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APRESENTACAO

Os diferentes tipos de vegetacao ao redor do globo, principalmente as florestas
tropicais, se destacam por fornecer importantes bens e servicos ecossistémicos
para a humanidade como, por exemplo, regulacéo climatica, provisédo de alimentos
e diversas fontes de energia. Contudo, as crescentes e rapidas mudancas no meio
ambiente causadas por sua intensa explora¢ao no século 21 tém promovido redu¢des
drasticas de importantes vegetacdes distribuidas em distintos Biomas. O Brasil como
um pais de dimensao continental e rico em recursos vem atravessando profundas
transformacdes em seus Biomas, o que é destacadamente devido aos usos intensos
da terra sem técnicas adequadas de manejo para a sua exploracao.

Diante desse panorama de significativas transformacées do meio natural, se
faz necesséario e urgente o estudo de diferentes tipos de comunidades vegetais
e ecossistémicas para definir estratégias de manejo e conservagao, assim como
pesquisas que visem a otimizacdo de producdes agricolas de forma sustentavel. A
unido de compreensao ecoldgica precisa e adequadas técnicas de manejo permitem
uma exploragdo sustentavel a longo-prazo dos recursos vegetais, assegurando
manutencao de diversidade e provisdes para o futuro.

Aexecucéao de estudos robustos para alcancar essa interface entre conservagao
e exploracdo demanda o uso de eficientes ferramentas analiticas. Dentre essas
ferramentas, as linguagens de programacédo tém se sido importantes aliadas
para obtencdes de predi¢cdes e resultados estatisticos confiaveis e informativos. A
linguagem contida no software R € a mais amplamente utilizada para processamento
de dados e analises de vegetacdo. O R engloba diversos pacotes importantes para
analises de dados de plantas em diversos contextos ecologicos e agrarios. Com
seus diversos pacotes, o R permite a busca mais apurada pela compreensao de
padrdes e processos ecoldgicos, avaliacdo de impactos antrdpicos sobre vegetacao,
monitoramentos e previsdes de condicdes do solo para plantios e predi¢cdoes de
efeitos de mudancas climéticas em florestas. Essa gama de possibilidades analiticas
amplifica o acerto em tomadas de decisdo com relacdo ao uso dos NOSSOS recursos
naturais de forma geral.

Este livro tem como objetivo trazer uma compilacédo de algumas potencialidades
do software R para anélise de vegetacao, contribuindo para o aumento da capacidade
técnica de diversos profissionais das areas de Ciéncias da Terra ou Naturais no uso
dessa poderosa ferramenta analitica. Para tal, os capitulos aqui presentes discorrem
de forma aplicada sob temas em contextos ecoldgicos e agrarios. Todos os capitulos
possuem links de compartilhamento livre de dados e scripts com cddigos para
execucao das analises que eles abordam no R. Assim, desejamos que o conteudo
aqui presente auxilie vocé leitor (a) em sua tarefa analitica, amplificando a obtencéao
de resultados informativos e potenciais de aplicacao pratica.

Ecio Souza Diniz
Pedro Manuel Villa
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ABSTRACT: The Amazon basin harbors the
most important tropical forest in the world.
Thus, quantifying and assessing changes
in biological diversity are central aspects for
Amazon forest management and conservation.
Hill numbers approach is increasingly used
to characterize the forest diversity. Here, we
evaluate changes in tree species diversity along
secondary succession by using the rarefaction
and extrapolation (Hill numbers) approach in
the Northern Amazon forest. We selected three
sites over a 12 km? extension of an old-growth
forest matrix with secondary forest patches of
different stand ages. At each site, plant diversity
of trees having diameter = 5 cm was assessed.
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We analyzed differences in woody species diversity among the four successional
stages and the old-growth forest using individual-based rarefaction and extrapolation
and coverage-based approaches. The lowest evenness was observed in the forest at
the earliest successional stage, due to the presence of a few dominant species in the
community; however, stabilized at the subsequent successional stages. We conclude
that the forest stand heterogeneity between successional stages can be analyzed by
the differences in diversity using individual-based rarefaction and extrapolation and
coverage-based approaches.

KEYWORDS: bootstrapping, forest regrowing, sampled-based rarefaction and
extrapolation, second-growth forests; tree dominance.

RAREFACAO E EXTRAPOLACAO DA DIVERSIDADE DE ESPECIES DURANTE
SUCESSAO DE FLORESTA NEOTROPICAL: UMA ROTINA R USANDO O PACOTE
INEX

RESUMO: A bacia amazénica abriga a floresta tropical mais importante do mundo.
Assim, quantificar e avaliar mudancgas na diversidade biol6gica s&o aspectos centrais
para o manejo e conservacao da floresta amazoénica. A abordagem dos numeros de
Hill € cada vez mais usada para caracterizar a diversidade da floresta. Aqui, avaliamos
mudancas na diversidade de espécies arboreas ao longo da sucessédo secundaria,
usando a abordagem de rarefacdo e extrapolacdo (numeros de Hill) na floresta do
norte da Amazénia. Selecionamos trés locais ao longo de uma extensao de 12 km? de
uma matriz florestal madura com fragmentos de florestas secundarias de diferentes
idades. Em cada localidade, foi avaliada a diversidade de plantas com diametro =
5 cm. Analisamos as diferencas na diversidade de espécies lenhosas entre quatro
estagios sucessionais e a floresta de crescimento antigo, usando abordagens de
rarefacdo e extrapolacéo baseadas em individuos e cobertura baseadas em amostras.
A menor equabilidade foi observada na floresta no estagio inicial de sucesséao, devido
a presenca de algumas espécies dominantes na comunidade; no entanto, estabilizou
nos estagios sucessionais subsequentes. A heterogeneidade ambiental entre estagios
sucessionais pode ser analisada pelas diferencas de diversidade, utilizando abordagens
baseadas em rarefacdo e extrapolacdo baseada em individuos e cobertura baseadas
em amostras.

PALAVRAS-CHAVE: bootstrapping, dominancia de arvores, floresta secundaria,
rarefacdo e extrapolacédo com base em amostras, regeneracao florestal

11 INTRODUCTION

The Amazon region provides important ecosystem services that have local and
global impact (Zhang et al., 2015). However, human-induced biodiversity change
impairs ecosystem services crucial to human well-being. For example, cutting and
burning agriculture practiced for centuries are still the main agricultural system that
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sustains human populations in the Amazon (Arroyo-Kalin et al., 2012; Villa et al.,
2017). Intensification by shifting cultivation (SC) can seriously threaten the old-growth
forests (OGF) and their biodiversity at the local scale (Jakovac et al., 2015; Barlow
et al.,, 2016; Villa et al.,, 2018a). However, second-growth forest (SGF) recovery
after anthropogenic disturbances represents an important reservoir of biodiversity
(Chazdon, 2014; Rozendaal et al., 2019). Thus, information about species diversity
recovery during succession can help to enhance our understanding of SGF dynamics
and improve predictions on the impact of future climate and land-use changes for
effective forest restoration and conservation policies.

Forest regeneration based in ecological succession approach, consists of the
recovery of different components of the ecosystem, such as diversity, structure,
and function over the time (Chazdon, 2014; Villa et al., 2018b; Poorter et al., 2019;
Rozendaal et al., 2019). Most of the previous studies on the secondary succession
in tropical forests have addressed the changes in species diversity comparing SGF
and OGF (Chazdon et al., 2014; Rodendaal et al., 2019). For instance, this might to
achieved by using the rarefaction approach (i.e. sampled and individual-based) with
Hill numbers, species richness (q = 0), exponential of Shannon entropy (Shannon’s
diversity, g=1), and inverse Simpson concentration (Simpson diversity, q =2) between
reference samples from different assemblages using datasets from old-growth and
second-growth forests (Colwell et al., 2012; Chao et al., 2014). An advantage of Hill
numbers is that they are all expressed in units of effective numbers of species: the
number of equally abundant species that would be needed to give the same value of
a diversity measure (Chao et al., 2014).

This approach of Hill numbers can allow evaluating the balance between
dominance and evenness in the tree community during the succession (Colwell et
al., 2012; Chao et al., 2014). Thus, Integrated curves based on sampling theory that
smoothly link rarefaction (interpolation) and prediction (extrapolation) standardize
samples on the basis of sample size or sample completeness and facilitate the
comparison of biodiversity data along succession (Chao et al.,, 2014). On the
other hand, there is an alternative approach that defines the non-asymptotic Hill
numbers as the average Hill numbers over many samples of size m taken from the
entire assemblage. This integrated sample-size- or coverage-based rarefaction/
extrapolation sampling curve represents the estimated diversity accumulation curve
based on the reference sample (Chao et al., 2014).

In this study, we analyzed the changes in tree species diversity along secondary
succession using the individual-based rarefaction and extrapolation (Hill numbers)
and coverage-based approaches in the Northern Amazon forest. In order to evaluate
the tree species diversity patterns (i.e. three Hill numbers), we asked the following
scientific questions: does species diversity change during SGF recovery in comparison
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with an old-growth forest? We hypothesize that tree diversity after shifting cultivation
should be lower in the early successional assemblage, that is dominated by the
abundance of one or a few common species (i.e. using individual-based rarefaction
and extrapolation curves), compared with the old-growth forests. Thus, we presumed
that areas undergoing regeneration may harbor higher tree species diversity during
succession where dominance declines and increases the species coexistence of

early successional and fast-growing pioneer species competitive for light.

2 | MATERIAL AND METHODS
2.1 Study area

The study was conducted in a semi-deciduous forest on the Cataniapo river
basin, around and close to the indigenous communities of Piaroa de Gavilan and
Sardi (613020 E, 679290 N, UTM), at the municipality of Atures, Amazon state,
Venezuela. Climate in the study area is tropical rainy with dry season of two-months
(December and January). Mean annual temperature and annual precipitation are 28
°C and 2700 mm, respectively. The predominant soil types are Oxisols (Latosols) and
Ultisols (red clay soils), with low cation exchange capacity, low nutrient content and
high acidity levels (Villa et al., 2018a).

2.2 Forest survey

We selected three sites over a 12 km? extension of land in an old-growth forest
matrix with secondary-forest patches, of different stand ages, which have been
abandoned after a single cycle of traditional shifting cultivation and left to regenerate
naturally. Sampling sites were systematically selected according to their successional
stages, being identified with the assistance of local farmers and experts. A total 45
plots (20 x 50 m = 1000 m?, each) were established from January 2009 to December
2012. At each site, we selected four secondary forests at different successional
stages: 5, 10, 15, and 20 years of succession; and one old-growth forest (> 100 years
old). Three plots were established within each secondary forest as well as within the
old-growth forest, at each site.

In each plot, all trees having diameter at breast height (DBH) = 5 cm were
identified to the species level and tagged for measurement. The tagged specimens
were identified at the Julian Steyermark herbarium of Puerto Ayacucho (Ministry of
the Environment, Amazonas state, Venezuela). The Angiosperm Phylogeny Group |V
(APG IV, 2016) was used to classify taxa.

Aplicacdes da Linguagem R em Andlises de Vegetacao Capitulo 2




2.3 Statistical analyses

All analyses were carried out using R version 3.4.3 (R Core Team 2018). We
analyzed differences in species richness and diversity among the four second growth
(SGF) forests with different successional stages and the old-growth forest using both
individual-based (Colwell et al., 2012) and coverage-based (Chao and Jost, 2012)
approaches. Species diversity curves were constructed with Hill numbers: species
richness (q = 0), exponential of Shannon entropy (Shannon’s diversity, g = 1), and
inverse Simpson concentration (Simpson diversity, q =2), for both individual-based
rarefaction and extrapolation curves (Jost, 2007; Colwell et al., 2012; Chao et al.,
2014). We then constructed coverage-based rarefaction and extrapolation curves of
species richness for each assemblage. Extrapolations were made from a presence/
absence data matrix (Hill numbers of order 0), being higher than thrice the sample size
(Colwell et al., 2012). Sample-based rarefaction/extrapolations with 95% confidence
intervals were computed using the ‘INEXT’ package (Hsieh et al., 2016).

All three Hill numbers were estimated as the mean of 100 replicate bootstrapping
runs to estimate 95% confidence intervals. Whenever the 95% confidence intervals
did not overlap, species numbers differed significantly at p < 0.05 (Colwell et al.,
2012).

31 RESULTS

We observed differences in species diversity among the successional stages.
The species richness curves showed a clear trend of change over time after shifting
cultivation (Fig. 1). Individual-based rarefaction and extrapolation curves showed
higher tree species richness in the old-growth forest than in SGF at early and
intermediary successional stages. Although their confidence intervals overlapped
slightly only obtained through extrapolation among 15 and 20 years of succession
after shifting cultivation (Fig. 1). Effective number of species calculated by the Hill

number q = 0 reach an asymptote after extrapolated.
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Fig. 1. Individual-based and coverage-based rarefaction (solid line) and extrapolation curves
(dashed lines) of tree diversity on the Hill numbers (q = 0,1,2) for the four successional stages
and old growth forest.

All three Hill numbers increased consistently along the succession to old-growth
forest. However, there was a decrease in the diversity values among successional
stages (=0>qg=1>q=2). Shannon’s and Simpson’s diversities were asymptotic,
with no increase in values even when they were extrapolated to double the reference
sample size, except for the forest at the SGF earliest successional stage (Fig. 1).

Coverage-based rarefaction and extrapolation curves revealed higher species
richness in the old-growth forest than in forests at early and intermediary successional
stages. Sample coverage for all sites remained under ~100% (Fig. 1).

4 | DISCUSSION

The effective number of species richness calculated by the Hill numbers (q =
0) reached an asymptote after being extrapolated. Its confidence intervals slightly
overlapped when obtained through extrapolation, in secondary forests with 15 and
20 years of succession after shifting cultivation (Fig. 1). As for the rarefaction curves
constructed with the other Hill numbers q = 1 and q = 2 (exponential of Shannon and
inverse Simpson, respectively), they also indicated that tree diversity was significantly
higher in OGF than in secondary forests. However, the estimated diversity with
these numbers tended to decrease when compared with richness (q =2 <q =1
< q = 0), except during the earliest successional stage. This pattern provides an
additional evidence that corroborates the facts that there is less evenness during
early successional stages and that dominance tends to decrease along succession.
The increase in diversity from early succession through two decades later may also
be related to the decreased dominance of species with highest abundance values.
Similarly, the decrease observed with inverse Simpson, which estimates the diversity
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of dominant species (Chao et al., 2014), can be partly explained by a more uniform
distribution of abundance. On the other hand, coverage-based rarefaction curves
showed that the observed number of individuals (i.e. up to the points indicated by
the shapes in each forest type) indicate 90% of the individuals in the community
belonging to species in the samples.

4.4 Implications for forest management and conservation

Understanding how shifting cultivation affects the long-term recovery of tropical
secondary forests is critical to assess the conservation value of biodiversity. While
there is a constant pressure for land-use change on Amazonian forests, their future
will also depend on the improvement of conservation, management and restoration
methods. Our results demonstrate the high potential for diversity recovery of those
forests after they have undergone agricultural disturbance, as their levels of species
richness can approach the ones of old-growth forests within two decades (Villa et
al. 2018b; Rozendaal et al., 2019). However, it is also necessary to consider the
importance of species composition recovery, which is a much slower process
(Finegan, 1996; Rozendaal et al.,, 2019), that may be relevant to the multiple
ecosystem functions. Thus, it should be taken as a premise that a single cycle of
shifting cultivation in the northern region of the Amazon still represents an opportune
time to take conservation actions. Therefore, it would be necessary to avoid a second
or further cycles of shifting cultivation in the same previously used areas. Otherwise,
such land use pattern based on multiple cycles of shifting cultivation can reduce
diversity recovery and consequently expand the proportion of degraded areas in the
Amazon forest.

Despite the recent research findings that diversity in tropical forests is made
up by different components (i.e. taxonomic, functional, and phylogenetic diversities),
taxonomic diversity still remains with a high relevance for the understanding of
ecological patterns and processes that take place during succession, especially due to
its importance for recovery practices. On the other hand, it may be relevant to assess
other taxonomic diversity metrics that could also contribute to elucidate emergent
patterns during succession. The use of Hill numbers for instance has been few
explored in the studies on secondary forests succession. For that reason, we propose
the adoption of the individual-based rarefaction and extrapolation (Hill numbers) and
coverage-based as complementary approaches to evaluate the recovery potential of
forests after anthropogenic disturbances.

51 CONCLUSIONS

The diversities estimated with Hill numbers q =1 and q = 2 lead us to conclude
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that they tend to decrease when compared with richness (q = 0), except during the
earliest successional stage. This pattern corroborates the lower evenness observed
during early stages and the decreasing dominance observed along succession.

6 | DATA AND SCRIPT ACCESSIBILITY
doi.org/10.13140/RG.2.2.18862.46407
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