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Abstract
Aims We investigated how outcrops of different geolog-
ical origins enhance the plant megadiversity of the At-
lantic rainforest hotspot.
Methods We collected vegetation, topographic, and soil
fertility data from 50 2 m2 plots in each of nine rock
outcrops (three ironstones -or cangas, three quartzites
and three granitoids) in the Iron Quadrangle, SE Brazil.
We examined the response of community diversity and
structure patterns to edaphic and topographic gradients
by means of diversity profiles, clustering and ordination
analyses. Species were organized into nine functional
groups.
Results We inventoried 17,690 individuals belonging to
352 species. Functional groups with largest cover were
sclerophytic shrubs (in cangas), graminoid and
poikilohydric herbs (in both granitoids and quartzites).
Granitoid plant communities were the least diverse, on
account of fewer substrate types leading to more xeric
conditions. The multivariate analyses sorted the

outcrops by geological origin, although within-
lithotype similarity was low. There was stronger simi-
larity between cangas and quartzites, separated from
granitoids. Soil was nutrient-poor, and variables most
influencing this pattern were number of substrates, to-
pographic heterogeneity, soil depth, and aluminum
saturation.
Conclusions Saxicolous plant communities responded
more strongly to microtopographic than soil fertility
parameters. Each lithotype contributes differently to
the high alpha- and especially beta-diversity within the
Atlantic Rainforest matrix.

Keywords Plant trait–environment relationship . Rare
plants . Nutrient-impoverished soils . Nurse objects .

Saxicolouscommunities .Parent rock .Microtopography

Introduction

Rock outcrop systems in tropical mountains constitute
stressful environments for plant communities as they are
usually characterized by limiting edaphic resources,
namely water availability and shallow, nutrient-poor
soils. At the same time, many outcrops display complex
local topographic heterogeneity, resulting in intense mi-
croclimatic variations (Larson et al. 2000; Kruckeberg
2004; Jacobi et al. 2007, 2015; Mucina and Wardell-
Johnson 2011). These two factors –edaphic resources
and surface heterogeneity– exert a strong influence on
the structure of plant communities, modifying local
environmental conditions, the opportunities and means
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for plant establishment and coexistence of functional
response groups, i.e., species with a similar response
to specific environmental filters (Szarzynsky 2000;
Lavorel et al. 2007; Violle and Jiang 2009). The isola-
tion, fragmented nature, and very old age of these envi-
ronments have generated plant communities with re-
markable adaptations, floristic diversity, and large num-
ber of endemics, in spite of the harsh abiotic conditions
(Balslev and Luteyn 1992; Seine et al. 2000; Ribeiro
et al. 2014; Gibson et al. 2015; Oliveira et al. 2015;
Silveira et al. 2015).

In South America, rocky outcrops are frequent
stressful azonal habitats in the tropical savannic and
rainforest matrix (Scarano 2002; Sarthou et al. 2003,
2010; Gröger and Huber 2007). They constitute im-
portant components of the Brazilian campo rupestre
vegetational mosaic (Messias et al. 2013; Alves et al.
2014; Silveira et al. 2015), a megadiverse environ-
ment in eastern Brazil. The Iron Quadrangle
(Quadrilátero Ferrífero), located in southeast Brazil,
denominates a mountainous region in the São
Francisco craton formed under long-standing geolog-
ical stability, composed of a basement older than
2.1 Ga. It harbors some of the most weathering-
resistant exposed landscapes on Earth (Dorr 1969;
Monteiro et al. 2014). The region is under the phy-
togeographic influence of the Atlantic rainforest and
close to the Cerrado, two world biodiversity hotspots
(Mittermeier et al. 2004). Species of angiosperms
that occur exclusively on rocky outcrops have been
flagged with the highest extinction risk among five
vegetation types in the Atlantic rainforest (Leão et al.
2014).

The Iron Quadrangle has a distinctive environ-
mental heterogeneity, as a result of a complex lithol-
ogy, a rich geotectonic framework and a long-term
weathering process of the parent rock (Monteiro
et al. 2014; Alkmim 2015; Salgado and Carmo
2015). The most abundant rock outcrops in the Iron
Quadrangle are those of quartzite, granite gneiss
and, predominantly, ironstone caprocks, locally
known as canga. Diversity of cangas was poorly
known until recently, when the environmental ef-
fects of intense opencast mining targeting ironstones
became a public concern. The plant communities
established on these outcrop types share several
rock-dwelling characteristics and adaptations, but
with a remarkable difference in species composition
(Jacobi et al. 2011; Carmo and Jacobi 2013; Messias

et al. 2013; Alves et al. 2014). While the dissimilar-
ity among florulas is reasonably explained by isola-
tion and adaptations to local conditions, which en-
vironmental filters are driving species composition
remains to be better explored. Given their physiog-
nomic resemblance, would we expect to find similar
representation of functional groups? The distribution
and diversity of functional types is a key community
characteristic that affects ecosystem processes,
among which nutrient cycling and primary produc-
tivity (Díaz and Cabido 2001).

The aim of our study was to assess the contribution of
different outcrop lithotypes to the megadiversity in the
Brazilian Atlantic Rainforest. The mosaic of rocky out-
crops in the Iron Quadrangle stands as an ideal model
system to investigate, within the same region, which are
the edaphic resources and spatial heterogeneity factors
that drive diversity patterns and plant community struc-
ture in rocky systems. We focused on how patterns of
plant diversity and community structure are associated
to substrate characteristics of outcrops of three different
geological origins. We based our study on two ques-
tions: 1) are edaphic and topographic differences among
the three lithotypes strong enough to influence outcrop
plant communities diversity and structure? 2) how do
outcrops of different lithotypes contribute to the Atlantic
Rainforest biodiversity?

Methods

Study area

The Iron Quadrangle occupies an area of approxi-
mately 7200 km2 contained in the Atlantic Forest
and close to the Cerrado, i.e., the Brazilian savanna
(Ribeiro et al. 2009; Carmo and Jacobi 2013). The
mean annual temperature varies around 18–20 °C
and the mean annual rainfall around 1300–
1900 mm. Water deficit may occur in the dry sea-
son, between June and September (Dorr 1969).

We studied nine rock outcrops of the three most
common lithotypes in the Iron Quadrangle: three cangas
(ironstones), three quartzites and three granitoids
(Table 1; Fig. 1). Cangas are outcrops formed millions
of years ago by the weathering of the underlying iron-
rich rocks, resulting in crusts with high amounts of iron
oxides and hydroxides (limonite, hematite and goethite).
Quartzites are clastic and chemical metasediment rocks,
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and their basic mineral constituents are quartz and mus-
covite. Granitoids (granites and granite gneisses) are
constituted by feldspar, quartz and biotite (Dorr 1969).
Soils derived from these parent rocks are shallow and
acidic, with high aluminum saturation, low fertility and

are usually classified as Leptosols (shallow) in the FAO
World Reference Base for soil resources or Entisol
Orthents (undeveloped horizons due to unweatherable
parent rock) in the USDA Soil Taxonomy (Benites et al.
2007; Schaefer et al. 2015).

Table 1 Characterization of nine
rock outcrops in the Iron Quad-
rangle, southeastern Brazil

Code Locality Lithotype UTM (23 K) Altitude (m)

CR Rola Moça Canga 603458 7781596 1,430

CM Moeda Canga 610915 7751147 1,528

CG Gandarela Canga 636716 7781884 1,630

GM Moeda Granite gneiss 608717 7751637 1,090

GV Moeda Granite gneiss 608581 7756893 1,244

GP Peti Granite 670771 7799877 800

QR Rola Moça Quartzite 601606 7780113 1,300

QA Água Limpa Quartzite 635821 7776329 1,360

QM Moeda Quartzite 610631 7752298 1,470

Fig. 1 Location of the nine rock outcrops in the Iron Quadrangle, southeastern Brazil, and examples of plant communities associated with
cangas (CG), quartzites (QR and QA), and granitoids (GP). Codes as in Table 1
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Sampling design

In each outcrop, five transects 100 m long were
displayed in parallel, following level curves and distant
at least 20 m from each other. Ten 2×1 m plots were
marked in each transect, at intervals of 10 m, totaling
50 units per outcrop. All edaphic/topographic and plant
community variables were obtained within these plots.

Plant communities

Plant cover (cm2) in each plot, we measured the cover
and identified all individuals >3 cm (height or diameter).
In the case of species with clonal growth, each visually
isolated clump or ramet was counted as one individual.
The cover area, also used to quantify functional groups,
was estimated from the ellipse equation, using the larg-
est diameter and its perpendicular diameter. Voucher
specimens were deposited in the herbarium BHCB of
the Universidade Federal deMinas Gerais and identified
by specialists. The taxonomic nomenclature followed
the List of Species of the Brazilian Flora (2014).

Functional groups we organized species into nine
groups (Table 2), based on observed morphological
and ecophysiological traits, in particular those associat-
ed with stressful geoedaphic conditions, such as growth
form or poikilohydry, i.e., the ability to endure consid-
erable water loss (>90 %) for months or years (Balslev
and Luteyn 1992; Kluge and Brulfert 2000; Pérez-
Harguindeguy et al. 2013). A few species did not fit

the descriptions and were grouped as ‘Others’. The
communities in each outcrop were classified based on
the predominant functional group(s), defined as
representing ≥50 % of the total cover.

Rarity it was defined based on species restricted occur-
rence, i.e., when the species have a geographic distribu-
tion determined by records not beyond 150 km among
them, and restricted to 1° latitude and 1° longitude,
following the catalogue of Brazilian rare plants
(Giulietti et al. 2009) and the floristic list from cangas
of the Iron Quadrangle (Jacobi and Carmo 2012).

Edaphic and topographic properties

Soil fertility we collected 45 samples (200 gr each) of
fine soil fraction (<2 mm), one for each transect, and
measured five key chemical variables associated with
soil fertility in nutrient-impoverished soils (Benites
et al. 2007; Hazelton and Murphy 2007; Novais et al.
2007; Lambers et al. 2010): phosphorus (P), nitrogen
(N), organic carbon (C), aluminum saturation index
(m), and effective cation exchange capacity (CEC).
Samples were processed and analysed at the Depart-
ment of Soil Science, Universidade Federal de
Viçosa. Phosphorus (P) was determined by extraction
with Mehlich-1, the dilute double acid method
(H2SO4 0.0125 mol L−1 and HCl 0.05 mol L−1), Ni-
trogen (N) by Kjeldahl sulphuric digestion using KCl
1 mol L−1; and organic carbon (C) with the Walkley-
Black method -organic matter oxidation with

Table 2 Functional groups based on morphological and ecophysiological observed traits

Functional Group Description Examples

Dwarf trees Woody, >1.5 m high. Trunk divides shortly
above the base

Eremanthus, Vochysia

Sclerophytic shrubs/ subshrubs Woody, <1.5 m high. Frequent microphylly, imbricate
phyllotaxy or ericoid habit

Lychnophora, Baccharis

Graminoid herbs Perennial or annual, fasciculate root system Cyperaceae, Poaceae, Xyridaceae

Succulents Fleshy leaves or structures like cladodes and pseudobulbs Portulacaceae, Orchidaceae, Cactaceae

Poikilohydric subshrubs/herbs, Have physiological mechanisms to survive
dehydration-rehydration cycles

Vellozia, Trilepis, Selaginella

Acaulescent rosettes Leaves concentrated on a short section of stem or rhizome Bromeliaceae

Tussocks Robust, rhizomatous herbs with densely twirled leaves
and scape reaching >2 m

Lagenocarpus

Hemiparasites Xylem-tapping, photosynthetic parasites Loranthaceae

Climbers Plants that roots in the soil or substrate but need external
support for upward growth

Ditassa

10 Plant Soil (2016) 403:7–20



K2Cr2O7. The effective cation exchange capacity
(CEC) was determined by the summation method:
CEC=Ca2+ + Mg2+ + K+ + Na++ Al3+, after extrac-
tion with Mehlich-1 and KCl 1 molL−1, and deter-
mining concentrations by ICP-MS. The aluminum
saturation index (m) was calculated as (Al3+ ×100) /
CEC (Ronquim 2010).

Soil depth (cm) it was measured at three points (proxi-
mal, central, and distal along the transect) in each plot
with either a caliper or a thin steel rod inserted vertically
until it reached the rock.

Surface inclination (°) it was measured at the same
three points mentioned above with a hand clinometer.

Substrate type we assessed the frequency of types in
each plot: slate, conglomerate, structured, inclined
blocks, fractured, concave or depressed, with boulders
or stones. Some types were adapted from Porembski
et al. (2000), Carmo and Jacobi (2012), and Souza and
Carmo (2015).

Data analyses

All analyses were performed with the free software
PAST 3.0 (Hammer et al. 2001). Software PC-ORD
6.0 (McCune and Mefford 2011) was also used for the
ordination based on non-metric multidimensional scal-
ing (NMDS).

Plant diversity

The diversity of plant communities was compared with
Rényi’s diversity ordering (Tóthmérész 1995). This
method is based on diversity profiles, represented by a
graph where an increase in parameter alpha of the Rényi
series (X axis) attributes higher weights to dominant
species. Two diversity profiles were constructed for
each outcrop, one from species abundance and another
from functional group abundance, and compared by
means of confidence intervals (CI±95%) obtained from
2000 permutations.

Floristic and functional groups similarity

The floristic similarity among the nine outcrops and also
among the 45 transects was described by cluster analy-
ses based on species presence-absence using Jaccard’s

coefficient. Likewise, we used the proportion of func-
tional group cover (Bray-Curtis coefficient) to describe
the similarity among the nine outcrops as well as the 45
transects. The linkage criterion in all four cases was the
unweighted pair group method with arithmetic means
(UPGMA). The Mantel test was used to investigate
correlation between species (Jaccard distance) and geo-
graphical distance matrices. We estimated the strength
of the association between twomatrices by the standard-
ized Mantel statistic r (McCune and Grace 2002), and
the p-value was calculated from 5000 permutations.

Edaphic and topographic properties

We used 11 abiotic variables (six structural and five
chemical) related to substrate properties of 45 samples
(five per outcrop) in a Principal Components Analysis
(PCA). The five chemical variables were related with soil
fertility: P, N, C, m, and CEC. The six structural variables
were: soil depth (median and coefficient of variation),
substrate inclination (median and coefficient of varia-
tion); number of substrate types, and topographic hetero-
geneity, calculated as TH=a (b+1), where a=substrate
inclination (median) and b=soil depth (median). Signifi-
cant or interpretable components were considered when
their eigenvalues stood above the values of a broken-stick
distribution, following Jackson (1993).

Plant community traits–substrate relationship

The plant community in each of the nine outcrops was
described with a non-metric multidimensional scaling
(NMDS), using the Bray-Curtis distance measure. To
reduce the volume of data as well as noise in the matrix
we ranked species in decreasing order of cover in each
outcrop, and short-listed those combining >70 % of the
total plant cover. The number of axes (dimensionality)
was selected with a Monte Carlo test to generate the
statistical significance (p≤0.05) obtained from random-
ized runs (McCune and Grace 2002). The stress was
measured with dissimilarity values in the communities
data plotted in rank order versus the distances on the
ordination plot (Hammer et al. 2001). Abiotic variables
that exhibited a significant association with the compo-
nents in the PCA were correlated between the NMDS
scores and presented as vectors from the origin.
Hammer et al. (2001) emphasize that Bthe length of
the vectors are arbitrarily scaled to make a readable
biplot^.
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Results

Within the 450 plots (50 per outcrop) we measured
17,690 individuals, belonging to 352 plant species. Out-
crop QR had the highest species number (116) and plant
cover (1,168,034 cm2) while, at the other end, GP
hosted the least number of species (28) and plant cover
(271,376 cm2). Outcrop CM had the highest (3,476) and
GP the lowest (662) number of individuals (Table 3).

Overall, the dominant functional groups in the stud-
ied outcrops were sclerophytic shrubs, along with
graminoid and poikilohydric herbs. The communities
of cangas CM and CR were classified as sclerophytic
shrubs, while graminoid herbs and also sclerophytic
shrubs dominated in CG. Regarding quartzites, dwarf
trees and sclerophytes were dominant in QR, contrasting
with QM and QA, where the main cover was that of
graminoids and resurrection (i.e., poikilohydric) plants.
Among the granitoids the poikilohydrics dominated,
followed by rosettes in GP and graminoids in GM and
GV (Table 3).

Cangas housed the largest cover of rare plants (dis-
tribution restricted to the Iron Quadrangle), reaching
37 % of the total cover. This percentage was due largely
to the dominance of Lychnophora pinaster and the

presence of three species exclusive to this lithotype
which ranked among the 43 species with largest plant
cover (Appendix S1): Mimosa calodendron, Paspalum
brachytrichum, and Jacquemontia linarioides. Compar-
atively, the percent cover of rare plants was 5.9 % in
quartzites (featuring L. pinaster and Chromolaena
multiflosculosa) and 0.01 % in granitoids (Fig. 2).

The diversity profiles estimated from species
abundance (Fig. 3a) indicated that the QR commu-
nity was the most diverse, while all the rest were
either not significantly different, or had non-
comparable profiles (i.e., curves intercepted each
other), as described below. Regarding absolute spe-
cies richness (alpha=0) QR>QM=QA=CG=CM>
CR=GM=GV>GP (Table 3). When its value was≈
1 (corresponding to Shannon’s H’), the diversity of
each outcrop community remained ranked as above.
When alpha≈2 (corresponding to Simpson’s 1/D),
communities were ranked as QR>QM=QA=CG=
CM>CR>GP=GV>GM. The profiles indicate that
the communities associated to granitoids were al-
ways less diverse, whether because of dominance,
low species number, or both. In general, the effect of
species dominance was clearly seen with alpha ≥2.
For example, the abundance of Vellozia albiflora

Table 3 Plant community parameters in nine rock outcrops, Iron Quadrangle, southeastern Brazil. Functional groups with ≥50 % of total
plant cover in each outcrop are underlined. Codes as in Table 1

Parameters Cangas Quartzites Granitoids Total

CM CR CG QR QM QA GM GV GP

Species 85 58 85 116 84 83 66 53 28 352

Individuals 3,476 2,004 2,751 1,483 2,829 2,462 859 1,164 662 17,690

Total plant cover (1×103 cm2) 1,115.7 1,092.6 1,100.8 1,168.0 962.3 841.9 369.8 353.8 271.4 7,276

Plots without plant cover (exposed rock) 0 0 0 0 0 1 18 8 19 46

Plant cover per functional group (1×103 cm2)

Dwarf trees 0.0 50.0 0.0 353.0 56.4 72.8 41.2 88.4 0.0 661.8

Sclerophitic shrubs/subshrubs 560.0 668.8 431.1 354.0 132.6 100.5 36.8 52.0 49.0 2,384.8

Graminoid herbs 301.8 109.1 454.6 233.4 380.4 293.1 95.0 92.3 52.0 2,011.7

Climbers 10.5 0.8 4.4 11.9 0.4 0.0 9.9 2.8 1.0 41.7

Poikilohydric subshrubs/herbs 12.3 101.1 142.7 12.9 180.4 269.4 180.1 116.2 89.1 1,105

Acaulescent rosettes 3.5 0.3 2.6 2.2 1.0 1.0 3.1 0.0 78.3 92

Succulents 45.4 36.0 18.7 1.2 0.0 9.5 0.0 0.0 0.0 110.8

Tussocks 70.8 85.2 24.8 99.2 166.4 51.0 0.0 0.0 0.0 497.4

Hemiparasites 0.0 35.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 35.2

Others 111.4 6.0 21.9 100.7 44.8 44.7 2.9 2.0 1.9 336.3
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(poikilohydric) was outstanding in the three granit-
oids, but was exceptionally high in GM, where it

represented 52 % of the plant cover in 66 species
(Appendix S1), accounting for its steep diversity
decrease.

Diversity profiles based on functional groups
(Fig. 3b, Table 3) displayed patterns different from the
above: granitoids remained the least diverse, but cangas
were overall better ranked than quartzites. GV was
clearly the least functionally diverse of the nine com-
munities, with only six groups represented, as well as
GP, but with a marked dominance of poikilohydrics and
graminoids, including the invasive exotic Melinis
minutiflora. With alpha≈1, the ranking was QR=CG=
CR>CM=QA>QM=GP=GM>GV and, when≈2, the
order was CG=CR=QR=CM>QA=QM=GM=GP>

Fig. 2 Total plant cover of nine rock outcrops and proportion of
rare plant cover with distribution restricted to the Iron Quadrangle
(black areas in bar), southeast Brazil. Codes as in Table 1

Fig. 3 Diversity profiles of plant
communities of nine rocky
outcrops, Iron Quadrangle,
southeast Brazil. a) estimated
from species abundance; b)
estimated from functional groups
abundance. Each line represents a
single outcrop profile.
Confidence intervals were
omitted. Codes as in Table 1

Plant Soil (2016) 403:7–20 13



GV. The steepness of the quartzitic outcrop community
profiles denotes dominance too, as in the case of QM,
with overrepresentation of graminoids. Canga outcrops,
on the other hand, had more gradual slopes, indicating
lack of extreme dominance by any single functional
group.

Granitoid outcrops exhibited a dome-type relief and
smoother topographic surfaces, in which only three
substrate types occurred: slates, fractures, and depres-
sions. Patches of soil occurred associated with clones of
poikylohydric species, as well as in fractures and de-
pressions, where the deepest (between 21 and 42 cm)
soil patches were found. Between 16 and 38 % of the
granitoid plots resulted in surfaces without any soil or
plant cover, whereas bare-rock plots were almost absent
in the other lithotypes (Table 3). Quartzites QR and QM
exhibited a ruiniform relief and the most heterogeneous
topography, as a result of the typical saw-like spatial
arrangement of the inclined quartzite blocks. Deeper
soils, reaching 57 cm in QR, occurred more frequently
between these blocks, favoring the establishment of
dwarf trees. Outcrop QA, atypically, exhibited horizon-
tal blocks, in a plateau-type relief. In quartzitic outcrops,
slates, inclined blocks, fractures, and stones were most
noticeable, while slates, fractures, concavities and de-
pressions dominated among granitic outcrops. The com-
bined cangas showed the largest number of substrate
types: slates, fractures, conglomerates, structured, boul-
ders and stones. These substrates formed a plateau-type
relief with characteristically very shallow (<14 cm)
soils.

The soil layer in all outcrops was very shallow (me-
dians <4 cm, n=1350). Outcrops with higher mean incli-
nation were quartzites QR and QM. On the other hand,
canga CR and quartzite QA were the least inclined.
Overall, cangas had more substrate types and granitoids
had less (Table 4). Fertility levels, in particular P (means
<3.9 mg kg−1), were extremely low, typical of soils that
develop in intensely weathered rock systems (Benites
et al. 2007; Messias et al. 2013). Aluminum saturation
was relatively low in cangas (means 28.7–36.4 %). It was
high in quartzites (means 60.6–78.6 %) and very high in
granitoids (means>85.0 %), as a result of the high acidity
acting in the dissolution of minerals such as gibbsite,
kaolinite and muscovite, frequent in the outcrops studied
(Benites et al. 2007; Fernandes 2007). The variability of
soil depth and surface inclination parameters was more
pronounced than that of soil fertility parameters, as shown
by their coefficients of variation (Table 4).

In the PCA only the two first components were used,
since all others had eigenvalues higher than the estimat-
ed by the broken-stick model. The first component
explained 28 % of the variance and the ordination
gradient separated granitoids from cangas, while quartz-
ites were not discriminated by this component (Fig. 4).
Five variables exhibited a significant association with
component I: substrate types (0.74), soil depth_VC
(−0.65), m (−0.64), TH and CEC (0.58 each). The
second component explained 26 % of the variance and
was associated with TH, inclination (0.74 each), N
(−0.70), and m (0.58). These seven variables were used
as the vectors of the NMDS analysis.

The matrix used in the NMDS was composed of 43
species representing the short list that combined >70 %
of the total plant cover in each outcrop (Appendix S1).
For a 2D solution (Axis 1, p=0.02; Axis 2, p=0.04) the
stress value was ≈15%.McCune and Grace (2002) state
that the majority of community data will have solutions
with stress between 10 and 20 %. This ordination anal-
ysis (Fig. 5) separated the three rock types in three
distinct groups (cluster analyses rendered similar results,
details in Appendix S2). Axis 1 differentiated granitoids
from cangas and quartzites. These two rock types were
characterized by a higher substrate heterogeneity than
granitoids. The variables that exhibited a significant
association were: soildepth_VC (0.85), substrate types
(−0.83), and m (0.66). Axis 2 indicates the relative
higher fertility of cangas, corresponding to much lower
m (0.61) than quartzites and granitoids, which are out-
crops with predominance of silicate minerals, hence
lower CEC (−0.70).

Discussion

The positive relationship between plant diversity
hotspots and infertile ancient landscapes has been given
much attention recently, and having the need for plants
to optimize nutrient uptake as one of the key drivers
(Hopper 2009; Lambers et al. 2010; Oliveira et al.
2015). Outcrop soils seem to be a good example of this
relationship. In our study, the plant communities did not
respond strongly to some soil fertility parameters, nota-
bly P, presumably because, independently of the parent
rock, in all the outcrops the values of P were extremely
low (highest mean=3.9 mg kg−1). The measured values
are as low as, or lower than, some of the world’s most
nutrient-poor soils in ancient landscapes that are at the
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same time floristically rich (Lambers et al. 2010). In
these acidic, weathered substrates, P combines with,
among others, Fe and Al into insoluble compounds,
increasing the soil’s buffering capacity and limiting P
uptake by plants. This condition could affect iron-rich
cangas more strongly than the other two lithotypes,
leading to a shortlist of adapted species. On the other
hand, aluminum saturation values in cangas, although
still high, were at most half of what was measured in the
other two lithotypes and, comparatively, fertility was
higher. Similar soil results from the Iron Quadrangle

include that of Messias et al. (2013), who found that
differences between quartzites and itabirites (an iron-
rich rock, less hard than cangas) were more strongly
ascribed to some macronutrients (e.g., Ca and Mg) and
heavy metals (e.g., Cu and Mn), rather than fertility
variables. They also concluded that edaphic parameters
alone were not enough to explain differences in
vegetation.

High aluminum saturation appears to be characteris-
tic of soils developed in quartzite and granitoid rock
systems in eastern Brazil mountain ranges (Schaefer

Table 4 Edaphic and topographic parameters in nine rock outcrops, Iron Quadrangle, southeastern Brazil

Parameters Cangas Quartzites Granitoids

CM CR CG QR QM QA GM GV GP

Soil depth (cm)

Min–max 0.1–12 0–13.6 0–6.4 0–57 0–34.6 0–39 0–41 0–21 0–36

Median, mean 1, 1.6 1.1, 1.7 0.9, 1.4 4, 7.2 3.5, 5.3 2.4, 3.9 0, 2.9 0.6, 2.0 0, 2.1

Variation coefficient 111.5 107.8 97.3 130.4 123.7 144.7 205.7 157.8 255.8

Surface inclination (°)

Min–max 1–56 0–34 0–42 0–82 0–89 0–48 0–74 0–52 0–70

Median, mean 14, 14.2 , 7.9 8, 9.7 24, 24.4 19, 21.6 5, 8.9 6, 10.4 7, 11.1 14, 16.1

Variation coefficient 70.9 88.9 90.0 76.0 83.6 110.3 118.5 100.1 73.1

TH (mean) 28.9 13.8 18.3 101.2 76.2 19.4 7.1 11 19.7

Substrate types (N°) 5 4 5 4 4 3 3 3 2

Organic carbon (g kg−1)

Min–max 40–48 114–183 53–187 25–39 19–40 14–36 13–48 28–56 28–74

Median, mean 48, 45 139, 147 124, 122 34, 33 25, 28 28, 26 35, 32 49, 43 29, 40

Variation coefficient 7.6 22.3 39.5 17.3 31 35.3 42.5 28.7 49.1

CEC (cmolc kg−1)

Min–max 1.5–2.9 2.2–4.0 2.2–3.3 1.2–2.0 1.1–2.2 1.2–1.6 0.6–2.4 0.8–1.8 1.3–3.0

Median, mean 1.8, 2.0 3.5, 3.3 2.8, 2.8 1.8, 1.7 1.6, 1.6 1.4 1.0, 1.2 1.2, 1.3 1.7, 1.8

Variation coefficient 26.9 21.9 15.6 18.9 25.8 11.7 54.6 31.8 35.8

Phosphorus (mg kg−1)

Min–max 1.8–3.8 2.3–3.3 1.9–4.2 2.3–3.5 2.3–4.2 2.5–4.2 0.5–6.7 2.6–5.0 0.5–5.0

Median, mean 2.1, 3.8 2.7, 2.8 2.5, 2.9 2.6, 2.8 2.5, 2.9 3.4, 3.4 1.0, 2.1 3.9, 3.9 1.4, 2.3

Variation coefficient 33.7 13.8 36.8 16.9 26.2 18.5 121.7 22.8 83.5

Nitrogen (g kg−1)

Min–max 1–3 2–4 3–4 1–2 1–2 1–2 1–3 2–3 1–3

Median, mean 1, 1.4 3, 3 3, 3 2, 1.6 1, 1.4 1, 1.4 2, 2 3, 2.6 2, 2

Variation coefficient 63.9 23.6 13.9 34.2 39.1 39.1 35.4 21.1 38.0

m (%)

Min–max 21.4–42.7 21.8–49.9 18.2–46.4 69.7–85.7 69.4–85.9 43.2–82.2 80.5–91.7 81.3–95.5 88.0–95.2

Median, mean 28.8, 32.4 32.9, 31.7 42.9, 36.4 71.8, 76.4 80.0, 78.6 61.5, 60.6 86.4, 85.6 91.5, 90.4 90.4, 88.3

Variation coefficient 28.4 34.0 34.1 10.2 8.5 25.5 5.2 5.9 3.0

TH topographic heterogeneity; CEC cation exchange capacity; m aluminum saturation index. Locality codes as in Table 1
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et al. 2002; Benites et al. 2007). In cerrado soils, the high
concentration of aluminum is known to positively influ-
ence the density and richness of herbaceous and
graminoid vegetation (Ruggiero et al. 2002; Amorim
and Batalha 2008), possibly by hampering the establish-
ment of Al-sensitive species (Furley and Ratter 1988).
In the Iron Quadrangle outcrops this relationship was
not observed: graminoid herbs were poorly represented
in granitoids, which held the highest aluminum satura-
tion values (means >85.6 %). Rather than soil proper-
ties, this result suggests that microsite constraints

(restraining root development, accelerating water run-
off) affect functional group proportions. A recent study
on plant traits focusing on the CSR (competitive, stress-
tolerant, ruderal) species proportions of an Atlantic
rainforest inselberg (de Paula et al. 2015) associated
most of the traits with a specific environmental driver,
with soil availability-related variables (depth, patch size)
as a key factor influencing competitive vs. stress-
tolerant species distribution. For example, leaf tough-
ness, a stress-tolerant trait, was negatively correlated
with soil availability. Strong associations between this

Fig. 4 PCA of 11 edaphic and
topographic variables (n=45
transects) from nine rocky
outcrops in the Iron Quadrangle,
southeast Brazil. m aluminum
saturation index; CEC cation
exchange capacity; depth: soil
depth median; depth_cv: soil
depth (coefficient of variation);
incl: substrate inclination median;
incl_cv: substrate inclination
(coefficient of variation); subst:
number of substrate types; TH
topographic heterogeneity

Fig. 5 Ordination of 43 plant
species cover (codes in
Appendix S1) by Non-metric
Multi-Dimensional Scaling
(NMDS) of Bray-Curtis distances
(stress≈15 %) from nine rock
outcrops in the Iron Quadrangle,
southeast Brazil. Environmental
variables that exhibited a
significant association with the
components in the PCAwere
correlated between the NMDS
scores and presented as vectors
from the origin: CEC: cation
exchange capacity; Incl_m:
surface inclination (median);
Soil_VC: soil depth (coefficient
of variation); Subs_type substrate
type; TH topographic
heterogeneity; N nitrogen; m
aluminum saturation index.
Codes as in Table 1
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variable and life forms have also been found in previous
inselberg studies focusing on open vegetation-forest
ecotones in French Guiana (Sarthou et al. 2010) and
western central Africa (Parmentier et al. 2005).

Soil accumulating in depressions and crevices would
also improve water retention and therefore nutrient avail-
ability, which explains the prevalence in open vegetation
of chamaephytes and hemicryptophytes of 27 inselbergs
(Parmentier et al. 2005), or microphanerophytes and
hemicryptophytes in three (Sarthou et al. 2003). In spite
of this correlation, Sarthou et al. (2003) pointed out that
species similarity among the three inselbergs was low. A
high beta-diversity is pervasive in insular habitats, but
most outcrop studies point out to relevant alpha-diversity
as well, a quality that combines the effect of small plant
size with micro-environmental filters. The average plant
species richness in mostly all our outcrops was high (73
species in 0.01 ha−1). These values were close to or higher
than some from other nutrient-poor biodiversity hotspots,
such as the old, climatically-buffered, infertile landscapes
(OCBIL) Australian kwongkan (average 62 species in
0.01 ha−1) and fynbos (average 63 species in 0.01 ha−1)
(Mucina et al. 2014). Among cangas and quartzites,
which outcrop was most diverse depended both on the
algorithm used to estimate diversity (Shannon’s H’ or
Simpson’s 1/D) and the variable used (number of species
vs. number of functional types). Granitoids were always
the least diverse, albeit harboring a highly specialized
community, with predominance of poikilohydric
(desiccation-tolerant) clonal species.

The low plant cover of sclerophytes and tussocks in
granitoids was probably a consequence of the low num-
ber of substrate types and topographic heterogeneity
(TH) values, as indicated by the NMDS analysis. The
low substrate heterogeneity may be attributed to the
nature of the parent rock, which combines high density
with low porosity and permeability (Bremer and Sander
2000). Low substrate heterogeneity may lead to fewer
soil patches and therefore more severe xeric conditions
when compared to spatially heterogeneous outcrops.
This conclusion was supported by the high proportion
of granite plots without vegetation. In this situation, a
large portion of the rainfall is quickly lost by runoff
(Szarzynsky 2000). In the outcrops with highest topo-
graphic heterogeneity and more substrate types –cangas
and quartzites– the desiccation-tolerant functional group
was poorly represented. It has been proposed that
edaphic behavior is strongly related to rock
microtopographic features in outcrops, advocating for

micro-level substrate surveys to better explain floristic
differences (Rahangdale and Rahangdale 2014; Schut
et al. 2014). Corroborating this claim, Carmo et al.
(2015) established a correlation between dominant func-
tional groups and ‘smooth’ and ‘coarse’ fine-scale (i.e.,
centimetric) roughness profiles of the same outcrops
described here. Safe sites represented by irregularities
in the rock surface promote diversity and recruitment by
increasing micro-habitat quantity and quality, especially
in arid zones (Munguía-Rosas and Sosa 2008). Com-
paring the amount of substrate types among the three
lithotypes, in addition to their characteristic ‘smooth-
ness’, granitoids would provide fewer habitats than the
other two.

The communities were floristically more similar
among outcrops of same lithotype, independently of
the geographic distance, and the functional groups
approach agreed with this result. The dominance of
two or even a single functional group, as detected in
our study is also a characteristic pattern in stressful-
habitat plant communities marginal to the Atlantic
Rainforest (Scarano 2002). Therefore, physical dif-
ferences among lithotypes act as environmental fil-
ters selecting for better adapted functional groups. In
addition, some species belonging to these groups
may also be favoured, on account of complex as-
sembly rules which incorporate soil chemical prop-
erties. For instance, the ericoid shrub Lychnophora
pinaster (Asteraceae), with the largest cover in all
three cangas but almost absent in the other
lithotypes, is Al-tolerant but needs high levels of
Mn and Zn to thrive (Messias et al. 2013). Also,
plants established on metal-rich substrates are well-
known for their tolerance or preference to these
minerals (Ginocchio and Baker 2004; Séleck et al.
2013). A good biological example of the complexity
of assembly rules refers to the less common mycor-
rhizal associations under low P levels, which would
promote root specialization in infertile ecosystems
such as campo rupestre, leading to niche differenti-
ation (Oliveira et al. 2015).

The plethora of dynamically unique plant commu-
nities, understandably, responds differently to envi-
ronmental changes and impacts. The problem of alien
plant invasions is worth commenting, since they are a
great threat to outcrop plant communities (Porembski
2000), and some rock types are deemed more vulner-
able to biological invasions. Vegetation islands asso-
ciated to shallow depressions and fissures in granites
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are very susceptible to invasion by exotic grasses,
notably Melinis minutiflora and M. repens (Meirelles
et al. 1999; Burke 2003; de Paula et al. 2015) because
of organic matter accumulation. In the Iron Quadran-
gle outcrops, the molasses grass M. minutiflora was
heavily associated with soil patches and islands of
desiccation-tolerant clones in granitoids, occurring in
67 % of the transects. In quartzites, this alien grass
appeared in 20 % of the transects, and it was not
recorded in canga plots, in spite of a comparatively
high fertility. The presence of this grass is of concern
because it increases the risk of fire. This reinforces
the idea that it is not organic matter per se, but other
substrate features that deter colonization by exotic
grasses in more heterogeneous substrates. However,
the question of what produces more invasive-
resistant communities is under continuous debate,
and highly space and time-scale dependent.

Our results emphasize the plant community structure
identity of each outcrop type, which were different in
species composition, richness, proportion of functional
groups, substrate properties, and even invasion and fire
risks. Each of these habitats therefore is a relevant
constituent of the rich diversity in the Atlantic rainforest.
Granitoids, the least diverse, contribute to beta-diversity,
while quartzites and cangas are richer but more alike in
terms of functional groups and species composition, but
they should not be taken as floristic or functional surro-
gates of each other. Since each rock type drives the
development of different communities, differences that
could affect ecosystem processes are expected (Díaz and
Cabido 2001). Finally, studying plant communities in
rock-based environments without estimating topograph-
ic heterogeneity could lead to misinterpreting anthropic
impacts, with consequences for their conservation strat-
egies, as was recently demonstrated (Kunz and Larson
2006). Our findings reinforce the need for the combined
evaluation of both components of the substrate (i.e.,
both rock characteristics and the inherently related soil
parameters) to produce a sound explanation of differ-
ences in plant communities established on tropical
rainforest outcrops, and promote their due protection.
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