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IMPACTO POTENCIAL DESTA PESQUISA
Esta pesquisa contribui para a ecologia tedrica ao avancar o entendimento sobre raridade e
singularidade ecoldgica em ecossistemas aquaticos tropicais. Seus resultados tém impacto

aplicado, oferecendo subsidios para:

Priorizagdo de areas e estratégias de conservagdo baseadas em singularidade ecoldgica, e ndo
apenas em riqueza de espécies;

Ampliacdo da representatividade geografica e taxondmica em estudos de biodiversidade;
Planejamento e manejo integrado de redes de riachos e bacias hidrograficas;

Fortalecimento da comunicagdo cientifica e alfabetizacdo ecologica junto ao publico
ndo-académico, promovendo engajamento social e apoio a politicas ambientais.

POTENTIAL IMPACT OF THIS RESEARCH

This research advances theoretical ecology by improving understanding of rarity and ecological
uniqueness in tropical freshwater ecosystems. Its applied impact includes:

Guiding conservation priorities based on ecological uniqueness rather than solely species
richness;

Expanding geographic and taxonomic representation in biodiversity studies;
Supporting integrated planning and management of stream networks and watersheds;

Enhancing science communication and ecological literacy, fostering public engagement and
support for environmental policies.
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Resumo Geral

Esta dissertagdo contribui significativamente para a ecologia tedrica e aplicada, integrando
revisdo sistemadtica, pesquisa empirica e divulgagdo cientifica sobre raridade e singularidade
ecoldgica. Nossos achados fornecem diretrizes para conservagdo, identificam lacunas criticas no
conhecimento acerca da singularidade ecologica e promovem uma compreensao mais integrada
da biodiversidade. O Capitulo 1 apresenta a primeira sintese meta-analitica global da métrica
LCBD (Contribuigao Local para a Diversidade Beta, que quantifica o quao tnico ¢ um local em
relagdo a composicdo de espécies em um conjunto de comunidades), consolidando uma década
de pesquisas. Por meio de revisdo sistematica, verificamos que locais ecologicamente inicos
frequentemente apresentam menor riqueza de espécies. Foram identificados vieses geograficos
(sub-representagdo de regides tropicais e ecossistemas marinhos) e metodoldgicos (énfase em
dados taxonomicos), orientando futuras pesquisas e politicas de financiamento, especialmente
em regides megadiversas e ameacadas. O Capitulo 2 consiste em um estudo empirico em 22
riachos preservados da Mata Atlantica, avaliando abundancia, riqueza, raridade e contribui¢des
locais para diversidade beta (LCBD) e heterogeneidade ambiental (LCEH). Os resultados
mostraram que locais com alta singularidade ecologica e a raridade estdo distribuidos ao longo
da rede fluvial. Espécies comuns foram os principais responsaveis pela diversidade beta,
ressaltando a importancia de conservar habitats integros que sustentem toda a comunidade
biologica. Por fim, o Capitulo 3 aborda a comunicagdo cientifica, traduzindo conceitos
complexos de raridade e singularidade para uma linguagem acessivel. Ao explicar por que “ser
raro € comum na natureza” € as consequéncias ecoldgicas da perda de espécies raras, este
capitulo fortalece a comunicagdo cientifica e o apoio publico a politicas de conservagdo e
educagdo ambiental. Em conjunto, os trés capitulos oferecem uma compreensdo integrada da
raridade e singularidade ecoldgica, conectando padrdes globais, evidéncias empiricas locais e
engajamento social para informar a conserva¢do da biodiversidade em ecossistemas aquaticos
tropicais.

Palavras-chave: LCBD, diversidade beta, raridade, singularidade ecologica, Mata Atlantica,
conservacao.






General Abstract

This dissertation makes significant contributions to theoretical and applied ecology by
integrating systematic review, empirical research, and science communication on rarity and
ecological uniqueness. Its findings provide actionable guidelines for conservation, identify
critical knowledge gaps, and promote a holistic understanding of biodiversity. Chapter 1 presents
the first global meta-analytic synthesis of the LCBD metric (Local Contribution to Beta
Diversity, a measure that quantifies how unique a given site is in relation to species composition
across a set of communities), consolidating a decade of research. Through a systematic review,
ecologically unique sites were found to often have lower species richness. Geographic biases
(underrepresentation of tropical and marine ecosystems) and methodological biases
(overreliance on taxonomic data) were identified, guiding future research and funding priorities,
particularly in megadiverse and threatened regions. Chapter 2 reports a empirical study in 22
well-preserved Atlantic Forest streams, assessing abundance, richness, rarity, and local
contributions to beta diversity (LCBD) and environmental heterogeneity (LCEH). Results
showed that sites with high ecological uniqueness and rarity are distributed across the fluvial
network. Common species were the main drivers of beta diversity, highlighting the importance
of conserving intact habitats that support entire communities. Finally, Chapter 3 focuses on
science communication, translating complex concepts of rarity and uniqueness into accessible
language. By explaining why “being rare is common in nature” and the ecological consequences
of rare species loss, it enhances ecological literacy and strengthens public support for
conservation policies and environmental education. Together, the three chapters provide an
integrated understanding of rarity and ecological uniqueness, linking global patterns, local
empirical evidence, and societal engagement to inform biodiversity conservation in tropical
freshwater ecosystems.

Key-words: LCBD, beta diversity, rarity, ecological uniqueness, Atlantic Forest, conservation.
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Introducao Geral

A singularidade ecologica, entendida como o grau em que comunidades, locais ou
espécies se distinguem dos demais em sua composicao bioldgica, tem se consolidado como um
conceito central na ecologia (Ejrnas et al., 2018). Compreender os mecanismos que determinam
essa singularidade biologica ¢ fundamental para o avanco das estratégias de conservagao,
especialmente em um cendrio de intensas transformagdes ambientais decorrentes das atividades
humanas (Snare et al., 2024). Mudangas climaticas, perda de habitat, degrada¢dao do solo e
poluicao t€m imposto pressdes sem precedentes sobre os ecossistemas, afetando principalmente
as espécies raras, que representam a maior parcela da diversidade bioldgica global (Ceballos et
al., 2017; Li et al., 2022) e podem contribuir desproporcionalmente para a singularidade

ecologica.

Entre os debates recentes na ecologia de comunidades, destaca-se a relacdo entre a
riqueza de espécies e a contribuicdo dos locais para a singularidade bioldgica (Tolonen et al.,
2018; Rocha et al. 2023). Areas com elevada riqueza sdo tradicionalmente consideradas
prioritarias para conservagdao. No entanto, locais com menor riqueza, mas compostos por
espécies raras € ecologicamente unicas, podem ser igualmente insubstituiveis (Gaston, 1994;
Landeiro et al., 2018). A métrica Local Contribution to Beta Diversity (LCBD) permite
identificar essas areas, ao quantificar o quanto cada local contribui para a variagdo na
composi¢do de espécies - ou seja, para a diversidade beta (Legendre & Caceres, 2013; Whittaker,
1960). De forma complementar, a Species Contribution to Beta Diversity (SCBD) evidencia
quais espécies sdo responsaveis por essa variagdo, revelando aquelas que definem a identidade
ecologica de um local dentro de uma regido (De et al., 2023; Legendre & Caceres, 2013; Santos
et al.,, 2021). A escolha por essas métricas alinha-se com a necessidade de operacionalizar os

multiplos conceitos de diversidade beta na pratica ecoldgica (Anderson et al., 2011).



15

A dispersdo das espécies e a filtragem ambiental também podem afetar os padrdes de
singularidade ecoldgica nos ecossistemas. Por exemplo, em ecossistemas aquaticos continentais,
a estrutura dendritica dos sistemas fluviais cria um mosaico de habitats e niveis de conectividade,
que moldam a dispersao das espécies e a heterogeneidade ambiental (Carrara et al., 2012;
Carvalho et al., 2023; Santiago & Beasley, 2023; Valente-Neto et al., 2020; Vannote et al., 1980),

o que pode favorecer comunidades singulares.

Com o agravamento da crise da biodiversidade, torna-se urgente reconhecer o papel das
espécies e locais singulares na manuten¢ao da diversidade regional (Brito et al., 2020). A perda
de locais ou espécies com alta contribuicdo para a diversidade beta implica em uma perda
significativa da singularidade ecologica, reduzindo o potencial adaptativo e funcional dos
ecossistemas (Bomfim et al., 2024; Mouillot et al., 2013). Minha dissertacao busca compreender
os padrdes de raridade e singularidade ecoldgica em diferentes escalas e contextos ambientais,
integrando abordagens tedricas, empiricas ¢ de divulgacdo cientifica. Ao reunir diferentes
perspectivas sobre a singularidade ecologica, esta dissertagdo busca ampliar a compreensao sobre
como padrdes de raridade e contribuicdo local moldam a diversidade biologica, oferecendo
subsidios tedricos e praticos para estratégias de conservacao mais eficazes e abrangentes (Duflot

& Vihitalo, 2024; Liu et al., 2024; Rocha et al., 2023; Vellend, 2016).

No Capitulo 1, conduzi uma revisdo sistematica dos estudos que aplicaram a métrica
LCBD em distintos ecossistemas e grupos taxonomicos ao redor do mundo. Também realizei
uma meta-analise para explorar a relagao entre riqueza e LCBD. Esse capitulo tem como
objetivo sintetizar o conhecimento disponivel, identificar lacunas de pesquisa e apontar os
principais fatores abioticos e bidticos que influenciam a singularidade ecologica (Dansereau et
al., 2022; Wang et al., 2020). No Capitulo 2, coletei dados em campo para investigar como a

posi¢do do riacho na rede dendritica (i.e., riachos de cabeceira ou mais centrais) influencia a
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ocorréncia de espécies aquaticas raras e suas contribuigdes para a diversidade beta, quantificadas
por meio da métrica LCBD,que permite avaliar o grau de singularidade de cada local com base
na composi¢do de espécies. A raridade foi estimada a partir da abundancia e frequéncia das
espécies nos locais amostrados, permitindo identificar quais espécies contribuem de forma
desproporcional para a singularidade ecologica. Por fim, o Capitulo 3 traduz um dos conceitos
fundamentais da dissertacao - a raridade de espécies - em uma linguagem acessivel ao publico
nao especializado. O capitulo aborda as razdes pelas quais ser raro ¢ uma condigdo comum na
natureza, as implicagdes disso para a conservagdo e a importancia de valorizar espécies pouco

conhecidas.



Capitulo 1

The trade-off between ecological uniqueness and species richness: A global
meta-analysis and systematic review of the Local Contribution to Beta

Diversity (LCBD)

This manuscript was elaborated according to the style of Ecological Indicators journal
(https://www.sciencedirect.com/journal/ecological-indicators/publish/guide-for-authors)
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Abstract

The Local Contribution to Beta Diversity (LCBD) has emerged as a key metric for quantifying
ecological uniqueness by measuring the distinctiveness of each site species composition within a
regional context. Unlike traditional diversity measures, LCBD identifies sites that make
exceptional contributions to overall beta diversity, serving as indicators of either unique habitats
worthy of conservation or degraded sites requiring restoration. We conducted a systematic
review of the global literature on LCBD to map the temporal and geographic trends of scientific
production, cataloging the predominant methodological approaches, synthesizing the main
findings and identifying from this integrative analysis the knowledge gaps. Furthermore, we
performed a meta-analysis to quantitatively synthesize evidence on the relationship between
LCBD and species richness, examining how this relationship varies across ecosystems, taxa, and
methodological factors. Following the PRISMA protocol, we analyzed 471 studies published
between 2013 and 2024, from which 160 met the inclusion criteria for the systematic review. For
the meta-analysis, 117 studies were included, which contained the criteria for their inclusion. Our
findings reveal exponential growth in publications, with a strong concentration in freshwater
ecosystems and some countries (notably Brazil and China). We found a pronounced
predominance of taxonomic approaches over functional or phylogenetic dimensions of LCBD.
Most of the studies investigated fishes and invertebrates. We identified critical gaps in
marine/estuarine systems, tropical regions, and temporal studies, providing a roadmap for
expanding LCBD's role in biodiversity conservation. Our meta-analysis revealed a significant
negative LCBD-richness relationship overall, though with high heterogeneity (strongest in
freshwater systems and weaker in terrestrial ones). The negative LCBD-richness relationship
poses a conservation challenge: species-rich sites are often less compositionally unique. These
findings highlight that conserving regional biodiversity requires a dual strategy: protecting both

high-richness areas and compositionally unique sites, while future research must address the
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geographic and taxonomic biases to unlock LCBD's full potential as a tool for ecological

assessment and prioritization.

Keywords
Local Contribution to Beta Diversity, , Ecological Uniqueness, Ecological Singularity, Beta

diversity, Conservation

Introduction

Biodiversity is shaped by ecological processes that operate at different spatial and
temporal scales, influencing community structure and beta diversity patterns. Beta diversity (i.e.,
the variation in species composition among sites within a region; Anderson et al., 2011) can
reveal the mechanisms structuring biological communities and their spatial organization (Socolar
et al., 2016). Among the metrics used to understand beta diversity patterns, Local Contribution to
Beta Diversity (LCBD), proposed by Legendre & De Caceres (2013), has emerged as a powerful
tool for identifying ecologically unique areas. LCBD is derived from the total sum of squares in
the community composition matrix, where each site's LCBD value represents its relative
contribution to the overall beta diversity. This metric quantifies the uniqueness of biological
communities by calculating the degree to which its species composition differs from the average
composition across all sites in the study (Legendre & De Caceres, 2013). Importantly, LCBD
values are inherently context-dependent, as they are calculated relative to the specific set of sites

included in each study.

From a conservation perspective, LCBD has been increasingly used to support the
prioritization of areas, as it enables the identification of sites that disproportionately contribute to

regional biodiversity patterns. However, the ecological interpretation of high LCBD values
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remains context-dependent and requires careful consideration. High LCBD values can indicate
two distinct ecological scenarios: (i) sites that may represent conservation priorities because they
harbor rare, endemic, or functionally unique species (Silva & Hernandez, 2014; but see Rocha et
al., 2023) or (i1) sites that have been significantly impacted by anthropogenic disturbances, where
compositional distinctiveness arises from the loss of sensitive species or colonization by
disturbance-adapted taxa, potentially requiring ecological restoration interventions (Heino et al.,
2021). Understanding how communities are structured and which factors determine their unique
contribution to overall beta diversity is essential for explaining biodiversity patterns and
improving conservation or restoration strategies (Chase et al., 2020; Heino et al., 2015; Leibold

et al., 2004).

One of the most frequently used conceptually important variables for interpreting LCBD
patterns is species richness (Legendre & De Céceres, 2013; Cardoso et al., 2014; Heino et al.,
2015; Siqueira et al., 2015; Qi et al., 2024 ). Because richness reflects the number of present at a
site, its relationship with LCBD provides key insights into whether ecologically unique
communities tend to be species-poor or species-rich. This relationship is central to conservation
planning, as it directly influences whether priority areas should be selected based on uniqueness,

richness, or a combination of both.

The LCBD values alone does not identify which specific species drive a site's high
contribution to beta diversity. To address this limitation, researchers often complement LCBD
analysis with Species Contribution to Beta Diversity (SCBD) metrics, which identify the
individual species that contribute most to overall compositional differences (Heino & Gronroos,
2017; da Silva et al., 2018; Gavioli et al., 2022). In practice, studies applying LCBD routinely
report additional community metrics, most commonly species richness, followed by SCBD and

metrics of environmental heterogeneity, to contextualize and interpret patterns of ecological
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uniqueness such as to test the relationship between uniqueness and local species richness (e.g.,
Heino & Gronroos, 2017) or to assess how habitat heterogeneity drives compositional
uniqueness (e.g., Gallucci et al., 2020). Without examining species composition through SCBD
or similar approaches, this critical distinction remains obscured. This interpretive ambiguity has
direct conservation implications, as misclassification can lead to misguided management
decisions. For example, sites dominated by invasive species might be incorrectly prioritized for
protection, while truly unique habitats with high conservation value could be overlooked.
Therefore, integrating LCBD with species-level analyses is helpful for accurate ecological

assessment and effective conservation planning (Liu et al., 2024; Borquez et al., 2024).

The application of LCBD has shed light on community dynamics in freshwater systems
(e.g., Heino et al., 2021), terrestrial landscapes (e.g., Silva & Hernandez, 2014), and marine
environments (e.g., Louchart et al., 2024). In addition, the understanding of beta diversity and
LCBD patterns has evolved from purely taxonomic approaches to incorporate functional (Hill et
al., 2021; Chen et al., 2024) and phylogenetic (Heino et al., 2022; Liu et al., 2024) dimensions
reflecting a search for metrics that better capture community assembly processes. However,
accurately discerning the underlying cause of a high LCBD value remains a significant challenge
in the field. A key insight from these studies is that high LCBD values are not random, but
emerge from distinct mechanistic filters. Ecologically unique sites may result from
environmental filtering in atypical or extreme habitats, which select for specialist and endemic
species (Tameirdao et al., 2021), or from dispersal limitation in isolated areas, fostering
biogeographic singularity (Franklin et al., 2013; Guevara-Andino et al., 2021). The relationship
between environmental heterogeneity and community uniqueness is frequently assessed by
examining the correlation with the Local Contribution to Environmental Heterogeneity (LCEH;

Castro et al. 2019) and LCBD.
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Despite the growing use of LCBD since the seminal paper of Legendre & De Caceres
published in 2013, the literature on LCBD remains fragmented. Key knowledge gaps persist,
such as geographical and taxonomic biases (i.e., it remains unclear whether research efforts are
globally representative or concentrated in specific regions and biological groups). Furthermore, a
comprehensive overview is needed to evaluate how consistently the theoretical promise of
LCBD has been translated into concrete conservation and restoration applications. This
knowledge can support public policies aimed at preserving vulnerable ecosystems worldwide.
Within this LCBD framework, this study is structured as a systematic review with an integrated
meta-analytical component. The systematic review provides a comprehensive synthesis of how
LCBD has been applied across ecosystems, taxa, spatial and temporal scales, and how it has been
related to multiple ecological predictors, including species richness, environmental
heterogeneity, and disturbance. Among these predictors, species richness emerged as the most
frequently examined variable in relation to LCBD. Given its central theoretical relevance and its
recurrent use across studies, we treated species richness as a focal predictor and conducted a

meta-analysis to quantitatively assess its relationship with LCBD.

A meta-analysis provides a formal statistical framework to quantitatively integrate results
across independent studies, allowing the estimation of overall effect sizes and the assessment of
heterogeneity among studies (Gurevitch & Hedges, 1999; Nakagawa et al., 2015). This approach
is critically needed to resolve a pivotal and persistent debate in community ecology and
conservation biogeography: the relationship between ecological uniqueness (LCBD) and species
richness. This relationship tests a fundamental assumption about beta diversity, whether sites of
compositional uniqueness are inherently species-poor due to strong environmental filters or
historical isolation that limit richness but favor distinctiveness (Legendre & De Caceres, 2013;
Heino et al., 2017). Conversely, a positive or null relationship would suggest that uniqueness can

emerge even in rich assemblages, potentially driven by high turnover among common species or
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unique combinations of widespread taxa. The direction and strength of this relationship therefore
determine whether LCBD and species richness are complementary or conflicting criteria for
conservation or restoration planning (Legendre, 2014; Rocha et al. 2023). Despite its importance,
empirical evidence remains contradictory, with studies reporting negative (Heino et al, 2017, da
Silva et al., 2018; Vilmi et al., 2017), weak relationships of varying direction (both, positive and
negative), (Landeiro et al., 2018; Tonkin et al., 2016), null (Brito et al., 2020; Pozzobom et al.,
2020) or positive (Hill et al., 2021; Yao et al., 2021) relationships depending on ecosystem type,
taxonomic group, and spatial scale. This lack of consensus limits the use of LCBD as a general
indicator for conservation planning and ecological diagnosis (Rocha et al. 2023). A quantitative
synthesis of this relationship is therefore necessary to determine whether a generalizable pattern
exists across ecological contexts and to identify the main sources of variability among studies.
Integrating a meta-analytical approach into this systematic review allows us to move beyond
qualitative mapping and provides the first global quantitative assessment of the LCBD—species

richness relationship.

We conducted a systematic review of the global literature on Local Contribution to Beta
Diversity (LCBD) over the past decade, since the seminal paper published by Legendre & De
Céaceres (2013). We specifically examined: (i) the temporal trajectory of LCBD research, (ii) the
location of the studies, (iii) the predominant ecosystems and taxonomic groups studied, (iv) the
beta diversity facets employed, and (v) the key ecological relationships and predictors (e.g.,
species richness and environmental uniqueness) associated with LCBD values. We also
evaluated (vi) the number of spatial and temporal studies, (vii) the proportion of studies
conducted in impacted versus conserved environments, and (viii) the extent to which studies
explicitly included conservation or anthropogenic impact contexts. Finally, we complemented
our synthesis with a meta-analysis of the relationship between LCBD and species richness. By

integrating systematic review and meta-analysis, this work not only provides a comprehensive
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overview of the first decade of LCBD research but also establishes a solid empirical basis for

future application and methodological refinement in conservation and restoration ecology.

Methods

Data searching

Data collection followed a systematic approach based on the PRISMA (Preferred
Reporting Items for Systematic Reviews and Meta-Analyses) protocol (Page et al., 2021) to
ensure transparency, reproducibility, and comprehensive coverage of the literature. The search
was conducted in the Web of Science database on September 1, 2024, using a comprehensive set

of keywords related to the LCBD metric and the concept of ecological uniqueness:

"LCBD" OR "Local Contribution to Beta Diversity" OR "Ecological Uniqueness" OR
"Ecological Singularity" OR "Biotic Uniqueness" OR "Biotic Singularity" OR "LCEH" OR
"Local Contribution to Environmental Heterogeneity" OR "Taxonomic Uniqueness" OR
"Functional Uniqueness" OR "Phylogenetic Uniqueness" OR "Taxonomic Singularity" OR

"Functional Singularity" OR "Phylogenetic Singularity".

Data sampling

The initial search in the Web of Science database yielded 471 records. Following the
PRISMA protocol, a two-phase screening process was conducted (Figure 1). In the first phase,
300 records were excluded based on title and abstract analysis. The remaining 171 studies
underwent full-text assessment for eligibility, resulting in the exclusion of 11 articles. In the end,
we included 160 primary research studies that explicitly used the LCBD metric. The search was

restricted to articles published between 2013 (the year of the seminal paper by Legendre & De
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Céceres, 2013) and 2024. Records were included if they were primary research articles explicitly
calculating or discussing LCBD using empirical data. Exclusion criteria were applied during the
screening phase, primarily for studies where the full text was inaccessible (n = 9) or whose
content was out of scope: 1) they did not calculate or report LCBD values (e.g., focused only on
other beta diversity metrics); or ii) they presented only theoretical or methodological discussions

without empirical data (i.e., were not primary research articles), upon full-text assessment (n =

302).
300 records were 11 records were Bibliographic
excluded excluded Information Methodological
Data
E-wludod Ex:l«dod
|

471 of records idenfiﬁed — 1° Screening: 2° Screening; Ecosystem
through Web of Science Title & Abstract Full-text Extractlon Characteristics

Incls
Included ne Ilded

R

171 studies
eligibility

Geographll::al Biological Data
Data

Fig. 1. The PRISMA protocol employed in our systematic review. Bibliographic information = journal

160 studies

Ellg!blllty

and year of publication; Geographical Data = geographical distribution of studies; Ecosystem
Characteristics = realm and type of ecosystem; Biological Data = taxa; Methodological Data =
biodiversity facet (i.e., taxonomic, functional or phylogenetic) and predictors (i.e., richness, LCEH,

and SCBD).

For each included study, we searched for the following information: 1) year of
publication; 2) geographical distribution of studies; 3) realm (marine, freshwater, and terrestrial);

4) taxonomic groups; 5) biodiversity facets (taxonomic, functional, and phylogenetic); 6) metrics
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explored (richness, environmental singularity and species contribution to beta diversity -
SCBD); 7) scale (spatial and temporal); and 8) impact (preserved, impacted or both).

To evaluate temporal trends in the scientific production on LCBD, we quantified the
annual number of published studies and tested its relationship with publication year using a
linear regression model. Publication year was treated as a continuous predictor, and the number
of studies per year was used as the response variable. Model significance and goodness of fit

were assessed based on the regression coefficient, p-value, and coefficient of determination (R?).

Meta-analysis

In addition to the systematic mapping of the literature on LCBD, we conducted a
meta-analysis to quantitatively synthesize the relationship between LCBD and species richness
across studies. Studies were included in the meta-analysis if they reported regression coefficients
(Pearson’s r or Spearman’s p) between LCBD and species richness along with sample sizes.
From 160 studies in our systematic review, 117 studies met these inclusion criteria. Effect sizes
were extracted as correlation coefficients (r) describing the association between LCBD values
and local species richness. To stabilize variances and ensure normality, correlation coefficients
were transformed to Fisher’s z values prior to analysis. Sampling variance was calculated as a
function of sample size (n — 3), allowing appropriate weighting of studies based on their
precision.

We fitted random-effects meta-analytical models using restricted maximum likelihood
(REML) estimation to account for both within-study sampling error and between-study
heterogeneity. Given the ecological and methodological diversity among studies, a
random-effects framework was considered appropriate. Overall pooled effect sizes were
back-transformed to Pearson’s r for interpretation. Subgroup analyses were conducted according

to taxonomic group, ecological realm, and LCBD facet (taxonomic, functional, or phylogenetic).
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We also performed a meta-regression to evaluate temporal trends in effect sizes across
publication years.

Finally, we assessed the potential publication bias using funnel plot asymmetry (Light &
Pillemer, 1984) and Egger’s regression test (Egger et al., 1997). The robustness of the results was
evaluated using trim-and-fill procedures (Duval & Tweedie, 2000) and Orwin’s fail-safe N
(Orwin, 1983).

We conducted all analyses in the R program (R Core Team, 2023) using the tidyverse
(Wickham et al., 2019) and ggplot2 (Wickham, 2016) packages for data manipulation and
visualization. All meta-analytical procedures were conducted using the metafor (Viechtbauer,

2010) package.

Results

We observed exponential growth in LCBD research since its formal introduction in 2013
(Figure 2). Linear regression analysis revealed a positive relationship between publication year
and the annual number of studies (B = 3.47, df= 8, p < 0.001, R? =0.90), indicating a consistent
growth in publication activity. The period between 2015 and 2018 was characterized as modest
publication activity, with fewer than five studies per year. A pronounced increase began in 2019,
culminating in a peak of over 40 studies in 2024, underscoring the rapid adoption and

consolidation of LCBD as a key metric in community ecology.
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Fig. 2. Temporal trend in the number of scientific publications on the Local Contribution to Beta
Diversity (LCBD) metric from 2015 to 2024 included in our systematic review. The gray line
represents the observed (raw) number of studies per year, while the dashed line indicates the

fitted linear trend. No eligible studies were found for the period 2013-2014.

The included studies showcased a wide yet asymmetric global distribution (Figure 3).
Research efforts were heavily concentrated in a few specific regions, with South America,
particularly Brazil, emerging as the dominant contributor, followed by Europe and Asia (mainly
China). In contrast, vast tropical regions, particularly Central Africa and Southeast Asia,
constituted pronounced knowledge gaps, with few or no studies applying the LCBD metric.

Boreal biomes also showed uneven coverage, although Canada stood out with a considerable
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number of studies, other major boreal zones such as Russia and Scandinavia remained severely

understudied.
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Fig. 3. Number of studies recorded for each country in our synthesis on LCBD metric.

The scientific application of the LCBD framework was disseminated across a wide range
of journals, however, a subset of periodicals emerged as the primary outlets for this research
(Figure 4). The journals Ecological Indicators and Diversity and Distributions were the most
prominent, collectively publishing a significant portion of the studies. Other key journals
included Aquatic Sciences, Hydrobiologia, and Science of the Total Environment, reflecting the
interdisciplinary nature of LCBD applications spanning general ecology, biogeography, and

aquatic sciences.
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Fig. 4. The top 10 journals, ranked by the number of studies published on LCBD metric.

Freshwater ecosystems were the predominant realm in the analyzed literature,
constituting 61.3% of all studies (Figure 5A). Within this category, small-order streams and
rivers were the most frequently investigated systems (Supplementary Table 1). Terrestrial
ecosystems comprised the second largest group (33.1%), with a focus on forests and grasslands
(Supplementary Table 2). Marine and estuarine environments were significantly
underrepresented, collectively accounting for only nine studies (5.5%).

Regarding the biodiversity dimensions used for LCBD calculation, the taxonomic
approach was overwhelmingly dominant, employed in 87.7% of the studies (Figure 5B). The
functional dimension was incorporated in 14.1% of publications, while the phylogenetic

approach was the least common, present in only 3.14% of included studies.
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Taxonomic analysis revealed a broad diversity of studied organisms (Figure 5F). Fishes,
invertebrates and plants were the main taxa investigated. In freshwater ecosystems, fishes and
aquatic invertebrates (particularly aquatic insects) were the most studied groups. Among
terrestrial organisms, plants and terrestrial invertebrates (e.g., ants and bees) were the most
frequent focus (Supplementary Table 2). Substantial representation was also found for
microorganisms and algae. We also found studies covering mammals, amphibians, and only one
article addressed birds.

Analysis of the specific metrics used alongside LCBD revealed species richness as the
most frequently employed metric (71.7% of included studies), followed by SCBD (37.1%),

while LCEH (5.7%) was utilized in a smaller subset of studies (Figure 5C).
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The meta-analysis conducted including only the studies investigating species richness (n
= 117 studies) revealed a significant negative overall relationship between LCBD and species
richness (pooled r = —0.207, 95% CI: —0.324 to —0.084), indicating that sites with higher species
richness tend to contribute less to regional beta diversity (Fig 6). Heterogeneity among studies

was high (I* = 98.9%), reflecting substantial variability in effect sizes across ecological contexts.

| I I

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
Fisher's z (LCBD x Richness)



33

Fig. 6. Forest plot showing individual effect sizes (Fisher’s z transformed correlations)
describing the relationship between Local Contribution to Beta Diversity (LCBD) and species
richness across studies included in the meta-analysis (n = 117 studies). Each point represents an
individual effect size, with horizontal lines indicating 95% confidence intervals. Effect sizes are
ordered from the most negative to the most positive. The black diamond at the bottom represents
the overall mean effect size estimated using a random-effects model, with its width

corresponding to the 95% confidence interval.

Subgroup analyses showed that negative LCBD-richness relationships were particularly
strong for fishes and aquatic invertebrates (Fig. 7A) and for freshwater ecosystems, whereas
terrestrial systems exhibited weak and non-significant patterns (Fig. 7B). Marine ecosystems
were represented by few studies and showed highly uncertain estimates. Analyses by LCBD
facet suggested stronger negative associations for functional and phylogenetic LCBD compared
to taxonomic LCBD (Fig. 7C), although these results should be interpreted cautiously due to low
sample sizes. Meta-regression indicated no significant temporal trend in effect sizes, suggesting
that, despite the exponential increase in LCBD studies, the magnitude and direction of the

LCBD-richness relationship have remained stable over time (Figure 7D).
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Fig. 7. Subgroup analyses and temporal trends of the relationship between Local Contribution to
Beta Diversity (LCBD) and species richness. (A) Effect sizes grouped by taxonomic group,
including Plants (37 effect sizes from 18 studies), Invertebrates (27/19), Fishes (21/13), Mixed
taxa (14/7), Algae (9/6), Mammals (3/3), Microorganisms (3/2), Amphibians (2/1), and Birds
(1/1). (B) Effect sizes grouped by ecological realm, showing a predominance of freshwater
studies (73 effect sizes from 46 studies), followed by terrestrial (41/22) and marine systems
(3/2). (C) Effect sizes grouped by LCBD facet, with most estimates based on taxonomic LCBD
(21 effect sizes from 11 studies), compared to phylogenetic (3/1) and functional LCBD (2/2). (D)
Temporal trend of effect sizes, with Fisher’s z-transformed correlation coefficients plotted
against year of publication. The above numbers in parentheses indicate the number of effect sizes
and the number of independent studies, respectively. All subgroup estimates were obtained using

random-effects meta-analytic models.
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Discussion

The exponential growth in LCBD publications, particularly since 2019, confirms that this
framework fills an important conceptual gap in ecology (Heino et al., 2021). Unlike traditional
diversity measures that focus solely on species counts, LCBD quantifies each site's
compositional uniqueness within a regional context, highlighting locations that contribute
disproportionately to beta diversity (Legendre & De Céceres, 2013). However, the empirical
application of LCBD is geographically biased and represented mainly by freshwater ecosystems,
with most studies concentrated in South America and marked underrepresentation in
megadiverse regions such as Central Africa and Southeast Asia, which harbor exceptional
biodiversity under intense anthropogenic pressures (Myers et al., 2000; Barlow et al., 2018; Jung
et al., 2021). Consequently, current syntheses are based on a geographically skewed evidence
base, limiting our ability to generalize patterns of ecological uniqueness globally.

The spatial bias of LCBD studies may reflect multiple factors: the strong tradition of
freshwater ecology and beta diversity research in Brazilian institutions (Heino et al., 2015), the
extensive and threatened freshwater networks of South America (Latrubesse et al., 2017; Albert
et al,, 2020), and the diffusion of methodological innovations within established research
networks, particularly after the introduction of the LCBD framework (Legendre & De Caceres,
2013). Additionally, this pattern may also reflect broader dynamics of scientific production, as
countries such as Brazil and China share rapidly expanding research systems, strong investment
in biodiversity science, and high publication output, which can accelerate the adoption and
dissemination of emerging analytical frameworks. In this context, the proliferation of LCBD
studies may partially reflect a “research trend effect”, in which recently proposed and
methodologically accessible approaches gain rapid popularity within active research networks. In
addition, LCBD studies show a pronounced taxonomic bias, with a disproportionate focus on

fishes and freshwater invertebrates, while birds, mammals, amphibians, and many terrestrial
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invertebrates remain underrepresented. Such concentration affects the interpretation of
meta-analytic findings, as relationships observed in freshwater taxa may not extend to more
mobile or broadly distributed organisms, which may exhibit LCBD patterns driven more by
stochastic processes or broad-scale environmental gradients (Shurin et al., 2009; De Bie et al.,
2012).

Most LCBD applications use taxonomic data probably due to data accessibility, but the
incorporation of functional (14.1%) and phylogenetic (3.14%) dimensions represents a
promising expansion. Functional LCBD identifies sites sustaining unique ecological traits critical
for ecosystem functioning (Mouillot et al., 2021), while phylogenetic LCBD highlights areas
harboring evolutionarily distinct lineages (Li et al., 2022). Although phylogenetic approaches
remain less represented, this pattern likely reflects their relatively recent incorporation into the
LCBD framework, suggesting that their application is still emerging.

Although LCBD-richness relationships are commonly reported, recent studies
increasingly consider additional predictors. Environmental conditions (such as Local
Contribution to Environmental Heterogeneity; Castro et al. 2019), anthropogenic stressors, and
spatial factors often exceed the explanatory power of richness alone (Liu et al., 2024; Cordova et
al., 2025). Yet, the relative importance of these drivers is rarely synthesized quantitatively,
representing a key opportunity for future LCBD research.

The applied relevance of LCBD is evident in its use along anthropogenic gradients. More
than half of the reviewed studies examined LCBD in relation to disturbance or conservation
status, often to identify conservation priorities rather than diagnose impacted systems. Human
disturbances such as deforestation, agricultural intensification, and urbanization can generate
compositionally distinct communities, resulting in high LCBD values relative to regional

baselines (de Paiva et al., 2021; Ortega et al., 2021; Schneck et al., 2022). This dual capacity, to



37

identify both conservation priorities and restoration targets, highlights its value for ecosystem
management when interpreted within ecological contexts (Heino et al., 2021; Rocha et al., 2023).

Our meta-analysis provides robust quantitative evidence for a significant negative overall
relationship between LCBD and species richness, supporting the prevailing idea that ecological
uniqueness often emerges in species-poor communities. High-richness sites tend to be
compositionally similar, whereas species-poor sites frequently represent environmentally
extreme, isolated, or disturbed conditions, resulting in atypical assemblages that
disproportionately contribute to beta diversity (Chase et al., 2020; Heino et al., 2017). This
general pattern, which positions LCBD as an identifier of irreplaceable and often overlooked
contributors to regional beta diversity (Hill et al., 2021; Heino et al., 2022), is exemplified by
studies identifying headwater streams and intermittent rivers during dry phases as high-LCBD
sites (Jyrkdnkallio-Mikkola et al., 2018; Soria et al., 2024).

Our subgroup analyses and the broader literature underscore that the LCBD-species
richness relationship, although predominantly negative, is highly context-dependent. The high
heterogeneity observed among studies, and the variation across realms and taxa, reflect the
influence of distinct ecological processes. For instance, the negative relationship was strongest in
freshwater systems and for taxa like fishes and aquatic invertebrates, whereas it was weak or
non-significant in terrestrial realms. This variation highlights that LCBD and species richness
capture complementary but distinct dimensions of biodiversity, and their relationship with
conservation priorities can vary. A clear illustration is provided by Rocha et al. (2023), who
found that for freshwater mussels, high-LCBD sites were species-poor and did not overlap with
areas harboring threatened species. This negative relationship presents a central conservation
challenge: sites prioritized for species richness may not coincide with those contributing most to
regional compositional uniqueness, creating potential trade-offs in conservation and restoration

planning. This high heterogeneity underscores that there is no universal LCBD-richness
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relationship and reinforces the critical need for system- and taxon-aware interpretations when
applying LCBD in conservation or restoration contexts.

By integrating a global systematic review with a meta-analytical approach, this study
provides the first quantitative synthesis of LCBD-richness relationships. Our study does not
propose LCBD as a novel indicator, but provides the comprehensive, evidence-based framework
needed to apply it effectively. We confirm its role in identifying singularity, quantify the
prevalent negative relationship with richness, which supports its application in identifying sites
with high ecological singularity, and chart the research priorities necessary to transform it from a
specialized metric into a general tool for biodiversity assessment. However, the application of
LCBD should be conducted with caution, as its interpretation is strongly shaped by its dual
relationship with species richness, which is predominantly negative across studies. Accounting
for this interaction is essential to avoid conflating ecological uniqueness with patterns driven
primarily by richness gradients. Expanding LCBD applications to underrepresented ecosystems,
taxa, and biodiversity dimensions, particularly through the incorporation of temporal analyses,

will be essential for advancing ecological theory and informing conservation practice.
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Supplementary Material

Figure 1. Funnel plot showing effect sizes of the relationship between Local Contribution to Beta
Diversity (LCBD) and species richness across the studies included in the meta-analysis. Points represent
individual studies, and the dashed line indicates the overall pooled effect.
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Table 1. Ecosystem classification by domain with number of articles from the systematic

literature review.

55

Main Subdomain Consolidated Ecosystem Number of
Domain Type Articles
Freshwater Low-Order Streams Streams, creeks, 38

headwaters, springs and

small watercourses

(includes intermittent,

subtropical, tropical,

high-altitude)

Rivers Rivers (perennial, 24
intermittent, temporary,
tropical, watersheds and
river systems)

Lakes/Ponds Lakes (include natural, 22
artificial, urban, quarry,
floodplain)

Floodplains Floodplains and flooded 9
areas

Wetlands Wetlands and swamps 5

Reservoirs Reservoirs and dam lakes 6

Thermal Waters Thermal waters 1

Groundwater Groundwater 1

Marine Coastal Coastal environments 8
(reefs, mangroves, bays)
Open Ocean Marine ecosystems 3
Estuaries Estuaries 3
Terrestrial Forest Forests (tropical, 24

temperate, subtropical)




Agricultural Agricultural areas and 11

pastures

Grassland Prairies, natural pastures, 8
savannas

Riparian Riparian forests and 5
ecosystems

Mountain High-altitude/mountain 6
ecosystems

Urban Urban parks and 4

fragmented landscapes

Various Multiple terrestrial 6
ecosystems

Coastal Coastal dunes - terrestrial 2
part without water
influence

Soils Soils 2

Peatlands Boreal peatlands 2

Vegetation Diverse vegetation 2

Formations formations

Total 160

Table 2: Classification system for biological groups used in the systematic literature review on
ecological uniqueness.

Main Category Subcategory Included Terms
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Fishes Fishes Fishes (native, non-native, benthic,
benthopelagic), fish communities
Plants Terrestrial Plants Plants, forest vegetation, plant
communities, woody flora, arable plants,
trees (angiosperms), vascular plants
Aquatic Plants Aquatic macrophytes, aquatic plants
Bryophytes Bryophytes
Invertebrates Macroinvertebrates Aquatic macroinvertebrates, benthic

Aquatic Insects

Crustaceans

Terrestrial Insects

Arachnids

Parasites

Zooplankton

macroinvertebrates, stream invertebrates,
aquatic communities with
macroinvertebrates

Aquatic Insects, Ephemeroptera,
Plecoptera, Trichoptera, Odonata,
Coleoptera, Chironomidae, Megaloptera.

Crustaceans

Insects (terrestrial), wild bees, ants,
hoverflies (Syrphidae), lepidopterans
(butterflies/moths).

Spiders

Parasites (helminths, nematodes, fleas,
ectoparasites, endoparasites), plant

parasites

Zooplankton, rotifers, cladocerans

Algae
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Phytoplankton
Phytoplankton, Diatoms, benthic algae,
Diatoms periphytic algae, planktonic diatoms
Microphytobenthos, periphyton (as
Other Algae algal community)
Microorganisms Soil Bacteria, archaea, microeukaryotes,
(bacteria and fungi) microorganisms, prokaryotic communities, aquatic
soil fungi microorganisms
Terrestrial Soil microorganisms, soil fungi
Microorganisms
Amphibians Amphibians Amphibians, anurans, frogs
Mammals Mammals Mammals, terrestrial mammals, bats,
rodents
Birds Birds Birds
Mixed Mixed Aquatic communities (general, when

unspecified), mixed communities with
diverse organisms, "various biological
species"




Capitulo 2

Dendritic network position does not drive rarity or ecological
uniqueness of aquatic insects in subtropical streams

This manuscript was elaborated according to the style of Hydrobiologia
(https://link.springer.com/journal/10750/submission-guidelines#Instructions%20for%20Authors)
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Abstract

The dendritic network structure of lotic ecosystems supports high species diversity along fluvial
gradients. Headwater streams, characterized by higher geographical isolation, are often
considered hotspots of ecological uniqueness. We investigated how stream position influences
aquatic insect rarity and beta diversity in Atlantic Forest conservation units, testing the following
hypotheses: (i) central streams had more abundance and species richness than headwaters; (ii)
headwaters contain higher proportion of rare species; (iii) headwaters exhibit higher beta
diversity; (iv) headwaters show greater ecological uniqueness (LCBD); and (v) rare species
contribute more to beta diversity (SCBD) than common species. We sampled aquatic insects
from 11 pairs of streams, each pair consisting of one headwater and one central stream. We
identified Ephemeroptera, Plecoptera, Trichoptera, Odonata and Chironomidae to genus level.
First, we calculated paired t-test for species abundance or occupancy (i.e., proportion of sampled
sites in which each species was recorded) between headwater and central streams. We also
calculated Permutation Analysis of Multivariate Dispersions (PERMDISP) and Permutational
Multivariate Analysis of Variance (PERMANOVA) for all genera together and separately for
each taxonomic group. We then investigated patterns of ecological uniqueness and species
contributions to beta diversity. We found similar abundance and richness of aquatic insects
between headwater and central streams. We also did not find a difference in rarity or LCBD
between stream positions. Genera with intermediate abundance and occupancy contribute the
most to beta diversity. In conclusion, within these well-preserved Atlantic Forest streams, our
findings point to minimal ecological distinction between headwaters and central streams. Rarity
is not concentrated in headwaters, intermediate species are the primary drivers of beta diversity,
and ecological uniqueness is dispersed across the river network. These results challenge
conservation paradigms that prioritize specific river sections and instead advocate for holistic,

watershed-scale protection strategies.
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Introduction

Freshwater communities are naturally structured by a combination of spatial processes,
dispersal limitations, and environmental filtering, even in landscapes with high native forest
cover and minimal direct human disturbance (Brown and Swan, 2010; Heino et al., 2015).
Accordingly, species abundance distributions are typically highly uneven, with most taxa
occurring at low abundances and only a few being locally common (Preston, 1948; Siqueira et
al., 2012; Petsch et al., 2015; Enquist et al., 2019). Rarity is an intrinsic feature of species-rich
communities and represents a critical stage in population dynamics, frequently preceding local
extinction (Hessen & Walseng, 2008), including in aquatic metacommunities. Although
anthropogenic activities can intensify rarity and accelerate biodiversity loss in freshwater
ecosystems (Dobson et al., 2006; Dudgeon et al., 2006; Petsch et al., 2021), pronounced patterns
of community composition and rarity may also emerge in conserved systems as a consequence of
natural spatial organization, particularly related to position within dendritic stream networks
(Carrara et al., 2012; Heino et al., 2015). Dendritic networks are hierarchical ecosystems,
corresponding to a geometric pattern of tree-like branching, where there is a main trunk and
branches that decrease in size (Campbell-Grant et al., 2007).

In preserved ecosystems with high native vegetation cover and low levels of direct
human disturbance, rare species are more likely to persist, as reduced anthropogenic pressure is
associated with greater environmental stability, favoring the survival and reproduction of more
vulnerable species (i.e., more susceptible to unpredictable events) (Souza, 2023). There are
several ways to define rare and common species, such as in relation to abundance or distribution
(Rabinowitz, 1981; Gaston, 1994, Siqueira et al., 2021). More widely distributed species tend to

occur in high abundances (i.e., common species), while species with more restricted distributions
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often exhibit low abundances (i.e., rare species) (Gaston, 1994). It is important to note the rarity
in empirical datasets is often inferred from low counts of individuals (e.g.,"singletons" and
"doubletons,"), which do not necessarily represent true ecological rarity but may instead result
from sampling limitations. In preserved stream networks, variation in species rarity, expressed as
differences in local abundance and spatial occupancy across sites, is expected to be associated
with longitudinal position along the dendritic network. Headwater streams are typically smaller,
more isolated, and less connected than central reaches, which may limit dispersal and increase
local extinction probability. These features can promote higher frequencies of locally rare or
spatially restricted taxa in upstream sections, whereas central reaches, due to greater connectivity
and higher habitat heterogeneity, may support more widespread and abundant taxa (Carrara et al.,
2012; Altermatt, 2013).

In lotic ecosystems such as streams, benthic invertebrates are diverse and crucial for
ecosystem functioning (Covich et al., 1999). They have a wide distribution, are strongly
influenced by environmental conditions, and have relatively low mobility (Moretti & Callisto,
2005; Wiirdig et al., 2007; Petsch et al.,, 2013). These characteristics make the benthic
invertebrate community one of the most used in the biomonitoring of aquatic ecosystems,
particularly Ephemeroptera, Plecoptera, and Trichoptera (EPT) assemblages that are sensitive to
environmental stress (Rosenberg & Resh, 1993). On the other hand, we have the often-neglected
Chironomidae (Diptera) assemblage, one of the main components of benthic communities in
continental waters, due to their high density and diversity (Ferrington, 2008). They have a wide
distribution and live in the most diverse environmental conditions, with species inhabiting from
pristine to impacted environments (Pinder, 1986; Ferrington, 2008; Petsch et al., 2015; Martins et
al., 2021).

Different taxonomic groups of aquatic insects have distinct dispersal capacities that

significantly influence their distribution patterns along stream gradients (Heino et al., 2015).
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Among the EPT groups (Ephemeroptera, Plecoptera and Trichoptera), a considerable variation in
dispersal strategies is observed. Ephemeroptera generally presents more limited dispersal, with
short-lived adults (only 1-2 days) and restricted flight, where energy is primarily directed toward
reproduction rather than exploration of new habitats (Saito et al., 2021). Plecoptera also
demonstrates moderate dispersal capabilities, whereas Trichoptera exhibits substantial
interspecific variation in dispersal ability. Although some species can disperse over long
distances within and even across catchments, many others show limited dispersal, challenging
the assumption that caddisflies are uniformly strong dispersers (Kdrné et al., 2015; Lancaster et
al., 2023). In contrast, Odonata exhibits excellent aerial mobility as adults and many species can
actively disperse for several kilometers along water bodies (Li et al., 2019). Chironomidae, in
turn, exhibit active dispersal as flying adults, although their dispersal can be strongly influenced
by wind currents and passive transport processes such as drift in the water column (May, 2019).
These eco-physiological differences highlight the importance of considering taxonomic groups
separately when analyzing community patterns in dendritic networks, as they may respond
distinctly to connectivity and isolations processes.

The position of streams within a dendritic network affects the structure and dynamics of
aquatic metacommunities, including those of aquatic insects (Carrara et al., 2012; Santiago &
Beasley, 2023). For example, in experimental laboratory stream networks, headwater sections
showed lower species richness due to reduced connectivity and more dissimilar to each other,
resulting in higher beta diversity compared to more homogenous communities among central
sections (Carrara et al., 2012). As a consequence, headwaters are expected to exhibit higher
Local Contribution to Beta Diversity (LCBD), reflecting their increased ecological uniqueness
when compared to more centrally connected stream sections, where dispersal tends to

homogenize species composition (Legendre & De Céceres, 2013; Carrara et al., 2012; Altermatt,
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2013). However, comprehensive empirical tests of these theoretical expectations in real-world
stream networks remain scarce (but see Milesi and Melo, 2014; Milesi & Hepp, 2025).

Environmental heterogeneity is a key driver of metacommunity structure, shaping species
distributions by promoting environmental filtering and niche differentiation among sites (Li et
al., 2021). These spatial and environmental processes do not affect all species equally. Because
rare species are typically more sensitive to dispersal limitation and environmental filtering
(Gaston, 1994; Hessen & Walseng, 2008; Heino et al., 2015), they are expected to play a
disproportionate role in driving community differentiation along dendritic networks. Ecological
uniqueness in stream networks may therefore arise not only from taxonomic composition but
also from environmental differentiation among sites, which can be quantified using metrics such
as the Local Contribution to Environmental Heterogeneity (LCEH; Castro et al. 2019).
Headwater streams often exhibit high environmental singularity due to local variation in channel
morphology, substrate composition, riparian vegetation, and hydrological conditions, which can
reinforce patterns of ecological uniqueness when combined with dispersal limitation.

The rarity of aquatic insects can also be influenced by the position of the water body
within a dendritic network. Headwater streams are expected to harbor a higher proportion of rare
aquatic insects due to their hydrological isolation from the rest of the network (Carrara et al.,
2012; Altermatt, 2013), as dispersal among headwater streams is generally limited (Carrara et al.,
2012; Altermatt & Fronhofer, 2018). In contrast, more centrally located streams tend to
experience higher dispersal rates, which can promote regional homogenization of biota. At the
same time, high connectivity may increase the occurrence of rare species through mass effects,
as continuous immigration allows the persistence of species that would otherwise be excluded
under local environmental conditions (Leibold et al.,, 2004; Cadotte & Fukami, 2005).
Consequently, at the site level, headwater streams are expected to exhibit higher compositional

dissimilarity and therefore greater contributions to beta diversity.
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At the species level, rare aquatic insects occurring within a dendritic network may exhibit
a greater Species Contribution to Beta Diversity (SCBD; Legendre & De Caceres, 2013). This
metric quantifies the relative importance of each taxon in structuring beta diversity and is
associated with species abundance, occupancy, niche breadth, and biological traits. Thus, species
that are spatially restricted or occur at low abundances may disproportionately drive
compositional differentiation among sites. This information is crucial for applied ecology due to
the greater vulnerability of rare species to extinction and the role of headwaters in important
ecosystem services (Alexander et al., 2016; Freeman et al., 2007).

We investigated the relationships between stream position in the dendritic network and
the patterns of richness, rarity and ecological uniqueness of aquatic insects in a subtropical
region of the Atlantic Forest. Beyond overall diversity patterns, we also evaluated the extent to
which individual sites contribute uniquely to regional beta diversity using the Local Contribution
to Beta Diversity (LCBD), a metric that identifies sites with distinct species composition relative
to the metacommunity. Because hydrological isolation is a determining factor in structuring
communities in fluvial systems, we test the central hypothesis that headwater streams, due to
their peripheral position and reduced connectivity, function as hotspots of ecological uniqueness.
However, we recognize that spatial proximity among streams may also influence community
patterns, as nearby sites tend to be more similar due to dispersal processes, potentially
confounding the effects of network position. Specifically, we expect in headwaters: (i) lower
total abundance and richness; (ii) higher proportion of rare species, both in terms of abundance
(fewer individuals) and occupancy (occurrence in fewer locations); (iii) higher beta diversity
when compared to central position streams; (iv) distinct community composition from central
streams; (v) greater local contribution to beta diversity (LCBD) in headwater sections compared
to central streams; (vi) that rare species contribute more significantly to beta diversity (SCBD)

than common species; and (vii) sites with higher local environmental heterogeneity (LCEH) may
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exhibit higher LCBD. Based on differences in dispersal ability of aquatic insects, we expect
results may differ among taxonomic groups. More specifically, aquatic insects with lower
dispersal capacity (e.g., Ephemeroptera and Plecoptera) will show stronger patterns of rarity and
ecological uniqueness in headwater streams, whereas groups with higher dispersal ability (e.g.,
Odonata and some Trichoptera species with greater flight capacity and longer-lived adults) are
expected to present more homogeneous patterns between headwater and central stream sections.
Chironomidae, due to their strong passive dispersal by wind and current water, may exhibit
intermediate or context-dependent responses, as their distribution can be influenced by both local
environmental conditions and spatial factors such as hydrological connectivity and flow
dynamics (Heino et al., 2015; Kérnd et al., 2015; Li et al., 2019). To explore how environmental
gradients influence community composition across streams and taxonomic groups, we
additionally applied distance-based redundancy analysis (dbRDA), which allows partitioning
variation in community structure attributable to measured environmental variables while
accounting for multivariate patterns among sites. This approach provides a complementary
perspective to LCBD and SCBD analyses, linking environmental heterogeneity with observed

patterns of ecological uniqueness and rarity.

Methods

Study area

Our research was conducted in two adjacent, well-preserved protected areas within the
Atlantic Forest continuum of Sdo Paulo state, Brazil: the Carlos Botelho State Park and the
Intervales State Park. These contiguous Conservation Units form one of the largest and most
ecologically significant remnants of the Brazilian Atlantic Forest, collectively recognized as a
UNESCO World Heritage Site (Ribeiro et al., 2009; UNESCO, 2019). The parks' adjacency

minimizes external disturbance, while their extensive and intact hydrographic networks provided
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sufficient replicate stream pairs for sampling. Moreover, the continuous forest cover across both
parks, documented in their respective management plans (Fundagdo Florestal, 2005; 2018),
ensured consistent riparian vegetation among sites. This setting offered an ideal opportunity to

examine natural ecological patterns in stream networks under minimal anthropogenic influence.

Sampling design

The sampling of aquatic insects was conducted in 11 pairs of streams located in the
Carlos Botelho and Intervales State Parks (Sao Paulo, Brazil). We sampled during the months of
April and May 2024, corresponding to the end of the rainy period and the beginning of the dry
period in the study area (INMET, 2023; Alvares et al., 2013).

In each stream, we defined two sampling sites: one headwater reach (first or second order
sensu Strahler 1957) and one central position reach (third or fourth order sensu Strahler 1957),
totaling 22 streams (Figure 1). The pairs of streams were chosen for similarity in drainage
density (i.e., the ratio of the total length of water courses to the total area of the microbasin are
similar between the microbasins) and land use (i.e., all with a similar percentage of native
vegetation cover ranging from 100%, guaranteed by insertion within conservation units).

We also estimated the geographic distance along the river network between headwater
and central stream sections using Google Earth. Distances ranged between headwater and central
sections between 100 and 1.500 m. This range ensured comparability among sites while
maintaining feasible access for field sampling, as only stream sections reachable during the
sampling period were considered. This approach allowed us to incorporate spatial distance while

minimizing biases related to unequal sampling effort.
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HEADWATER
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Figure 1. Sampled paired headwater and central stream sections within a dendritic network. Each
pair represents a headwater stream spatially associated with a downstream central stream along
the same flow path. The purple circle represents the headwater stream, while the green circle

represents the central stream. Water flows from the top to the bottom of the figure.

Data sampling

We sampled the aquatic insects using a kick-net (0.250 mm mesh) in a rifle section for
two minutes (consisting of four sub-samplings of 30 seconds). The material was fixed in the field
using alcohol 80%, placed in properly identified plastic bags and taken to the laboratory (LEIA -
Laboratory of Aquatic Invertebrate Ecology - Unesp-Assis), where they were sorted with the aid
of a stereomicroscope. Subsequently, the identification of the following groups of aquatic insects

was done at the genus level: Ephemeroptera, Plecoptera, Trichoptera, Odonata, and
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Chironomidae (Diptera). We used Pes et al. (2005), Dominguez et al. (2006), Heckman
(2006a,b), Dominguez & Fernandez (2009), Trivinho-Strixino (2011), Ribeiro (2013) and
Hamada et al. (2014) to help in aquatic insects identification.

Although species-level resolution would ideally provide a more precise characterization
of rarity patterns, genus-level identification remains a widely adopted and ecologically
meaningful approach in studies of aquatic insects, particularly in highly diverse tropical and
subtropical regions. Many aquatic insect groups exhibit high species richness, taxonomic
impediments, and frequent occurrence of undescribed or cryptic species, which constrains
reliable species-level identification across large datasets. Genus-level analyses have been shown
to retain strong ecological signals related to environmental gradients, dispersal processes, and
beta diversity patterns, while reducing taxonomic uncertainty and identification bias (Heino &
Soininen, 2007; Siqueira et al., 2012; Petsch et al., 2015). Nevertheless, we acknowledge that the
use of genus-level resolution may underestimate fine-scale patterns of species rarity and
ecological specialization, and our interpretations should therefore be viewed as conservative
estimates of rarity and ecological uniqueness within stream networks.

We measured limnological variables (pH, dissolved oxygen, total dissolved solids,
turbidity and temperature) using the Horiba U-50 multiparameter probe. The substrate structure
variables (e.g., sand, gravel, pebble and boulders) were estimated visually using a 50 x 50 cm
sampler area (e.g., Heino et al., 2018). We also measured the stream width and depth. Finally, we
obtained the canopy cover percentage from canopy images taken in the field and analyzed using

specialized software (ImageJ; Rasband, 2018).

Data analysis
We determined genus abundance and diversity for each stream, considering all aquatic

insect genera pooled as well as each taxonomic group separately (i.e., Ephemeroptera,
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Plecoptera, Trichoptera, Odonata and Chironomidae). For each response variable, we compared
headwater and central streams using paired designs (11 stream pairs), in which each headwater
stream was directly paired with its corresponding central reach.

To account for differences in sampling effort and total abundance among streams, we
estimated rarefied species richness using an individual-based rarefaction approach applied at the
pair level. For each pair of streams, richness was rarefied only for the site with higher
abundance, using the minimum number of individuals within the pair as the standardization
level. This procedure allowed standardized and ecologically meaningful comparisons of species
richness between headwater and central streams. Rarefied richness was calculated for all aquatic
insects pooled and separately for each taxonomic group.

To test our predictions regarding rarity, we calculated the proportion of rare aquatic insect
taxa (i.e., number of rare species divided by the total number of species). Taxa were classified as
rare in terms of abundance when represented by only one or two individuals per stream (i.e.,
singletons and doubletons, respectively). Taxa were considered rare in terms of occupancy when
occurring in only one headwater stream or one central stream section. This proportional approach
was used to minimize the potential influence of variation in total species richness among
streams, as absolute numbers of rare species tend to increase with higher overall richness,
potentially confounding comparisons between stream positions. Differences in proportional
rarity between headwater and central streams were evaluated using beta regression models,
which are appropriate for response variables bounded between 0 and 1(Ferrari & Cribari-Neto,
2004), using a paired design that accounted for the dependence between stream pairs.

We evaluated differences in community variability among headwater and central streams
using a Permutational Analysis of Multivariate Dispersions (PERMDISP; Anderson, 2006).
PERMDISP was performed based on dissimilarity matrices derived from presence—absence data

(Serensen dissimilarity) and log-transformed abundance data (Bray-Curtis dissimilarity),
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considering headwater and central streams as groups, with permutation tests restricted within
stream pairs. To test whether headwater and central streams differed significantly in their overall
community composition, we conducted a Permutational Multivariate Analysis of Variance
(PERMANOVA; Anderson, 2001) using the same dissimilarity matrices and the paired model
structure, ensuring that permutations respected the headwater-central stream pairing.
PERMANOVA evaluates differences in the centroid of multivariate community composition
between groups while accounting for the structure of ecological community data. Together,
PERMDISP and PERMANOVA allowed us to distinguish whether differences between stream
positions were driven by changes in community variability or by shifts in overall species
composition.

We further investigated relationships between community composition and
environmental variables using distance-based redundancy analysis (dbRDA) based on
Bray-Curtis dissimilarity matrices derived from log-transformed abundance data. Analyses were
conducted considering all taxonomic groups together and separately for each group.
Environmental variables were standardized prior to analyses to ensure comparability among
predictors. The dbRDA models also followed the paired design, incorporating the pairing of
headwater and central streams into the permutation scheme to account for dependency between
paired sites.

Local Contribution to Beta Diversity (LCBD) was calculated following Legendre and De
Céceres (2013). Abundance data were Hellinger-transformed prior to analysis, and total beta
diversity was estimated for the full set of streams. LCBD values were then used to identify sites
contributing disproportionately to overall beta diversity.

Local contribution to environmental heterogeneity (LCEH) was calculated based on a
site-by-environmental variables matrix. Prior to analysis, environmental variables were

standardized to ensure comparability among different measurement scales. Euclidean distance
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was then used to compute a pairwise environmental dissimilarity matrix among sites. Following
the logic of LCBD (Legendre & De Céceres, 2013), LCEH was calculated as the relative
contribution of each site to total environmental dissimilarity. Specifically, for each site i, we
computed the sum of its pairwise environmental distances to all other sites (S;) and divided it by
the total sum of all pairwise environmental distances (S _total). Thus:

LCEH;=S;/S_total
where S total equals half of the sum of all elements in the symmetric environmental distance
matrix. This approach quantifies how environmentally unique each site is relative to the entire
study system. Statistical significance of LCEH values was assessed using permutation tests (999
permutations), obtained by randomly permuting rows and columns of the environmental distance
matrix. For each permutation, LCEH values were recalculated, generating a null distribution for
each site. Observed LCEH values were then compared to their respective null distributions to
obtain p-values. Differences in LCEH between headwater and central streams were evaluated
using beta regression models. Finally, the relationship between LCBD and LCEH was assessed
using beta regression models, including stream position as a categorical predictor.

Finally, we investigated the relationship between Species Contribution to Beta Diversity
(SCBD) and species rarity metrics (total abundance and occupancy) using beta generalized linear
models. Models were fitted with a logit link function and included second-order polynomial
terms to test for potential non-linear relationships between SCBD and rarity metrics.

All analyses were performed in R (R Core Team, 2023) using the packages vegan
(Oksanen et al., 2020), adespatial (Dray et al., 2019), betapart (Baselga et al., 2019), iNEXT
(Hsieh et al., 2016), BiodiversityR (Kindt & Coe, 2015), mgcv (Wood, 2020), betareg (Ferrari &

Cribari-Neto, 2004) and ggplot2 (Wickham, 2016).
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Results

We recorded a total of 2,920 organisms distributed across 104 taxa belonging to
Ephemeroptera, Plecoptera, Trichoptera, Odonata, Megaloptera and Chironomidae (Diptera).
The abundance ranged from 33 to 276 individuals (mean = 122 + 87.9) in headwater streams and
from 67 to 242 individuals (mean = 140 + 48.9) in central streams. Regarding genus richness,
headwaters varied from 13 to 46 (mean = 26 + 8.42), whereas in central streams it ranged from
19 to 34 genera (mean = 28 + 5.12). However, contrary to our expectations, we found similar
mean abundance (t 0 = 0.81, p = 0.436; Figure 2A) and observed species richness (t; 19y = 0.75,
p = 0.465 Figure 2B) between stream positions. Rarefied species richness also did not differ
significantly between headwater and central streams (t; ;0 = 1.64, p = 0.131; Figure 2C),
confirming that differences in sampling effort did not affect the observed patterns. We also did
not find differences in abundance and observed species richness between stream position for
most of the taxonomic groups (Figure 4A-J; Table S1). However, when analyzing taxonomic
groups separately, Ephemeroptera emerged as the only group showing significant differences
between stream positions, with both abundance (t 0= -2.41, p = 0.026) and species richness
(ta.10= 2.23, p = 0.037) being significantly lower in headwater streams (Figure 3A-B; Table S1).
In contrast, Plecoptera(t; o= 0.149, p= 0.883), Trichoptera (t;,,<0.001, p= 0.99),
Odonata(t; 0= 0.792, p= 0.438) and Chironomidae (0= -0.259, p= 0.798 showed no
significant differences in abundance or richness between stream positions (Figure S2.C-J; Table

S1).
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Figure 2: Abundance (A), observed species richness (B) and rarefied species richness (C) of
aquatic insects in headwater and central streams of Atlantic Forest. Each line connects a pair of
streams (headwater and its central reach).

The rarefied species richness curve indicated that the sampling effort was sufficient to
capture the expected taxa richness in the studied environments. Most of the curves for both
stream types, central and headwater, increased with sampling effort and showed a slight tendency
to stabilize, although a clear asymptote was not reached. The curve for central streams reached
its asymptote with approximately 80 sampled individuals, while the curve for headwater streams
stabilized with a similar sampling effort. This demonstrates that, despite potential differences in

total abundance, the inventory of the aquatic insect community was representative in both stream

types within the studied Atlantic Forest.
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Figure 3. Rarefied curves of aquatic insect communities in central and headwater streams of the
Atlantic Forest. The curves show the expected species richness as a function of the number of
sampled individuals. Each curve corresponds to one stream, and numbers indicate the paired
sampling units (1-11), with each number representing a headwater—central stream pair. The
dashed horizontal line indicates a common reference level of expected species richness used for
comparison among streams.

We observed the dominance by a few taxa of aquatic insects, with the 10 most abundant -
Smicridea (331 individuals), Anacroneuria (259), Leptonema (129), Lopescladius (122),
Traverhyphes (120), Tricorythodes (110), Prox. Paratendipes (105), Simothraulopsis (104),
Tanytarsus (103), and Campylocia (99) - collectively representing 51.2% of the total abundance.
In contrast, a high proportion of rare taxa was detected, with 21 singletons (taxa represented by
only one individual, 20.2% of the total) and 7 doubletons (taxa with two individuals, 6.7%),
including genera such as Beardius, Cardiocladius, Cricotopus, and Ablabesmyia among the 10

rarest. Based on occupancy (taxa present in only one stream), we found 61 rare taxa. No

significant effect of position was detected for the proportion of individuals belonging to rare
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species (B =0.18 +0.26 SE, z = 0.71, p = 0.48; Figure 5A). Similarly, proportional occupancy

did not differ between positions (f =0.14 = 0.24 SE, z = 0.61, p = 0.54; Figure 5B).
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Figure 4. Proportion of rare genera of aquatic insects in headwater and central streams. (A)
Rarity by abundance in streams (i.e., genera represented by few individuals in the samples, such
as singletons and doubletons). (B) Rarity by occupancy (species present in only one stream).
Each line connects a pair of streams (headwater and its central reach).

We also did not find significant differences in community composition between
headwater and central streams. For Serensen dissimilarity, PERMDISP showed no significant
difference in multivariate dispersion (average distance to median: Headwater = 0.380, Central =
0.348; Fi,20 = 0.759, p = 0.383), and PERMANOVA indicated no significant effect of stream
position (Fi,20 = 1.07, R = 0.051, p = 0.360). PCoA based on Serensen dissimilarity showed
some spatial separation but centroids were relatively close. For Bray—Curtis dissimilarity,
PERMDISP also indicated no significant difference in dispersion (average distance to median:

Headwater = 0.435, Central = 0.399; Fi,20 = 1.33, p = 0.258), and PERMANOVA revealed no

significant differences in abundance-based composition (F1,20 = 1.24, R =0.058, p = 0.199).
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Figure 5. Principal Coordinates Analysis (PCoA) based on Serensen (presence—absence; left)
and Bray—Curtis (log-transformed abundance; right) dissimilarities for aquatic insect
communities in headwater and central streams. Points represent individual sampling sites, with
colors indicating stream position (Headwater and Central). Numbers correspond to paired sites.
Dashed lines connect each site to the centroid of its respective group, illustrating within-group
dispersion. Group centroids are indicated by larger symbols.

The distance-based redundancy analysis (dlbRDA) results indicated that environmental
variables explained 40.35% of the variation in aquatic insect community composition, with the
first two axes explaining 16.43% (dbRDAT1) and 7.04% (dbRDA2) of the total variance. Among
the measured environmental variables, stream type and temperature emerged as significant
predictors, while other factors did not show detectable effects. When examining taxonomic
groups individually, responses to environmental gradients differed markedly: Chironomidae (42
genera, 41.7% explained variance, p = 0.025) and Trichoptera (15 genera, 44.5%, p = 0.034)
exhibited clear environmental structuring, whereas Ephemeroptera (24 genera, 38.2%, p = 0.169)

and Odonata (14 genera, 36.5%, p = 0.295) displayed intermediate patterns without statistical

significance. Plecoptera (5 genera, 51.9%, p= 0.649) showed the highest proportion of variance
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explained, although significance was not achieved, likely due to the small number of sampled

genera.
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Figure 6. Distance-based redundancy analysis (dbRDA) of aquatic insect communities in
headwater (triangles) and central (circles) streams of the Atlantic Forest. Numbers represent
stream identification. Environmental vectors show the direction and strength of correlation for:
Depth, Width, pH, Dissolved oxygen, Temperature, Turbidity, and Canopy cover. The 15 most
influential insect genera are shown in italics.
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Figure 7. Distance-based redundancy analysis (dbRDA) of major aquatic insect orders in
Atlantic Forest streams: (A) Ephemeroptera, (B) Plecoptera, (C) Trichoptera, (D) Odonata, and
(E) Chironomidae (Diptera). Each ordination shows the relationship between environmental
variables and the respective insect group. Symbol shapes represent stream types: circles = central
streams, triangles = headwater streams. Only significant environmental vectors (p < 0.05) are
shown for each group.

Of the 22 sampled streams, only 3 showed significant contributions to total beta diversity
(LCBD). The distribution consisted of 2 significant headwater streams and 1 significant central
stream (Supplementary Material Figure 1). LCEH values varied among streams, ranging from
0.06 to 0.16. Mean LCEH was slightly higher in central streams (mean + SD = 0.09 + 0.04) than
in headwater streams (0.09 = 0.02); however, this difference was not statistically significant
(t-test: t = 0.40, df: 16.43, p = 0.6928; Figure 8C). No stream exhibited significant contributions
to environmental heterogeneity based on permutation tests (p<0.005). Beta regression analysis
revealed no significant relationship between environmental heterogeneity (LCEH) and local
contribution to beta diversity (LCBD) (f = 0.33 = 1.26 SE, p = 0.796). Stream position also had

no significant effect on LCBD (p = 0.442), and the model explained a low proportion of variance
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(pseudo-R? = 0.027), indicating that variation in community uniqueness was largely independent

of measured environmental heterogeneity and stream position.
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Figure 8. Comparison of diversity metrics among river positions. (A) Boxplot of local
contribution to environmental heterogeneity (LCEH) between Headwater and Central positions.
Dots represent individual sites.(B) Bar plot showing LCEH values for each site, grouped by
position (Headwater = purple, Central = green). (C) Relationship between LCEH and local
contribution to beta diversity (LCBD) for each site, with separate trend lines for Headwater and
Central positions.

The Species Contribution to Beta Diversity (SCBD) analysis identified the 15 genera that
most contributed to total beta diversity (Figure 10). The species with highest SCBD were
Traverhyphes (SCBD = 0.0322), Tricorythodes (0.0295), Thraulodes (0.0291), Simothraulopsis
(0.0289) and Macunahyphes (0.0265). These genera, predominantly from the order
Ephemeroptera, represent the main contributors to variation in species composition among the

sampled streams. All top contributors were not classified as rare genera, with substantial

abundances (ranging from 80 to 120 individuals) and wide distributions across sampling sites.
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Figure 9. Top 15 genera of aquatic insects with higher SCBD values in headwater and central
streams of Atlantic Forest.

The Species Contribution to Beta Diversity (SCBD) analysis revealed strong and highly
significant relationships with species rarity metrics based on beta regression models. Using beta
generalized linear models with a logit link and second-order polynomial terms, we found a
significant non-linear relationship between SCBD and total abundance, with the quadratic term
being highly significant (B2 < 0.001°, z=—7.96, p < 0.0001; Figure 10A). This pattern indicates
that species with intermediate abundance values contribute disproportionately more to overall
beta diversity. Similarly, SCBD exhibited a strong non-linear relationship with species
occupancy, as evidenced by significant quadratic effect in the beta regression model (B2 = —3.99,
z = —11.12, p < 0.0001; Figure 10B). Species with intermediate occupancy across streams
showed the highest contributions to beta diversity, whereas very rare and very widespread

species tended to have lower SCBD values. Overall, these results demonstrate that species rarity
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metrics, particularly abundance and occupancy, strongly and non-linearly structured species

contributions to beta diversity in Atlantic Forest streams.
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Figure 10. Relationship between Species Contribution to Beta Diversity (SCBD) (A) total
abundance (B) occupancy of aquatic insect genera from Atlantic Forest streams, showing a
significant non-linear pattern fitted by a beta regression model.

Discussion

Contrary to our initial predictions, stream position within the dendritic network did not
emerge as a dominant driver of species richness, proportion of rare species, or ecological
uniqueness of aquatic insect communities in these well-preserved Atlantic Forest streams. Most
community-level metrics, including total abundance, species richness, proportion of rare species,
multivariate dispersion, community composition, and local contributions to beta diversity, were
remarkably similar between headwater and central streams studied. These results suggest that, at
the spatial scale considered, longitudinal position alone is insufficient to generate strong
differentiation in aquatic insect assemblages, particularly in highly connected and conserved
landscapes.

The similar proportions of rare taxa between headwater and central streams indicate that

rarity in this system is not primarily structured by hydrological isolation or network position. In
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this study, rare taxa were defined based on their total abundance across all sampled streams (e.g.,
singletons and doubletons), suggesting that rarity reflects intrinsic properties of highly diverse
tropical metacommunities, where many taxa naturally occur at low abundances and with
restricted occupancies (Preston, 1948; Gaston, 1994; Magurran & Henderson, 2003). The high
frequency of singletons and doubletons observed in our dataset is consistent with abundance
distributions commonly reported for tropical freshwater communities (Siqueira et al., 2012;
Petsch et al., 2015, 2021) and supports the idea that rarity is an inherent feature of these systems
rather than a spatially clustered phenomenon. Such patterns may arise from stochastic
colonization dynamics, fine-scale habitat specialization, historical contingencies that operate
independently of stream position (Hubbell, 2001; Heino et al., 2021), or limited sampling
intensity.

When taxonomic groups were analyzed separately, however, Ephemeroptera stood out as
an exception, showing significantly lower abundance and species richness in headwater streams.
This pattern likely reflects their comparatively limited dispersal ability and short adult lifespan,
which may restrict recolonization and population maintenance in more isolated upstream reaches
(Saito et al.,, 2021; Arce et al., 2021). In contrast, Plecoptera, Trichoptera, Odonata, and
Chironomidae showed little differentiation between stream positions, suggesting that either
dispersal-mediated processes promote homogenization across the network or that environmental
conditions do not differ sufficiently between headwaters and central reaches to impose strong
taxon-specific filters (Heino et al., 2015; Sarremejane et al., 2017; Kérnd et al., 2015). These
contrasting responses reinforce the importance of taxonomic resolution in stream ecology, as
community-level patterns can mask biologically meaningful group-specific dynamics. Future
analyses at finer taxonomic scales, such as species level, may reveal additional patterns that are

not detectable at coarser resolutions.



84

Our findings evidence varying degrees of environmental sensitivity among aquatic insect
groups, with Chironomidae and Trichoptera demonstrating more defined responses to measured
environmental variables, while Ephemeroptera, Odonata and Plecoptera appear to be influenced
by other unmeasured factors or exhibit broader environmental tolerances. Stream type and
temperature emerged as key predictors at the community level, explaining 46.6% of total
variation, with dbRDA1 and dbRDA?2 accounting for 19.8% and 8.2%, respectively.

The similarity in multivariate dispersion and overall community composition between
headwater and central streams further challenges the expectation that headwaters function as
inherently more variable or unique components of dendritic networks. Classical theory predicts
higher beta diversity in headwaters due to isolation and reduced connectivity (Carrara et al.,
2012; Altermatt, 2013; Tonkin et al., 2016). However, empirical studies increasingly suggest that
such effects are scale-dependent and context-specific (Gronroos et al., 2013; Vilmi et al., 2017;
Heino et al., 2015). In this study, the relatively short distances between paired sites and the high
degree of landscape preservation may facilitate sufficient dispersal to counteract isolation effects,
resulting in comparable levels of community variability across the network.

Consistent with this interpretation, only a small subset of streams exhibited significant
LCBD values, and these were not disproportionately associated with headwaters. This indicates
that ecological uniqueness, as expressed through taxonomic composition, is distributed across
the network rather than concentrated in upstream sections. Similar patterns have been reported in
preserved fluvial systems, where local uniqueness arises from idiosyncratic site conditions rather
than systematic longitudinal gradients (Legendre & De Caceres, 2013; Siqueira et al., 2018).
Similarly, environmental uniqueness quantified through LCEH did not differ between headwater
and central streams and was not related to LCBD values. This indicates that sites contributing
disproportionately to overall environmental heterogeneity were not necessarily those

contributing most to beta diversity. Such a pattern suggests a partial decoupling between abiotic
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heterogeneity and community uniqueness in the system. The lack of association between LCEH
and LCBD may indicate that the measured environmental variables did not fully capture the
ecological gradients structuring community composition, or that biotic interactions, dispersal
dynamics, and historical contingencies play a stronger role than local abiotic conditions in
determining species assemblages. Similar mismatches between environmental heterogeneity and
community uniqueness have been reported in stream metacommunities, where dispersal
limitation, stochasticity, and mass effects may override purely environmental control (e.g., Heino
et al., 2021). Moreover, the absence of differences in LCEH between stream positions suggests
that headwaters and central reaches may not differ substantially in the magnitude of measured
environmental heterogeneity, even if they differ in other ecological dimensions. This finding
reinforces the idea that environmental variation alone does not necessarily translate into
compositional singularity, particularly in dendritic systems where connectivity and spatial
processes are strong drivers of community assembly.

Perhaps the most striking result was the pattern revealed by the SCBD analysis. Contrary
to our expectation that rare taxa would disproportionately drive beta diversity (Legendre & De
Céaceres, 2013; Socolar et al., 2016), species with intermediate to high abundance and broad
occupancy contributed most strongly to regional compositional variation. The strong non-linear
relationships between SCBD and both abundance and occupancy indicate that beta diversity in
these streams is primarily structured by spatial variation in common species rather than by the
sporadic occurrence of rare taxa. This finding aligns with growing evidence that common species
can exert a dominant influence on ecological patterns, particularly in species-rich systems
(Gaston, 2011; Auerbach & Poft, 2011; Mori et al., 2018).

This pattern of higher SCBD values associated with intermediate and widespread species
is consistent with a mass-effect—like mechanism (Shmida & Wilson, 1985; Leibold et al., 2004),

whereby widespread taxa with flexible ecological requirements respond more strongly to subtle
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environmental gradients, thereby generating compositional differences among sites. In contrast,
very rare species, despite their conservation relevance, may be too infrequent to meaningfully
influence multivariate community structure at the metacommunity scale. These results highlight
the need to reconsider the assumption that rarity necessarily equates to ecological importance in
shaping beta diversity, particularly in highly diverse tropical systems (Gaston & Fuller, 2008;
Winfree et al., 2015).

Several non-mutually exclusive mechanisms may explain the overall similarity between
headwater and central streams observed in this study. First, the relatively small spatial extent of
the network may not capture the full gradient of isolation and connectivity typically associated
with dendritic systems (Levin, 1992; Heino et al., 2015). Second, the high integrity of the
surrounding forest matrix likely enhances dispersal and reduces environmental contrast among
streams (Fausch et al., 2002; Fullerton et al., 2010). Third, the use of genus-level resolution,
while ecologically meaningful, may smooth fine-scale species-level patterns of specialization
and rarity, leading to conservative estimates of differentiation (Heino & Soininen, 2007; Siqueira
etal., 2012).

In conclusion, our findings indicate that, in well-preserved Atlantic Forest streams and at
relatively small spatial scales, ecological differentiation between headwaters and central reaches
is weak. Rarity is broadly distributed across the network, ecological uniqueness is not restricted
to upstream sections, and beta diversity is primarily driven by common taxa with intermediate
abundance and occupancy. These results challenge the widespread assumption that headwaters
universally function as hotspots of rarity and uniqueness (Carrara et al., 2012; Altermatt, 2013)
and suggest that conservation strategies should prioritize the protection of entire interconnected
stream networks rather than focusing exclusively on specific positions within the dendritic
system. Future studies extending across larger spatial scales, incorporating functional traits and

dispersal metrics, and encompassing gradients of anthropogenic disturbance will be essential to
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refine our understanding of how rarity and ecological uniqueness are structured in tropical

freshwater ecosystems.

References

Alexander, S., J. Aronson, O. Whaley & D. Lamb, 2016. The relationship between ecological
restoration and the ecosystem services concept. Ecology and Society 21:

34 https://www.jstor.org/stable/26270353

Alvares, C. A., J. L. Stape, P. C. Sentelhas, J. L. de Moraes Gongalves & G. Sparovek, 2013.
Koppen's climate classification map for Brazil. Meteorologische Zeitschrift 22: 711-728.

https://do1.org/10.1127/0941-2948/2013/0507

Altermatt, F., 2013. Diversity in riverine metacommunities: a network perspective. Aquatic

Ecology 47: 365-377. https://doi.org/10.1007/s10452-013-9450-3

Altermatt, F. & E. A. Fronhofer, 2018. Dispersal in dendritic networks: Ecological consequences
on the spatial distribution of population densities. Freshwater Biology 63: 22-32.

https://doi.org/10.1111/fwb.12951

Anderson, M. J., 2001. A new method for non-parametric multivariate analysis of variance.
Austral Ecology 26: 32-46.

https://doi.org/10.1111/1.1442-9993.2001.01070.pp.x



https://www.jstor.org/stable/26270353
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x

88

Anderson, M. J., K. E. Ellingsen & B. H. McArdle, 2006. Multivariate dispersion as a measure

of beta diversity. Ecology Letters 9: 683-693. https://doi.org/10.1111/1.1461-0248.2006.00926.x

Auerbach, D. A. & N. L. Poff, 2011. Spatiotemporal controls of simulated metacommunity
dynamics in dendritic networks. Journal of the North American Benthological Society 30:

235-251.

Baselga, A., 2010. Partitioning the turnover and nestedness components of beta diversity. Global

Ecology and Biogeography 19: 134-143. https://doi.org/10.1111/;.1466-8238.2009.00490.x

Baselga, A., C. D. L. Orme & M. B. Araujo, 2019. betapart: Partitioning the spatial variability of

community diversity. R package version 1.5. https://cran.r-project.org/package=betapart

Brown, B. L., C. M. Swan, D. A. Auerbach, E. H. Campbell Grant, N. P. Hitt, K. O. Maloney &
C. Patrick, 2011. Metacommunity theory as a multispecies, multiscale framework for studying
the influence of river network structure on riverine communities and ecosystems. Journal of the

North American Benthological Society 30: 310-327.

Cadotte, M. W. & T. Fukami, 2005. Dispersal, spatial scale, and species diversity in a
hierarchically structured experimental landscape. Ecology Letters 8: 548-557.

https://doi.org/10.1111/1.1461-0248.2005.00750.x

Campbell Grant, E. H., W. H. Lowe & W. F. Fagan, 2007. Living in the branches: population
dynamics and ecological processes in dendritic networks. Ecology Letters 10: 165-175.

https://doi.org/10.1111/1.1461-0248.2006.01007.x



89

Castro, E., Siqueira, T., Melo, A.S., Bini, L.M., Landeiro, V.L., & Schneck, F., 2019.
Compositional uniqueness of diatoms and insects in subtropical streams is weakly correlated
with riffle position and environmental uniqueness. Hydrobiologia, 842,

219-232 https://doi.org/10.1007/s10750-019-04037-8

Carrara, F., F. Altermatt, I. Rodriguez-Iturbe & A. Rinaldo, 2012. Dendritic connectivity controls
biodiversity patterns in experimental metacommunities. Proceedings of the National Academy of

Sciences 109: 5761-5766. https://doi.org/10.1073/pnas. 1119651109

Collen, B., F. Whitton, E. E. Dyer, J. E. M. Baillie, N. Cumberlidge, W. R. T. Darwall & M.
Bohm, 2014. Global patterns of freshwater species diversity, threat and endemism. Global

Ecology and Biogeography 23: 40-51. https://doi.org/10.1111/geb.12096

Costa, R. N., M. da Silva Oliveira & A. M. de Oliveira, 2023. Diferentes olhares sobre a biologia

da conservacao.

Covich, A. P, M. A. Palmer & T. A. Crowl, 1999. The role of benthic invertebrate species in
freshwater ecosystems: zoobenthic species influence energy flows and nutrient cycling.

BioScience 49: 119—-127.https://doi.org/10.2307/1313537

Dobson, A., D. Lodge, J. Alder, G. S. Cumming, J. Keymer, J. McGlade & M. A. Xenopoulos,
2006. Habitat loss, trophic collapse, and the decline of ecosystem services. Ecology 87:

1915-1924. https://doi.org/10.1890/0012-9658(2006)87[1915:HLTCAT]2.0.CO;2



90

Dominguez, E. & H. R. Ferndndez, 2009. Manual de identificacion de los insectos acuaticos de
América del Sur: Ephemeroptera, Plecoptera, y Trichoptera. Editorial Universidad Nacional del

Nordeste.

Dominguez, E., C. Molineri, M. L. Pescador, M. D. Hubbard & C. Nieto, 2006. Ephemeroptera
of South America. In Adis J., J. T. Arias, G. Rueda-Delgado & K. M. Wantzen (eds), Aquatic

biodiversity in Latin America. Volume 2. Pensoft, Sofia, Bulgaria: 1-646.

Dray, S., A. B. Dufour & D. Chessel, 2019. Adespatial: Multivariate analysis of spatial data. R

package version 0.0-1. https://cran.r-project.org/package=adespatial

Dudgeon, D., A. H. Arthington, M. O. Gessner, Z. I. Kawabata, D. J. Knowler, C. Lévéque & C.
A. Sullivan, 2006. Freshwater biodiversity: importance, threats, status and conservation

challenges. Biological Reviews 81: 163-182. https://doi.org/10.1017/S1464793105006950

Enquist, B. J., X. Feng, B. Boyle, B. Maitner, E. A. Newman, P. M. Jorgensen & B. J. McGill,
2019. The commonness of rarity: Global and future distribution of rarity across land plants.

Science Advances 5: eaaz0414. https://doi.org/10.1126/sciadv.aaz0414

Fausch, K. D., C. E. Torgersen, C. V. Baxter & H. W. Li, 2002. Landscapes to riverscapes:
bridging the gap between research and conservation of stream fishes: a continuous view of the
river is needed to understand how processes interacting among scales set the context for stream
fishes and their habitat. BioScience 52: 483-498.

https://doi.org/10.1641/0006-3568(2002)052[0483:LTRBTG]2.0.CO;2



91

Ferrari,S., & Cribari-Neto, F., 2004. Beta regression for modelling rates and proportions. Journal
of Applied Statistics, 31: 799-815.https://doi.org/10.1080/0266476042000214501

Ferrington, L. C., 2008. Global diversity of non-biting midges (Chironomidae; Insecta Diptera)
in freshwater. In Balian, E. V., C. Lévéque, H. Segers & K. Martens (eds), Freshwater animal

diversity assessment. Hydrobiologia 595: 447-455. https://doi.org/10.1007/s10750-007-9130-1

Freeman, M. C., C. M. Pringle & C. R. Jackson, 2007. Hydrologic connectivity and the
contribution of stream headwaters to ecological integrity at regional scales. Journal of the

American Water Resources Association 43:

5-14.https://doi.org/10.1111/5.1752-1688.2007.00002.x

Fullerton, A. H., K. M. Burnett, E. A. Steel, R. L. Flitcroft, G. R. Pess, B. E. Feist & B. L.
Sanderson, 2010. Hydrological connectivity for riverine fish: measurement challenges and
research opportunities. Freshwater Biology 55: 2215-2237.

https://doi.org/10.1111/1.1365-2427.2010.02448 x

Fundagao Florestal, 2005, 2018 , 2019. Plano de Manejo do Parque Estadual Carlos Botelho.

Fundacgao Florestal, Sao Paulo, Brasil.

https://smastr16.blob.core.windows.net/2001/2018/12/9-fundacao-florestal-2018-2019.pdf

Gaston, K. J., 1994. Rarity. Chapman and Hall, London.

Gaston, K. J., 2011. Common ecology. Bioscience 61: 354-362.

https://doi.org/10.1525/b10.2011.61.5.4


https://smastr16.blob.core.windows.net/2001/2018/12/9-fundacao-florestal-2018-2019.pdf

92

Gaston, K. J. & R. A. Fuller, 2008. Commonness, population depletion and conservation biology.

Trends in Ecology & Evolution 23: 14-19.

Gongalves, P.R.,et al. 2023..Estudos de Longa, D. Estudos de Longa Duragao

Gotelli, N. J., 2001. Research frontiers in null model analysis. Global Ecology and Biogeography

10: 337-343. https://doi.org/10.1046/5.1466-822X.2001.00249.x

Gronroos, M., J. Heino, T. Siqueira, V. L. Landeiro, J. Kotanen & L. M. Bini, 2013.
Metacommunity structuring in stream networks: roles of dispersal mode, distance type, and
regional environmental context. Ecology and Evolution 3: 4473-4487.

https://doi.org/10.1002/ece3.834

Hamada, N., J. L. Nessimian & R. B. Querino, 2014. Insetos aquaticos na Amazdnia brasileira:

taxonomia, biologia e ecologia. Editora do INPA, Manaus.

Heckman, C. W., 2006a. Encyclopedia of South American aquatic insects: Odonata Anisoptera:

[lustrated keys to known families, genera, and species in South America. Springer, Dordrecht.

Heckman, C. W., 2006b. Encyclopedia of South American aquatic insects: Odonata Zygoptera:

[lustrated keys to known families, genera, and species in South America. Springer, Dordrecht.

Heino, J., J. Alahuhta, L. M. Bini, Y. Cai, A. S. Heiskanen, S. Hellsten, P. Kortelainen, N.

Kotamiki, K. T. Tolonen, P. Vihervaara, A. Vilmi & D. G. Angeler, 2021. Lakes in the era of



93

global change: moving beyond single-lake thinking in maintaining biodiversity and ecosystem

services. Biological Reviews 96: 89—106. https://doi.org/10.1111/brv.12647

Heino, J., A. S. Melo & L. M. Bini, 2015. Reconceptualising the beta diversity-environmental
heterogeneity relationship in running water systems. Freshwater Biology 60:

223-235do1:10.1111/fwb.12502

Heino, J., A. S. Melo, T. Siqueira, J. Soininen, S. Valanko & L. M. Bini, 2015. Metacommunity
organisation, spatial extent and dispersal in aquatic systems: patterns, processes and prospects.

Freshwater Biology 60: 845-869. https://doi.org/10.1111/fwb.12533

Heino, M., M. J. Puma, P. J. Ward, D. Gerten, V. Heck, S. Siebert & M. Kummu, 2018.
Two-thirds of global cropland area impacted by climate oscillations. Nature Communications 9:

1257. https://doi.org/10.1038/s41467-017-02071-5

Hessen, D. O. & B. Walseng, 2008. The rarity concept and the commonness of rarity in
freshwater zooplankton. Freshwater Biology 53: 2026-2035.

https://doi.org/10.1111/1.1365-2427.2008.02026.x

Hubbell, S. P., J. A. Ahumada, R. Condit & R. B. Foster, 2001. Local neighborhood effects on
long-term survival of individual trees in a neotropical forest. Ecological Research 16: 859—875.
https://doi.org/10.1046/j.1440-1703.2001.00445.x

Hsieh, T. C., K. Ma & A. Chao, 2016. iNEXT: an R package for rarefaction and extrapolation of
species diversity (Hill numbers). Methods in Ecology and Evolution 7: 1451-1456.

https://doi.org/10.1111/2041-210X.12613



94

INMET, 2023. Banco de Dados Meteoroldgicos do Instituto Nacional de Meteorologia.

Ministério da Agricultura e Pecuaria, Brasil. https://bdmep.inmet.gov.br/

Kérnd, O. M., M. Grénroos, H. Antikainen, J. Hjort, J. Ilmonen & L. Paasivirta, 2015. Inferring
the effects of potential dispersal routes on the metacommunity structure of stream insects: as the

crow flies, as the fish swims or as the fox runs?. Journal of Animal Ecology 84: 1462—1473.

Kindt, R., 2015. Package ‘BiodiversityR’. R package version 2.5-0. Available at:

https://CRAN.R-project.org/package=BiodiversityR

Lancaster, J., Downes, B. J., Finn, D. S., & St Clair, R. M. 2023. Connected headwaters:
Indelible field evidence of dispersal by a diverse caddisfly assemblage up stream valleys to dry

catchment boundaries. Freshwater Biology, 69:1—-14. https://doi.org/10.1111/fwb.14188

Legendre, P. & M. De Céceres, 2013. Beta diversity as the variance of community data:
dissimilarity coefficients and partitioning. Ecology Letters 16: 951-963.

https://doi.org/10.1111/ele.12141

Leibold, M. A., M. Holyoak, N. Mouquet, P. Amarasekare, J. M. Chase, M. F. Hoopes, R. D.
Holt, J. B. Shurin, R. Law, D. Tilman & M. Loreau, 2004. The metacommunity concept: a
framework for multi-scale community ecology. Ecology Letters 7: 601-613.

https://doi.org/10.1111/1.1461-0248.2004.00608.x


https://bdmep.inmet.gov.br/

95

Levin, S. A., 1992. The problem of pattern and scale in ecology: the Robert H. MacArthur award

lecture. Ecology 73: 1943-1967. https://doi.org/10.2307/1941447

Li, F., J. D. Tonkin & P. Haase, 2019. Local contribution to beta diversity is negatively linked
with community-wide dispersal capacity in stream invertebrate communities. Journal of

Biogeography 46: 266—277..https://doi.org/10.1016/j.ecolind.2019.105715

Li, Z., X. Chen, X. Jiang, J. D. Tonkin, Z. Xie & J. Heino, 2021. Distance decay of benthic
macroinvertebrate communities in a mountain river network: Do dispersal routes and dispersal
ability matter?. Science of the Total Environment 758: 143630.

https://doi.org/10.1016/j.scitotenv.2020.143630

Liu, G., X. Qi, Z. Lin, Y. Wang, Y. Wang, C. Wang & N. Wu, 2024. Uncovering patterns and
drivers of macroinvertebrate ecological uniqueness for conservation planning in riverine
tributaries of Thousand Islands Lake, China. Ecological Indicators 167: 112652.

https://doi.org/10.1016/j.ecolind.2024.112652

Magurran, A. E. & P. A. Henderson, 2003. Explaining the excess of rare species in natural

species abundance distributions. Nature 422: 714-716. https://doi.org/10.1038/nature01547

Martinez, D. 1., Septanil, M. P., Mello, K., Pinto, L. F. G. et al. 2025. Unidades de Conservagao
na Mata Atlantica: Analise da cobertura, sobreposicoes e efetividade das UCs no territorio da Lei

da Mata Atlantica. Technical Report. SOS Mata Atlantica, Sao Paulo.



96

Martins, 1., D. M. Castro, D. R. Macedo, R. M. Hughes & M. Callisto, 2021. Anthropogenic
impacts influence the functional traits of Chironomidae (Diptera) assemblages in a neotropical

savanna river basin. Aquatic Ecology 55: 1081-1095.

https://doi.org/10.1007/s10452-021-09884-z

May, M. L., 2019. Dispersal by aquatic insects. In: Aquatic insects: Behavior and ecology.
Springer International Publishing, Cham, pp.

35-73.https://doi.org/10.1007/978-3-030-16327-3 3

Milesi, S. V. & A. S. Melo, 2014. Conditional effects of aquatic insects of small tributaries on
mainstream assemblages: position within drainage network matters. Canadian Journal of

Fisheries and Aquatic Sciences 70: 1005—-1013.https://doi.org/10.1139/cjtas-2013-0092

Milesi, S. V., A. S. Melo & S. Dolédec, 2019. Assessing community functional attributes during
substrate colonization: a field experiment using stream insects. Hydrobiologia 838:

125-139.https://doi.org/10.1007/s10750-019-03988-2

Milesi, S. V. & L. U. Hepp, 2025. Stream position shapes functional composition of aquatic
insect metacommunities. Marine and Freshwater Research 76:

MF24260https://doi.org/10.1071/MF24260

Moretti, M. S. & M. Callisto, 2005. Biomonitoring of benthic macroinvertebrates in the middle

Doce River watershed. Acta Limnologica Brasiliensia 17: 267-282.



97

Mori, A. S., F. Isbell & R. Seidl, 2018. B-diversity, community assembly, and ecosystem
functioning. Trends in Ecology & Evolution 33: 549-564.

https://doi.org/10.1016/j.tree.2018.04.012

Oksanen, J., F. G. Blanchet, R. Kindt, P. Legendre, P. R. Minchin, R. B. O'Hara, G. L. Simpson,
P. Solymos, M. Henry, H. Stevens & H. Wagner, 2020. vegan: Community Ecology Package. R

package version 2.2-1. http://CRAN.R-project.org/package=vegan

Paiva, F. F., 2023. Macroinvertebrados bentdnicos como indicadores de estressores ambientais e

de servigos ecossistémicos em reservatorios no semiarido.

Peredo Arce, A., T. Horren, M. Schletterer & J. Kail, 2021. How far can EPTs fly? A comparison
of empirical flying distances of riverine invertebrates and existing dispersal metrics. Freshwater

Biology 66: 1057-1071.https://doi.org/10.1016/j.ecolind.2021.107465

Pes, A. M. O., N. Hamada & J. L. Nessimian, 2005. Chaves de identifica¢ao de larvas para
familias e géneros de Trichoptera (Insecta) da Amazonia Central, Brasil. Revista Brasileira de

Entomologia 49: 181-204. https://doi.org/10.1590/S0085-56262005000200002

Petsch, D. K., G. D. Pinha, F. H. Ragonha & A. M. Takeda, 2013. Influéncia dos fatores
ambientais sobre a distribui¢do da comunidade de invertebrados bentonicos em canais

secundarios e principal de uma planicie de inundagao neotropical. Biotemas 26: 127-138.



98

Petsch, D. K., G. D. Pinha, J. D. Dias & A. M. Takeda, 2015. Temporal nestedness in
Chironomidae and the importance of environmental and spatial factors in species rarity.

Hydrobiologia 745: 181-193. https://doi.org/10.1007/s10750-014-2105-0

Petsch, D. K., S. A. Blowes, A. S. Melo & J. M. Chase, 2021. A synthesis of land use impacts on
stream biodiversity across metrics and scales. Ecology 102: €03498.

https://doi.org/10.1002/ecy.3498

Petsch, D. K., V. D. M. Cionek, S. M. Thomaz & N. C. L. Santos, 2022. Ecosystem services
provided by river-floodplain ecosystems. Hydrobiologia 849: 2569-2590.

https://doi.org/10.1007/s10750-022-04916-7

Phillipsen, I. C., E. H. Kirk, M. T. Bogan, M. C. Mims, J. D. Olden & D. A. Lytle, 2015.
Dispersal ability and habitat requirements determine landscape-level genetic patterns in desert

aquatic insects. Molecular Ecology 24: 54-69.https://doi.org/10.1111/mec.13003

Pinder, L. C. V., 1986. Biology of freshwater Chironomidae. Annual Review of Entomology 31:

1-23. https://doi.org/10.1146/annurev.en.31.010186.000245

Preston, F. W., 1948. The commonness, and rarity, of species. Ecology 29: 254-283.

https://doi.org/10.2307/1930989

R Core Team, 2023. R: A language and environment for statistical computing. R Foundation for

Statistical Computing, Vienna, Austria. https://www.R-project.org/



99

Rabinowitz, D. 1981. Seven forms of rarity. In: Synge, H. (Ed.), The Biological Aspects of Rare

Plant Conservation. Wiley, Chichester, pp. 205-217.

Rasband, W. S., 2018. ImageJ. U. S. National Institutes of Health, Bethesda, Maryland, USA.

https://imagej.nih.gov/ij/

Ribeiro, J. M. F., 2013. Plecoptera (Insecta) imaturos da Amazonia brasileira. Universidade

Federal do Para, Belém, Brasil.

Ribeiro, M.C., Metzger, J.P., Martensen, A.C., Ponzoni, F.J., Hirota, M.M., 2009. The Brazilian
Atlantic Forest: How much is left, and how is the remaining forest distributed? Implications for
conservation. Biological Conservation 142,

1141-1153.https://doi.org/10.1016/j.biocon.2009.02.021

Rosenberg, D. M. & V. H. Resh, 1993. Freshwater biomonitoring using individual organisms,
populations, and species assemblages of benthic macroinvertebrates. In Rosenberg, D. M. & V.
H. Resh (eds), Freshwater biomonitoring and benthic macroinvertebrates. Chapman & Hall, New

York: 1-9.

Saito, V. S., J. Soininen, A. A. Fonseca-Gessner & T. Siqueira, 2021. Dispersal traits drive the
phylogenetic distance decay of similarity in Neotropical stream metacommunities. Journal of

Biogeography 48: 61-73.https://doi.org/10.1111/jb1.12577


https://imagej.nih.gov/ij/

100

Santiago, L. & C. R. Beasley, 2023. Benthic Macroinvertebrates Associated with Riparian
Habitat Structural Diversity in an Eastern Amazon Stream Urbanization Gradient. Floresta e

Ambiente 30: €20220092. https://doi.org/10.1590/2179-8087-FLORAM-2022-0092

Sao Paulo (Estado). Parque Estadual Intervales. Disponivel em:
https://www.saopaulo.sp.gov.br/conhecasp/parques-e-reservasnaturais/parque-estadual-intervales

/. Acesso em: 24 nov. 2023.

Sarremejane, R., H. Mykra, N. Bonada, J. Aroviita & T. Muotka, 2017. Habitat connectivity and
dispersal ability drive the assembly mechanisms of macroinvertebrate communities in river

networks. Freshwater Biology 62: 1073-1082.https://doi.org/10.1111/fwb.12926

Shmida, A. & M. V. Wilson, 1985. Biological determinants of species diversity. Journal of

Biogeography 12: 1-20. https://doi.org/10.2307/2845026

Siqueira, T., L. M. Bini, F. O. Roque, S. R. M. Couceiro, S. Trivinho-Strixino & K. Cottenie,
2012. Common and rare species respond to similar niche processes in macroinvertebrate

metacommunities. Ecography 35: 183—192. https://doi.org/10.1111/5.1600-0587.2011.06875.x

Siqueira, T., V. S. Saito, L. M. Bini, A. S. Melo, D. K. Petsch, V. L. Landeiro, K. T. Tolonen, J.
Jyrkéankallio-Mikkola, J. Soininen & J. Heino, 2020. Community size can affect the signals of
ecological drift and niche selection on biodiversity. Ecology 101: e03014.

https://doi.org/10.1002/ecy.3014



101

Socolar, J. B., J. J. Gilroy, W. E. Kunin & D. P. Edwards, 2016. How should beta-diversity
inform biodiversity conservation?. Trends in Ecology & Evolution 31: 67-80.

https://doi.org/10.1016/j.tree.2015.11.005

Souza, G. M. D., 2023. O uso de macroinvertebrados benténicos como bioindicadores da

qualidade da 4gua no reservatorio Xingo, Baixo Sao Francisco (Bachelor's thesis).

Southwood, T. R. E., 1977. Habitat, the templet for ecological strategies?. Journal of Animal

Ecology 46: 337-365. https://doi.org/10.2307/3817

Strahler, A. N., 1957. Quantitative analysis of watershed geomorphology. EOS, Transactions

American Geophysical Union 38: 913-920. https://doi.org/10.1029/TR0381006p00913

Tonkin, J. D., F. Altermatt, D. S. Finn, J. Heino, J. D. Olden, S. U. Pauls & D. A. Lytle, 2018.
The role of dispersal in river network metacommunities: Patterns, processes, and pathways.

Freshwater Biology 63: 141-163.https://doi.org/10.1111/fwb.13037

Tonkin, J. D., N. L. Poff & W. R. McCluney, 2016. Ecohydrological drivers of river network

structure and biodiversity. Ecology 97: 1773-1787

Trivinho-Strixino, S., 2011. Larvas de Chironomidae. Guia de Identificagdo. Depto

Hidrobiologia/Lab. Entomologia Aquatica/UFSCar, Sao Carlos.

UNESCO, 2019. Atlantic Forest South-East Reserves. World Heritage List. Available from:

https://whc.unesco.org/en/list/893



102

Vilmi, A., S. M. Karjalainen & J. Heino, 2017. Ecological uniqueness of stream and lake diatom
communities shows different macroecological patterns. Diversity and Distributions 23:

1042-1053. https://doi.org/10.1111/ddi.12594

Winfree, R., J. W. Fox, N. M. Williams, J. R. Reilly & D. P. Cariveau, 2015. Abundance of
common species, not species richness, drives delivery of a real-world ecosystem service.

Ecology Letters 18: 626-635. https://doi.org/10.1111/ele.12424

Wood, S.N., 2020. Inference and computation with generalized additive models and their

extensions. Test 29(2):307-339 doi:10.1007/s11749-020-00711-5

Wiirdig, N. L., C. S. S. Cenzano & D. Motta-Marques, 2007. Macroinvertebrate communities
structure in different environments of the Taim Hydrological System in the state of Rio Grande

do Sul, Brazil. Acta Limnologica Brasiliensia 19: 427-438.

Supplementary Material

Supplementary Table 1. Compositional summary and statistical comparisons of aquatic insect
groups between headwater and central streams in the Atlantic Forest. Columns include sample
size (Samples), number of taxa (Taxa), total abundance (Total abundance), and results of
univariate t-tests for abundance and richness differences between stream types. Multivariate
dispersion (PERMDISP) is shown using Serensen (presence—absence) and Bray—Curtis
(abundance) distances. Asterisks denote statistical significance (* p < 0.05; ¥ p < 0.10).
Significant differences in abundance and richness were found only for Ephemeroptera.
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Insect group Samples Taxa Total abundance Abundance (t, p) Richness (t, p) PERMDISP Serensen (F, p) PERMDISP Bray-Curtis (F, p)
Ephemeroptera 22 24 793 -2.412,0.026 -2.236,0.037" 0.759,0.379 1.327,0.246
Plecoptera 22 T 366 -0.361, 0.722 0.149,0.882 1.348, 0.260 1.643, 0.210
Trichoptera 22 17 661 0.177, 0.862 0.149, 0.883 0.759,0.379 1.327,0.246
Odonata 22 14 199 0.686, 0.501 0.792,0.438 0.759,0.379 1.327,0.246
Chironomidae 22 42 201 0.046, 0.964 792,0.438 0.759,0.379 1.327,0.246

Vote:™ p<0.05; T p < 0.10. Abundance and richness tested using t-tests. Multivariate dispersion assessed using PERMDISP with S@rensen and Bray-Curtis distances.

Supplementary Table 2. Detailed results of the distance-based redundancy analysis (dbRDA) for
aquatic insect taxonomic groups in Atlantic Forest streams. Absolute values represent the
percentage of total variance explained by each axis, while values in parentheses represent the
percentage of constrained variance explained by each axis relative to the total variance explained
by the model. Significance was determined at a = 0.05. Chironomidae and Trichoptera were the
only groups showing significant responses to the measured environmental variables.

Number of Total Variance Model p- Significance dbRDA1 dbRDA2 dbRDA1 (Total dbRDA2 (Total
Insect Group Genera Explained value Level (Absolute) (Absolute) Variance) Variance)
Chironomidae 42 41.7% 0.025 Significant 5.8% 4% 13.9% 9.6%
Ephemeroptera 24 38.2% 0.169 Not significant 7.4% 4% 19.4% 10.5%
Trichoptera 15 44,5% 0.034 Significant 9.1% 5.9% 20.4% 13.3%
Odonata 14 36.5% 0.295 Not significant 6% 3.6% 16.4% 9.9%
Plecoptera 5 51.9% 0.649 Not significant 21.3% 5.3% 41% 10.2%

Note: Absolute values represent percentage of total variance explained by each axis. Values in parentheses represent percentage of constrained variance explained by
each axis.
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Supplementary Figure 1. Cumulative contributions of headwater and central streams to total beta
diversity (Local Contribution to Beta Diversity — LCBD) along a gradient of sampling coverage.
Values represent the proportion of total beta diversity explained cumulatively by streams of each
type when ordered from highest to lowest LCBD value. The dashed vertical line indicates the
threshold for statistical significance, above which only three streams (2 headwater and 1 central)
showed significant LCBD values.
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Supplementary Figure 2. Abundance, richness and rarefied richness of Ephemeroptera, Plecoptera,
Trichoptera, Odonata and Chironomidae in headwater and central streams of Atlantic Forest. Each

line connects a pair of streams (headwater and its central reach).
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Capitulo 3

E comum ser raro na natureza

This manuscript was prepared according to the journal Aprendendo Ciéncia, which was accepted
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Vocé sabia que a raridade desperta o nosso interesse em diferentes aspectos da vida?
Pense, por exemplo, em uma cole¢do de figurinhas do album da Copa do Mundo. Algumas
figurinhas aparecem varias vezes e sdo faceis de encontrar nos pacotinhos. Essas figuras sdo
comuns. No entanto, n6s também temos as figurinhas que sdo muito dificeis de encontrar, pois
ha poucas unidades disponiveis, sendo consideradas raras.

Com os seres vivos, ocorre um processo parecido. Do mesmo jeito que existem
figurinhas mais faceis de serem encontradas em um pacotinho, existem espécies que apresentam
varios individuos em uma area — o que chamamos de alta abundincia — e sdo amplamente

distribuidas em diversos locais (como a pomba-doméstica; Columba livia,; Figura 1).

. Amazdnia . Caatinga . Cerrado . Mata Atlantica . Pampa

Figura 1: Mapa do Brasil destacando os biomas, com indica¢do da pomba-doméstica -

exemplo de espécie comum com distribui¢cdo ampla
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Essas sdo as espécies que denominamos comuns. J4 as espécies raras sao mais restritas € com
poucos individuos, como a arara-azul-de-lear (Anodorhynchus leari), em que apenas 1500
individuos sdo encontrados no nordeste do Brasil, especificamente no estado da Bahia, em
regides de caatinga (Arara-azul-de-lear e Mico-ledo-dourado Figura 2). E por mais
contraintuitivo que isso possa parecer, a maior parte das espécies ¢ rara, enquanto poucas sao

comuns. Por isso, € comum ser raro na natureza!

. Amazodnia . Caatinga . Carrado . Mata Allantica . Pampa

Figura 2:Mapa do Brasil destacando os biomas, com indicagdo da area de ocorréncia de
espécies raras. Arara-azul-de-lear (Bahia/Caatinga) e Mico-ledo-dourado (Mata Atlantica) -

exemplos de espécies raras com distribui¢ao restrita.

Hé varias formas de definir a raridade das espécies, sendo a maneira mais habitual
através da sua abundancia, ou seja, se ha muitos ou poucos individuos presentes em uma area.
Além da abundancia, podemos avaliar a raridade através da ocupancia, que se refere ao nimero
de locais em que uma espécie ocorre. Uma espécie com baixa ocupancia ¢ aquela que aparece

em poucas areas, mesmo que possa ser abundante em alguns desses locais especificos.
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Uma espécie também pode ser rara em relacao a sua distribuicdo geografica, ou seja, a
extensao da area onde ¢ encontrada. Uma espécie com distribuigdo geografica restrita ocupa
uma area pequena, independentemente de sua abundancia em cada local. Assim, mesmo que a
espécie tenha alta ocupancia dentro de uma area especifica, sua distribuigdao geografica pode ser
limitada a um tnico habitat ou regido. E o caso do mico-ledo-dourado (Leontopithecus rosalia),

encontrado apenas em uma pequena porcdo da Mata Atlantica (Figura 2). Por isso, o

mico-ledo-dourado ¢ endémico dessa regido.

Viérios cientistas buscam compreender o motivo de tantas espécies serem raras. As
causas para esse fendmeno da raridade sao naturais, como especializagao de nichos ou ciclos de
vida sazonais e curtos. A dispersao (isto ¢, a capacidade de conseguir se estabelecer em
ambientes que antes aquela espécie nao ocupava), em conjunto com o grau de isolamento,

também sao fatores que podem contribuir para que a raridade de espécies ocorra.

Apesar das causas naturais de raridade de espécies, as atividades antrdpicas como
destruicao de habitats, mudangas climaticas e sobre-exploracao tém levado ao declinio da
abundancia e a limita¢do da ocupagdo, tornando as espécies ainda mais raras. As espécies raras,
por sua vez, sao mais vulneraveis a extingdo do que as espécies comuns. Isso ocorre quando a
baixa abundancia e ocupacao as tornam mais vulneraveis a eventos estocasticos ¢ podem acabar

desaparecendo.

A perda de espécies raras pode desencadear efeitos em cadeia nos ecossistemas, assim
como a falta de uma figurinha rara pode impedir alguém de completar um album. Pense na
arara-azul-de-lear ou no mico-ledo-dourado que mencionamos anteriormente: se desaparecerem,

todo o ecossistema onde vivem
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serd impactado. Por exemplo, a extingdo de uma planta rara, polinizada apenas por uma abelha
especifica, poderia levar ao declinio desse polinizador, afetando consequentemente outras
plantas que dependem dele. Da mesma forma, o desaparecimento de um predador raro, como a
onga-pintada na Mata Atlantica, pode causar a explosdo populacional de suas presas,
desequilibrando toda a comunidade bioldgica. Cada espécie rara, mesmo com poucos individuos
como a arara-azul-de-lear, pode desempenhar um papel Gnico e insubstituivel na manutengao

dos processos ecoldgicos - sao como pegas essenciais no quebra-cabega da natureza.

A conservacao das espécies raras ¢ um desafio. Compreender todas as formas de
raridade e as suas implicagdes ajuda a criar maneiras eficazes para sua conservacao. Pois,
embora as espécies raras possam passar despercebidas, elas desempenham papéis essenciais nos
ecossistemas. A perda de uma unica espécie rara pode ter consequéncias na manutencao do
equilibrio ecologico. Assim, a conservagdo tanto das espécies raras quanto das comuns ¢

fundamental para manter a biodiversidade e o funcionamento dos ecossistemas.

Glossario

Abundéancia - Refere-se & quantidade de individuos de uma determinada espécie presente em

uma area especifica.

Conservacdo - O conjunto de acles e estratégias voltadas para proteger e preservar a

biodiversidade e os ecossistemas.

Distribuicdo geografica - A forma como uma espécie esta espalhada por diferentes locais ou

regides.
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Endémico - Refere-se a espécies ou organismos que ocorrem naturalmente em uma regido ou

local especifico e ndo sdo encontrados em outras partes do mundo.

Eventos estocasticos - S0 eventos aleatorios e imprevisiveis que podem influenciar populagdes
e ecossistemas. Exemplo: uma seca extrema, um incéndio florestal ou uma tempestade intensa
podem reduzir drasticamente o niumero de individuos de uma espécie, aumentando o risco de

extingao.

Isolamento - A separagdo de populacdes de uma espécie, que pode reduzir a possibilidade de

interagao entre individuos ¢ aumentar a raridade.

Nichos - Conjunto de condigdes ambientais, recursos utilizados e interacdes que permitem que
uma espécie sobreviva e se reproduza em determinado ambiente. Inclui, por exemplo, o tipo de
alimento que consome, o local onde vive e seu papel na cadeia alimentar. Exemplo: o
Leontopithecus rosalia (mico-ledo-dourado) ocupa o nicho de frugivoro-insetivoro na Mata

Atlantica, alimentando-se de frutos e insetos e ajudando na dispersao de sementes.

Polinizador - Animal que transporta polen entre flores, possibilitando a reproducao das plantas.

Processos ecoldgicos - Conjunto de atividades naturais que mantém o funcionamento dos

ecossistemas, como decomposi¢ao, ciclagem de nutrientes e relacdo alimentar.

Raridade - O estado de ser raro, que pode se referir a abundancia, frequéncia (nimero de locais
ou de periodos de tempo em que uma espécie € observada), distribuicao geografica ou temporal
de uma espécie. Exemplo: a Anodorhynchus leari (arara-azul-de-lear) ¢ considerada rara por

apresentar poucos individuos e distribui¢do restrita ao estado da Bahia.
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CONCLUSAO GERAL

Minha dissertacdo realizou uma investigagdo multidimensional sobre os padrdes de
raridade e singularidade ecologica, abrangendo desde uma sintese global até aplicacdes locais e
sua traducdo para a sociedade. A integracdo dos trés capitulos revela como a biodiversidade ¢

organizada e como podemos protegé-la de forma mais eficaz em um mundo em mudanga.

O Capitulo 1 mostrou, por meio de um mapeamento sistematico de dez anos de pesquisas
sobre LCBD, que a ecologia da singularidade alcancou maturidade cientifica, mas ainda carece
de maturidade geografica. A concentra¢do de estudos em ecossistemas de dgua doce em poucos
paises (China, Brasil e Canad4) gera uma visdo distorcida da singularidade ecoldgica global.
Além disso, a énfase em abordagens taxondmicas, em detrimento das dimensdes funcional e
filogenética, limita a compreensdo dos aspectos ecologicos e evolutivos da singularidade,
especialmente em regides megadiversas e pouco estudadas, como a Africa Central e o Sudeste

Asiatico.

O Capitulo 2 trouxe uma contribuicdo empirica importante ao testar hipdteses
fundamentais da ecologia de metacomunidades em riachos tropicais da Mata Atlantica.
Contrariando expectativas tedricas, as propor¢des de espécies raras, a variabilidade das
comunidades, a contribuicdo para a diversidade beta e a heterogeneidade ambiental foram
semelhantes entre nascentes e trechos intermediarios. Esses resultados sugerem que, em sistemas
bem preservados e conectados, a distingao entre esses trechos pode ser menos relevante do que

se supunha. A constatacdo de que as espécies comuns, € nao as raras, sao as principais
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responsaveis pela diversidade beta desafia paradigmas tradicionais de conservacao e reforca a

importancia de estratégias que considerem toda a comunidade biologica.

O Capitulo 3 traduziu um conceito importante da dissertagdo para uma linguagem
acessivel: a raridade de espécies. A ideia de que “ser raro ¢ comum na natureza” vai além de uma
curiosidade ecoldgica: € um principio essencial para a conservagdo. Ao divulgar os diferentes
tipos de raridade (em abundancia, ocorréncia e distribui¢do geografica) e suas vulnerabilidades, o
capitulo contribui para formar uma sociedade mais informada e engajada na protecdo da

biodiversidade.
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