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RESUMO
Durante a sucessão da floresta secundária é possível observar mudanças na
composição da comunidade vegetal, caracterizada pela substituição de espécies. A
variação na composição das espécies e seus requisitos ambientais nos diferentes
estágios de sucessão podem se refletir na estrutura funcional e filogenética das
comunidades. Desta forma, a funcionalidade das florestas muda de acordo com as
diferentes fases da sucessão, bem como a quantidade de história evolutiva que elas
possuem. Por esse motivo, esse trabalho buscou avaliar as seguintes questões: Ao
longo do gradiente sucessional, as florestas antigas retêm mais história evolutiva e
mais diversidade de características reprodutivas? Em quais estágios de sucessão
linhagens raras de árvores e arbustos estão presentes? As linhagens raras têm
características únicas? A similaridade de características filogenéticas e reprodutivas
ao longo do gradiente sucessional é reduzida em florestas mais antigas? Há uma
troca de espécies, linhagens e características de árvores e arbustos ao longo do
gradiente sucessional? Os dados foram coletados na Reserva Natural Guaricica
(25º19´S e 45º42´W) e Reserva Natural das Águas (25º21 ’S e 48º46’ W), Antonina,
Paraná, sul do Brasil. Avaliamos a variação das diversidades taxonômicas,
funcionais e filogenéticas alfa e beta das comunidades de árvores e arbustos ao
longo do gradiente sucessional (fase 1, fase de iniciação do povoamento, de 0 a 10
anos; fase 2, fase de exclusão do caule, de 10 a 25 anos; e fase 3, fase de reinício
do sub-bosque, 25–200 anos). Também avaliamos a ocorrência de linhagens raras e
a presença de características únicas relacionadas à dispersão de sementes e
polinização. Além da mudança esperada na composição das espécies, linhagens e
estados e valores de características foram substituídos, com florestas antigas
abrigando linhagens e características particulares e uma quantidade maior de
história evolutiva e funcional. Também descobrimos que linhagens únicas eram
aquelas que desempenhavam funções exclusivas. Nosso estudo mostrou que à
medida que a sucessão prossegue, ocorre a troca de linhagens e características,
com o estágio de reinicialização do sub-bosque abrigando a maior diversidade
taxonômica, filogenética e funcional. Além disso, os estágios de reinício do subbosque são áreas importantes para a conservação de linhagens exclusivas, como as
magnoliids, e de características raras, como frutos e sementes grandes, destacando
a importância para a conservação de florestas antigas, já que junto com sua perda ,
histórias evolutivas únicas e funções exclusivas são perdidas. Essas mudanças na
distribuição das diversidades filogenéticas e funcionais das características
reprodutivas das plantas podem ter efeitos em cascata nos parceiros de interação.
Palavras-chave: Características reprodutivas. Dispersão de sementes. Diversidade
filogenética. Diversidade funcional. Exclusividade evolutiva e
funcional. Floresta tropical. Mata Atlântica. Polinização. Sucessão
florestal.

ABSTRACT
During the succession of the secondary forest it is possible to observe
changes in the composition of the plant community, characterized by the
replacement of species. The variation in the composition of the species and their
environmental requirements in the different stages of succession can be reflected in
the functional and phylogenetic structure of the communities. In this way, the
functionality of forests changes according to the different stages of succession, as
well as the amount of evolutionary history they have. For this reason, this work
sought to evaluate the following questions: Along the successional gradient, do old
growth forests retain more evolutionary history and more diversity of reproductive
traits? At what stages of succession are rare lineages of trees and shrubs present?
Do rare lineages have unique traits? Is the similarity of phylogenetic and reproductive
traits along the successional gradient reduced in older forests? Is there an turnover
of species, lineages and traits of trees and shrubs along the successional gradient?
The data were collected in the Reserva Natural Guaricica (25º19´S and 45º42´W)
and Reserva Natural das Águas (25º21 ’S and 48º46’ W), Antonina, Paraná,
southern Brazil. We evaluated the variation in taxonomic, functional and phylogenetic
alpha and beta diversity of tree and shrub communities along the successional
gradient (phase 1, population initiation phase, from 0 to 10 years; phase 2, stem
exclusion phase, from 10 to 25 years, and phase 3, understory restart phase, 25–200
years). We also evaluated the occurrence of rare lineages and the presence of
unique traits related to seed dispersal and pollination. In addition to the expected
change in species composition, lineages and traits values have been replaced, with
old growth forests harboring particular lineages, traits and a greater amount of
evolutionary and functional history. We also found that unique lineages were those
that performed unique functions. Our study showed that, as the succession proceeds,
lineages and traits change, with the undergrowth reset stage harboring the greatest
taxonomic, phylogenetic and functional diversity. In addition, the stages of restarting
the understory are important areas for the conservation of exclusive lineages, such
as magnoliids, and of rare traits, such as large fruits and seeds, highlighting the
importance for the conservation of ancient forests, since together with its loss, unique
evolutionary stories and exclusive functions are lost. These changes in the
distribution of phylogenetic and functional diversity of the reproductive characteristics
of plants can have cascading effects on the interaction partners.
Keywords: Atlantic Forest. Evolutionary and functional exclusivity. Forest succession.
Functional diversity. Phylogenetic diversity. Pollination. Reproductive
traits. Seed dispersal. Tropical forest.
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Abstract
Questions: Along the successional gradient, do old growth forests retain more
evolutionary history and more reproductive trait diversity? In which succession stages
rare lineages of trees and shrubs are present? Do rare lineages have unique traits?
Is the phylogenetic and reproductive trait similarity along the successional
gradient reduced in older forests?
Is there a turnover of species, lineages and traits of trees and shrubs along the
successional gradient?
Location:
Natural reserve Guaricica (25º19´S and 45º42´W) and Reserva Natural das
Águas (25º21 ’S and 48º46’ W), Antonina, Paraná, southern Brazil.
Methods:
We assessed the variation of alpha and beta taxonomic, functional and
phylogenetic diversities of tree and shrub communities along successional gradient
( phase 1, stand initiation phase, from 0 to 10 years; phase 2, stem exclusion phase,
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from 10 to 25 years old; and phase 3, understory re-initiation phase, 25–200 years
old). We also evaluated the occurrence of rare lineages and the presence of unique
traits related to seed dispersal and pollination.
Results:
In addition to the expected change in species composition, lineages and trait
states and values were replaced, with old growth forests harboring particular lineages
and trait and a greater amount of evolutionary and functional history. We also found
that unique lineages were those that performed exclusive functions.
Conclusions:
Our study showed that as the succession proceeds, turnover of lineages and
traits occurred, with the understory re-initiation stage harboring the largest taxonomic,
phylogenetic and functional diversity. In addition, the understory re-initiation stage
are important areas for the conservation of exclusive lineages, such as magnoliids,
and rare traits, such as large fruits and seeds, highlighting the importance for the
conservation of old growth forests, since along with their loss, unique evolutionary
histories and exclusive functions are lost. These changes in the distribution of plant
phylogenetic and functional diversities of reproductive traits may have cascading
effects on the interacting partners.
Keywords
Atlantic Forest, evolutionary and functional exclusivity, forest succession,
functional diversity,

phylogenetic diversity, pollination, reproductive traits, seed

dispersal, tropical forest.
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1 INTRODUCTION

Forest succession is an ecological process of interest when studying
variations in all dimensions of diversity (Letcher et al. 2012). Succession can
represent the organization of the community in action, so that spatial gradients of
successional stages are promising systems for understanding the processes involved
in changing communities (Swenson 2013). The changes observed in species
composition, lineages or trait states along gradients can occur by two reasons: 1)
substitution of species, lineages or traits between communities, which is the turnover
component of beta diversity measures, and 2) due to differences in species, lineage
or trait richness between communities, which is the nestedness component in beta
diversity measures (Baselga 2010). A context in which the study of variations along a
gradient can be interesting is that of forest succession, and in tropical forests, three
successional phases are recognized according to modifications in forest structure,
plant habits and species that occur along time (Chazdon 2008). The sequence and
duration of successional phases may vary substantially among tropical forests,
depending upon the nature of the initializing disturbance and the potential for tree
colonization and forest structural development (Chazdon 2003). Phase 1 is
characterized by the dominance of herbs, vines, shrubs and woody lianas. In phase 2,
the canopy closes, decreasing light availability. Finally, there is an increase in the
diversity of trees and epiphytes in phase 3 (Chazdon 2008). The change in the
composition of species and their environmental requirements can also be reflected in
two aspects of community structure (Swenson 2013): the amount of evolutionary
history, the degree of relatedness of species in a community and speciation patterns
(Faith 1992, Webb et al. 2002, Cianciaruso et al. 2009), which may be approached
by phylogenetic diversity; and the variation in species traits, which can influence the
functioning of a community (Tilman 2001), which can be assessed by functional
diversity. For this reason, studies on traits and phylogenetic relationships in
successional gradients can help to understand the processes that structure natural
communities (Swenson 2013, Tucker et al. 2017) and also bring interesting data for
the conservation of biodiversity and ecosystem functioning (Neves et al. 2020). In a
context in which biodiversity is being rapidly lost, studies focusing on conservation of
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ecosystem functions are relevant (Cadotte 2011), especially in hotspots such as the
Atlantic Forest (Myers et al. 2000).
Phylogenetic diversity is high in communities where the coexisting species
either belong to very distant clades, or when they include ancient species or relics
(Grandcolas & Trewick 2016; Gerhold et al. 2018). And species belonging to unique
lineages and with a long evolutionary history can play unique roles in the community
and tend to be present in more conserved forests, like large-seeded plants (Emer et
al. 2019), which are more common in old-growth forests (Foster 1986). This suggests
that there is a positive correlation between unique lineages and traits (Hidasi-Neto et
al. 2015), which tend to occur in these old-growth forest (Warring et al. 2016, Emer et
al. 2019). In other words, an increase in phylogenetic diversity and the presence of
rare lineages in old-growth forests is expected. Still regarding the patterns of
distribution of phylogenetic diversity, there seems to be lineage substitution along the
succession of tropical forests, for example, a greater occurrence of the family
Burseraceae in older succession phases in comparison to other phases in tropical
forests (Letcher et al. 2012). On the other hand, in younger successional areas,
genera such as Cecropia, Miconia, Pourouma, Trema and Vismia are more abundant,
and in intermediate stages, species from the Asterid clades (Letcher et al. 2012). In
other words, a turnover of lineages is expected along the forest succession.
To analyze functional diversity, different phenotypic characteristics of an
organism associated with the functioning of the community and with the organismas
performance can be considered as functional traits (Cadotte 2011), which influence
the growth, reproduction, colonization, and survival skills of organisms (Violle et al.
2007). Reproductive traits, such as flower color, shape, width and length of corolla, or
size of fruits and seeds are related to the establishment of biotic interactions (Faegri
& van der Pijl 1979). Reproductive traits can influence key processes in ecological
communities, such as pollination and seed dispersal (McEwen & Vamosi 2010),
which in turn affect the maintenance and establishment of species as well as the
distribution of diversity and its persistence through space (Chazdon et al. 2003;
Rodriguez- Flores et al. 2019). Therefore, the distribution of reproductive traits can
vary along environmental gradients (Chazdon et al. 2003; Warring et al. 2016).
Changes in trait distribution can be observed in natural forest fragments, where there
is a reduction in the reproductive functional diversity of plants, due to the loss of
specialized pollination systems and an increase in generalist systems (Girão et al.
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2007). This reduction in the diversity of traits largely occurs due to the loss of shadetolerant species, which generally are large-seeded, vertebrate-dispersed plant
species (Tabarelli et al. 2004, Yamamoto et al. 2007), mostly found in ancient forest
areas (Chazdon et al. 2013). Therefore, a turnover of reproductive traits along the
foresta succession an increase in the functional diversity of reproductive attributes in
the old-growth forests is expected, as well as a greater functional dispersion.
In this study, we evaluated for the first time, to our knowledge, the variation of
the three dimensions biodiversity among tree and shrub communities along a spatial
gradient representing forest successional stages in the Atlantic forest in order to
detect: a) if old growth forests retain more evolutionary history and more functional
diversity than young forests, b) at what stages of the succession rare lineages of
trees and shrubs are present and whether they also have unique reproductive trait
states and values, c) if the phylogenetic and functional proximity is reduced among
communities in older forests, and d) Whether there is a turnover of species, lineages
and reproductive traits of trees and shrubs along the successional gradient.

2 MATERIAL AND METHODS
2.1 Study area, sampling design and vegetation survey
Our study was carried out at the Natural Reserve Guaricica (25º19´S and
45º42´W) and Reserva Natural das Águas (25º21 ’S and 48º46’ W), Antonina,
Paraná, southern Brazil. The reserves are owned by the Society for Wildlife
Research and Environmental Education (SPVS) and are composed by preserved
and post-disturbance areas of secondary forests at different successional stages
(Ferretti & Britez 2006). The areas are located in the Atlantic Forest biome, covered
by tropical rainforest (Veloso et al. 1991). The regional landscape is in a good state
of conservation since 83% of the total area of the region is covered by forests
(Kauano et al. 2012).
We designed the experiment in forest areas include old growth forests and
areas in a process of natural regeneration that have been logged, replaced by
pasture for raising buffalo for ~30 years and later abandoned. These areas included
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Ombrophilous Dense Forest (sensu IBGE 2012) occurring in lowlands and slopes,
over Gleysoils and Cambisoils. We established a chronosequence based on the age
of the regenerating forests (2 to 80 years since the abandonment), based on
interviews with local people and overlapping of photos. The sampling areas are part
of a long-term study, where the structure and dynamics of the vegetation were
described (Cequinel et al. 2018; Capellesso et al 2020) and where the field data were
extracted, creating a database of daos composed of 53 plots (14 m radius; 615 m²)
and categorized in the successional phases proposed by Chazdon (2008): phase 1,
stand initiation phase (0 to 10 years old); phase 2, stem exclusion phase (10 to 25
years old); and phase 3, understory re-initiation phase (25–200 years old). We
sampled 24 plots in the stand initiation phase (post-disturbance time spanning from 2
to 10 years old), 16 plots in the stem exclusion phase (post-disturbance time
spanning from 15 to 25 years old) and 13 plots in the understory re-initiation phase
(post-disturbance time spanning from 30 to 80 years old). There was a lower number
of plots in the phase 3 because there were no further plots available in the landscape
to survey. Within each plot, within a radius of 4 m, all plants larger than 1.3 m and
smaller than 5 cm of DBH (diameter at breast height) were sampled. Within a radius
of 0 to 14 m, all plants larger than 5 cm of DBH were sampled. We categorized and
name the plant species according to their habits, tree or shrub, based on the
description available in Flora do Brasil (2020). We then analyzed trees and shrubs
separately.
To shed light on the ecological processes driving regeneration in a tropical
forest, we examined three complementary diversity dimensions in tree and shrub
communities: taxonomic, phylogenetic and functional. To detect the variation of these
dimensions across the chronosequence, we compared different alfa and beta
diversity indices within each successional phase.
2.2 Alfa diversity analyses
2.2.1 Taxonomic diversity
We measured taxonomic diversity as the species richness (S) in each plot
(Magurran 1988) within the three successional phases.
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2.2.2 Phylogenetic diversity
We used a dated megatree version of seed plants edited by Smith & Brown
(2018), in which data from public nucleotide sequence repositories (GenBank,
release 218) were combined with phylogenetic data (Open Tree of Life project,
release 9.1 and taxonomy version 3) following the time‐calibrated phylogeny
comprising 798 Spermatophyta taxa by Magallón et al. (2015), the megatree file used
is available as “GBMB” file in Smith & Brown (2018). We pruned the megatree to
build the community's phylogenetic tree (Appendix S2). Only three species of the
studied community are absent in the phylogeny of Smith & Brown (2018):
Tetrastylidium grandifolium, Vernonanthura beyrichii and V. puberula. To solve these
absences and the polytomies present in the tree, we created 1000 phylogenetic
hypotheses including the three missing species and the species that were in
polytomy from the node of the genus, which were all monophyletic. Thus, we
randomly assigned these species at different evolutionary positions and distances
within the nodes of the genera in each of the 1000 trees, using the SUNPLIN web
service (Martins et al. 2013). To build the phylogenetic tree, we used the packages
ape 5.4 (Paradis & Schliep 2018), phytools 0.7 (Revell 2012) and geiger 1.2-3
(Harmon et al. 2008) in the software environment R (R Development Core Team
2019).
We characterized the phylogenetic diversity of each plot using complementary
indices. We quantified the phylogenetic diversity of each plot using the mean of each
index measured from the 1000 phylogenetic hypotheses. To verify the amount of
evolutionary history in each plot, we calculated the phylogenetic diversity (PD) index
(Faith 1992). We obtained PD index by summing up the lengths of the branches of
the phylogenetic tree of the species present in each plot (Faith 1992). To evaluate
the divergence of phylogenetic relationships, that is, how far the species are from
each other in the phylogenetic tree within communities at varying successional
phases, we calculated the mean nearest taxon distance (MNTD) and mean
phylogenetic distance (MPD) indexes. MNTD is measured by the shortest
phylogenetic distances between species and can be understood as a measure of
divergence in the terminal phylogenetic relationships of co-occurring species,
generally at genus and species level (Webb 2000). MPD, on the other hand, can be
understood as a measure of the divergence of the more basal relations of a
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phylogenetic tree, since it calculates the average distance to pairs that separates the
taxa in a community (Webb 2000). Since these measures can be affected by species
richness (Webb et al. 2002, Swenson 2014), we generated 1000 random
communities based on a null model to control the effect of richness (Swenson 2014).
We calculated these indices using a null model that randomize the identity of the
species in the phylogeny maintaining the frequency of occurrence of species across
plots and the richness in each plot (independent swap; Gotelli 2000). To assess the
direction of deviations from expectations of the null model, we calculated the
standardized effect sizes (SES) as follows: SES = PDobs - μPDrandom / σPDrandom,
where “obs” is the value from the observed community and “random” represents the
values obtained in the randomized communities (Webb et al. 2002). We calculated
PD, MNTD and MPD indices and their standardized values in the picante 1.8.1
package (Kembel et al. 2010), in the R software environment (R Core Team 2019).
2.2.3 Reproductive traits
We categorized reproductive traits related to pollination and dispersal for each
species (see Warring et al. 2016). For reproductive traits related to pollination, we
selected: pollination system (Abiotic; Bats; Bees; Hummingbirds; Beetles; Butterflies;
Diverse small insects (DSIs); Flies; Mixed; Moths; Wasps), floral biology (size, floral
type and resource) and sexual system (Andromonoecious; Dioecious; Hermaphrodite;
Monoecious; Monodioecious). To categorize corolla size, we calculated the average
corolla length and width and used the highest mean value to categorize the size of
the corolla in: inconspicuous (≤ 4 mm), small (> 4 mm and ≤ 20 mm) or large (> 20
mm) corolla (Appendix S1) (adapted from Girão et al. 2007). For species in which we
measured only the corolla width, we averaged size based only in width (Appendix
S1). Regarding resources provided by flowers, we reported only data related to
nectar and pollen due to the difficulty of obtaining information from other resources,
such as oil, for example. For reproductive traits related dispersal, we selected: type
(abiotic; biotic), color (Black/Purple; Brown; Green; Orange/Red; Yellow; White), for
diaspores and seeds, we calculated the average length and width and used the
highest mean value to categorize diaspore size ( small ≤ 5 mm, medium > 5 mm and
≤15 mm, large > 15 mm), seed size (small ≤ 2 mm, medium > 2 mm and ≤ 15 mm,
large > 15 mm) and number of seeds per diaspore (Few up to 10; Many 11 to > 100)
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(Appendix S1). We chose the traits and respective categories based on Faegri & Van
Der Pijl (1979), Endress (1994), Proctor et al. (1996), Freitas & Sazima (2006), Girão
et al. (2007) and Silva & Tabarelli (2000), with some modifications. Reproductive
traits such as diaspore size, seed size and number of seeds per diaspore were
obtained through the analysis of specimens deposited in the Herbarium of the
Department of Botany of the Federal University of Paraná (UPCB) and from samples
collected at the study area, available in the Laboratory of Vegetal Ecology (UFPR).
Whenever possible, we measured flower and diaspore in three specimens. For
dioecious species, whenever possible, we used traits from the female flowers, except
for Citharexylum myrianthum, Cordiera concolor, Mollinedia schottiana, Pausandra
morisiana and Tetrorchidium rubrivenium for which we used male flowers because
female flowers were unavailable. We measured corolla size after flower rehydration,
and corolla length only in bell to funnel, brush and tubular flowers, and the corolla
width in all types of flowers. We surveyed literature data for the other reproductive
traits (Appendix S4).
2.2.4 Functional diversity
To analyze functional diversity, we used two indexes: functional richness (FRic)
(Villéger et al. 2008) and functional dispersion (FDis) (Laliberté 2012) with
abundance data. Functional richness represents the amount of functional space filled
by species in the community (Villéger et al. 2008). Functional dispersion can be
understood as the average distance of each species to the centroid of all species in
the community in the functional space. Gower dissimilarity and standardization by the
range are used (Gower 1971). To calculate these metrics, it is necessary to have
more species than traits (Villéger et al. 2008, Laliberté 2012). Therefore, to balance
the amount of information available from the functional space and the loss of plots
with few species, we determined that the functional space would be described by four
axes of the PCoA, which described 42% of the variation. Thus, for tree diversity, we
excluded six plots that had four species or less, totaling 20 plots in the stand initiation
phase (phase 1), 14 plots in the stem exclusion phase (phase 2) and 13 plots in the
understory re-initiation phase (phase 3). For shrubs, 14 plots with two species or less
were excluded, totaling ten plots in the stand initiation phase (phase 1), 13 plots in
the stem exclusion phase (phase 2) and 13 plots in the understory re-initiation (phase
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3). To control the effect of richness on the functional diversity indexes, we also
calculated standardized effect sizes (SES), as described for phylogenetic diversity,
by randomizing the identities of species in the trait matrix (Swenson 2014). We
calculated FRic and FDis indices and their standardized values in the FD 1.0
package (Laliberté 2015), in the R program (R Core Team 2019).
2.2.5 Evolutionary and functional exclusivity
To assess whether changes during succession result in a concentration of rare
lineages or traits at some point in the chronosequence, we used phylogenetic and
functional exclusivity indexes (Isaac et al. 2007). Evolutionary exclusivity (EE) is
defined as the sum of branch lengths between species including the branch of the
phylogenetic tree root, with each branch length divided by the number of species
derived from the branch in question (Redding et al. 2008). Thus, EE quantifies the
number of lineages close to a given species in the phylogenetic tree and how
phylogenetically far they are, assigning an individual score to each species. Long
branch lengths correspond to longer evolutionary history and few species derivations
represent more distinct clades (Cianciaruso et al. 2009), increasing EE (Isaac et al.
2007). So, this index estimates the contribution of a given species to evolutionary
history while measuring its isolation and distinctiveness in the phylogenetic tree
(Véron et al. 2019).
To measure the unique traits of the community, we calculated the functional
exclusivity (FE) index (Hidasi-Neto et al. 2015), which is similar to the EE index
explained above (Isaac et al. 2007). However, in this case, the matrix of functional
traits was converted into a functional dendrogram. The functional dendrogram was
constructed through a hierarchical clustering analysis, using UPGMA methods with a
Gower distance matrix of the functional traits (Hidasi-Neto et al. 2015). Like the
phylogenetic equivalent, this index classifies each species by its exclusivity based on
a weighted sum of the lengths of the branches, from the root to the terminal region of
each species in the functional dendrogram. So, high FE values represent more
unique traits within the community (Isaac et al. 2007; Hidasi-Neto et al. 2015).
To test the variation between each phase, as our data were non-parametric
we performed Kruskall-Wallis tests, and Dunn post-test (Chambers et al. 1992) for
the phylogenetic and functional diversity indices described above and the averages
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of the EE and FE scores of the species present in each plot. In order to verify
whether the rare lineages also had unique traits, a linear regression analysis was
performed between the EE (predictor variable) and FE (response variable) indices.
The indices for phylogenetic and functional exclusivity were calculated in the picante
1.8.1 package (Kembel et al. 2010) in the R program (R Development Core Team
2019).
2.3 Beta diversity analyses
We also investigated changes of species, lineages and functional traits
between the plots, that is, taxonomic, phylogenetic and functional beta diversity. For
this end, we calculated the additive partition of beta diversity, composed of two
components, as proposed by Baselga (2010; 2012): one indicating species loss, that
is nestedness (βjne), the other species substitution, that is turnover (βjtu). The
dissimilarity between sites in species composition was calculated using the Jaccard
index . The Jaccard index ranges from 0 to 1, where 0 indicates that the sites are
composed by the same species, and 1 when they do not share any species. It is
possible to extend this approach to dissimilarity in the phylogenetic composition, as
proposed by Leprieur et al. (2012), and functional composition, as proposed by
Villéger et al. (2013), where both can be decomposed into a turnover and nestedness
components. We thus obtained the taxonomic dissimilarity matrices calculating the
Jaccard dissimilarity index for species, phylogenetic and functional composition to
obtain the values for each of the components of the beta diversity, turnover and
nestedness. This was based on taxonomic dissimilarity, non-shared species among
plots (Baselga 2010), phylogenetic dissimilarity, based on shared branches of the
phylogenetic tree (Leprieur et al. 2012) and functional dissimilarity, based on the
shared volume of the multidimensional functional space (Villéger et al. 2013). We
also used these dissimilarity matrices to explore the variation in the beta diversity of
trees and shrubs along the successional process by a multivariate analysis of NMDS..
The components of beta diversity were calculated in the betapart 1.5.1 package
(Baselga et al. 2018) in the R program (R Development Core Team 2019).
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3 RESULTS
The woody plant community of the studied chronosequence was composed of
220 species of angiosperms, being 173 species of trees and 47 species of shrubs,
distributed in 41 families. For trees, along the successional phases, there was an
increase in richness (S, Fig. 1A, H=29.2, p<0.001), as well as on the amount of
evolutionary history in each phase (PD, Fig. 1B, H=36.9, p<0.001). On the other
hand, there was a decrease in phylogenetic divergence at terminal nodes (MNTD,
Fig. 1C, H=31.4, p<0.001), but there was no variation on phylogenetic proximity
when considering more basal relationships (MPD, Fig. 1D, H=2.53, p=0.281), that is,
although there is a change of species in lower taxonomic hierarchies, selecting
species belonging to the same genera, it is not observed in higher taxa, such as
orders and families. Along the successional phases, there is an increase in functional
richness (FRic, Fig. 1E, H=26.6, p<0.001), this indicates that tree traits within phases
tend to occupy a greater functional space at older phases. However, there was no
significant variation in relation to functional dispersion (FDis, Fig. 1F, H=5.45,
p=0.065), but the reproductive characteristics of phase 1 species are more dispersed
compared to phase 3 (FDis, Fig. 1F, p=0.03).
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Fig. 1Variation of alpha diversities of trees. Taxonomic diversity (A), phylogenetic
diversity (B), phylogenetic divergence of the terminal relationships of the
phylogenetic tree (C), phylogenetic divergence of the basal relationships of the
phylogenetic tree (D), functional richness (E) and functional dispersion (F) in the
successional phases: phase 1 (0-10 years old); phase 2 (10-25 years old); and,
phase 3 (25–200 years old). Dunn post-test values in the upper bars.
For shrubs, along the successional phases, the richness was lower in younger
forests, stand initiation phase, but similar among the other two older phases, stem
exclusion phase and understory re-initiation stage (Fig. 2A, H=17.4, p<0.001). Older
forests, under understory re-initiation stage, presented a higher amount of
evolutionary history (PD, Fig. 2B, H=16.7, p<0.001). There was no variation on other
phylogenetic and functional indexes along the successional phases (MNTD, Fig. 2C,
H=1.79, p=0.39; MPD, Fig. 2D, H=0.57, p=0.74; FRic, Fig. 2E, H=0.40, p=0.81; FDis,
Fig. 2F, H=0.71 p=0.70). These results indicate that the phylogenetic relationships of
shrub species along the chronosequence tend to have similar distances from each
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other, just as the reproductive traits between them tend to be similar. However,
removing the effects associated with species richness (SES PD, SES MNTD, SES
MPD, SES FRic e SES FDis), no differences among phases were found for trees
(Appendix S3, H=4.68, p=0.09; H=2.53, p=0.28; H=8.90, p=0.01; H=1.70, p=0.42;
H=1.56, p=0.45) and shrubs (Appendix S3, H=5.52, p=0.06; H=0.70, p=0.73; H=2.85,
p=0.24; H=5.76, p=0.05; H=1.52, p=0.46).

Fig. 2 Variation of alpha diversities of shrubs. Taxonomic diversity (A),
phylogenetic diversity (B),phylogenetic divergence of the terminal relationships of the
phylogenetic tree (C), phylogeneticdivergence of the basal relationships of the
phylogenetic tree (D), functional richness (E) and functional dispersion (F) in the
successional phases: phase 1 (0-10 years old); phase 2 (10-25 years old); and,
phase 3 (25–200 years old). Dunn post-test values in the upper bars.
Along the successional phases, there was an increase in tree and shrub
evolutionary exclusivities (Fig. 3A, H= 37.3, p<0.001; Fig. 3B, H=16.7, p=0.01)
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indicating the presence of rare lineages in older forests, as the Magnoliid clade (Fig.
5), and also of the Proteales order were most found in old growth forests. There was
also an increase in tree and shrub functional exclusivities (Fig. 3C, H=37.3, p<0.001;
Fig. 3D, H= 15.7, p<0.001), indicating that older forests harbor species with rare traits.
Our results also indicate that trees and shrubs belonging to exclusive lineages are
the ones with rare traits (Fig. 3E, R2=0,36, p<0.001; Fig. 3F, R2=0,62, p<0.001).

Fig. 3 Variation of evolutionary and functional exclusivity of trees (A and C) and
shrubs (B and D) in the successional phases: phase 1 (0-10 years old); phase 2 (1025 years old); and, phase 3 (25–200 years old). Dunn post-test values in the upper
bars. Correlations of evolutionary and functional exclusivity of trees (E) and shrubs
(F).
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Fig. 5 Evolutionary and functional exclusivity individual scores of trees and shrubs,
also occurrence throughout the different successional phases: phase 1 (0-10 years
old); phase 2 (10-25 years old); and, phase 3 (25–200 years old).
Species composition changed along the successional phases, with tree and
shrub species characteristics from each successional phase (Fig. 4A and 4B). Older
forests were composed by subset of trees that was different from those of earlier
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stages of succession (Fig. 4A). This is supported by the turnover component of
taxonomic beta diversity that explained most of the beta diversity variation for trees
(βjtu=0.95; βjne=0.02) and shrubs (βjtu=0.96; βjne=0.01). Phylogenetic and functional
composition changed along the successional phases, following the same turnover
trend (Fig. 4C, D, E and F). There was a substitution in tree and shrub lineages along
succession supported by the higher variation on the turnover component of beta
diversity (Fig. 4C, βjtu=0.93; βjne=0.03; Fig. 4D, βjtu=0.95; βjne=0.01; respectively).
There was a substitution in tree and shrub trait composition along succession
supported by the higher variation on the turnover component of beta diversity (Fig.
4E, βjtu=0.94; βjne=0.02; Fig. 4F, βjtu=0.94; βjne=0.01; respectively). These results
indicate that forests under the same successional phase shared a more similar
phylogenetic and trait composition than with forests from other phases.

Fig. 4 Variation of beta tree and shrubs diversities. Taxonomic diversity (A;B),
phylogenetic diversity (C;D), functional diversity (E;F) in the successional phases:
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stand initiation phase (SIP) 0-10 years old; stem exclusion phase (SEP) 10-25 years
old; and, understory re-initiation phase (URS) 25–200 years old.

4 DISCUSSION
We detected clear patterns of change in the different dimensions of the
diversity of woody plants during succession in the Atlantic forest. The organization of
the community throughout the succession was marked by the replacement of species,
lineages and reproductive traits, both for trees and shrubs. The variation patterns
between trees and shrubs were similar. We found that the phylogenetic and
functional diversities of trees and shrubs were positively correlated along the
succession. For trees, the understory re-initiation stage was the richest in number of
species, evolutionary history and traits, and was composed by more exclusive
lineages and rare traits along succession. In addition, tree species tended to have
lower phylogenetic distance from each other in the understory re-initiation stage,
compared to the initiation phase. For shrubs, the phylogenetic diversity was marked
mainly by differences in the first years of the succession. The initiation phase tended
to present lower amounts of evolutionary history, more common lineages and lower
trait exclusivity compared to the other phases. Results such as the taxonomic,
phylogenetic and functional turnover and as an old forest as large centers of
phylogenetic and functional diversity were expected according to the literature,
however the greater phylogenetic proximity in the old forests was unexpected, since
communities phylogenetically more dispersed according to succession continues are
more present in the literature, moreover the results bring a novelty which is the
information that rare lineages also have unique traits, highlighting their greater
vulnerability to disturbances and their importance in maintaining the community.
Phylogenetic proximity with a greater amount of evolutionary history and rare
lineages show that older forests were composed of ancient lineage species, closerelated and isolated on the phylogenetic tree, such as the species of the Magnoliid
clade, a basal group of Angiosperms, and also of the Proteales order, a basal
tricolpate, which are present in the areas of understory reinitiation stage. This pattern
of closer-relatedness in older tropical forests (Swenson et al. 2007) and the greater
presence of basal clades in larger forest patches in southern Atlantic forest has been
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already reported (Duarte 2011; Debastiani et al. 2015). This pattern may occur
because basal angiosperms originated in the understory of humid forests, in
environments with little light availability (Kooyman et al. 2014). Thus, due to niche
conservatism, magnoliids today are mainly associated with tropical shaded and
humid forests (Feild & Arens 2007; Carlucci et al. 2017), environments that retain
characteristics similar to those where these plants developed in the past (Kooyman
et al. 2014). However, a different pattern, demonstrating that less related species cooccur more often as the succession continues has been found in other tropical
forests in Brazil (Amazon region), Mexico and Costa Rica (Letcher et al. 2011).
Phylogenetic overdispersion in older forests can be related to increasing importance
of competition processes as the succession proceeds (Letcher et al. 2011). This
pattern of phylogenetic overdispersion occurs when traits associated with the
environmental filters along the chronosequence are evolutionarily conserved
(Mayfield et al. 2010). In fact, Magnoliids, common in the areas of understory reinitiation stage in our study, have conserved characteristics related to the limitation of
water use and photosynthetic capacity (Brodribb & Feild 2010), that limit their
establishment in open and drier habitats than forest understories (Feild & Arens
2007). Furthermore, regarding reproductive traits, seed mass is generally a
conserved trait between genera or families (Mazer 1989; Lord et al. 1995), and larger
seeds are linked to germination capacity in the understory where access to light is
limited (Foster 1986). Phylogenetic niche conservatism was also detected in patterns
of seed dispersal syndromes and fruit types, with Magnoliids showing a tendency to
present zoochory and fleshy fruits (Kuhlmann & Ribeiro 2016).
Trees belonging to basal lineages, such as that of magnoliids, are also the
ones that have larger seeds and fruits, which are food for large body size dispersers
(Emer 2018), supporting the idea that species with greater evolutionary and
functional exclusivity may have particularly important for the functioning of the
ecosystem (Gascon et al. 2015), because the loss of these species can harm the
maintenance of large dispersers (Farwing & Berens 2012; Aslan et al. 2013). In this
case, the increment of species belonging to rare lineages and with unique traits
throughout the succession process would have a great impact on the community
structure, since there are no evolutionary histories and redundant functions for these
relics in the community, because besides being important to maintaining the
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functioning of the ecosystem, can also make the community more resilient to
disturbances (Reeding et al. 2010; Martyn et al. 2012; Emer et al. 2019; Potter 2018).
Although there is a greater functional dispersion in phase one, which may be
due to the high dominance of species with some states of attributes, differing from
others with states already quite distinct, that is, causing a greater dispersion. While in
phase 3 the distribution of the states of the attributes within the functional space is
smaller, it revolves closer to the centroid, which is expected, given that the later
species tend to have a more equitable participation. There was an increase in
functional diversity as the succession progressed, demonstrating that even though
the traits may have similar variation within each phase, there was a greater amount
of traits in the understory re-initiation stage. In addition, the functional turnover
demonstrated a change on trait composition throughout the succession. These
findings support the filtering process on reproductive traits along the successional
phases detected in tropical forests (Chazdon et al. 2003, Mayfield et al. 2005,
Marcilio-Silva et al. 2016, Cequinel et al. 2018). Older forests have a higher
frequency of biotic pollination, bell-shaped corolla flowers and androgynous flowers,
as well as greater occurrence of larger seed species (Warring et al. 2016; Tabarelli &
Peres 2002; Viani et al. 2015). These results indicate a greater dependence of plant
reproduction on particular subsets of pollinators and seed dispersers (Emer et al.
2019).

However, at the early succession, abiotic pollination and the early and

abundant production of long-distance abiotic dispersion seeds are more common
(Warring et al. 2016), which facilitates reproduction in environments that have
suffered some disturbance recently, because the dependence on a more specialized
pollination syndrome, which becomes more common in old growth forest, can lead to
a worse reproductive plant performance (Marcilio-Silva et al. 2016). Therefore, it is
suggested that restoration protocols must also evaluate if the vectors of biotic
reproduction of woody plants are present in focal areas, including the monitoring of
local pollinator and disperser communities (Menz et al. 2011). This practice is
important because the loss of biodiversity from the recruitment of trees in the
rainforest is associated with the composition of mutual interaction partners (Terborgh
et al. 2008), so ensuring the maintenance of interactions helps to ensure the
persistence of the biodiversity of tropical forests.
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5 CONCLUSIONS
Our study showed that as the succession proceeds, turnover of lineages and
traits occurred, with the understory re-initiation stage harboring the largest taxonomic,
phylogenetic and functional diversity. In addition, the understory re-initiation stage
are important areas for the conservation of exclusive lineages, such as magnoliids,
and rare traits, such as large fruits and seeds, highlighting the importance for the
conservation of old growth forests, since along with their loss, unique evolutionary
histories and exclusive functions are lost, as well as the importance of secondary
forests, that they can cover a high diversity of species, accompanied by phylogenetic
and functional diversity.

These changes in the distribution of phylogenetic and

functional diversities of reproductive traits throughout the succession in the Atlantic
forest may have cascading changes in interacting partners, with different subsets of
pollinators and dispersers interacting with different lineages across succession.
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