by
deterministic processes but also by seed dispersal limitation
and by stochastic events resulting from ecological drift (Hub-
bell 2001), the relative influence of each factor depending
essentially on the observation scale (Chase 2014).
The influence of environmental processes has been demon-

strated by numerous studies, mostly carried out in the
Neotropics (e.g. Harms et al. 2001; Tuomisto et al. 2003;
Baldeck et al. 2016) and southeastern Asia (e.g. Legendre
et al. 2009; Lan et al. 2011), while it has been relatively less
investigated in African forests (but see Hardy & Sonk�e 2004;
R�ejou-M�echain et al. 2008; Fayolle et al. 2012). Several stud-
ies have suggested that, in tropical forests, tree species com-
position is mostly influenced by the availability of P, Al
toxicity, water-holding capacity, hydromorphic regime and the
availability of K (Sollins 1998; Wright et al. 2011; Condit
et al. 2013). Plant-available P is often very limiting because
of its precipitation with ionic forms of Al and Fe, while Al
may also induce deleterious damage on plant root system
(Ngachie 1992; Vitousek 2004). Differences among tree spe-
cies for other soil nutrient requirements, like Ca or Mg, or
toxicity levels in elements like Mn, may also explain the vari-
ation of floristic composition across space, as emphasized by
John et al. (2007). Soil texture and pH are also important as
they represent synthetic variables integrating many soil prop-
erties, notably P availability, base cation availabilities and Al
toxicity. Therefore, these two variables have been widely used
to test associations between floristic composition and environ-
mental heterogeneity. For example, R�ejou-M�echain et al.
(2008) emphasized floristic turnover explained by a soil tex-
ture gradient at spatial scales reaching up to 100 km, while
Vleminckx et al. (2015) found similar patterns at much finer
spatial scale (<1 km). Finally, the variation of topographical
characteristics across space has also been shown to structure
tree community assemblages (Lan et al. 2011; Baldeck et al.
2013) as they influence, for example, the drainage regime
(Sabatier et al. 1997), soil stability and erosion processes.
Environmental properties like soil conditions and topogra-

phy are usually structured in space, which in turn may gener-
ate spatially associated structures in the distribution of a plant
species if the latter is affected by a change of these properties
(deterministic situation), a process sometimes named ‘induced
spatial dependence’ (Peres-Neto & Legendre 2010). However,

if no limiting conditions occur for a species across different
habitats, its distribution would be relatively more driven by
its dispersal capacities (in addition to stochastic events and
biotic interactions), and in that case, there is reason to think
that geographically overlapping structures (environmental and
floristic) can be observed by chance (neutral situation, Hub-
bell 2001). Thus, both deterministic and neutral processes
may generate spatial dependences between individuals, which
is a long-standing issue for ecologists as it inflates the risk of
type I error when testing species–environment association, i.e.
the risk of detecting an environment effect while there is actu-
ally not. To overcome this issue, considerable improvements
have been made during the past decade to build realistic null
models (e.g. Harms et al. 2001; Deblauwe, Kennel & Cou-
teron 2012; Wagner & Dray 2015) and with the development
of the principal coordinates of neighbour matrices (PCNM,
Borcard & Legendre 2002) and its generalization form, the
Moran’s eigenvector maps (MEM, Dray, Legendre & Peres-
Neto 2006). To control for spatial relationships among indi-
viduals, PCNM and MEM generate spatial predictors that
model all the spatial structures observed in our abundance or
environmental data. These predictors are then used as covari-
ates in a multiple regression model [variation partitioning
(VP) analysis], to filter out and test the contributions of
purely environmental effects on abundance data, after remov-
ing the whole spatial contribution. The latter contribution cor-
responds to the influence of both pure spatial effect (which
may be attributed to dispersal limitation and/or undetected
forcing environmental structures) and the effect of spatially
structured environmental properties (which is responsible for
type I error inflation, Peres-Neto & Legendre 2010). While
this technique has been used in an increasing number of stud-
ies, investigating a wide variety of ecosystems, rare examples
are found concerning species composition in tropical plant
communities (but see studies carried out in Asian tropical for-
ests by Legendre et al. 2009; Lan et al. 2011; Chang et al.
2013 and Punchi-Manage et al. 2014). Besides, these studies
do not provide any clear interpretation for the joint contribu-
tion of spatial descriptors (MEM) and environment, i.e. of the
spatially structured environmental properties, whereas this
contribution is expected to account for most of the environ-
mental effect if we assume that habitat properties generally
display spatial structures. This is because only the adjusted
coefficient of determination (adjusted R2, Ezekiel 1930) quan-
tifying the pure environmental and pure spatial contributions
can usually be tested. No testing procedure is provided for
the fraction of the abundance inertia jointly explained by
environment and space, because this fraction has zero degrees
of freedom (see Borcard, Gillet & Legendre 2011). Yet, an
appropriate null model could be used to solve this problem.
The model could consist in simulating artificial environmental
structures reproducing as well as possible the structures
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observed in nature, and then re-calculating an adjusted R2 for
the joint space-environment fraction. To do so, several proce-
dures have been conceived (see references in Deblauwe, Ken-
nel & Couteron 2012), among which the torus-translation
(TT) has become widely used by ecologists to test the link
between environmental variables and tree community compo-
sition in tropical forests of the Neotropics (e.g. Harms et al.
2001), southeastern Asia (Itoh et al. 2010) and Central Africa
(Chuyong et al. 2011; Vleminckx et al. 2015). A more recent
approach, the Moran spectral randomization (MSR, Wagner
& Dray 2015) offers the possibility to simulate artificial abun-
dance or environmental data displaying spatial autocorrelation
patterns that are identical or nearly identical to the original
data. The MSR can be performed for any sampling configura-
tion, regular or irregular, and thus offers more flexibility than
TTs which impose a highly regular sampling design.
Here, we introduce a novel approach combining VP, MEM

and null models of abundance generated using either TTs or
MSRs, to test the hypothesis that spatially structured edaphic
properties significantly induce spatial structures in the composi-
tion of dominant species (≥30 individuals) and in the abundance
of each of these species in tropical forest tree communities. This
hypothesis is tested at two different spatial scales, one ranging
from a few hundreds of metres to c. 5 km, and another ranging
from 5 to 100 km, using tree species abundance and environ-
mental data from three areas of tropical forest located in south-
ern Cameroon. We address the following specific questions:

1) Is species turnover (tree community composition and
individual species abundances) mostly explained by soil
heterogeneity compared to pure spatial processes?

2) Which edaphic variable(s) significantly explain species
turnover, at which spatial scale, and what ecological inter-
pretations can be made?

3) Do the same edaphic variables explain species turnover
among geographically distinct areas?

4) Does the detection of soil determinism on species turn-
over decrease at lower sampling size? If so, is it rather
due to a lower edaphic/floristic heterogeneity or to a
decrease of statistical power?

Materials and methods

STUDY AREAS

We used data from three areas of tropical moist forest located in log-
ging concessions, for which the geographical disposition, as well as
phytogeographical and climatic characteristics, were also described in
Vleminckx et al. (2014) and Fayolle et al. (2016). The area of the
main data set used in this study, hereafter the ‘Mindourou’ area (lo-
cated nearby the village of the same name), corresponds to a logging
concession managed by the company Pallisco and is located in south-
eastern Cameroon (3°000–3°450N, 13°370–14°300E). Data sets from
two additional logging concessions were used to specifically answer
questions 3 and 4 in the objectives (see above): The ‘Mbang’ area
(near the village of Abong-Mbang) is managed by the company
SFID-Mbang (Groupe Rougier) and also located in southeastern
Cameroon (3°300–3°460N, 10°420–10°760E), while the ‘Ma’an’ area,
managed by the company Wijma, is situated in the southwestern

corner of the country (2°100–2°390N, 10°110–10°530E), in the eastern
part of the Campo Ma’an National park (Fig. 1).

The vegetation in Mindourou and Mbang corresponds to a transi-
tion type between lowland semi-evergreen and evergreen moist tropi-
cal forest, while the vegetation encountered in Ma’an is composed of
both lowland wet evergreen littoral and semi-evergreen moist forests
(Letouzey 1985). The climate in the three areas is equatorial. Average
annual temperature varies around 24–25 °C. Mean annual rainfall
ranges between 1500 and 2000 mm (www.climatedata.eu), with two
rainy seasons (September to November and March to June) alternat-
ing with relatively less humid periods. Topography is characterized
by hilly and highly weathered plateaus displaying dense hydrographic
networks, situated at an elevation ranging from 550 to 700 m a.s.l. in
areas 1 and 2, and 500 to 600 m a.s.l. in Ma’an. The geological base-
ment consists of Precambrian schistoquartzitic rocks mostly composed
of gneiss, migmatite and micaschist from low Precambrian in Min-
dourou and Mbang, and old volcanic intrusions and Precambrian
metamorphic rocks in Ma’an (Vennetier 1963; Franqueville 1973;
Jones et al. 2013). Soils derived from these bedrocks have been
mostly classified as Ferralsols and Acrisols (Jones et al. 2013). These
soils result from a long and intense weathering process which made
them strongly depleted in essential plant nutrients and mostly com-
posed of kaolinite and Al and Fe oxides, the latter giving these soils
their characteristic colours (Jones et al. 2013). Ferralsols are generally
deep, well drained and clayey, while the humus layer is usually very
thin and exchangeable base cations located in the superficial soil lay-
ers (where they are maintained through biological cycling). These
soils are thus very acidic (pH values often <4) and have weak
exchange capacities to retain nutrients (WRB 2014).

INVENTORY CONFIGURATION

The Mindourou area corresponded to a 101�5-km-long transect along
which six 4�8-km-long sites were located (Fig. 1). Each site consisted
of 20 rectangular plots of 0�2 ha (40 9 50 m), regularly lined up
every 250 m along the transect (120 plots in total in the whole area).
The Mbang area corresponded to a 66�5-km-long transect along
which three sites of 17–19 plots (also 40 9 50 m each; 4 km < site
length < 4�5 km) were located (52 plots in total), while the Ma’an
area consisted of three sites containing 10–12 similar plots (34 plots
in total; 2�25 km < site length < 2�75 km), distant from maximum
34�8 km. Plot positions along transects were sometimes displaced 20–
60 m forward or backward in the presence of swamp, introducing
slight variation in the distance between adjacent plots (minimum
190 m; maximum 310 m). In order to answer question 3 (see objec-
tives above), we also truncated the Mindourou area in four different
ways to obtain sub-transects of size comparable to Mbang (two sub-
transects: Mind-Mb1 and Mind-Mb2) and Ma’an (two sub-transects:
Mind-Ma1 and Mind-Ma2) in terms of spatial observation scale (max-
imal distance between two plots) and number of plots (see Fig. S1 in
Supporting Information). Comparing the Mindourou area with smaller
areas (Mbang, Ma’an and sub-transects) also allowed determining
whether soil effect on tree species turnover decreased when reducing
our spatial observation scale, providing answers to question 4.

TREE SPECIES INVENTORIES AND DIVERSITY

MEASUREMENTS

Within each plot, we inventoried all the trees with a diameter at
breast height (dbh) ≥20 cm, which resulted in data sets comprising
3531 individuals (belonging to 185 species) in Mindourou, 1648 (180
species) in Mbang and 1300 (145 species) in Ma’an. Species were
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identified with the help of local botanists and by comparing collected
material with reference specimens from the Herbarium and African
botanical Library of the ‘Universit�e Libre de Bruxelles’, using the
nomenclature of Lebrun & Stork (2008), except for families that fol-
low APG III (Angiosperm Phylogeny Group 2009). Floristic and
abundance data are summarized in Table 1 (see Vleminckx et al.
2014 for more details). Species diversity was calculated in each study
area by plotting the effective number of species expected from a ran-
dom sampling of 2 to the maximum number of individuals in the cor-
responding area (Dauby & Hardy 2011).

SOIL AND TOPOGRAPHICAL DATA

At the four corners of each plot from Mindourou, Mbang and Ma’an,
we collected soil samples from the 0–5 cm soil layer below the litter.
For each plot, we then measured physical and chemical soil variables
on composite samples, prepared by mixing soils samples from each
plot corner. Physical properties corresponded to the percentages of
clay, silt and sand, while chemical properties corresponded to the
available phosphorus content, the effective cationic exchange capacity
(ECEC), the concentration of six bioavailable cations (Ca, K, Mg, Fe,

Mn and Al), the percentage of soil organic matter (OM), the coeffi-
cient of extinction of visible light (E4/E6 ratio) quantifying the rela-
tive proportion of humic and fulvic acid content, the C/N ratio, the
electrical conductivity in water (EC) and pH-H2O. Topographical
slope was also estimated using a simplified ordination scale. Main
measurements were conducted by using conventional soil analysis
protocols (Pansu & Gautheyrou 2006). The complete soil data set for
each study area is available as a supplementary file in Dryad Digital
Repository (Vleminckx et al. 2016). The protocol used to measure
each soil variable and topographical slope is described with more
details in Appendix S1.

EDAPHIC VARIAT ION

We performed a principal component analysis (PCA) on a matrix
containing plot values of 10 ‘synthetic’ variables, pH-H2O, EC,
ECEC, OM, C/N, E4/E6, topographical slope and the percentages of
sand, silt and clay, for all study areas (Mindourou, Mbang and
Ma’an) combined (206 plots), after normalizing each variable by
using a Box–Cox transformation. This allowed characterizing and
comparing the overall edaphic heterogeneity among the three areas.

Fig. 1. (a) Geographical location of the three
study areas. Each site is represented by a
rectangle. Sites in Mindourou and Mbang
were linearly disposed along a virtual
transect, while sites from Ma’an were less
regularly disposed. (b) Example showing the
regular disposition of plots within a site (here
in a site from Ma’an) and (c) the dimensions
of a plot within a site (showing real length–
width proportions). [Colour figure can be
viewed at wileyonlinelibrary.com]
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Bioavailable elements strongly covaried with the ‘synthetic variables’.
They were therefore not used in the PCA to limit the number of axes
and facilitate the interpretation of the environmental heterogeneity.
We also computed the mean and coefficient of variation of each vari-
able at the plot level and tested their difference between areas by
using a Kruskal–Wallis test, assuming statistical independence among
plots. Post hoc Wilcoxon tests were performed to identify pairs of
areas displaying significant differences for each variable.

VARIABLE SELECTION AND VARIAT ION PARTIT IONING

In order to facilitate the reading, we will hereafter refer to ‘Y’ as the
response variable(s), corresponding either to the overall dominant spe-
cies abundance (all species represented by at least 30 individuals),
hereafter ‘ODSA’, or to the abundance of a single species represented
by at least 30 individuals. The 30-individuals threshold was chosen in
order to minimize statistical noise introduced by non-frequent species
when testing species–environment associations. We then followed the
approach described in Borcard, Gillet & Legendre (2011) to perform
a VP analysis. The latter consisted, for each study area and sub-areas
independently, in calculating the coefficient of determination (R2)
from a redundancy analysis (RDA) to measure the amount of varia-
tion in Y (at the plot level) explained by (i) soil variables alone, by
(ii) pure spatial processes and by (iii) covariations between these two
components (i.e. by spatially structured soil properties). R2 values
were adjusted using the correction of Ezekiel (1930) in the case of
pure edaphic and pure spatial effects, while this could not be per-
formed for the joint space-soil effect (see Borcard, Gillet & Legendre
2011, p. 182). Prior to the VP, abundances in Y were Hellinger-trans-
formed following Legendre & Gallagher (2001). We only used the
availabilities of the seven chemical elements (Al, Ca, Fe, K, Mg, Mn
and P) as explanatory soil variables in the VP, without taking the

‘synthetic’ variables (see previous section) into account. This allowed
providing more accurate and straightforward interpretations regarding
the role of nutrient limitation and Al/Mn toxicity on Y. Indeed, we
considered that synthetic variables only provide indirect information
on nutrient limitation or toxicity effects, while introducing redundancy
(and thus a risk of ‘over-explaining’ the abundance variation), which
made them better suited to describe the overall environmental hetero-
geneity within each study area (using e.g. a PCA, see above). Using
Y and soil variables, we then performed the forward selection proce-
dure proposed by Blanchet, Legendre & Borcard (2008) to select the
most parsimonious set of soil variables.

Based on the abundance data and plot UTM coordinates, spatial
relationships between plots were translated into explanatory variables
using MEM (Dray, Legendre & Peres-Neto 2006; Griffith & Peres-
Neto 2006). The assemblage of MEM that best model spatial struc-
tures in Y was then selected by using a corrected Akaike information
criterion (AICc). Note that the number of eigenvectors selected with
the AICc procedure is inevitably too large (= the number of plots -
1), introducing bias when computing the adjusted R2 of a RDA using
all vectors (Borcard, Gillet & Legendre 2011). We therefore applied
the following selection: after ordering eigenvectors in decreasing
order of their contribution (R2) to explain spatial structures, we only
retained vectors increasing R2 values of more than 1%. This proce-
dure allowed reducing the number of eigenvectors to 10–40% of the
number of plots, while keeping the most relevant spatial information.
Eigenvalues being directly correlated with the degree of spatial auto-
correlation, we then made a distinction between two groups of eigen-
vectors. The first group, hereafter ‘broad-scale MEM’, described
broad-scale (inter-site) spatial structures (4�8- to 101�5-km-wide in
Mindourou, 4�5–66�5 km in Mbang and 2�75–34�8 km in Ma’an),
while the second group, hereafter ‘fine-scale MEM’, modelled fine-
scale spatial structures (≤4�8, 4�5 and 2�75 km in Mindourou, Mbang

Table 1. Sampling and floristic characteristics of each study area, including the four sub-transects of Mindourou (in bold) obtained by subdivid-
ing the Mindourou area (see Materials and methods)

Mindourou Mbang Mind-Mb1 Mind-Mb2 Ma’an Mind-Ma1 Mind-Ma2

Nr plots 120 52 52 52 34 34 34
Surface (ha) 24 10�4 10�4 10�4 6�8 6�8 6�8
D max (km) 101�5 66�5 67�4 64�3 34�8 34�2 31�7
Nr plot km�1 1�18 0�78 0�77 0�81 0�98 0�99 1�07
Nr stems 3531 1648 1613 1501 1300 955 1032
Stem density 28�7 (8�0) 31�8 (8�3) 30�2 (8�5) 28�2 (7�6) 38�2 (7�6) 27�5 (6�7) 31�0 (6�4)
Nr of species 185 180 149 157 145 149 136
Nr sp >30 ind 33 13 18 10 8 6 5
MAS 1 Ps (8�8%) Ps (8�0%) Ps (7�1%) Ps (10�8%) Bw (5�5%) Ro (8�3%) Ps (10�4%)
MAS 2 Sp (2�9%) Sp (4�2%) U (3�8%) Sp (3�5%) Aa (4�8%) Ps (7�3%) Al (4�1%)
MAS 3 P1 (2�9%) Dg (3�3%) Pa (3�7%) P2 (3�5%) St (4�8%) P1 (3�6%) Sp (3�7%)
Nr of families 47 46 43 45 42 42 41
MAF A (15�5%) A (19�7%) F (16�3%) A (17�3%) F (12�1%) F (15�5%) A (16�6%)
ENS (2) 50�3 51�0 48�7 42�9 51�8 43�2 41�4
ENS (100) 79�0 78�0 69�1 79�2 72�1 73�7 71�8
ENS (500) 123�0 128�7 111�4 123�9 113�8 123�2 113�4

Aa = Annickia affinis (Annonaceae); Al = Afrostyrax lepidophyllus (Huaceae); Bw = Blighia welwitschii (Sapindaceae); Dg = Desbordesia glau-
cescens (Irvingiaceae); P1 = Pausinystalia macroceras (Rubiaceae); P2 = Petersianthus macrocarpus (Lecythidaceae); Pa = Plagiostyles africana
(Euphorbiaceae); Ps = Polyalthia (= Greenwayodendron) suaveolens (Annonaceae); Ro = Rinorea oblongifolia (Violaceae); Sp = Strombosia pus-
tulata (Olacaceae); St = Strombosiopsis tetrandra (Olacaceae); U = Uapaca sp. (Phyllanthaceae); A = Annonaceae; F = Fabaceae.
Percentages are calculated over the total number of stems in the study area. D max = maximal distance between two plots. ENS (K) = effective
number of species expected for a random sample of K individuals (see Fig. S2 for more details). Stem density (� SD) = mean number of stems
per plot. Nr sp >30 ind = number of species represented by at least 30 individuals. MAS 1/MAS 2/MAS 3: first, second and third most abundant
species. MAF: most abundant family.
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and Ma’an respectively). We then combined the selected soil and spa-
tial variables in a VP analysis to decompose Y inertia into its compo-
nents explained by soil properties alone, by broad-scale and fine-scale
MEM alone, and by covariations between MEM and these properties.
Figure 2 describes in more details each contribution in the form of a
Venn diagram. More details on the procedure described in this section
are provided in Appendix S2.

TESTING VARIAT ION PARTIT IONING FRACTIONS

To test each fraction of the VP, we compared the observed R2 values
of these fractions with a null distribution obtained after performing
999 TTs and 999 MSRs (Wagner & Dray 2015) of the plots, follow-
ing two different test procedures. The first procedure consisted in gen-
erating TT and MSR of the whole habitat structure within each site
independently. In the case of the TT test, the habitat structure was
translated (all soil variables together) among plots while preserving
the original spatial order of the plots, except for plots located at the
edges of the sites. In the latter case, plots were transposed to the
opposite edge (as if they were arrayed along the outer surface of a
ring). To facilitate the reading, these tests will hereafter be named ‘lo-
cal-TT’ and ‘local-MSR’ tests. This first procedure allowed building
appropriate null models to test the effect of fine-scale (i.e. <4�8 km in
Mindourou, 4�5 km in Mbang and 2�75 km in Ma’an) edaphic spatial
structures (i.e. the covariation effect between fine-scale MEM and soil
variables) on Y. The second procedure was identical to the first one,
except that TT and MSR were performed on the habitat structure of
the whole study area (and not within each site independently). In the
case of the TT test, it was like considering plots regularly lined up
along a continuous ‘mega-transect’ (thus neglecting the spatial discon-
tinuities between sites). The second procedure allowed de-correlating
soil variables and abundance data at relatively larger spatial scales
(i.e. >4�8 km, 4�5 km and 2�75 km in Mindourou, Mbang and Ma’an
respectively), and thereby testing the effect of broad-scale edaphic
spatial structures (i.e. the covariation effect between broad-scale
MEM and soil variables) on Y. TT and MSR tests performed accord-
ing to this second procedure will hereafter be named ‘landscape-TT’
and ‘landscape-MSR’ tests for simplicity.

For each VP fraction and for each test procedure, a P-value was then
computed as the proportion of R2 values from the null distribution higher
than the observed value. Fractions e and g (containing a covariation
effect between broad-scale MEM and fine-scale MEM, see Fig. 2) were
not taken into account. This is because MEM vectors being orthonormal,
no covariation effect exists between any MEM vectors. Therefore, these
fractions cannot be higher than zero, or they sometimes reach negative
values but these are artefacts of the VP analysis and can be considered
equal to zero (Borcard, Gillet & Legendre 2011). Finally, we tested
which particular soil predictors significantly induced broad-scale and
fine-scale spatial structures in Y. To do so, we first computed the fitted

values of a regression model of Y on the broad-scale and fine-scale
MEM, separately. We then tested the adjusted R2 from the regression
model of these fitted values on each soil variable, by using the TT and
MSR procedures described above. To test which soil variable explained
the pure soil fraction (not modelled by MEM), we tested the adjusted R2

from the regression model of Y on the selected soil variables after
removing the effect of MEM (used as covariates).

This whole testing procedure was also performed for the adjusted
R2 value of the overall RDA model of Y on the selected set of soil
variables (i.e. the sum of fractions a, d, f and g, see Fig. 2), hereafter
the ‘adjusted R2

soil’, as well as for the adjusted R2 value of the overall
pure spatial effect (i.e. the sum of fractions b, c and e in Fig. 2),
hereafter ‘adjusted R2

PS’. The test of the ‘adjusted R2
PS’ indicated a

significant soil effect on Y when more than 95% of the adjusted RPS²

values from the null distribution were higher than the observed value,
as we assume that pure spatial relative effect increases when the
influence of soil variables decreases. The detailed description of
the whole VP procedure is provided in an R script (see
Appendix S3). All statistical analyses described in the methods
were performed in R statistical environment (R Development Core
Team 2014), using packages ‘stats’ (R Development Core Team
2014), ‘vegan’ (Oksanen et al. 2015), ‘car’ (Fox & Weisberg
2011) and ‘usdm’ (Naimi 2013).

We also evaluated the performance of the TT and MSR tests in
terms of type I error rate and statistical power, by simulating repli-
cates of abundance data (through the use of the MSR method) dis-
playing similar sampling size and spatial structures as each of the 34
dominant species in the Mindourou area. These simulated abundances
remained either ‘neutral’ (unskewed by soil variables) or skewed by
the filtering of each of the seven soil elements used in our VP analy-
ses, in order to calculate type I error rates and power respectively.
We sometimes observed excesses of type I error rate when replicating
the abundance of the ODSA and the abundance of two to seven out
of the 34 dominant species, using the two landscape tests of R2

soil

and fraction d. Nevertheless, the R2 values that were tested significant
were almost always higher than 95% of the values obtained after sim-
ulating ‘neutral’ abundance data, providing further control for the
P-values of our tests. The detailed results of these performance analy-
ses and the R code used to perform them are available, respectively,
in Appendices S4 and S5.

Results

FLORIST IC DIVERSITY

Table 1 summarizes the floristic and abundance data for the
Mindourou, Mbang and Ma’an areas. In Mindourou and
Mbang, the most abundant species and family were

Fig. 2. Venn diagram representing fractions of Y inertia explained by environmental (e.g. soil) heterogeneity (upper left circle), broad-scale and
fine-scale MEM (upper right and bottom circles, respectively), and the covariations between these components. Fractions e and g may be
neglected as they are equal to zero or have negative values. The overall soil effect (adjusted R2

soil) corresponds to the sum of fractions a, d, f and
g, while the overall pure spatial effect (adjusted R2

PS) corresponds to the sum of fractions b, c and e.
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Greenwayodendron (= Polyalthia) suaveolens (Annonaceae)
and the Annonaceae, respectively, while in Ma’an, the most
abundant species and family were Blighia welwitschii (Sapin-
daceae) and the Fabaceae, respectively. The effective number
of species expected from a random sampling of K = 2 indi-
viduals was very similar among Mindourou (50�3 species),
Mbang (51�0) and Ma’an (51�8). Differences were more
marked when K increased, however, Mbang displaying higher
alpha-diversity levels than in Mindourou and Ma’an
(Fig. S2).

EDAPHIC AND TOPOGRAPHICAL VARIATION

Table 2 presents the means and coefficients of variation of
each edaphic variable and the topographical slope within the
three study areas, and for the four sub-transects obtained after
truncating the Mindourou area (see Fig. S1). Kruskal–Wallis
tests indicate that all variables except pH-H2O, the percentage
of clay and topographical slope were significantly different
between the three areas. Results of post hoc Wilcoxon tests
for each pair of areas indicate that differences of soil condi-
tions were mostly observed between Mbang and the two other
areas (see Table S1), which is also observed when projecting
plots on the first two axes of the PCA (Fig. S3). The coeffi-
cient of variation of each variable (Table 2) and the disper-
sion of plots in the PCA showed that soils from Mbang
displayed as heterogeneous conditions as in Mindourou (de-
spite a lower sampling size in Mbang) and were characterized
by relatively high mean proportions of silt, ECEC and EC
values, and concentrations of Ca and Mn (compared to the

two other areas), while soils from Mindourou and Ma’an
shared higher mean OM contents than in Mbang.

VARIAT ION PARTIT IONING

In this section, we will first detail the results of the VP analy-
ses obtained for the 120 plots of Mindourou, which is our
main data set, then focus our attention on the smaller areas
(Mbang, Ma’an and the four sub-transects). Results of the
tests obtained using the local- and landscape-MSR procedures
(see Materials and methods) are very similar to those obtained
with the local- and landscape-TT procedures. Therefore, in
order to facilitate the reading, we only present the results of
the TT tests here, but the results of the local- and landscape-
MSR tests are detailed in Table S2. P-values <0�05 and
>0�01 must be interpreted with caution as they might corre-
spond to false positives considering the number of tests.
In Mindourou, soil element contents significantly explained

8�77% (adjusted R2
soil) of the overall dominant species (≥30

individuals) abundance (ODSA), using both the local- and
landscape-TT tests of the adjusted R2

soil (Table 3). Abun-
dances were significantly explained (P ≤ 0�05) by broad-scale
spatial structures (fraction d of the VP; R2 = 6�99%) of Ca,
Fe, Mg and Mn, while fine-scale edaphic structures (fraction
f) had no influence (R2 = 0%). As for the pure soil effect
fraction (fraction a, adjusted R2 = 1�95%), it was tested sig-
nificant with both TT procedures but not associated with any
particular soil variable. Pure spatial processes (fine- and
broad-scale MEM combined) explained 17�87% (adjusted
R2

PS) of the ODSA, with only the broad-scale component

Table 2. Mean plot values of each edaphic/topographical variable in Mindourou, Mbang and Ma’an (in italics) and in the four sub-transects of
Mindourou (in bold)

Mindourou
(120plots)

Mbang
(52 plots)

Mind-Mb1
(52 plots)

Mind-Mb2
(52 plots)

Ma’an
(34 plots)

Mind-Ma1
(34 plots)

Mind-Ma2
(34 plots) K-W

%Clay 45�81 (0�37) 39�58 (0�18) 45�04 (0�35) 43�87 (0�42) 45�39 (0�18) 51�04 (0�28) 44�18 (0�49) 0�06
%Silt 15�05 (0�86) 25�05 (0�26) 14�58 (0�50) 16�83 (1�06) 12�58 (0�65) 12�31 (0�43) 20�5 (1�07) ***
%Sand 39�14 (0�32) 35�37 (0�30) 40�38 (0�31) 39�3 (0�33) 42�03 (0�19) 36�65 (0�33) 35�31 (0�38) ***
P 3�66 (0�83) 1�57 (0�32) 4�3 (0�98) 3�18 (0�55) 2�61 (0�41) 2�67 (0�27) 3�15 (0�50) ***
Ca 81�31 (1�25) 230�93 (1�10) 66�51 (1�31) 89�03 (1�31) 38�66 (0�66) 36�02 (1�36) 78�98 (0�95) ***
K 52�14 (0�33) 49�16 (0�65) 51�59 (0�33) 51�84 (0�35) 36�67 (0�34) 52�19 (0�22) 53�74 (0�25) ***
Mg 34�84 (1�15) 48�17 (0�79) 32�9 (1�56) 36�52 (0�87) 14�99 (0�42) 28�63 (2�02) 35�16 (0�59) ***
Mn 19�51 (2�59) 95�33 (1�21) 7�87 (1�84) 29�63 (2�42) 11�17 (2�47) 4�32 (0�78) 16�33 (1�80) ***
Fe 287 (0�57) 207�76 (0�75) 308�22 (0�58) 262�85 (0�49) 256�86 (0�46) 300�28 (0�58) 234�04 (0�36) ***
Al 385�98 (0�26) 282�51 (0�58) 405�08 (0�26) 371�2 (0�26) 390�61 (0�30) 457�3 (0�15) 383�25 (0�16) ***
ECEC 2�98 (0�39) 10�7 (1�15) 3 (0�43) 3�04 (0�37) 4�82 (0�43) 3�42 (0�33) 3�04 (0�35) ***
OM 10�25 (0�56) 1�69 (0�70) 11�3 (0�67) 9�23 (0�40) 5�95 (0�37) 11�43 (0�45) 8�99 (0�19) ***
E4/E6 12�29 (0�19) 12�8 (0�40) 11�99 (0�22) 12�5 (0�19) 11�36 (0�25) 12�96 (0�18) 12�7 (0�16) *
C/N 10�77 (0�10) 8�6 (0�15) 10�95 (0�09) 10�57 (0�1) 11�92 (0�17) 11�09 (0�11) 10�53 (0�09) ***
EC 90�39 (0�49) 116�69 (0�42) 111�36 (0�49) 72�37 (0�32) 91�2 (0�39) 87�78 (0�34) 82�55 (0�46) ***
pH-H2O 4�1 (0�07) 4�14 (0�12) 4�1 (0�06) 4�06 (0�07) 4 (0�06) 3�96 (0�05) 4�07 (0�06) 0�66
Slope 0�28 (0�65) 0�17 (0�43) 0�38 (0�77) 0�23 (1�00) 0�48 (0�77) 0�21 (0�54) 0�09 (0�38) 0�24

*P < 0�05; ***P < 0�001.
Values in parentheses are the coefficients of variation, except for the slope where it corresponds to standard deviation (as the coefficient of varia-
tion tends to infinity when calculated on values close to zero). The last column indicates the statistical significance of the difference between Min-
dourou, Mbang and Ma’an, according to a Kruskal–Wallis test (K-W).
See Appendix S1 for the unit of each variable.
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Table 3. Results of the variation partitioning analyses for each study area. For the overall dominant species abundances (ODSA) and each spe-
cialist species (column 1), the first row contains, respectively: the adjusted R2

soil value (column 2), the adjusted R2
PS value (column 3), the R2

values of variation partitioning fractions a (adjusted), d and f (columns 4–6) and the sign (+ or -) of the correlation (if significant) between each
soil variable and the abundance of the corresponding species (columns 7–13). In the rows lines, asterisks indicate the significance of the tests of
R2 values (columns 2–6) according to the local-TT procedure (row two) and the landscape-TT procedure (LDS-TT, row three). In columns 7–13,
P-values correspond to the same tests, performed for the fine-scale and broad-scale spatial structures of each soil variable (see Materials and
methods)

R2
soil R2

PS a d f Al Ca Fe K Mg Mn P

Mindourou (120 plots, 101�5 km)
ODSA (33) 8�77 17�87 1�95 6�99 0
Local-TT ** † * / ns ns ns † ns ns ns ns
LDS-TT *** * * *** / † *** *** ns *** *** ns

R.o. (90) 22�66 59�57 2�61 0 20�15 + -
Local-TT ** † * / * † ns ns ns ns ns *
LDS-TT ** * * / / / / / / / / /

S.t. (86) 11�20 64�72 1�93 12�09 0�49 – – –

Local-TT ns ns * / † ns ns ns ns ** ns ns
LDS-TT * ns * * / ns * † ns ns ** †

U. (80) 20�59 57�60 0 12�78 7�31 � + � � +
Local-TT * † ns / ** † * ** ns † *** ***
LDS-TT * * ns ns / ns * ** † *** *** ns

P.m. (80) 17�25 56�06 0 14�44 1�25 � � � � �
Local-TT † † ns / * ns * ns ns * * ns
LDS-TT *** * ns * / ns ** ns *** *** *** *

P.a. (61) 20�63 66�85 0�42 29�78 0 + + � � �
Local-TT * ns ns / ns * ns ns * ns ns ns
LDS-TT * ns ns ns / ns † * * *** *** ns

T.a. (52) 14�92 56�31 1�19 9�19 2�91 +
Local-TT ** ns ns / ns * ns ns ns ns ns ns
LDS-TT *** † ns † / ** ns ns ns ns ns ns

Q.g. (50) 19�01 61�67 0�94 13�53 2�13 + +
Local-TT *** * ns / ns ** ns ns ns ns ns ns
LDS-TT *** * ns * / * † *** ns ns ns ns

T.s. (34) 24�55 51�32 0�38 22�23 1�48 � + + +
Local-TT † * ns / ns † ns ns ns ns ns ns
LDS-TT * * ns *** / *** *** † ns *** *** ns

C.a. (31) 18�74 60�15 0 7�58 10�64 � + � + + �
Local-TT *** * ns / *** *** *** *** ns *** ** ns
LDS-TT *** * ns ns / ns ns * *** *** *** ns

Mbang (51 plots, 66�5 km)
ODSA (13) 4�85 38�91 0 9�24 2�45
Local-TT ns ns ns / ns ns ns ns ns ns ns ns
LDS-TT * ns ns ns / ns * ns ns * * ns

Mind-Mb1 (52 plots, 67�4 km)
ODSA (17) 13�82 48�73 0 53�62 5�12
Local-TT * ns ns / ns * ** *** ns *** *** ***
LDS-TT ** * ns ** / ns *** ns *** ** ** ns

P.a. (60) 24�14 63�29 0�49 30�21 0 � � �
Local-TT ns ns ns / ns ns ns ns ns ns ns ns
LDS-TT * † ns ns / ns * ns ** * † ns

Q.g. (50) 33�42 60�36 0 34�30 3�93 + + +
Local-TT * † ns / ns ns ns ns ns ns ns ns
LDS-TT * * ns * / † ns † ns ns ns ns

D.c. (47) 33�28 58�67 0 25�58 5�01 + � + +
Local-TT ns † ns / ** ns ns * ns ns ns ns
LDS-TT * ns ns ns / ns * ns ns ** *** ns

Mind-Mb2 (52 plots, 64�3 km)
ODSA (9) 4�88 56�45 0 28�58 2�97
Local-TT ns ns ns / * *** ns ns ns ns ** ns
LDS-TT ns ns ns * / ** ns ns ns ns ns ns

P.o. (45) 25�3 63�96 0 32�98 1�00 +
Local-TT ns ns ns / ns ns ns ns ns ns ns ns
LDS-TT * † ns * / * ns ns ns ns ns ns

(continued)
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(fraction b; adjusted R2 = 16�98%) explaining significantly
less variation in species composition than expected when no
soil determinism occurs (using the landscape-TT procedure,
see Appendix S6).
The adjusted R2

soil was significant for nine out of the 33
species (27%) represented by minimum 30 individuals (using
one or both TT tests). These nine species, which will here-
after be referred as specialist species for simplicity, did not
all belong to the most abundant species, as two of them, Ter-
minalia superba (Combretaceae) and Celtis adolfi-friderici
(Cannabaceae) displayed abundances (34 and 31 individuals,
respectively) that were nearly above the threshold fixed in our
study (30 individuals). The abundance of all specialist species
was relatively better explained by pure spatial processes (ad-
justed R2

PS = sum of fractions b, c and e) than by the whole
soil component (adjusted R2

soil = sum of fractions a, d, f and
g) (Table 3). The latter component was mostly expressed (in
term of R2 value) in the d fraction of the VP and corre-
sponded to the effect of broad-scale spatial structures of Mn
(significant for six species), Mg (five species), Ca and Fe
(four species), and Al and K (three species) (Table 3). Fine-
scale soil effect was significantly associated to Al (four spe-
cies), Mg, Ca and Mn (three species), Fe and P (two species),
and K (one species). Note that no significant correlations were
observed between the abundances of the nine specialist spe-
cies except between T. superba and C. adolfi-friderici (data
not shown).
Among the nine specialist species, the strongest soil influ-

ences (R2
soil >20%) were found for T. superba (Combre-

taceae), Plagiostyles africana (Euphorbiaceae), Rinorea
oblongifolia (Violaceae) and Uapaca sp. (Phyllanthaceae)
(Table 3). The abundance of T. superba was significantly
explained by broad-scale spatial structures of Ca, Mn, Mg

and Al, while P. africana abundance was influenced by
broad-scale spatial structures of Fe, K, Mn and Mg, and fine-
scale spatial structures of Al and K. The abundance of R. ob-
longifolia was only significantly explained by fine-scale spa-
tial structures in available phosphorus. As for the abundance
of Uapaca sp., it was structured by broad-scale spatial struc-
tures of Ca, Fe, Mg and Mn, and fine-scale spatial structures
of Ca, Fe, Mn and P. It is worth noting that spatial structures
(fine-scale or broad-scale) of each of the seven elements sig-
nificantly explained the abundance of at least one of the spe-
cialist species.
The ODSA remained significantly explained by soil ele-

ments in two out of the three 52-plot areas (Mbang and
Mind-Mb1) but not in the 34-plot areas (i.e. Ma’an, Mind-
Ma1 and Mind-Ma2) when using the landscape-TT procedure
(correcting for landscape spatial autocorrelation) of the
adjusted R2

soil. The number of species (>30 individuals) sig-
nificantly explained by soil variables (according to one or
both TT procedure(s) of the adjusted R2

soil) was always lower
compared to Mindourou (120 plots), reaching three species in
Mind-Mb1, one species in Mind-Mb2, and zero species in
Mbang and Ma’an, as well as in Mind-Ma1 and Mind-Ma2
(Table 3). None of the specialist species from Mindourou
was sufficiently represented and/or had significant R2

soil val-
ues in Mbang or Ma’an, which prevented us to specifically
provide answers to question 3. Finally, while the overall fam-
ily abundances were also significantly explained by soil
heterogeneity in Mindourou, Mind-Mb1, Mind-Mb2, Mbang
and Ma’an (see Appendix S6), all individual families signifi-
cantly explained by soil variables were represented by only
one species (or sometimes two, of which one was relatively
rare). We therefore chose not to represent the results for
families.

Table 3. (continued)

R2
soil R2

PS a d f Al Ca Fe K Mg Mn P

Ma’an (34 plots 34�8 km)
ODSA (8) 3�15 72�45 4�56 0 0
Local-TT ns ns ns / ns ns ns ns * ns ns ns
LDS-TT ns ns ns ns / ns ns ns ns * ns ns

Mind-Ma1 (34 plots, 34�2 km)
ODSA (6) 7�38 69�11 0 45�36 4�30
Local-TT ns ns ns / ns ns ns ns ns ns ns ns
LDS-TT ns ns ns ns / ns ns ns ns ns ns ns

Mind-Ma2 (34 plots, 29�7 km)
ODSA (4) 0 77�96 0 2�43 2�97
Local-TT ns ns ns / ns ns ns ns ns ns ns ns
LDS-TT ns ns ns ns / ns ns ns ns ns ns ns

*P ≤ 0�05; **P ≤ 0�01; ***P ≤ 0�001.
†0�05 < P < 0�1 (not considered significant here).
/ indicates that the testing procedure does not apply for the corresponding fraction (see Materials and methods). Numbers in parentheses corre-
spond to the total number of species for the ODSA or the total number of individuals for each specialist species. R.o.: Rinorea oblongifolia (Vio-
laceae); S.t.: Strombosiopsis tetrandra (Olacaceae); U.: Uapaca sp. (Phyllanthaceae); P.m.: Pentaclethra macrophylla (Fabaceae); P.a.:
Plagiostyles africana (Euphorbiaceae); T.a.: Tessmannia africana (Fabaceae); Q.g.: Quassia gabonensis (Simaroubaceae); T.s.: Terminalia
superba (Combretaceae); C.a.: Celtis adolfi-friderici (Cannabaceae); D.c.: Diospyros canaliculata (Ebenaceae); P.o.: Panda oleosa (Pandaceae);
ns = not significant.
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Discussion

We used a combination of VP, MEM and null models gener-
ated by either TT or MSR, to test the influence of spatially
structured edaphic properties on tree community composition
and individual species abundances in three tropical forest
areas of southern Cameroon. Along the 101�5-km-long tran-
sect of the Mindourou area, 27% of the dominant species
(≥30 individuals) taken individually were significantly
explained by both fine-scale and broad-scale edaphic hetero-
geneity, while community composition (ODSA) was influ-
enced by broad-scale spatial structures of Ca, Fe, Mg and Mn
availabilities. We observed that broad-scale spatially struc-
tured soil conditions (fraction d of the VP) often explained
more than 20% of the abundance variation (e.g. 29�8% for
P. africana in Mindourou), while it was actually not signifi-
cant after correcting for spatial autocorrelation with both the
landscape-TT and landscape-MSR tests. Caution must then be
taken when interpreting space-environment fractions in VP
analyses, as one may overestimate the environmental deter-
minism if not testing these fractions while correcting for spa-
tial dependences. Finally, we observed a decrease in the
number of species that were significantly explained by soil
properties when investigating smaller transects (Mbang,
Ma’an, and the four sub-transects obtained by truncating the
Mindourou area). This probably resulted from a reduction of
statistical power rather than from a lower floristic and/or
edaphic variation contained in our sampling, as similar
degrees of environmental variation were observed among
areas.

DETERMINANT ECOLOGICAL PREDICTORS

Based on threshold contents for soil chemical parameters
used by Ngachie (1992) in the forests of southern Camer-
oon and established initially for tropical crop production
(Sanchez, Couto & Boul 1982), we found that more than
95% of the plots in the three areas investigated presented
potentially limiting conditions for K (<78�2 lg g�1), P
(<5 lg g�1) and Al saturation (>60%) (no threshold values
available for other soil properties), especially in the western
part of Mindourou (data not shown). However, P and K
significantly explained individual species abundances less
often than the other variables (see Table 3), although these
elements are usually reported as the most limiting ones in
tropical forest soils (Vitousek 1982; Reich, Ellsworth &
Uhl 1995; Paoli, Curran & Zak 2006; Paoli & Curran
2007; Quesada et al. 2012). This may suggest that even
more limiting conditions exist for other nutrients, or that
the scale of our sampling design did not allow capturing
enough variation of K and P contents to detect their effect
on vegetation. The last suggestion is supported in the case
of P as we observed that its effect is mostly expressed in
fraction f (fine-scale spatial effect), indicating that our sam-
pling design might not be fully appropriate for detecting an
influence of P variation that could partly occur at spatial
scales smaller than a few hundreds of metres.

In Mindourou, species abundances were mostly explained
by broad-scale spatial structures in Ca, Fe, Mg and Mn, while
the pure soil effect (fraction a) was very low (0 < adjusted R2

< 2�6%; see Table 3). All of these variables were associated
to either the percentage of silt or the percentage of sand (by
using local and landscape-TT procedures, data not shown),
confirming the usefulness of soil texture as a proxy for
assessing nutrient limitation and Mn toxicity effects. This tex-
ture effect has mostly been reported in rain forests from the
Neotropics (e.g. Fine et al. 2005; John et al. 2007) and south-
eastern Asia (e.g. Russo et al. 2005; Lan et al. 2011), and
also in a few studies from Central Africa (Newbery & Proctor
1984; Newbery et al. 1986; R�ejou-M�echain et al. 2008;
Vleminckx et al. 2015). Mn availability is strongly inflated at
low pH (characterizing all soil samples collected in our plots),
reaching toxic levels that may induce multiple kinds of dam-
ages on plants (Millaleo et al. 2010), explaining why this
variable was often selected among specialist species
(Table 3). The significant influence of Ca and Mg may reveal
the existence of limiting available concentration in these base
cations, which may in turn explain a change in species com-
position across space. While not detected at the community
level, a significant effect of broad-scale or fine-scale spatial
structures in Al concentration was observed for five out of the
nine specialist species. The influence of Al results from the
low pH and high content of Al-oxides in tropical soils, induc-
ing high amounts of Al3+ in the soil solution (Sanchez 1976),
which can generate deleterious impacts on tree roots (Robson
1989).
Seven out of the nine specialist species in Mindourou

belonged to the 18 species represented by at least 50 individ-
uals, while the two others, T. superba and C. adolfi-friderici,
displayed abundances (31 and 34 individuals, respectively)
that were just above the testing threshold used in our study
(30 individuals). Nevertheless, despite its relatively weak
abundance, T. superba displayed the highest R2

soil value
among the nine specialist species. In fact, T. superba and
C. adolfi-friderici are known to be associated with relatively
more fertile soils than the seven other specialist species (see
Gourlet-Fleury et al. 2011 and Fayolle et al. 2012 for T. su-
perba). This is consistent with our observations as T. superba
and C. adolfi-friderici were more abundant in the eastern half
of Mindourou, where soil properties displayed indeed rela-
tively more fertile conditions (e.g. higher Ca content) than in
the western half of the same area (Table 2).
In Mbang, the ODSA was significantly explained by soil

element concentrations at a landscape scale (when using the
landscape-TT procedure of the adjusted R2

soil, correcting for
landscape spatial autocorrelation). Although fraction d was
not tested significant when using all elements, individually,
Ca, Mg and Mn did explain broad-scale spatial structures of
the ODSA. These elements were also among the most influ-
ential variables in Mindourou, providing further support for
the major effect of these variables in organizing tree species
assemblages.
Finally, while we have shown that the overall family abun-

dances was significantly explained by soil element
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concentrations in Mindourou, the 52-plot areas (Mbang,
Mind-Mb1 and Mb2) and in Ma’an, all families represented
by more than two species did not respond to edaphic hetero-
geneity. This could indicate that niche diversification among
species from a same family had more influence than trait con-
servatism within families, erasing signals when testing associ-
ations with soil variables.

THE INFLUENCE OF SPATIAL SCALE

P-values for the adjusted R2
soil values and VP fractions a, d

and f were generally lower for the Mindourou area than for
the smaller areas (Mbang, Ma’an and the four sub-transects
obtained by truncating the Mindourou area). No significant
soil effect was detected for any individual species in Mbang,
Ma’an, Mind-Ma1 and Mind-Ma2, or for the ODSA in Mind-
Mb2, Ma’an, Mind-Ma1 and Mind-Ma2. However, we
observed little variation of the degree of edaphic and floristic
heterogeneity among areas and the four sub-areas of Min-
dourou (see Tables 1 and 2). This indicates that the detection
of soil determinism on Y is relatively more influenced by a
decrease of statistical power (Sterne & Davey Smith 2001)
than by a decrease of soil and/or floristic variation when the
spatial observation scale decreases.
Although our results prevent us to provide answers to ques-

tion 3, they allow recommending future similar studies to
investigate species turnover in response to environmental
heterogeneity using a sufficiently large sampling size (e.g. at
least 50 plots of similar surface disposed over a minimum 65-
km-wide area). We must also point out that among species
with significant values for the adjusted R2

soil or the VP frac-
tions a, d and f, these values were sometimes higher when
Mindourou was truncated in 52 plots (Mind-Mb1 and Mb2)
than for the whole Mindourou area (120 plots). This is
because those species were mostly present in the eastern or
the western half of Mindourou, which made their spatial dis-
tribution better explained when removing plots where they
were absent.

INTERPRETING FRACTIONS OF THE VARIAT ION

PARTIT IONING

In Mindourou, fine-scale spatially structured soil properties
(fraction f) significantly explained the abundance of four out
of the nine specialist species (R. oblongifolia, Uapaca sp.,
Pentaclethra macrophylla and C. adolfi-friderici), while
broad-scale structures (fraction d) significantly also explained
the abundance of four out of these species (Strombosiopsis
tetrandra, P. macrophylla, Quassia gabonensis and
T. superba). On average, fraction d (mean adjusted
R2 = 15�20%) was higher than fraction f (mean adjusted
R2 = 5�07%), which could indicate that the distribution of
specialist species was mostly driven by broad-scale induced
spatial dependence. However, fraction d was sometimes rela-
tively high (e.g. 29�78% for P. Africana), although not tested
significant, which could reflect a lack of statistical power of
the landscape-TT test compared to the local-TT test (which

was sometimes significant when fraction f reached values
down to 1�25% for P. macrophylla, see Table 3), possibly
because of a lesser degree of freedom when translating plots
with the landscape-TT procedure. In the same time, the spatial
resolution of our sampling (plots spaced by minimum 250 m)
did not allow to model abundance spatial structures at scales
finer than a few hundreds of metres, which could potentially
be induced by fine-scale spatially structured soil conditions.
The absolute values of fractions d and f might, however,

sometimes be inflated when fractions g and e artificially reach
negative values (see Materials and methods). Thus while tests
on VP fractions remain qualitatively interpretable regarding
the processes generating spatially structured abundance pat-
terns, the quantitative meaning of these fractions must be
taken with caution.
Fractions d and f are the cause of inflated type I errors

when performing classical tests of species–environment asso-
ciation without controlling for spatial autocorrelation (Peres-
Neto & Legendre 2010), a bias that was corrected by using
the TT and MSR procedures (see Appendix S4), whereas it is
not the case with classical association tests. Fraction a corre-
sponded to the contribution of local soil conditions, not spa-
tially structured or with very fine-scale spatial structures that
could not be modelled because of the limited spatial resolu-
tion of MEM associated to our sampling design. The pure
spatial component of the VP (i.e. the sum of fractions b, c
and e) was significantly lower than expected by chance for
the ODSA and six out of the nine specialist species in Min-
dourou (using one or both TT procedures, see Table 3). This
provides further evidence for the presence of induced spatial
dependence processes, as the relative contribution of pure spa-
tial effect is expected to increase (compared to soil effect)
when breaking associations between abundance data and soil
variables during the TT procedure.
Finally, we must remind that the minimum spatial distance

between plots was 250 m. This spatial scale allowed to assess
the relative impacts of soil heterogeneity on floristic turnover
while neglecting the role of fine-scale negative-density depen-
dence mechanisms related to biotic processes (Janzen 1971),
as well as the influence of stochastic processes which may
prevail at finer spatial scales (Chase 2014), i.e. at scales finer
than a few hundreds of metres in our case. Furthermore, we
must also consider that species composition might have been
partly modified by canopy disturbances prompted by past
slash-and-burn activities, as revealed by the important
amounts of charcoal remains in the soil and the dominance of
light-demanding species in the upper canopy (Vleminckx
et al. 2014), or by past logging activities.

Conclusions

Our study provides evidence that spatial structures in the
availabilities of some major soil nutrients (mostly Mg and
Ca) and elements potentially toxic for tree roots (Al and Mn)
play a significant role in controlling the organization of tree
species assembly in tropical forests, a subject that has been
poorly documented so far, especially on the African continent.

© 2016 The Authors. Journal of Ecology © 2016 British Ecological Society, Journal of Ecology
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The role of K, Mg and Mn was mostly observed at broad
spatial scales (>5 km), while the other elements (Ca, P, Fe
and Al) influenced abundance structures at both fine and
broad spatial scales. We also highlighted the usefulness of
performing TTs or MSRs to test spatially structured environ-
mental fractions in VP analysis, as these fractions may some-
times reach important values while remaining nearly or not
significant after correcting for spatial dependences among
plots.
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