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Abstract: In recent years there has been increasing attention in patterns of β-diversity and mechanisms related to 
variations in species composition. In this study, we evaluated beta diversity patterns of bromeliads growing on cliffs 
immersed in Atlantic Forest. We hypothesized that the species composition varies according to the spatial scale, 
inferring that there is a replacement of species influenced mainly by environmental factors. The study was carried 
out on sandstone cliffs included in contiguous but distinct vegetation formations: Evergreen and Seasonal forests. 
Twenty-four vertical rocky outcrops were sampled. The spatial variation in species composition was evaluated 
by two β-diversity components, turnover and nestedness. Multivariate analysis and variation partitioning were 
performed to distinguish niche and stochastic processes. We recorded 26 bromeliad species and a significantly 
higher contribution of turnover explaining beta diversity. Environmental factors affect β-diversity patterns of 
Bromeliaceae. However, individually, the environmental predictors do not explain the data variation. Environmental 
variations spatially structured, and spatial variables determinate the dissimilarity in the composition of bromeliads 
on cliffs. Thus, our results revealed that both environmental and spatial effects can act together to define the floristic 
composition of rock-dwelling bromeliad communities.
Keywords: Sandstone outcrops, bromeliads, evergreen forest, seasonal forest, Niche Theory, Neutral Theory.

Padrões de diversidade beta de Bromeliaceae crescendo em falésias rochosas dentro da 
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Resumo: Nos últimos anos tem havido uma crescente atenção em relação aos padrões de diversidade β e aos 
mecanismos relacionados às variações na composição de espécies. Neste estudo, nós avaliamos os padrões 
de diversidade beta de bromélias crescendo em escarpas rochosas imersas em matriz de Floresta Atlântica. 
Hipotetizamos que a composição das espécies varia de acordo com a escala espacial, inferindo que há uma 
substituição de espécies influenciadas principalmente por fatores ambientais. O estudo foi realizado em escarpas 
areníticas inseridas em formações vegetacionais contíguas, mas distintas: Florestas Ombrófila e Estacional. Vinte 
e quatro afloramentos rochosos verticais foram amostrados. A variação espacial na composição de espécies foi 
avaliada por dois componentes de diversidade β, turnover e aninhamento. Análise multivariada e particionamento da 
variação foram realizados para distinguir processos de nicho e estocásticos. Registramos 26 espécies de bromélias, 
com uma contribuição significativamente maior do turnover explicando a diversidade beta. Os fatores ambientais 
afetam os padrões de diversidade β de Bromeliaceae, no entanto, individualmente, esses preditores não explicam 
a variação dos dados. Assim, variações espaciais e variações ambientais espacialmente estruturadas determinam 
a dissimilaridade na composição de bromélias nas escarpas avaliadas. Desse modo, tanto os fatores ambientais 
determinísticos quanto os efeitos espaciais podem atuar em conjunto para definir a composição florística das 
comunidades de bromélias que se estabelecem sobre rochas.
Palavras-chave: Afloramentos areníticos, bromélias, floresta ombrófila, floresta estacional, Teoria de Nicho, 
Teoria Neutra.
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Introduction
Investigating patterns of species distribution is one of the essential 

objectives of ecology and a challenge to understand the complex set of 
processes driving the structure of communities. The variation in species 
composition among communities (β-diversity) can be related to the 
influence of several biotic and abiotic conditions (Cottenie 2005). The 
use of beta diversity measures based on dissimilarity between samples 
or communities can clarify several questions about the distribution of 
species, allowing inferences on environmental effects, and the influence of 
spatial or random factors on the establishment of species (Baselga 2010).

Previous studies have identified that both deterministic and 
stochastic processes, widely discussed by the Niche Theory and the 
Neutral Theory, respectively, can act at different spatial scales to 
define species composition and diversity patterns (Ricklefs & Schluter 
1995, Duarte et al. 2010, Segre et al. 2014). Niche-based processes 
assume that the establishment of a species is limited by environmental 
filters (Grinnell, 1917; Legendre & Legendre, 1998), while neutral 
processes assume that dispersion acts as one of the main mechanisms 
in determining the diversity patterns (Hubbell 2001). The structure of 
communities is thus determined by two distinct processes acting on 
the regional pool of species (Hubbell 2001, Gaston & Chown 2005).

Theoretical approaches related to the effects of spatial and 
environmental filters may also reveal interesting patterns when applied 
in plant communities growing on rocky cliffs associated with highly 
heterogeneous and diversified ecosystems. This is the case of the 
Brazilian Atlantic Forest, a well-known hotspot of biodiversity, and 
thus highly important for conservation purposes (Ribeiro et al. 2009, 
Mittermeier et al. 2015). There are many gaps in the understanding of 
how local and regional diversity on cliffs is maintained and the degree 
of connection between them along in the forest.

The Brazilian Atlantic Forest comprises noticeably heterogeneous 
vegetation, including several related ecosystems, such those occurring 
on rock outcrops (Scarano 2002, Leão et al. 2014). The vegetation on 
rock outcrops, including on cliffs, in general, differ from the surrounding 
forest matrix mainly due to absent or incipient soils, and microclimatic 
conditions resulting from high insolation and low water availability 
(Porembski & Barthlott 2000). In Southern Brazil, cliffs are embedded 
in different landscapes of the Atlantic Forest, which in this region is 
classified into three main types: Evergreen Forest (tropical rain forest), 
Araucaria Forest (subtropical Araucaria forest) and Seasonal Forest 
(tropical deciduous and semideciduous forest) (Veloso et al. 1991, 
IBGE 2012).

The Bromeliaceae family has been highlighted as one of the most 
frequent and important family in rocky environments, especially for 
the ecological role in the succession process, acting as nursery plants, 
forming islands that increase water availability and mechanical support 
for other species (Porembski et al. 1997, 1998, Porembski 2005, Rocha 
et al. 2014, de Paula et al. 2016). Furthermore, in Atlantic Forest, 
they present great ecological importance resulting from the many 
interactions with other organisms (Martinelli et al. 2008, Givnish et al. 
2011, Machado et al. 2016).

The influence of the forest matrix on the composition and diversity of 
bromeliads growing on rocky outcrops has recently been described (Melo 
& Waechter 2018). However, patterns of species distribution and theoretical 
approaches related to the effects of spatial and environmental variables 
on the composition of these communities have not yet been addressed. 

Although studies evaluating plant communities on rocky outcrops 
have expanded in recent years, including in Brazil (Ferreira et al. 2014, 
Saraiva et al. 2015, do Carmo et al. 2016, Machado et al. 2016, de Paula 
et al. 2019), floristic composition and community structure on cliffs are 
still little known.

Here, we evaluated the effects of environmental and spatial variables 
in plant communities growing on rocky cliffs, identifying the variations in 
composition along in two distinct forest typologies: Evergreen Forest and 
Seasonal Forest. The objective of this study was to evaluate beta diversity 
patterns of bromeliads growing on cliffs immersed in Atlantic Forest and 
to identify the mechanisms that act in the structure of these communities. 
Thus, we investigate the following questions: (i) How do beta diversity of 
rock-dwelling Bromeliaceae vary in a transition zone between Evergreen 
and Seasonal Atlantic Forest? (ii) Which are the spatial and environmental 
variables affecting composition variations of bromeliads on rocky cliffs? 
(iii) What amount of variation in the floristic composition can be attributed 
to the environment (deterministic), space (stochastic), and both processes?

We expected that (i) the composition of species varies according 
to the spatial scale and between forest types, meaning that there is a 
substitution of species along with space, corroborating studies in rocky 
outcrop and with other vegetation components in this phytogeographic 
domain (Bergamin et al. 2017, Silva Mota et al. 2018); (ii) Species 
turnover is influenced by climatic factors related to transition zone, 
like the variation in temperature and precipitation, demonstrating that 
rocky outcrops also influenced by regional environmental filters, as 
is the distribution of epiphytic bromeliad species along the Atlantic 
forest (Fontoura et al. 2012). (iii) Beta diversity is explained mainly by 
spatially structured environmental variables so that both deterministic 
and stochastic processes are important in explaining the composition of 
epiplithic bromeliad communities, as has been observed in other studies 
conducted in rocky habitats (Sarthou et al. 2017, Silva Mota et al. 2018).

Material and Methods

1. Study Area

The study area is located in the Southern Region of Brazil, 
comprising the northeast of Rio Grande do Sul and the southeast of 
Santa Catarina states (roughly between latitudes 29º and 30ºS). Our 
study was conducted on cliffs, environments characterized as the 
exposed and steep face of the rocky outcrop (Larson et al. 2000). All 
the investigated cliffs are sandstone outcrops inserted in two different 
types of Atlantic Forest, the Evergreen and Seasonal physiognomies. 

The studied rocky outcrops are located at low elevations (below 200 m) 
between the coastline of the Atlantic Ocean and the abrupt slopes of the 
Serra Geral Mountain Range, in a heterogeneous landscape now mostly 
comprising some disturbed habitats, like roadsides, meadows for cattle 
rise, or secondary vegetation.

The entire study area has a humid subtropical climate (Cfa), according 
to the Köppen classification system, with hot summers and abundant 
rainfall throughout the year. The regional climate has a mean annual 
temperature of around 18°C and a mean annual rainfall around 1750 
mm (Alvares et al. 2013). The mean annual temperature varies between 
18.4 ºC in the Evergreen forest region and 17.9 ºC in the Seasonal forest 
region while the rainfall in these regions may achieve an annual mean of 
1660mm and 1850mm, respectively (Alvares et al. 2013).
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The studied sandstone outcrops belong to the Botucatu Formation 
of the Paraná Sedimentary Basin, originated in the Mesozoic era 
and presently extending mainly in south-central Brazil (Bigarella & 
Salamuni 1961, Kaul 1990). Both the Evergreen and the Seasonal 
forests occur mostly on the slopes of the Serra Geral Mountain Range, 
but differing by their predominant exposition.

Besides the Atlantic Evergreen Forest and the Seasonal Forest, 
regional vegetation also includes the third major physiognomy of 
Atlantic Forest phytogeographic domain (IBGE 2012), the Araucaria 
forest, not included in this study.

2. Sampling method

It was selected 24 sample units, which consisted of cliffs isolated 
with a particular exposure. All sampled cliffs are composed of sandstone 
and have an essentially vertical slope. Among the 24 cliffs, 12 were 
immersed in the Evergreen Coastal Forest region and 12 were immersed 
in the semideciduous Seasonal Forest region (Figure 1). Data collection 
was performed two to three times, in each sample unit, considering 
different seasons and the flowering period of some species whose 
identification needed to be confirmed.

All species of bromeliads on cliffs were sampled, most of them 
are lithophyte plants, that is, arranged directly on rock or concavities. 
Some species also used cracks and small terraces on the rock, where a 
shallow substrate could to exist. Many species were grouped forming 
what the authors call Bromeliaceae mats. Only Tillandsia usneoides 
were using other herbaceous plants as support. Bromeliads species 
growing on the escarpments were registered employing of direct 
observations and with the aid of high-resolution binoculars, collected 
through climbing or pruning tools. Fertile specimens were collected 
and incorporated into the ICN Herbarium in the Federal University 
of Rio Grande do Sul.

3. Data analysis

We measured the spatial variation in species composition using 
beta diversity with its two components, turnover and nestedness, 
according to the methodology described by Baselga (2010). The 
first phenomena is related to species replacement by new species, 
caused by spatial or environmental constraints, for example 
(Qian et al. 2005); the last involves species loss in a community 
or along a gradient, when species found in one site represent 
a subset of another site, due to non-random processes, caused 
by circumstances that promote an orderly disaggregation of the 
assembly (Ulrich & Gotelli 2007, Baselga 2010).

For each forest type region, we calculated the Sørensen dissimilarity 
index (βSOR) and partitioned it into its turnover, i.e., Simpson 
dissimilarity index (βSIM) and nestedness (βSNE) components. 
Nestedness is defined as the difference between βSOR and βSIM. 
The estimations were performed with the package “Betapart” in R 
(R Development Core Team 2011, Baselga & Orme 2012). Despite 
being two antithetic phenomena, turnover and nestedness can occur 
simultaneously in communities, i.e., they are not mutually excluding 
(Baselga 2010).

We used PERMANOVA - Permutational Multivariate Analysis of 
Variance (Anderson 2001), to test the individual relationships between 
each of the environmental predictor matrices and the beta diversity 
metrics (βSOR, βSIM, and βSNE), in each study region. Beside 
the continentality and solar radiation, we had chosen the variables 
representing the climatic variation in the forest and seasonal transition 
zone: mean annual temperature, annual precipitation, temperature 
seasonality, annual temperature range, and precipitation seasonality. 
Thus, we analyzed whether areas with more dissimilar species 
compositions were associated with increasing environmental distances. 
These relationships were examined based on the partial R2, and the 
significance was estimated using 999 permutations, in the R package 
“Vegan” (Oksanen et al. 2013).

The relative contributions of environmental and spatial factors 
in the structuring of communities were analysed by partitioning 
the variation from distance-based redundancy analysis (db-RDA) 
and variation partitioning based on the adjusted R2 (Borcard et al. 
1992, Legendre & Legendre 1998, Legendre & Andersson 1999, 
Smith & Lundholm 2010) Although there are critical issues in 
using statistical methods for variation partitioning, the approaches 
that divide environmental and spatial controls into community 
composition are recognized as important for ecological studies 
(Gilbert & Bennett 2010).

Figure 1. Study area and sampled sites. Black circles represent the cliffs 
immersed in Evergreen forest region and red squares those immersed in Seasonal 
forest region. RS = Rio Grande do Sul state; SC = Santa Catarina state.

Sampled cliffs in each forest region summed roughly the same area, 
19,713m2 in Evergreen forests and 19,277m2 in Seasonal forest. We 
obtained solar radiation and the climatic variables for each site from 
the WorldClim Global Climate with a spatial resolution equivalent 
to 30” (∼1 km): The bioclimatic variables selected represent annual 
trends (mean annual temperature, annual precipitation) and seasonality 
(temperature seasonality, annual temperature range, precipitation 
seasonality) (Hijmans et al. 2005). Additionally, continentality was 
obtained from the Envirem data set and is measured by the difference 
between the average temperature of the warmest month and the average 
temperature of the coldest month (Title & Bemmels 2018).
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Initially, separate analyses were run for the set of spatial and 
environmental variables. The distance matrix of total beta diversity 
(βSOR) was used as the response variable. The environmental 
predictor matrix comprised bioclimatic variables, continentality and 
solar radiation, standardized through logarithmic transformations to 
homogenize the data distribution. A forward-selection procedure was 
applied to environmental dataset. The RDA with the selected variables 
(Temperature Seasonality - TS, Annual Temperature Range - TR, 
Solar radiation - SR) served as the model for the analysis of variance 
partitioning. We also test the multicollinearity in select variables to be 
used in the analyse (Borcard et al. 1992). 

The spatial matrix (geographic overland distances) was obtained 
through of distance-based Moran’s Eigenvector Maps (dbMEM, 
formerly called principal coordinates of neighbour matrices, PCNM). 
These filters are generated from a truncated Euclidean distance matrix 
between sample units based on their geographical coordinates and 
can be used as explanatory variables to model spatial relationships in 
community data (Dray et al. 2006, 2012). This procedure generated a 
total of 18 MEM filters, each of which corresponds to a specific spatial 
structure and scale: the first MEM variables model broader-scale 
patterns, whereas the subsequent variables progressively represent 
finer-scale patterns (Borcard et al. 2004). A forward-selection procedure 
was applied to spatial dataset. Only the significant spatial filters were 
retained for variation partitioning (MEM1, MEM2, MEM3, MEM 4, 
MEM16, MEM17, MEM18), corresponding to the first four and last 
three spatial predictors.

To perform variation partitioning, the three data matrix was required: 
Beta diversity matrix, environmental variables, spatial variables 
(Moran’s Eigenvector Maps – MEM) (Dray et al. 2006). Thereafter, 
the variation in the matrix of the community was decomposed into 
components of explanation: purely environmental, both spatial and 
environmental, purely spatial and residual or unexplained (Borcard et 
al. 1992). The analysis was performed from three sets of multivariate 
linear regressions with the beta diversity matrix as the response. These 
regressions estimate the amount of variation explained by environmental 
and spatial predictors, alone and in combination (Peres-Neto et al. 2006). 
The significance of the environmental and spatial models generated 
by the dbRDAs was tested with a permutation test for constrained 
correspondence analysis.  

The distance-based Moran’s Eigenvector Maps were performed 
with the “adespatial” package (Dray et al. 2018). The RDA analysis, 
variation partitioning and Moran spectral randomization was executed 
with the “vegan”, “adespatial”, and “spdep” packages (Oksanen et al. 
2013, Bivand & Wong 2018, Dray et al. 2018), all in the statistical 
program R (R Development Core Team 2011).

Results

We sampled a total of 26 bromeliad species, belonging to 
nine genera (Aechmea, Bromelia, Billbergia, Dyckia, Edmundoa, 
Nidularium, Tillandsia, Vriesea, and Wittrockia) and three subfamilies 
(Bromelioideae, Tillandsioideae, and Pitcairnoideae) (Table 1). The 
number of species per cliff ranged from one to 11 in Evergreen forest 
and from one to seven for Seasonal Forest. The total richness in each 
region was 23 species in Evergreen forest and 13 species in Seasonal 
Forest, and 10 species were shared between the two environments.

In assessing the proportion of each component of beta diversity, we 
observed a significantly higher contribution of turnover to nestedness, 
both when considering all the study area and those cliffs sampled in each 
forest type, with values ranging from 0.766 to 0.876 (pairwise βSIM). 
Total beta diversity (pairwise βSOR) was 0.851 for Evergreen forest, 
0.900 for Seasonal forest and 0.925 for both forest types (Table 2).

Solar radiation was one of the factors that most influenced Bromeliaceae 
beta diversity, considering forest physiognomies separately and in an 
integrated manner. In Evergreen forest, the Annual Temperature Range 
(TR) also contributes to the variation in species composition, taking into 
account βSIM and βSOR. Beside this variable, Precipitation Seasonality 
(PS) also explained the total beta diversity (βSOR) in this forest type. In 
Seasonal forest, both βSIM and βSOR were influenced by the Mean Annual 
Temperature (AT), Temperatura Seasonality (TS), Temperature Annual 
Range (TR) and Continentality (CO). Considering both forest types, only 
Annual Precipitation (AP) and Continentality (CO) did not influence beta 
diversity of epilithic bromeliad communities. In general, the models revealed 
that the strongest environmental effects were on total beta diversity (βSOR), 
followed by the turnover component of beta diversity (βSIM) (Table 3).

The relationship between all sampled cliffs and the total set of 
selected spatial and environmental variables is represented in two dbRDA 
plots (Figure 2 and Figure 3). The permutation tests for these analyses 
were significant for spatial variables, for environmental variables and 
environmental variations spatially structured. However, if isolated, 
environmental predictors fail to explain the variation of the data. 
Essentially, our results showed that the distribution of rock-dwelling 
Bromeliaceae is limited both by spatial distances and by environmental 
variables acting within these limits. In variation partitioning, the spatial 
and environmental variables explained 62.0% of the variation found in 
the structure of the bromeliad communities.

The purely spatial component explained 26.5%, while the 
environmental fraction alone accounted for 3.40% of the variation. The 
percentage of the shared variation between spatial and environmental 
variables was 32.1%. However, 38.0% of the variation in beta diversity 
could not be explained by either of these variables (Table 4).

Discussion

This research provides ecological information on the Bromeliaceae 
inhabiting rocky cliffs in southern Brazil. Our results showed how 
the composition of bromeliads growing on this substrate varies at the 
boundary between evergreen and seasonal forest types, and how spatial 
and environmental factors influence the structuring of these communities. 
Beta diversity is arranged by spatial turnover reflecting climatic differences 
between sites. Thus, bromeliad composition is determined by both 
deterministic environmental factors and stochastic spatial effects.

The total beta diversity patterns showed a much stronger contribution 
of species turnover than species nestedness. This result was expected, 
considering that species turnover reveals the variation in community 
structure from one sampling unit to another along a spatial, temporal or 
environmental gradient (Anderson et al. 2011). The replacement of species 
along space is related to environmental difference throughout the study 
area, which comprises several climatic and landscape regimes, affecting 
the structure in forest communities of the Southern Brazilian Atlantic 
Forest (Oliveira‐Filho & Fontes 2000, Bergamin et al. 2012). Contrary 
to nestedness, spatial turnover indicates the replacement of some species 
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Table 1. Bromeliad species sampled on sandstone cliffs in the South Brazilian Atlantic Forest, and their frequence in Evergreen (E) and 
Seasonal (S) forest types. 

  Forest Type
Subfamilies Species Author E S

Bromelioideae Aechmea comata (Gaudich.) Baker 2 5
Aechmea gamosepala Wittm. 9 0
Aechmea nudicaulis (L.) Griseb. 1 0
Aechmea recurvata (Klotzsch) L.B. Sm. 0 1
Billbergia nutans H. H. Wendl. ex Regel 0 5
Billbergia zebrina (Herb.) Lindl. 1 0
Bromelia antiacantha Bertol. 3 1
Edmundoa lindenii (Regel) Leme 2 0
Nidularium innocentii Lem. 1 0
Wittrockia superba Lindm. 6 0

Pitcairnioideae Dyckia maritima Baker 4 5
Tillandsiodeae Tillandsia aeranthos (Loisel.) L.B.Sm. 2 3

Tillandsia gardneri Lindl. 2 1
Tillandsia geminiflora Brongn. 1 1
Tillandsia mallemontii Glaz. ex Mez 1 0
Tillandsia polzii Ehlers 2 5
Tillandsia recurvata (L.) L. 3 1
Tillandsia stricta Sol. 1 0
Tillandsia usneoides (L.) L. 8 2
Tillandsia xiphioides Ker Gawl. 2 0
Vriesea carinata Wawra 1 0
Vriesea friburgensis Mez 0 2
Vriesea gigantea Gaudich. 8 1
Vriesea philippocoburgii Wawra 4 0
Vriesea platynema Gaudich. 2 0
Vriesea vagans (L.B.Sm.) L.B.Sm. 1 0

Forest types βSOR βSIM βSNE

Evergreen Forest 0.851 0.766 0.084

Seasonal Forest 0.900 0.847 0.053

Both Forests 0.925 0.876 0.049

Table 2. Total beta diversity, i.e., Sørensen dissimilarity (βSOR) and its 
two components, turnover (Simpson dissimilarity, βSIM) and nestedness 

(βSNE) in Evergreen Forest, Seasonal Forest and Both Forest Types.

by others, as a consequence of environmental arrangements or spatial and 
historical restrictions (Qian et al. 2005).

The similarity between species matrices was positively correlated 
with the similarity of local ecological conditions, evidencing the 
influence of environmental factors on the composition of Bromeliaceae 
growing on cliffs, particularly the βSIM diversity component. The 
degree of beta diversity for the two forest types found in our study is 
surprising because it is a transitional area, but corroborates with other 
studies applied to different forest components of the Atlantic Forest 
(Bergamin et al. 2012, Menini Neto et al. 2016). In addition, the 

changes in physiognomy are generally associated with higher values   of 
β diversity (Pérez-García et al. 2009). The high turnover rates of species 
in each forest type also support other studies and reinforce the need to 
expand conservation areas of rocky habitats within each of these types 
(Bergamin et al. 2017).

Solar radiation was important variable in species’ shifts in Evergreen 
forest, in Seasonal forest, and especially when considering the entire 
studied area. Variation in species diversity and composition on inselbergs 
in southern Brazil had already been associated with different exposures 
to solar radiation (Ferreira et al. 2014, Carlucci et al. 2015). The 
physiological sensitivity and performance of bromeliads are directly 
related to their thermal tolerances (Benzing 2000), which also corroborates 
the importance of this variable. Recently, studies have shown differences 
in the anatomy and morphology of epilithic species, reinforcing the 
existence of different adaptations in certain species to deal with drought in 
rocky environments (Hunter 2016, de Paula et al. 2019). Many bromeliads 
are adapted to environmental conditions with low water availability, 
being favoured by several functional attributes capable of efficiently 
capturing water and minimizing its loss. The CAM photosynthesis also 



6

Melo, EA. et al.

Biota Neotropica 20(1): e20190846, 2020

http://www.scielo.br/bn http://dx.doi.org/10.1590/1676-0611-BN-2019-0846

Evergreen Forest Seasonal Forest Both Forest Types

βSOR βSIM βSNE βSOR βSIM βSNE βSOR βSIM βSNE

SR 0.211** 0.299* - 0.153* 0.150* - 0.238** 0.292** -

AT - - - 0.259** 0.321** - 0.093** 0.107** -

TS - - - 0.207* 0.185* - 0.065* 0.072* -

TR 0.152* 0.226* - - - - 0.057* 0.074* -

AP - - - - - - - - -
PS 0.029* - - - - - 0.101** 0.002** -
CO - - 0.099* 0.120* - - - -

Signif. codes: * P-value < 0.05; ** P-value < 0.01.

Table 3. Explained variation (R2) of distance matrices representing effects of Solar Radiation (SR), Annual Mean Temperature (AT), 
Temperature Seasonality (TS), Annual Temperature Range (TR), Annual Precipitation (AP), Precipitation Seasonality (PS), and Continentality 
(CO) on total beta diversity (Sørensen dissimilarity, βSOR) and its turnover (Simpson dissimilarity, βSIM) and nestedness (βSNE) components 

of bromeliads on cliffs immersed in Evergreen Forest, Seasonal Forest and Both Forest Types.

Figure 2. Distance-based Redundancy Analysis (dbRDA) of species assemblages 
and environmental variables in sandstone cliffs. (dbRDA, axis 1 = 24%, axis 2 
= 13%). Temperature Seasonality (AT), Annual Temperature Range (TR), and 
Solar Radiation (SR). White squares correspond to cliffs in Seasonal Forest and 
black circles correspond to cliffs in Evergreen Forest.

Figure 3. Distance-based Redundancy Analysis (dbRDA) of species assemblages 
and spatial variables in sandstone cliffs. (dbRDA, axis 1 = 31%, axis 2 = 18%). 
Selected spatial descriptors (forward selection): MEM 1, MEM 2, MEM 3, MEM 
4, MEM 16, MEM 17, MEM 18. White squares correspond to cliffs in Seasonal 
forest and black circles correspond to cliffs in Evergreen Forest.

Partition of variation Adj.R2 F P-value

[a+b] = Spatial 0.586 5.644 0.001

[b+c] = Environmental 0.355 5.215 0.001

[a+b+c] = Spatial + Environmental Individual fractions 0.620 4.749 0.001

[a] = Only spatial 0.265 - -

[b] = Environmental spatially structured 0.321 - -
[c] = Only environmental 0.034 - -

[d] = Residuals (Undetermined) 0.380 - -

Table 4. Results of the partial dbRDA analysis (variation partitioning) for the composition of epilithic bromeliads growing on sandstone cliffs 
immersed in Atlantic Forest matrix.
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is significantly associated with increased diversification in Bromeliaceae 
in these habitats (Martin 1994, Reinert 1998, Quezada & Gianoli 2011). 
These adaptations are also effective in moist forests, for those bromeliad 
species growing on intermittently dry habitats, as rocky outcrops and the 
upper canopy of rainforests (Benzing 2000).

Temperature seasonality, annual range temperature and annual 
temperature influence the beta diversity patterns of rock-dwelling 
bromeliads, especially in seasonal forests and in the transition zone 
between the two forest types. This is probably because the coastal to 
inland climatic and topographic gradients affect several species even in 
areas with the same forest physiognomy, which is evidenced by lower 
temperatures, especially in winter, towards the Serra Geral Mountain 
Range (Alvares et al. 2013). Moreover, the richness of bromeliads 
in coastal Brazil shows strong latitudinal variations, that reflects a 
temperature gradient, decreasing both towards northern and southern 
from a central hotspot around Rio de Janeiro and São Paulo states 
(Martinelli et al. 2008).

Considering the studied region as a transition between two different 
forest types, differences in precipitation are less evident. However, 
seasonality precipitation was an important factor conditioning the 
turnover component of total beta diversity (βSOR) of the bromeliad 
communities. Analogous results were found for the tree component, being 
the differentiation between Ombrophilous (Evergreen) and Semideciduous 
(Seasonal) forests strongly correlated with rainfall regime and temperature 
variation (Oliveira‐Filho & Fontes 2000). A similar situation has been 
recorded in studies performed on South American and African inselbergs, 
showing rainfall as the driver of floristic heterogeneity at regional scale 
(Parmentier et al. 2005, Sarthou et al. 2017).

Continentality was an important variable for species composition in 
seasonal forests, expressed by large proportions of variation explained 
in total beta diversity. Corroborating this assumption, the pattern of 
geographical distribution of bromeliads in Rio Grande do Sul and Santa 
Catarina has great longitudinal influence, mainly due to the effect of 
the Serra Geral Highlands (South Brazilian Plateau) and to the species 
irradiation of the more tropical Atlantic Forest into the southern of this 
mountains (Winkler 1982, Reitz 1983, Waechter 2007). Furthermore, the 
distance from the ocean, used as proxy for continentality, is considered 
an important variable in the composition of epiphytic bromeliads in 
South Brazilian Atlantic Forest (Fontoura et al. 2012). 

Several supra-generic systematic groups of bromeliads are associated 
with different biogeographic regions or particular environmental conditions, 
thus promoting the replacement of species according to environmental 
characteristics (Benzing 2000, Givnish et al. 2011).  In view of that 
environmental variables affected the floristic similarity of the communities, 
we can infer that vegetation is not exclusively influenced by local edaphic 
and hydrological factors, although these may also influence local vegetation 
(Hobohm 2014). In addition to having a clear relationship between climatic 
variables and species distribution, there is a sharing of species between the 
vegetation matrix and the rocky environment (Melo & Waechter 2018).

The detected variation in the structure of bromeliad communities is a 
result of spatial variables, as well as environmental variables structured 
along to the geographic space, which in fact had a major proportion in 
the explanation of data variation. A spatially structured gradient was 
also found in studies conducted in rocky outcrop in French Guiana and 
in south-eastern rock grasslands Brazil (Silva Mota et al. 2018, Sarthou 
et al. 2017). Similarly, floristic patterns of Bromeliaceae epiphytes in 

the Brazilian Atlantic Forest were mainly associated with space (Leitman 
et al. 2015). This result may also be related to the dispersion capacity of 
some species of bromeliads, or suggest the absence of some pollinators 
(bats, hummingbirds, bees and butterflies), indicating that environmental 
constrains positively correlate with spatial distances affect the floristic 
differences in this spatial scale (Brown & Lomolino 2001). Additionally, 
spatial distance has been used by researchers as a proxy for dispersion 
limitation (Zellweger et al. 2017). The percentage of variation in beta 
diversity that cannot be explained by either space or the environment 
predictors may be related to local environmental variations, biological 
interactions, and mainly to the degree of disturbance in the areas 
surrounding the cliffs, which were not measured.

In fact, neutral and niche processes can operate together to define 
the patterns of species diversity and distribution (Leibold & McPeek 
2006, Segre et al. 2014), and our results clearly corroborate this premise, 
indicating that both are important in the structuring of epilithic bromeliad 
communities and the maintenance of local and regional biodiversity. 
Spatial filters and spatially structured environmental variations assume 
that species dissimilarity increases with increasing distance due to the 
relation between niche processes and environmental gradients (Bell et 
al. 2006). The high turnover values indicate that species occupy different 
spaces, and that the sites differ in environmental characteristics, selecting 
bromeliad species. In order to conserve this diversity of species, it is 
important to maintain the present environmental characteristics and 
identify habitats where species are restricted. In addition, if beta diversity 
is the result of spatial and environmental processes, the conservation of 
landscape organization and species-space-environment relationships is 
highly necessary to maintain species diversity.
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