Cryptogamie, Bryologie, 2014, 35 (2): 133-163
© 2014 Adac. Tous droits réservés

Beta-diversity: Effect of geographical distance and
environmental gradients on the rocky outcrop bryophytes
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Abstract — The rocky outcrops are indeed islands amidst a “sea” of soil and thus their
floristic composition and species diversity are influenced by stochasticity. Our discovery was
settled to regional level, mainly from the Mantel tests (rM =0.41, p=0.01) and partial
Mantel (rM =0.41, p=0.03), significant when contrasting the floristic x geographical
distances and floristic x geographical distances with environment distance weighted,
respectively. At the local level, clustering by Group mean (UPGMA) did not show a general
pattern for the geographical distance, suggesting that in outcrops stochastic processes are
the major actors at the regional scale while the local level need to be more intensely studied
in order to reach better conclusions.
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INTRODUCTION

Biodiversity is irregularly distributed over the planet (Carvalho, 2011)
as species have different ecological requirements, and their individual demands
will modify plant community compositions depending on the concentrations of
resources available to each (see the Resource-Dependent Hypothesis in Tilman
(1985)). Heterogeneity in plant communities is commonly expressed along water
and light intensity gradients (Tilman, 1984), which, allied to the adaptive
capacities of species, provide them with opportunities for establishment, success,
and domination (Cardoso & Schiavini, 2002).

The forces acting on the structuring of different plant communities have
not yet been fully elucidated (Svenning et al., 2004), however, and there are two
principal theories used to explain their organization: the Neutral (see Hubbel,
2001) and Deterministic theories (see Chase & Meyers, 2011). A number of
projects have been undertaken to establish what factors influence bryophyte
distributions (e.g., Grytnes et al., 2006; Ah-Peng et al., 2007; Corrales et al., 2010;
Silva & Porto, 2013) and the resultant similarities and differences between
different areas (e.g., Oliveira et al., 2009; Santos et al., 2011; Santos et al., 2014),
and researchers have found generally that bryophyte distributions are more
closely related to niche conditions than to stochastic processes (the latter being
seen in forest formations). Studies of this type that focus on plant communities in
rocky environments have been rare (e.g., Valente et al, 2013; Sun et al., 2013),
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however, and have only examined a single spatial scale — which leads to the
question of whether deterministic processes are similarly acting to determine
the distributions of bryophytes on rock outcrops, even though these environments
are unique and isolated?

Spatial scales are important elements in understanding diversity patterns,
and although regional diversity can often be explained by the dispersal capacities
of species, their ecological requirements and interspecific interactions (e.g.,
competition) will determine where they can successfully occur and persist
(demonstrating fitness) — which will of course determine local diversity (ter Steege
& Zagt, 2002). As such, both scales (regional and local) should be considered
together (Ricklefs & Schluter, 1993).

The species that occupy a given rock outcrop can differ greatly from
those at another site (Burke, 2002), depending on the environmental filters acting
in each environment (Durigan et al., 2003; Grytnes et al., 2006; Ah-Peng et al.,
2007; Oliveira et al., 2009), even in the same climatic domain.

Within this context, we hypothesize that environmental filters are
determinants for the compositions of plant communities (especially of
bryophytes) on rock outcrops as beta diversity (regional) can vary according to
habitat heterogeneity and other environmental factors, with deterministic
processes acting intensively at local scales (Ricklefs & Schluter, 1993). As such, we
would expect that environmental filters related to water (Gabriel & Bates, 2005)
and light availability (Bergamini & Peintinger, 2002) could largely explain the
composition, richness, and similarities between bryophyte communities at both
regional (among different rock outcrops) and local scales (among different soil
islands within the same rock outcrop).

We therefore sought to evaluate the influence of abiotic factors (e.g.,
altitude, latitude, temperature, and water availability) on bryophyte species
distributions at both local and regional scales to better understand their
phytogeographical patterns.

MATERIALS AND METHODS

Study locality and descriptions of the areas

Eighteen rock outcrops (ROs) were selected in northeastern Brazil.
Eight were selected using the Google Earth program available at http:/
www.softonic.com.br/s/google-earth-2012, considering both abiotic (e.g., altitude
and their numbers of soil islands) and biotic parameters (e.g., vegetation cover
and surrounding matrix). Complementary information (e.g., use of the areas by
local populations and/or visitors) was obtained through informal conversations
with local inhabitants. Bryo-floristic lists from 10 additional outcrops in the same
region of the country and derived from the following studies were incorporated
into the analyses: Valente & Porto (2006); Silva (2012) (unpublished data), and
Silva & Germano (2013).

The ROs were surrounded by matrices of either Caatinga (dryland
vegetation) or altitudinal forests (Fig.1). Altitudinal forests in the region
demonstrate disjunct distributions in the midst of the Caatinga but contain species
found in both Atlantic and Amazon Forest habitats (Andrade-Lima, 2007).
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Fig. 1. Location of the 18 Rocky Outcrops (RO) sampled in the Caatinga and Atlantic Forest
remaining in northeastern Brazil. The RO were listed according to the latitudinal gradient. Circle
refers to RO. Light gray in the principal map means Caatinga remaining; dark gray means Atlantic
Forest remaining. These remaining shapes are data from 2008 and 2007 years, respectively.

All of the climatic variables available in the DIVA-GIS 5.2 software
program (Hijmans et al, 2005a) were used, based on World-Clim data (2.5 arc-
minutes) (Hijmans et al,. 2005b). Latitudinal and altitudinal data (from a hand-
held GPS) were incorporated, as well as the distances to the coast as derived from
Google Earth images (Table 1).

Experimental design

The bryophytes were removed from the substrate by a knife or spatula
and placed in paper bags. In addition, the microhabitat, collector number, area
and soil depth of soil island (when on island), were noted on the paper bag. The
samples (when wet) were spread in a room in one layer and until dried and then
sent to the herbarium. This technique was described in Yano (1984), Gradstein et
al. (2001) and Frahm (2003). The total of 177 samples was collected from all of the
substrates typically available on rock outcrops: soils (soil islands), tree trunks,
rock surfaces, and crevices.

Five of the eight ROs sampled here (RO1, RO6, RO7, RO10 and RO13)
were used to evaluate the similarity of the bryoflora at the local level (between
different soil islands on the same RO). We adopted the concept of soil islands as
being any soil plot larger than 10 cm# with or without plant cover (adapted from
Conceicdo et al., 2007). The rock outcrops selected for these analyses were chosen
based on the numbers of soil islands (more than 60 islands on each RO) and their
plant cover (the presence of dense vegetation on rocky outcrop top). The soil
islands of these ROs were visually mapped from the tops of the outcrops to their
bases, and 60 of them were marked — and 15 to 20 were subsequently randomly
selected for analysis.
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Sample treatments

The bryophyte taxa were identified based on the works of Bischler-
Causse et al. (2005), Reese (1993), Buck (1998), Sharp et al. (1994), Gradstein et
al. (2001), Gradstein & Costa (2003), and Goffinet & Buck (2004), as well as
theses concentrating on certain groups, and by consulting specialists (when
necessary). The classification systems adopted followed Crandall-Stotler et al.
(2009) for liverworts and Goffinet et al. (2009) for mosses. The nomenclature was
confirmed following Brummit & Powell (1992).

The geographical distributions of the species were determined based on
the “Flora do Brasil” site of the Rio de Janeiro Botanical Garden <http:/
floradobrasil.jbrj.gov.br/> and the catalogs prepared by Yano (1989-2011); the
phytogeographical patterns of the species were obtained from the Missouri
Botanical Garden site (http://www.tropicos.org/Home.aspx), the Flora of North
America <http://floranorthamerica.org/families>, and related publications (e.g.,
Santos et al., 2011).

The specimens collected were stored in the Geraldo Mariz Herbarium
(UFP) at the Federal University of Pernambuco (UFPE) and a duplicate was sent
to the Manuel de Arruda Camara Herbarium (UEPB) at the State University of
Paraiba, registered with the collector number S 172.

Data analysis at the regional level

In order to minimize effects of noise in the analyses, we performed
outlier analyses with a general cutoff of 2.0 based on the standard error, using
PCOrd software ((McCune & Mefford, 1999).

The Sgrensen similarity index was used to produce a dendrogram
demonstrating the similarities between the areas — as this index lends greater
weight to the repeated presence of species (Valentin, 2012). As the floristic data
were obtained from many different studies, we chose the Weighted Pair Group
Method With Arithmetic Means (WPGMA) to minimize the effects of varying
sampling efforts (Valentin, 2012). We used the “rule of thumb” technique
(cf. Hair et al. (2006)), in which groupings are considered more consistent when
their Cophenetic Correlation Coefficients (CCC) have values above 0.80.

We employed Multi-response Permutation Procedures (MRPP) to test
the consistencies of the group generated by the WPGMA using Simple Euclidian
distances (McCune & Grace, 1999), with PCOrd software. The change-corrected
(A) was calculated (with A =0 signifying that heterogeneities within and outside
the group are equivalent; and A = 1 signifying that the members of a given group
are identical among themselves).

Principal Component Analysis (PCA) was employed to avoid
multicolinearity between the environmental variables — generating an ordination
diagram that used only the variables that best explained (both statistically and
biologically) the groupings among the ROs. The environmental matrix was
standardized through ‘ranging’ to determine the least redundant variables with the
greatest abilities to explain the separations or unions of the experimental points.
The Broken Stick method was adopted as a stopping rule for the retention of the
principal components. Based on these results, Canonical Correspondence Analysis
(CCA) was employed using LC scores to maximize the correlations between the
two data sets (bryophyte compositions x environmental variables), applying Monte
Carlo randomizations (Monte Carlo test with 999 randomizations) to evaluate their
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significance. Both tests (PCA and CCA) were run using FITOPAC 2.1 software
(Shepherd, 2010).

To evaluate the influence of the geographical distances between the rock
outcrops and the environmental variables that act on their bryofloristic
compositions, we calculated the Mantel coefficient of the correlation matrix (rM)
with 999 permutations (cf. Legendre & Legendre, 1998). To that end, we prepared
a geographical matrix of the distances between the rock outcrops, a bryofloristic
matrix (presence x absence among the ROs), and an environmental matrix. To
measure the effects of the environmental variables on the presence of bryophytes
while controlling for the effects of geographical distances — and vice-versa — we
calculated the Mantel Partial Coefficient (Smouse et al., 1986). These analyses
were performed using PASSaGE 2 software (Rosenberg & Anderson, 2011).

Data analyses at the local level

A soil island x species matrix was constructed with the marker variable
being the size classes island soil. In terms of the size classes, we classified the soil
islands as follows: small (0-5 m?), intermediate (> 5-10 m?), and large (> 10 m?).
However, as the dendrogram generated from the marker size of the island showed
no pattern of clustering and visualization has become confused, we prefered to use
the dendrogram with no marker size.

The procedures used to identify outliers and to apply the similarity
indices were identified to those used in analyses at the regional level (among rock
outcrops).

In order to ordinate the different bryophyte species and detect
similarities between islands, we produced an Unweighted Pair Group Method
with Arithmetic Mean (UPGMA) dendrogram based on their Sgrensen similarity
indices, and used the “rule of thumb” technique (see Hair et al. (2006)) to
evaluate its consistency.

RESULTS

Regional level bryofloristic richnesses and distribution patterns

At the regional level (i.e., the 18 ROs studied) a total of 90 species were
encountered, distributed among 24 families and 50 genera. Of these, 18 families,
34 genera, and 54 species belonged to the Bryophyta, while six families, 16 genera,
and 36 species belonged to the Marchantiophyta.

The best represented liverwort families were Lejeuneaceae (14 spp.) and
Frullaniaceae (10 spp.), followed by Metzgeriaceae (5 spp.). The best represented
moss families were Bryaceae, Calymperaceae, Fissidentaceae, and Orthotrichaceae
(6 spp., each), followed by Leucobryaceae and Pottiaceae (5 spp., each).

Most of the species demonstrated Neotropical distributions (42.7%),
followed by those that were widely distributed (28.8%), Pantropical (21.3%),
from Africa and the Americas (6.7%), endemic to Brazil (2.2%), and Holarctic
(1%). Of the species endemic to Brazil, Riccia taeniaeformis Jovet-Ast occurs only
rarely (in only two states), while Odontoschisma longiflorum (Taylor) Steph.
represented a new occurrence for Pernambuco state (referred to the Annex for
additional detailed floristic information).
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Regional level composition and similarity, and correlations
with environmental variables

None of the rocky outcrop was sufficiently different from the others to
be disconsidered through outlier analysis (Table 2). Sgrensen’s similarity index
demonstrated the most similar rocky outcrop pairs with 0.78 and 0.82 values.
While the lowest similarity value was 0.00 for the pairs less similar (Table 2).

The grouping analyses (WPGMA) did not show consistent groups by
states, with a Cophenetic Correlation Coefficient (CCC) of 0.70 (Fig. 2). Even
discounting the rare species (recorded in only a single RO), the consistency of the
analysis did not vary (CCC 0.73) and the groupings were not modified. For that
reason, we chose to work with all of the species inventoried.

The results of the MRPP demonstrated that the groups formed using
WPGMA were coherent (change-corrected A =0.18 and p =0.000009). The
analyses indicated greatest cohesion among groups 3 (A = 0.67) and 4 (A =0.75),
and the least cohesion among groups 1 (A =0.20) and 2 (A =0.11). In general, the
outcrops are similar in composition within each of the groups formed by WPGMA.

With relation to the environmental variables, the first PCA axis
explained 47.51% of the groupings formed, and the second axis 34.20% (totaling
81.71%) — indicating a good ability to reduce overlap. The least collinear variables
that had the greatest grouping power (in terms of the ROs) are illustrated in Fig 3.

Temperature seasonality and annual precipitation (water availability)
were strongly correlated with axis 1. The rocky outcrops that received the lowest
annual rainfalls were located in Paraiba State (with the exception of RO14,
located in Pernambuco State, which grouped with the ROs in Paraiba). Rocky
outcrops in Pernambuco received the greatest annual precipitation and had the
most moderate temperatures, with the exception of RO1 in Paraiba (which
grouped with those ROs in Pernambuco). The rocky outcrop 8 and 9 grouped
close to each other but distant from the other ROs, and were more highly
correlated with their distances from the ocean on axis 2 (Fig. 3) (refer to Table 3
for the values of the variable correlations x axes).
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Fig. 2. Dendrogram of floristic similarity (WPGMA) based on the Sgrensen similarity index. OR
= Rocky Outcrops. The locations data are shown on Table 1. Groups formed by the WPGMA
used in the permutation procedure (MRPP) are respectively, group 1 — RO1, 6, 7, 16, 17, 12;
group 2 - ROS, 14, 15, 9, 5; group 3 — RO10, 11, 18; group 4 - RO2, 13, 3,9
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Principal Component Analysis (PCA)
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Fig. 3. Principal Component Analysis (PCA) rock outcrops based on the most influential
enviromental variables for the studied areas. ® = RO located in the Paraiba state; ® = RO
located in the Pernambuco state; A = RO located in the Bahia state.

Table 3. Correlation between environmental variables with their respective axes chosen (Axis 1
and Axis 2) for Principal Component Analysis (PCA) and Canonical Correspondence Analysis
(CCA)

PCcA ccA
Environmental variables Axis 1 Axis 2 Axis 1 Axis 2
Temperature Seasonality 0.7917 -0.4166 0.0495 —-0.8641
Precipitation of Driest Quarter 0.4703 0.8235 0.8191 0.1748
Latitude 0.5802 0.4726 0.9872 -0.1508
Distance from Sea 0.5207 —-0.7145 -0.1252 -0.8689
Annual Precipitation 0.7909 0.3470 0.2607 —0.4360

Although Latitude did not demonstrate a very high correlation index in
relation to axis 1 (Table 3), the latitudinal gradient was well demarked in the
ordination, separating the rocky outcrop situated at lower latitudes from those at
higher latitudes (Fig. 3). This variable was most related to RO17 and 18 (with the
highest latitude value).

The CCA (Fig. 4) demonstrated that the bryophyte communities of
the rocky outcrops in Paraiba state and some of them in Pernambuco state
were related to (the lowest) levels of annual precipitation and to (the lowest)
levels of precipitation in the driest trimester. Latitude was the variable that
had the greatest explicatory value for the groupings formed. Temperature,
Seasonality, and Distance from the sea were found to be the most important
variables for grouping another ROs in Pernambuco (refer to the correlations
of the variables with the axes in Table 3). The Monte Carlo test confirmed the
consistencies of the first three CCA axes (p values = 0.05 (AV1); 0.01 (AV2),
and 0.02 (AV3)).

The Mantel test demonstrated significant correlations between the
distance matrix and the floristic matrix, whereas correlations between the
environmental matrix and the floristic matrix were not significant. The correlation
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Table 4. Mantel correlations (rM) of the species similarities of bryophytes (using the Sgrensen
index) with geographical distance matrix and environmental matrix in 18 Rocky Outcrops

Distance Correlation (rM) P
Floristic x environmental 0.07 0.26
Floristic x geographic 0.41 0.01
Environmental x geographic 0.42 0.0003
Floristic x environmental (controlling the effect of the geographical
matrix) -0.11 0.82
Floristic x geographic (controlling the effect of the environmental
matrix) 0.41 0.03

Canonical Correspondence Analysis
Axis1x2
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Distance from Sea &
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Fig. 4. Results of Canonical Correspondence Analysis (CCA first two axes) showing clusters of
rocky outcrops (RO) by state and five influential environmental variables (arrows represent the
correlation of physical variables with the canonical axes). ® = RO located in the Paraiba state;
W = RO located in the Pernambuco state; A = RO located in the Bahia state.

between species composition and geographical distance controlled the influences
of the climatic variables, and vice-versa, confirming the results above (refer to the
results in Table 4).

Local level bryofloristic richness and phytogeographical patterns

Thirty species grouped into 18 families and 23 genera were recorded
among all the soil islands, with species richnesses varying from 1 to 8 per soil
island. Among these species, 12 families, 15 genera and 20 species were mosses,
and six families, eight genera and 10 species were liverworts. The best represented
liverwort families were Frullaniaceae (3 spp.), Lejeuneaceae, and Cephaloziaceae
(2 spp.). The best represented moss families were Leucobryaceae and
Fissidentaceae (3 spp.) (Table 5).

In terms of their phytogeographical patterns, most species were
Pantropical (40%), followed by those with Neotropical distributions (36.7%). The
other species were widely distributed (10%), African and American (6.7%), and
Cosmopolitan (3.3%). Most of the taxa typically associated with forests were
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Table 5. Frequency of bryophytes occurring in soil islands by rocky outcrop and its
phytogeographical pattern

Rocky Qutcrop (RO) Pattern Collector

Division/Family/Specie .
P ROI RO6 RO7 RO10 RO13 Phytogeographic  number

BRYOPHYTA

Archidiaceae (1/1)
Archidium ohioense Schimp. ex Miill.
Hal. - 1 - - - Pan S 175

Bartramiaceae (1/1)
Philonotis hastata (Duby)
Wijk et Margad. 3 - - - - Pan S 224

Brachytheciaceae (1/1)
Zelometeorium patulum (Hedw.) Manuel - - - 1 - Neo S 183

Bryaceae (3/3)

Bryum argenteum Broth. 2 2 - 2 2 Cos S 202
Gemmabryum exile (Dozy et Molk.)

J.R. Spence et H.P. Ramsay 3 5 6 1 2 Pan S214
Rosulabryum billarderi J.R. Spence - 2 - 3 - Pan S192
Calymperaceae (2/2)

Octoblepharum albidum Hedw. 2 - 1 - - Pan S 138
Syrrhopodon prolifer (Brid.) Besch. - - - - 3 Pan S 209
Fissidentaceae (1/3)

Fissidens lagenarius Mitt. var. lagenarius 4 - 3 - - Neo S 142
Fissidens serratus Miill. Hal. 1 - 1 - - Pan S 169
Fissidens submarginatus Brusch. 2 1 1 - - Neo S 235
Leucobryaceae (1/3)

Campylopus pilifer Brid. 12 11 6 - 15 Wide S 216
Campylopus richardii Brid. - - - - 2 Pan S 204
Campylopus savannarum

(Miill.Hal.) Mitt. 1 - - - - Pan S 180

Ortotrichaceae (2/2)
Macromitrium richardii Schwigr. - - - 3 —  Africaand America S 200

Schlotheimia tecta Hook. f. et Wilson - - - 3 - Neo S 200 p.p.

Polytrichaceae (1/1)
*Polytrichum juniperinum
Willd. ex Hedw. - - - 4 - Wide S 186

Pottiaceae (1/1)
Tortella humilis (Hedw.) Jenn. 2 - - - - Wide S 154

Sematophyllaceae (1/2)
Sematophyllum subpnnatum (Brid.)

E.Britton - - - 1 - Pan S 184
Sematophyllum subsimplex (Hedw.) Mitt. - - - 1 - Neo S 184 p.p.
MARCHANTIOPHYTA

Cephaloziaceae (2/2)
Cephalozia crassifolia (Lindenb. et
Gottsche) Fulford - 1 1 - - Neo S$219
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Table 5. Frequency of bryophytes occurring in soil islands by rocky outcrop and its
phytogeographical pattern (continued)

Rocky Outcrop (RO) Pattern Collector

Division/Family/Specie .
Yop ROI RO6 RO7 ROI10 ROI3 Phytogeographic ~ number

Odontoschisma longiflorum (Taylor)

Steph. 1 - 1 - - Neo S 141
Frullaniaceae (1/3)

Frullania caulisequa (Nees) Nees - - - 1 - Neo S201
Frullania flexicaulis Spruce - - - 4 - Neo S 187
Frullania kunzei (Lehm. et Lindenb.)

Lehm. ef Lindenb. 2 - - 2 - Neo S 195
Lejeuneaceae (2/2)

Lejeunea flava (Sw.) Nees - - - 4 - Pan S 185
Leucojeunea xanthocarpa

(Lehm. et Lindenb.) A. Evans 1 - - 11 - Pan S 188

Metzgeriaceae (1/1)
Metzgeria uncigera A. Evans - - - 2 - Neo S 187 p.p.

Plagiochilaceae (1/1)
Plagiochila corrugata (Nees)
Nees et Mont. - - - 2

Africa and America S 188 p.p.
Ricciaceae (1/1)

Riccia vitalli Ast 1 3 2 - - Neo S 233
Total sampled islands /
Total colonized islands 20/16 20/17 20/13 20/20 15/15

The total sampled islands indicates amount of samples by rocky outcrop. S = SILVA J.B. collector number.
* = Specie sent to the Manuel de Arruda Camara Herbarium (UEPB) at the State University of Paraiba as
S 172 collector number. Pattern Phytogeographic is abbreviated to the first three letters of each word;
compound words were not abbreviated: Cos = Cosmopolitan; Neo = Neotropical; Pan = Pantropical.

encountered exclusively in RO4, although species considered to be typical of xeric
environments were also found on the same RO (e.g. Frullania spp.). Only
Gemmabryum exile (Dozy et Molk.) J.R. Spence et H.P. Ramsay was common in all
of the ROs, although Campylopus pilifer Brid. (recorded in four ROs) was the most
frequent species, occurring in practically all of the soil islands on the four ROs
where it was recorded (Table 5). The most common species for each rocky outcrop
are shown in absolute numbers (number of occurrences per soil island) in Figure 5.

Local level composition and similarity

Outlier analyses did not identify any soil island as being discrepant within
the total set, although the most consistent results were obtained after subtracting
the rare examples (those species that occurred in only a single island, as well as
those islands that supported only a single species).

Clustering analyses (UPGMA) did not demonstrate consistent groups
formed by rocky outcrops or within them (among soil islands), except in the case
of the soil islands of RO13. Although a CCC of 0.90 was obtained when all of the
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16 RO1 RO6 RO7 RO10 RO13

Absolute frequency
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Fig. 5. The most common species for each rocky outcrop in absolute numbers (number of
occurrences per soil island). We consider the most common species to be those with more than
three occurring in each outcrop. Shades of gray and textures equal between the bars of the blocks
of each outcrop indicate species belonging to the same family. Species names were shortened
using only the first three letters of the both generic and specific epithet. Phi has = Philonotis
hastata; Gem exi = Gemmabryum exile; Fis lag = Fissidens lagenarius var. lagenarius; Cam
pil = Campilopus pilifer; Ros bil = Rosulabryum billarderi; Mac ric = Macromitrium richardii; Sch
tec = Schloteimia tecta; Pol jun = Polytrichum juniperinum; Ric vit = Riccia vitalli; Fru
fle = Frullania flexicaulis; Lej fla = Lejeunea flava; Leu xan = Leucolejeunea xanthocarpa.

islands demonstrating the presence of bryophytes were considered, various islands
containing only a single species (the same species) and generated similarity indices
of 100% and made the dendrogram visually confusing. As such, we chose to use
only those islands containing more than one species, generating a dendrogram
with a CCC of 0.82 (Fig. 8), within the limits proposed by the “rule of the thumb”.

The smallest Sgrensen similarity index values (0-40%) were observed
among the soil islands of rocky outcrops 1, 6 and 7, while the largest values
(100%) were obtained between the few islands found on RO1 and 6 (considering
the soil islands on different ROs) and between the soil islands of RO13
(considering the soil islands on the same RO), followed by those between the soil
islands (again, considering the soil islands on the same rock outcrop) of RO10 (50-
80%). A comparison between the rocky outcrops and their soil islands can be seen
in Figures 7A-C and 8A-B.

DISCUSSION

Regional level bryofloristic richnesses and their distribution patterns

Liverworts are generally numerically more frequent than mosses in
lowland rain forest types like those considered by Cornelissen and Gradstein
(1990), but this pattern is reversed when considering rock outcrops, as confirmed
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Fig. 6. Dendrogram of floristic similarity (UPGMA) based on the Sgrensen similarity index. OR
= Rocky Outcrop. OR1, 6 and 7 located in the Paraiba state; OR10 and 13, located in the
Pernambuco state. Number before point refers to RO; number after point refers to RO soil island.

[

Fig. 7. Rocky outcrops and their soil islands. The first picture of each line corresponds to the
overview of the outcrop and the two subsequent pictures to their islands. A = RO1; B = RO6;
C=ROT7.

in the present work and in earlier publications (e.g., Frahm 1996, 2004; Frahm &
Porembski, 1997; Silva & Germano, 2013). These results indicate that although
liverworts are quite successful under suboptimal conditions (Slack, 1982), the
greater structural complexity of mosses (Glime, 2007; Goffinet & Shaw, 2008)
gives them predominance in environments with adverse conditions.

In terms of the representivity of the liverworts at the family level, it was
no surprise to see the significant presence of Lejeuneaceae, as this is one of the
most diverse tropical families (Gradstein et al., 2001). This taxon comprises a large
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Fig. 8. Rocky outcrops and their soil islands. The first picture of each line corresponds to the
overview of the outcrop and the two subsequent pictures to their islands. A = RO10; B = RO13.

variety of species with diverse ecological requirements, from photophilous to
ombrophilous (Costa & Gradstein, 2003), and they show adaptive features such as
amphigastria and lobules that channel and store water (Thiers, 1988; Frahm, 2003)
— which increases their chances of being present in areas with differentiated
environments. The second most representative liverwort family was Frullaniaceae,
one of the 10 most recorded families taxa in the tropics (Gradstein & Pdcs, 1989).
Its species also demonstrate a series of attributes (e.g., lobules saccate; leaves
squarrose; dark pigmentation) that allow them to survive under the rigorous
conditions of the rocky outcrops (see Silva & Germano, 2013).

The geographical distribution patterns observed here were in agreement
with various other studies undertaken on rock outcrops (with most of the species
being Neotropical), whether in terms of phanerogams (e.g., Porembski et al., 1998;
Gomes & Sobral-Leite, 2013) or cryptogams (e.g., Frahm, 1996; Valente et al., 2011;
Silva & Germano, 2013). The records of rare species (in both the present and in
earlier studies) could represent the influence of stochastic processes, as these
species are capable of dispersal over very long distances (Hutsemekers et al., 2008).

Regional level composition and similarity, and correlations
with environmental variables

In general, and even though their similarity index values were not very
high, WPGMA grouped the rocky outcrops according to their geographical
proximity. Nonetheless, it could be seen that the surrounding vegetation matrix
influenced the similarity between bryophyte communities, as the ROs with similar
surroundings were grouped together. This probably occurred because dispersal of a
species is facilitated within any given region, favoring local homogeneity (Chase,
2003; Durigan et al., 2003). Allied to this is the fact that most species demonstrated
ample distributions — indicating their tolerance to diverse environmental conditions
(Frahm, 2008), which, combined with the dispersal power of the bryophytes
(Nekola & White, 1999) would explain the occurrence of similar floristic elements
on ROs having similar surrounding environments. Chase & Myers (2011) argued
that the influence of stochastic processes would be felt more in more isolated
environments, although deterministic processes would not, of course, be excluded
(Rosindell ez al., 2012).



Abiotic factors and the rocky outcrop bryophytes 149

The Mantel and Partial Mantel tests indicated that geographical distance
was a key factor in the composition and similarity of the bryophyte communities
on rock outcrops. This contradicted our original hypothesis that deterministic
processes based on environmental filters (e.g., temperature amplitudes, rainfall,
and latitude) would be the most influential. Our results therefore corroborated
those of Oliveira et al. (2009) and ter Steege (2010). Nonetheless, as already
mentioned, stochastic and deterministic processes are not necessarily mutually
exclusive, as even the notable ability of bryophytes to disperse is not sufficient in
itself to guarantee establishment in every locality (Hutsemekers et al., 2012).
Additionally, changes in environmental variables over spatial scales (gradients)
can alter the geographical bands of occurrence of a given species (Colwell &
Rangel, 2009).

It is possible that the environmental variables considered in the PCA
were not the most predictive in terms of rock outcrops. These analyses led us to
exclude Altitude, which has otherwise been consecrated in many studies as being
directly proportional to bryophyte richness and diversity (Ah-Peng, 2007; Oliveira
et al., 2009; Corrales et al., 2010; Santos & Costa, 2010; Benassi et al., 2011; Santon
& Horn, 2013). Nonetheless, altitude alone would not explain either high or low
diversity, as it is actually only a stand-in for true environmental variables (Korner,
2007) such as humidity, temperature, and solar radiation that can define the
altitudinal limits of species (Gradstein et al., 2001) — and the highest rock outcrops
were not generally very similar among themselves, nor were they necessarily the
richest environments.

Our comprehension of the altitudinal gradient provided by CCA
provides us, nonetheless, with a certain confidence in the environmental variables
selected, and explanations for the patterns of diversity observed in natural
communities will depend on analyses based on more than one geographic scale
(Chase & Myers, 2011).

Local level richnesses and phytogeographical patterns

Richness at the local level follows the model observed for the regional
level, with mosses demonstrating greater representivity than liverworts, and
follows the same pattern in terms of the representivity of their families. This
supports the hypothesis that regional (beta) diversity exercises influence over
local (alpha) diversity.

The wide phytogeographical patterns of the species encountered on the
soil islands are typical of species found in tropical regions (with Neotropical,
Pantropical, and Ample distributions) (Tan & Pécs, 2000).

Campylopus pilifer is amply distributed and drought-tolerant and is
found at elevations 50-1500 m in the tropics (Frahm, 2002). Some traits of
C. pilifer such as erect hyaline hairpoints seem to be present in dry conditions
(Frahm, 2002). These inherent characteristics of this moss justified its high
frequencies on RO1, 6, 7 and 13 — with their typically xeric environmental
conditions — as well as its absence from RO10 which offered typical forest
conditions. In the same way, Gemmabyum exile, a moss that is considered ruderal
(Ochi, 1980), has morphologic characteristics that allow it to tolerate xeric
conditions (cf. Silva & Germano, 2003), and although it was found in all of the
rocky outcrops, it demonstrated its lowest frequency in RO10.

The conditions present in rocky outcrop 10 (e.g., closed vegetation)
favored the establishment of epiphytic frequent species (e.g. mosses
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Macromitrium  richardii, Schlotheimia tecta and liverworts Lejeunea flava,
Leucolejeunea xanthocarpa and Frullania flexicaulis). However, the higher
frequency of L. xanthocarpa found there can be explained by its morphological
attributes (Kitagawa, 1968), common to desiccation-tolerant species (Frahm,
2003), for in spite of the generally humid conditions found in RO10, drying winds
are constant on rock outcrops and should greatly affect epiphytic species. In this
respect the presence of Lejeunea flava is justified by this being a xerophytic
species (Gradstein & Costa, 2003).

The epiphytic mosses present on RO10 exhibit typical attributes of
desiccation-tolerant plants (see Silva & Germano (2013)) such as leaves twisted
which reduce water loss during dry periods (Watson, 1933; Frahm, 2003).
Furthermore, according to Hedenis (2001), epiphytic species exhibit equivalent
adaptive attributes to those shown in rupicolous species in harsh environments.

Overall species of Frullania show adaptive attributes (e.g. leaves
imbricate or esquarrose, oilbody and blackish color — see Silva & Germano
(2013)) for discussion of these characters). However, the highest frequency of
Frullania flexicaulis on the rocky outcrop 10 indicates that the species may be a
better local disperser than the related species Frullania caulisequa and F. kunzei
register for the same RO.

The number of adapted thallose liverworts to xeric environmental
conditions is reduced. In this sense, Riccia species are well represented in these
environments (Cross & Rossell6, 1984) and an explanation for this is the presence
of reflective scales to protect from sunlight, increased number of cell layers that
protect the photosynthetic cells within and the characteristics inherent in the
sporophytic phase (see Bischler & Jovet-Ast (1981) and Jovet-Ast (1991)).

Species Fissidens lagenarius var. lagenarius and Rosulabryum billarderi
were not surprising since both species were previously reported for xeric
environments and hold morphological structures adaptive to stressful
environments (see Silva & Germano (2013) for discussion about Fissidens spp.
and R. billarderi traits). Philonotis hastata also shows similar attributes to those
shown by these two mosses, such as leaves imbricate and tuft life form acting in
reducing water loss and the presence of papillae that provide water movement by
capillary action, maximizing the use of tiny amounts of water (Mégdefrau, 1982;
Kiirschner, 2003, 2004).

It was an amazing record of Polytrichum juniperinum in rocky outcrop
10. Although this species is widely distributed, its distribution in Brazil is
restricted from the south of the country to the north of Bahia with just one
occurrence for northern Brazil (see Peralta & Yano (2010) for map of
distribution). Nevertheless, P. juniperinum shows attributes such as tubular leaves
important in the external water conduction, imbricate leaves that reduce water
loss and lamellae that help optimize photosynthesis (Watson, 1933; Kiirschner,
2003, 2004). All these functional traits make this species apt to occur in xeric
environments.

Local level composition and similarity

Wide bryophyte distribution patterns resulted in low similarity indices on
soil islands. The high similarity between the soil islands on rocky outcrop 1 and 6
(comparing outcrops) was expected in that these ROs are more environmentally
similar (in terms of their mean annual temperatures and distance from the sea)
than the other ROs. The high similarity between the soil islands of RO13 can be



Abiotic factors and the rocky outcrop bryophytes 151

explained by their low numbers of species (5 spp.). The similarities between the
soil islands on RO10 probably reflected their surrounding matrix of (apparently)
well-preserved high altitude forest (with optimal humidity and shading
conditions), and the diversity of the vascular flora on the top of the outcrop —
justifying the presence of a bryoflora typical of forest physiognomies.

Therefore, in spite of the fact that deterministic processes are critical to
the composition, richness, and similarity of species at the local level (Ricklefs,
1987; Chase, 2003; Corrales et al., 2010), our results indicate that the distributions
of bryophytes throughout the rocky outcrops are driven, probably, by stochastic
processes related to distance; and although bryophytes are wind-dispersed, certain
limitations to their dispersal cannot be discarded. These results refute our initial
hypothesis that environmental filters are determinants for the composition of
plant communities (especially of bryophytes) on rock outcrops and corroborate
(especially in the case of rock outcrops) the theory that however more isolated
an environment is the more intense will be the roles of stochastic events in
controlling species’ distributions (Hubbell, 2001; Chase & Myers, 2011) at both
local and regional levels.

Additionally, at least at the local level, other factors must be assessed so
that we can make conclusions more firmly on the composition and diversity of
communities. Such factors include intraspecific competition, size of the islands
(see Hubbell (2001) for consideration about islands size) and depth of these and
functional attributes that should be different depending on the importance of each
filter for each species. Therefore, we suggest that the spatial scales studies
continue with this goal to obtain more conclusive results.
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