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RESUMO

Os ecossistemas ldticos fornecem uma gama de servigos ecossistémicos essenciais.
Entretanto, sdo um dos ambientes que mais sofrem com impactos antrdpicos, como o
desmatamento. Os insetos aquaticos sdo organismos cruciais na manuten¢do de dindmicas
ecologicas em ecossistemas loticos. Compreender padrdes naturais na estrutura de
comunidades desses organismos, bem como respostas a impactos antrépicos como o
desmatamento, pode fornecer importantes subsidios para planos de manutencao e conservagao
de ecossistemas aquaticos. No primeiro capitulo, demonstrei que a posicdo espacial dos
riachos, dentro da rede dendritica, ¢ um fator importante para a estruturacdo funcional de
comunidades de insetos aquaticos, com riachos de cabeceira apresentando comunidades mais
unicas em termos de caracteristicas funcionais e mais fortemente associadas a filtragem
ambiental. Em contraste, riachos centrais apresentaram menor singularidade funcional e
relacdes mais fracas entre a variabilidade ambiental e funcional, sugerindo diferencas na
importancia dos processos ecologicos ao longo da rede dendritica. No segundo capitulo,
demonstrei que o desmatamento da vegetacdo riparia nativa implica em uma perda ordenada
de géneros e caracteristicas funcionais de insetos aquaticos, com locais mais degradados
abrigando comunidades empobrecidas que formam subconjuntos aninhados daquelas em
locais mais preservados. No terceiro capitulo, traduzi o conhecimento cientifico sobre insetos
aquaticos e habilidades de dispersdo, destacando formas de distribui¢ao destes organismos na
rede fluvial. Nossos resultados ajudam a ampliar a compreensdo da estrutura de
metacomunidades de insetos aquaticos, contribuindo para previsdes ecoldgicas e na definigao
de locais com prioridade de conservagao.

Palavras-chave: Rede dendritica; Desmatamento; Diversidade funcional; Aninhamento.



ABSTRACT

Lotic ecosystems provide a range of essential ecosystem services. However, they are among
the environments most affected by anthropogenic impacts, such as deforestation. Aquatic
insects are crucial organisms in maintaining ecological dynamics in lotic ecosystems.
Understanding natural patterns in the community structure of these organisms, as well as their
responses to anthropogenic impacts such as deforestation, can provide important support for
the maintenance and conservation of aquatic ecosystems. In the first chapter, I demonstrated
that the spatial position of streams within the dendritic network is an important factor in the
functional structuring of aquatic insect communities, with headwater streams presenting more
unique communities in terms of functional traits and being more strongly associated with
environmental filtering. In contrast, central streams showed lower functional uniqueness and
weaker relationships between environmental and functional variability, suggesting differences
in the importance of ecological processes along the dendritic network. In the second chapter, I
demonstrated that deforestation of native riparian vegetation leads to an ordered loss of genera
and functional traits of aquatic insects, with more degraded sites harboring impoverished
communities that form nested subsets of those found in more preserved sites. In the third
chapter, I translated scientific knowledge on aquatic insects and dispersal abilities,
highlighting the distribution patterns of these organisms within the river network. Our results
help broaden the understanding of the metacommunity structure of aquatic insects,
contributing to ecological predictions and the identification of priority areas for conservation.

Keywords: Dendritic network; Deforestation; Functional diversity; Nestedness.
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INTRODUCAO GERAL

Os ecossistemas aqudticos continentais apresentam uma elevada biodiversidade e
fornecem servigos ecossistémicos fundamentais, como abastecimento de dgua e regulacdo do
ciclo de chuvas (Petsch et al. 2022; Leal et al. 2023; Lynch et al. 2023). Entretanto, sdo um
dos ambientes que mais sofrem com os impactos antropicos, destacando-se o desmatamento
da vegetacao ripdria para uso humano do solo (Sala et al. 2000; Dudgeon et al. 2006; Reid et
al. 2018; Koehnken et al. 2020; Mello et al. 2020; Rovani et al. 2020; Petsch et al. 2021a;
Tonello et al. 2021; Petsch et al. 2022; Wiebe & Wilcove 2025). Na Mata Atlantica, os
ecossistemas 16ticos sdao particularmente vulneraveis a esses impactos uma vez que o bioma
apresenta historico intenso de degradag¢do ambiental (e.g. estima-se que 70% de sua cobertura
florestal nativa tenha sido convertida para diferentes formas de uso do solo), comprometendo
a qualidade de suas 4guas e o funcionamento desses ecossistemas (MMA 2010; Giri & Qiu
2016; SOS Mata Atlantica 2018; Rezende et al. 2018; Gebremicael et al. 2019; Santana et al.
2020).

Em condi¢des naturais, as variagdes ambientais nos ecossistemas loticos podem
ocorrer ao longo da posicao espacial na bacia hidrografica (Vannote et al. 1980; Benda et al.
2004; Meyer et al. 2007; Clarke et al. 2008), a qual apresenta uma estrutura hierarquica, onde
segmentos menores (e.g. riachos de cabeceiras) desaguam em segmentos maiores (e.g. trechos
centrais), formando organizagdes complexas chamadas de redes dendriticas (Rice et al. 2001;
Gomi et al. 2002; Fagan 2002; Campbell-Grant et al. 2007; Schmera et al. 2018). A medida
que o tamanho dos cursos d’adgua aumentam, os cursos de maior ordem passam a ter
naturalmente maior largura e profundidade, além de maior fluxo e temperatura (Vannote et al.
1980; Benda et al. 2004).

No entanto, a intensificagdo de desmatamento da vegetacdo riparia pode alterar
drasticamente as caracteristicas fisico-quimicas naturais dos ecossistemas aquaticos, como o
aumento da temperatura ¢ da deposicdo de sedimentos finos, e a reducdo do oxigénio
dissolvido e da entrada de matéria organica nos riachos (Allan 2004; Leal et al. 2016; Castro
et al. 2018; Petsch et al. 2021b). Além disso, essas mudancas reduzem a heterogeneidade
ambiental, promovendo a homogeneizagdo dos habitats e afetando a integridade e
biodiversidade dos ecossistemas de agua doce (Allan 2004; Rovani et al. 2020; Mello et al.
2020; Tonello et al. 2021).


https://link.springer.com/article/10.1007/s10531-021-02143-5#ref-CR47
https://link.springer.com/article/10.1007/s10531-021-02143-5#ref-CR18
https://link.springer.com/article/10.1007/s10531-021-02143-5#ref-CR43
https://link.springer.com/article/10.1007/s10531-021-02143-5#ref-CR27
https://link.springer.com/article/10.1007/s10750-023-05415-z#ref-CR75
https://link.springer.com/article/10.1007/s10750-023-05415-z#ref-CR88
https://link.springer.com/article/10.1007/s10531-021-02143-5#ref-CR31
https://link.springer.com/article/10.1007/s10750-023-05415-z#ref-CR42
https://www.scielo.br/j/ni/a/SQHRVMSLJJvddmBR5QphtBN/?lang=en#B71_ref
https://link.springer.com/article/10.1007/s10750-023-05415-z#ref-CR40
https://link.springer.com/article/10.1007/s10750-023-05415-z#ref-CR77
https://besjournals.onlinelibrary.wiley.com/doi/full/10.1111/j.1365-2656.2010.01668.x#b3
https://besjournals.onlinelibrary.wiley.com/doi/full/10.1111/j.1365-2656.2010.01668.x#b3
https://besjournals.onlinelibrary.wiley.com/doi/full/10.1111/j.1365-2656.2010.01668.x#b28
https://besjournals.onlinelibrary.wiley.com/doi/full/10.1111/j.1365-2656.2010.01668.x#b3
https://link.springer.com/article/10.1007/s10531-021-02143-5#ref-CR61
https://link.springer.com/article/10.1007/s10750-023-05415-z#ref-CR75
https://link.springer.com/article/10.1007/s10531-021-02143-5#ref-CR27
https://link.springer.com/article/10.1007/s10750-023-05415-z#ref-CR88
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Mudangas nas condigdes ambientais dos riachos, sejam naturais ou devido as acdes
antropicas, podem atuar como um filtro ambiental, selecionando espécies de acordo com suas
caracteristicas funcionais, que determinam sua sobrevivéncia no ambiente (Statzner et al.
2004; Heino et al. 2015; Valente-Neto et al. 2015; Schmera et al. 2018; Wong et al. 2019;
Faria et al. 2021; Li et al. 2021; Cantera et al. 2023). Por exemplo, tdxons fragmentadores
geralmente estdo relacionados com maiores quantidades de matéria organica grosseira
depositada nos riachos (Vannote et al. 1980). Essa caracteristica tende a ser alterada
naturalmente com o aumento da largura dos riachos, mas também esta sujeita a ser alterada
com a expansdo do desmatamento da vegetagdo riparia. Neste caso, enquanto gradientes
ambientais naturais ao longo da paisagem podem promover a substituicio de espécies
(Nicacio et. al. 2020), o desmatamento tende a reduzir a biodiversidade, comprometendo o
funcionamento do ecossistema (Li et al. 2018; Mahmoud & Gan 2018; Fernandes et al. 2019;
Bernhardt et al. 2022).

Neste contexto, abordagens que incluem a diversidade funcional (i.e., que consideram
as caracteristicas fisioldgicas, morfologicas e ecoldgicas dos organismos) podem contribuir
para uma melhor compreensao de como as comunidades respondem as mudangas do ambiente
(Mokany et al. 2008; Cianciaruso et al. 2009), bem como de que forma essas respostas podem
impactar os servigos ecossistémicos essenciais. Em escala local, os filtros ambientais
selecionam espécies com caracteristicas semelhantes, levando a uma redundancia funcional
(Dee et al. 2016; Nash et al. 2016; Sanders et al. 2018). A redundancia funcional, por sua vez,
pode conferir certa estabilidade ao ecossistema por garantir varios tdxons exercendo uma
mesma funcao ecoldgica. Desta forma, a perda da diversidade funcional pode comprometer o
funcionamento dos ecossistemas de forma mais intensa que a redugdo da diversidade
taxonomica (Flynn et al. 2009). Além disso, métricas como singularidade funcional (i.e.,
locais com uma combinagdo Unica de atributos) e aninhamento funcional (i.e., quando
comunidades funcionalmente mais pobres representam subconjuntos de comunidades mais
ricas) permitem, respectivamente, identificar locais com composi¢des funcionais Unicas
(Heino et al. 2022) e avaliar se ambientes degradados abrigam comunidades funcionais
empobrecidas que formam subconjuntos de locais mais preservados (Melo et al. 2014). Dessa
forma, essas abordagens funcionais podem contribuir para a definicdo de areas prioritarias
para conservagao € manejo da biodiversidade.

Insetos aquaticos apresentam alta diversidade funcional, desempenhando diversos
papeis fundamentais nas fung¢des ecossistémicas de ambientes aquaticos, principalmente em

relacdo a ciclagem de nutrientes e composicao da cadeia trofica (Esteves et al. 2011; Piliére et


https://link.springer.com/article/10.1007/s10750-024-05720-1#ref-CR92
https://link.springer.com/article/10.1007/s10750-024-05720-1#ref-CR101
https://link.springer.com/article/10.1007/s10750-023-05207-5#ref-CR57
https://link.springer.com/article/10.1007/s10750-023-05207-5#ref-CR60
https://link.springer.com/article/10.1007/s10750-023-05207-5#ref-CR32
https://link.springer.com/article/10.1007/s10750-023-05207-5#ref-CR68
https://link.springer.com/article/10.1007/s10750-023-05207-5#ref-CR14
https://link.springer.com/article/10.1007/s10750-023-05207-5#ref-CR34
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al. 2016; Milesi et al. 2019). Esse grupo possui diversas estratégias alimentares, além de
adaptacdes morfologicas para se movimentar e se fixar ao substrato (Brown & Swan 2010;
Heino et al. 2015). Possuem também habilidades de dispersao distintas, incluindo dispersao
ativa pelo voo dos adultos e passiva pela agua e vento, caracterizando também seu potencial
de distribui¢do diferenciada ao longo dos cursos d’agua (Heino et al. 2013). Além disso,
estudos anteriores identificaram sinais consistentes de resposta da estrutura de
metacomunidades de insetos aquaticos as variagdes do ambiente, sejam estas naturais que
selecionam espécies especializadas, ou provocadas pela agdo humana que causam perda da
biodiversidade (e.g. Lamouroux et al. 2004; Ippolito et al. 2012; Milesi et al. 2016; Ferreira et
al. 2017; Gomes et al. 2018; Malacarne et al. 2023), tornando o grupo ideal para investigacdes
ecologicas.

O principal objetivo da minha dissertacio ¢ entender como a estrutura das
comunidades de insetos aquaticos em riachos da Mata Atlantica respondem a variagdo das
caracteristicas ambientais, sejam elas naturais (i.e. através da organizagdo dendritica) ou
artificiais provocadas pelas atividades antropicas (e.g. desmatamento da vegetagcdo riparia).
Para isso, dividi a minha dissertagdo em trés capitulos. No capitulo 1, investiguei se a posi¢ao
espacial do riacho determina locais com comunidades de insetos aquaticos mais Unicas em
termos de caracteristicas funcionais e se a forga da resposta aos fatores ambientais eram
distintos em diferentes posigdes da rede. No capitulo 2, investiguei se as variagcdes abidticas
decorrentes da perda da vegetagdo riparia nativa por meio do desmatamento causam perdas
ordenadas de tadxons e caracteristicas funcionais de insetos aquaticos, de modo a formar
subconjuntos de comunidades empobrecidas, configurando em um padrdo de aninhamento.
Por fim, no capitulo 3, desenvolvi um artigo de divulgacdo cientifica descrevendo, em
linguagem mais simples, os tipos de dispersdo dos insetos aquaticos, onde descrevo a

importancia da organizagao espacial dendritica e os organismos que se distribuem nela.
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ENVIRONMENTAL FILTERING DRIVES FUNCTIONAL UNIQUENESS OF
AQUATIC INSECTS IN HEADWATERS BUT NOT IN CENTRAL STREAMS
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Abstract

The structuring of metacommunities in dendritic networks results from the interaction
between local environmental conditions and regional processes such as connectivity and
dispersal. The environmental gradient along the dendritic network can modify the
composition of aquatic insects through environmental filtering, which selects taxa based on
their functional traits. The network position hypothesis (NPH) predicts that, in headwater
streams, communities are primarily organized by environmental filtering, whereas in central
reaches dispersal effects predominate. Accordingly, we tested whether headwater streams
exhibit greater functional uniqueness than central streams, and whether the drivers of
functional uniqueness differ between stream positions, reflecting shifts in the relative
importance of environmental filtering. We sampled 11 stream pairs (headwater—central) in
Atlantic Forest protected areas and collected abiotic variables and aquatic insects. We
compiled the functional traits of identified genera. We calculated environmental uniqueness
(LCEH) and functional uniqueness (LCBD-f) and tested differences in their values between
headwater and central streams using paired models. We then fitted a General Linear Model
(GLM) with Gamma distribution to evaluate the relationships between LCEH and LCBD-f
across positions. We also explored the co-structure among environment, traits, and
composition using RLQ. Environmental uniqueness did not differ between positions, but
headwaters showed higher functional uniqueness. The relationship between LCEH and
LCBD-f, as well as the RLQ results, was positive and significant only in headwaters,
indicating a stronger influence of environmental variability on functional organization in these
stream reaches. In contrast, central streams exhibited lower functional uniqueness and weaker
associations between environmental and functional variability, suggesting that environmental
filtering may be less dominant in these more central portions of the dendritic network. Our
findings suggest that functional communities in headwater streams are structured by
environmental filtering (i.e., species selection), whereas additional ecological processes may
contribute to community organization in central reaches, partially supporting the NPH. Given
that headwaters harbor functionally more unique communities, our results reinforce their
importance for conserving functional diversity in dendritic stream networks.

KEYWORDS: Environmental singularity, Functional traits, Beta diversity, Dendritic
network.
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Introduction
The concept of metacommunity relates the interaction between species and environmental

conditions while also considering the connectivity among sites through dispersal potential
(Leibold et al. 2004; Leibold & Chase 2018). From this perspective, metacommunity
approaches help reveal how local factors (e.g., abiotic characteristics) and regional processes
(e.g., spatial structure) jointly shape community organization, providing an integrated
framework for understanding ecosystems. (Leibold et al. 2004; Heino et al. 2015). In
freshwater ecosystems, watersheds are generally organized in a hierarchical system of
tributaries, where small streams (e.g., headwaters) flow into larger streams (e.g., central
streams), forming a dendritic network (Gomi et al. 2002; Campbell-Grant et al. 2007). As a
result, not only environmental conditions, but also the spatial arrangement and connectivity
among sites may determine the structure of aquatic metacommunities within these networks
(Carrara et al. 2012; Altermatt 2013; Eros et al. 2017; Tonkin et al. 2015).

In this context, the Network Position Hypothesis (NPH) provides important insights
into how spatial position within a dendritic network determines the roles of the processes that
structure metacommunities (Schmera et al. 2018). Specifically, the NPH predicts that
environmental filtering processes (i.e., species sorting) are stronger in headwater regions,
whereas they interact with other mechanisms, such as dispersal dynamics, in more central
areas (i.e., mass effects) (Brown & Swan 2010; Gothe et al. 2013; Schmera et al. 2018). This
is because headwater streams are generally small, unbranched, and geographically isolated,
limiting access for colonization by new organisms (Brown & Swan 2010; Heino et al. 2015;
Richardson 2019) and making them more making them more susceptible to physical
disturbances associated with intense rainfall, floods, and windthrow (Gomi et al. 2002; Benda
et al. 2004). In these environments, local effects (e.g., environmental filtering) tend to be
more important in structuring communities, harboring more specialist taxa (Siqueira et al.
2012). In contrast, central watercourses exhibit greater connectivity (Brown & Swan 2010;
Altermatt 2013) and, due to their geophysical characteristics, generally experience more
stable environmental conditions tend to be more balanced (Finn et al. 2011), reducing
selective pressure on communities. The greater connectivity also facilitates dispersal,
contributing to the homogenization of communities in these regions (Siqueira et al. 2012;
Swan & Brown 2014). Therefore, these aspects underscore an attenuation of environmentally
driven dynamics at these downstream sites.

Although the Network Position Hypothesis has been tested primarily using taxonomic

community composition (Brown et al. 2011), much less is known about how spatial position
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within dendritic networks influences the functional organization of communities. According
to the “Habitat Template Model”, environmental conditions can shape community structure
through environmental filtering, favoring species with traits suited to local habitat conditions
(Southwood 1977; Townsend & Hildrew 1994; Poff 1997; Heino 2005; Poff et al. 2006).
Therefore, the use of functional (i..e, trait-based) approach may provide a promising
framework for wunderstanding the spatial structuring of metacommunities across
environmental gradients (Brown et al. 2011). For this purpose, aquatic insects are an excellent
group for investigating metacommunity structuring across dendritic stream networks because
their functional traits and dispersal abilities respond strongly to both environmental filtering
and spatial processes (Brown & Swan 2010). Additionally, they are one of the main
components of freshwater macroinvertebrate communities, playing essential roles in nutrient
cycling and trophic dynamics in streams (Esteves et al. 2011; Pilicre et al. 2016).

Aquatic insects exhibit high diversity in functional traits related to resource use (e.g.,
feeding and respiration), morphology (e.g., body adapted for locomotion) and dispersal ability
(Brown & Swan 2010; Heino et al. 2015; Van de Meutter et al. 2007; Heino 2013). These
traits are closely linked to environmental conditions and resource availability. For example,
shredding behavior is often associated with greater leaf litter input in streams (Vannote et al.
1980; Vimos-Lojano et al. 2020), whereas respiratory strategies are related to dissolved
oxygen availability, which varies according to temperature and water flow (Mackay &
Wiggins 1979; Verberk & Bilton 2013; Martins et al. 2017). Likewise, locomotion traits are
linked to foraging strategies and adaptations for movement and attachment to the substrate
(Salles & Ferreira-Junior 2014), conditions that may vary according to the stream order.
During the larval stage, dispersal occurs mainly passively (via water flow), potentially
covering long distances and contributing to species distribution across the dendritic network
(Bonada & Began 2024). Winged adults tend to move along stream corridors, but lateral
dispersal can also occur, generally not exceeding 2 km (Clarke et al. 2008; Finn & Poft 2008;
Ridley et al. 2011). Together, these ecological attributes make aquatic insects particularly
suitable for investigating how environmental filtering and spatial processes interact to shape
functional diversity across river networks. Beyond evaluating the functional structure of local
communities, functional beta diversity metrics may provide a more holistic perspective of
how aquatic insect metacommunities are structured along spatial gradients. This is because
these metrics describe patterns of dissimilarity among communities and help identify both
local and regional sources of variation relevant to conservation efforts (Whittaker 1960;

Whittaker 1972; Legendre & De Céceres 2013; Liu et al. 2024). In particular, identifying sites
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that contribute disproportionately to overall functional beta diversity is an important step
toward understanding how environmentally unique sites support rare combinations of
functional traits, linking community assembly processes with ecosystem functioning and
conservation value. One metric that quantifies this contribution is the Local Contribution to
Functional Beta Diversity (LCBD-f), which measures the extent to which the functional
composition of a site differs from that of regional metacommunity (Legendre & De Céaceres
2013; Nakamura et al. 2020; Heino et al. 2022).

In dendritic networks, where spatial position may generate different patterns of
organization, functional uniqueness allows comparisons of how much communities from
different positions in the network contribute to overall functional beta diversity. Moreover, the
LCBD-f can help to reveal how environmental filtering contributes to variation in functional
composition across the network (Nakamura et al. 2020; Heino et al. 2022). Because
environmental filtering operates through the selection of species according to local
environmental conditions (Kraft et al. 2015), environmentally unique sites are expected to
impose distinct selective pressures on communities (Brandani et al.2023). In this context,
environmental uniqueness (LCEH; Castro et al. 2019) reflects the degree to which the
environmental conditions of a site differ from those across the regional network. Thus,
examining the relationship between environmental and functional uniqueness, i.e., a
beta-diversity perspective, may provide a useful framework for assessing the role of
environmental filtering in structuring metacommunities, despite this approach remaining
rarely explored in ecological studies. Therefore, within this framework, the Network Position
Hypothesis (NPH) could be evaluated by testing whether the relationship between
environmental and functional uniqueness varies among positions within dendritic networks,
reflecting spatial differences in the strength of environmental filtering.

In this study, we investigated how spatial position within a dendritic network
(headwaters and central reaches) influences the functional organization of aquatic insects.
Specifically, we first assessed whether functional and environmental uniqueness differs
between streams located at distinct positions in the network. We then evaluated whether the
role of environmental filtering varies according to network position by evaluating the
relationship between environmental uniqueness and functional uniqueness across different
positions in the dendritic network. Additionally, we explored the relationships between
environmental characteristics and functional traits using RLQ analysis, which simultaneously
integrates environmental variables, functional traits, and genus composition to provide

complementary insights and identify which environmental gradients are associated with trait
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variation observed across network positions and, consequently, functional community
structure. Thus, we hypothesized that headwater streams exhibit greater functional and
environmental uniqueness than central streams due to stronger geographic isolation and local
selective pressures (H1). Second, because the role of environmental filtering may vary along
the network (as predicted by the NPH), with other processes (e.g., dispersal) tending to act
more strongly in highly connected sites, we also hypothesized that the strength of the
relationship between environmental uniqueness and functional uniqueness varies according to
network position (H2). We expect that in headwater streams, greater environmental
uniqueness will be positively associated with higher functional uniqueness, indicating
stronger environmental filtering, while in central streams, this relationship will be weaker or

absent.

Methods

Study area

The study was conducted in two large conservation areas of the Atlantic Forest biome:
Intervales State Park and Carlos Botelho State Park, located in the southeastern region of
Brazil, in the state of Sdo Paulo, Brazil (Figure 1). The sampling occurred during the months
of April and May 2024 which are indicated as the end of the rainy period and the beginning of
the dry period (Blain et al. 2023). The sampled region is characterized by two well-defined

seasons: rainy season (October to April) and dry season (May to September).

Sampled Streams [ Carlos Botelho State Park &
® Headwater Intervales State Park
® Central Streams Google Satellite S

§ — Hydrography
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Figure 1. Map of the study area in the Atlantic Forest (Sdo Paulo, Brazil). The sampled streams are divided into
headwaters (purple) and central streams (green). The boundaries of Intervales State Park and Carlos Botelho
State Park are shown in green and pink, respectively. The blue lines indicate the local hydrography, extracted
using a Digital Elevation Model (DEM).

Sampling design

Samples were collected at two different positions in the dendritic network: Ist order
(headwater streams) and 2nd and 3rd order (central streams), according to stream order sensu
Strahler (1957) (Figure 2). We conduct the sampling in pairs, with one headwater reach and
one downstream reach along the same stream, making the two reaches hydrologically
dependent. In total, 11 pairs were sampled, totaling 22 streams, with longitudinal distance
between paired positions ranging from 60 to ~1450 meters (see Supplementary Table S1). All
stream pairs have similar high percentages (~100%) of native vegetation cover due to their

location within conservation units.

Headwater
stream
1st order

. !c.‘\’ Central stream
~ 2nd and 3rd
order

Figure 2. Diagram of the stream pair, showing one stream in the headwater region and one in the central region.

Abiotic variables

In each stream, we measured limnological variables, including the physical characteristics of
stream width and depth (cm; using a measuring tape), temperature (°C) with a multiparameter
probe (“Horiba”), and substrate structure through visual inspection (e.g., percentage of gravel,
pebbles, cobble, sand, or clay). We also measured the stream chemical characteristics: pH,
dissolved oxygen (mg/L), total dissolved solids (g/L), and turbidity (NTU) using the
multiparameter probe. Finally, we took canopy images in the field and analyzed for canopy

cover percentage using specialized software (Image]; Rasband 2018). Three replicate
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measurements were taken for each variable, except for substrate estimation, for which four

replicates were conducted beside the aquatic insect sampling site.

Aquatic insects

We collected aquatic insects in a riffle section using a kick-net (0.25 mm mesh) at four points
in each stream for 30 seconds each, for a total of 2 minutes per stream. Samples were
preserved in alcohol 80% in the field and taken to the laboratory for sorting under a
stereoscopic microscope. We identified all insects belonging to the orders Ephemeroptera,
Plecoptera, Trichoptera, Odonata, and Megaloptera, as well as the family Chironomidae
(Diptera) to genus level. In Brazil, species-level identification is infeasible because many
species have not yet been described and/or are still being discovered (mainly in immature
stages) (Cruz et al. 2013). Moreover, studies indicate that family-level assessments produce
reliable results for addressing macroinvertebrate diversity in streams (Melo 2005). To identify
organisms, we used the following keys: Pes et al. (2005), Dominguez et al. (2006), Heckman
(2006), Dominguez & Fernandez (2009), Trivinho-Strixino (2011), Ribeiro & Gorayeb
(2013), Hamada et al. (2018) and Hamada et al. (2019). The identification process for
individuals of the family Chironomidae included additional steps related to slide mounting
and clarification of the cephalic capsule using Hoyer’s medium according to

Trivinho-Strixino (2011).

Functional traits

We selected seven groups of functional traits that best relate to environmental variation along
the dendritic network: refuge building, body shape, type of locomotion, feeding guild,
respiration strategies, body size and dispersal ability (Table 1). Traits were compiled from
studies such as Calvert (1934); Santos (1969); De Marmels (1990); Gutiérrez (1995); Merritt
& Cummins (1996); Novelo-Gutiérrez (1998); De Marmels (1999); Von Ellenrieder (2001);
Moog (2002); Tolonen et al. (2003); Heino (2008); Merritt et al. (2008); Colzani et al. (2013),
Heino (2013) and Santos et al. (2024). We initially compiled trait information at the genus
level and, when records were unavailable (~3% of all sampled species), we extrapolated to the
family level. Dispersal ability group (DAG) was assigned at the order level according to
Heino (2013). The functional variables included both binary traits (presence/absence of
attributes) and one ordinal trait (body size and dispersal ability), which was converted into an
ordered numerical variable (1 = small, 2 = medium, 3 = large and 1= weak disperser, 2=

intermediate disperser, 3= strong disperser, respectively).
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Table 1. Functional characteristics of aquatic insects analyzed, adapted from Colzani et al. (2013) and Santos et
al. (2024). DAG = Dispersal ability group.

Traits Categories Definition Importance
No refuge Free living
Fixed nets  and Fixed 'silk netf used in
retreats the interception and  The type of refuge is related
capture of food sources. 1o the type of available
Portable shelters of Mobile shel{ers 'built SI/‘lel"l"al‘e' and inﬂue.nctes the
Refuge . from biologically  distribution of aquatic insects
building silk produced silk fibers. through their adaptation for
Portable shelters of ~ Mobile shelters built Protection against predators
sand, debris and/or  from sand, rubble, and foraging (Rabeni et al.
wood and/or wood 2005).
Portable shelters of Mobile shelters built
leaf parts from leaf parts
Hydrodynamic Flat and/or fusiform Body shape is related to the
environment an organism
inhabits.  Organisms  with
more flattened bodies have
o greater hydrodynamic ability
Body shape Not hydrodynamic Cylindrical and/or and are typically found in
round environments with stronger
currents (Merritt &
Cummins, 1996, Poff et al.
2006, Castro et al. 2018).
Dig down and reside in
Burrowers .
the soft, fine sediment
Dwell on live aquatic
plants or plant
Climbers/crawlers debris/have  elongate  Related to feeding strategies
bodies with thin legs, gnd adaptations for
slowly move using legs  colonizing different
Locomotio Live on the bottom environments.  Locomotion
n groups Sprawlers consisting  of  fine adaptations enable organisms
sediments to move and attach to the
Maintain a relatively substrate (Salles &
Clingers fixed position on firm Ferreira-Jinior 2014).
substrates in current
Swimmers Adapted  for moving

through water



Skaters

Adapted to remain on
the surface of water
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Collector-gatherers

Eat fine detritus that
has fallen out of
suspension that is lying
on the bottom or mixed
with bottom sediments

Use special straining

Feeding habits indicate food

availability in the
environment and the
mouthpart  adaptations  of

organisms. Riparian

vegetation directly influences

Functional  ~jjector-filterers mechanisms to feed on  food  availability. For
feeding fine detritus that is example, shredding insects
guild suspended in the water  depend on leaf litter inputs,
Herbivores Scrap?r and grazer | and the pres.ence ?r ablsence
organic plant material of groups with this trait can
Predators Carnivores help assess environmental
Break down plant conditions (Cummins 1973;
Shredders material, intact or in Cummins et al. 2005,
large pieces Luiza-Andrade et al. 2020).
Dissolved oxygen in water is
Teglhlme:ntal By passive diffusion influenced by temperature
respiration and current velocity, these
characteristics directly affect
Respiration Gill respiration By branchial system the re.spiratory strategies of
organisms and may favor or
) limit their occurrence
Air By spiracles, tracheae, (Mackay & Wiggins 1979;
plastrons Verberk & Bilton 2013;
Martins et al. 2017).
1- Small-sized <9 mm Variation in environmental
2- Medium-sized 9-16 mm habitat  conditions  can
generate stress. This stress
may lead to asynchronous
emergence of males and
females, compromising
Body size reproduction, as well as
3- Large-sized >16 mm accelerating the
post-embryonic development
of immatures and
consequently, affecting body
size (Poff et al. 2006, Castro
etal. 2018).
Dispersal 1- DAGI W?ak aerial dispersal Dispersal ability contributes
o with flyer adults g
ability to  the distribution  of
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Intermediate aerial  individuals and their capacity

2- DAG2 dispersal  with flyer to colonize more distant

adults locations. Spatial isolation

Strong aerial dispersal factors are more influential

3- DAG3 with flyer adults for weak dispersers (Heino,
2013).

Functional and Environmental uniqueness

The functional uniqueness was estimated using the Local Contribution to Functional
Beta Diversity (LCBD-f; Local Contribution to Beta Diversity, Legendre & De Céceres 2013,
adapted by Nakamura et al. 2020), which measures how much each stream differs in
functional composition relative to the regional mean. The calculation of LCBD-f was
conducted in a series of steps (according to Heino et al. 2022; Mathers et al. 2024): (1) we
used the aquatic insects functional traits matrix (genera in rows and traits in columns) and
applied the function gawdis (package “gawdis”; de Bello et al. 2021) to build a dissimilarity
matrix among genera; we selected gawdis because it balances the contribution of traits by
standardizing them (de Bello et al. 2021); (2) we constructed a functional tree using
hierarchical clustering via the function hclust (UPGMA method, “stats” package; base R); (3)
we then used this functional tree together with the abundance matrix of genera across sites
(sites in rows and genera in columns) to compute the functional community distance matrix
based on the Chao-Jaccard index for each site using the function beta (package “BAT”;
Cardoso et al. 2024; Cardoso et al. 2024); and (4) finally, we used the total functional beta
diversity dissimilarity matrix to compute LCBD-f with the function beta.div (package
“adespatial”; Dray et al. 2018; Dray et al. 2021).

To measure the values of environmental uniqueness of streams in each position, we
calculated LCEH (Local Contribution to Environmental Heterogeneity) (Castro et al. 2019;
Heino et al. 2022; Snare et al. 2024) from an environmental matrix composed of the following
habitat structure and limnological variables: stream width, depth, substrate (categorized as
fine sand, medium sand, coarse sand, granules, pebbles, boulders and leaf litter), pH,
dissolved oxygen, water temperature, total dissolved solids, and turbidity. Environmental data
were standardized (each variable standardized to zero mean and unit variance) using the
function decostand (method “standardize”, “vegan” package; Oksanen et al. 2023) to
subsequently compute Euclidean distance with the function dist (“stats” package; base R;

Legendre & Legendre 1998). We then calculated the LCEH value of each site using the
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function LCBD.comp from the “adespatial” package (Dray et al. 2018; Dray et al. 2021). We

also calculated the mean LCEH for headwater and central streams.

Statistical analyses

To test if headwater streams exhibit greater functional and environmental uniqueness
than central streams due to stronger geographic isolation and local selective pressures (H1),
we assessed differences between positions (headwater and central) within each pair.
Differences in LCBD-f and LCEH were tested using paired t-tests to account for the paired
study design (i.e., the dependence between the headwater and its central reach). To ensure that
geographic distance between paired sites did not influence the observed differences, we
additionally calculated the pairwise differences (ALCBD-f and ALCEH) and modeled them as
a function of the geographic distance between sites within each pair, using a simple linear
regression.

Moreover, to test if the strength of the relationship between environmental uniqueness
and functional uniqueness varies according to network position (H2), we fitted a generalized
linear model (GLM) with a Gamma distribution using the glmmTMB function from the
package “glmmTMB” (Brooks et al. 2017). Because LCBD-f values were very close to zero,
we used a Gamma distribution with a log link function (e.g., Astorg et al. 2025), which is
more appropriate for models with many values near zero. In this model, the functional
uniqueness (LCBD-f) of each stream was used as the response variable, while environmental
uniqueness (LCEH) was used as the predictor variable. In addition, we included the stream
position as an interaction with LCEH to evaluate whether the relationship between
environmental and functional uniqueness varies along the dendritic network (Equation 1). If
the interaction was significant, we estimated the slope for each level of the factor Position
using the emtrends function in the “emmeans” package (Lenth et al. 2019). Model residual
diagnostics were performed using the “DHARMa” package (Hartig 2004).

LCDB-F ~ LCEH + LCEH:Position
(Equation 1)

Finally, to better explore associations between environmental variables, species
composition, and functional traits, we used RLQ analysis (Dolédec et al. 1996). For the RLQ
analysis, each matrix was analyzed separately using the “ade4” package (Chessel et al. 2004):

for matrix R (environmental variables), we performed a Principal Component Analysis (PCA)
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using dudi.pca function; for matrix L (genus abundance), a Correspondence Analysis (CA)
using the dudi.coa function, based on the abundance structure of species with identical
functional traits removed; and for matrix Q (functional traits), a PCA (dudi.pca) weighted by
species weights derived from matrix L. These were then combined in an RLQ analysis using
the rlq function, which identifies relationships between environmental variables and traits
mediated by community composition. The significance of the environment—trait relationship
was tested separately for headwater and central streams, as well as for the full dataset, using
Monte Carlo tests (999 permutations) with model 5 via the randtest function. We selected this
model because it directly tests the effect of environmental filtering on functional traits,
keeping matrix L fixed while permuting associations between matrices R and Q, thus
returning the significance of the relationship. Additionally, we performed fourth-corner
analyses to explore potential pairwise associations between environmental variables and
functional traits.

The figures were produced using the “ggplot2” package (Wickham et al. 2016). All

analyses were conducted in the R program (R Core Team 2024).

Results

We found 2,878 individuals distributed across 99 genera belonging to the orders
Ephemeroptera, Plecoptera, Trichoptera, Odonata, Megaloptera, and the family Chironomidae
(Diptera). In headwater streams, genus richness ranged from 13 to 46 (mean = 26 £+ 8.42),
whereas in central streams it ranged from 19 to 34 (mean = 28 + 5.12). 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.

We also found that the mean values of environmental uniqueness (LCEH) were
slightly higher in headwater streams (0.050 + 0.029) than in central streams (0.040 £+ 0.021),
but no significant differences were found between paired sites (t = 0.98; p = 0.347; Figure 3a).
In contrast, functional uniqueness (LCBD-f) was significantly higher in headwater streams
(0.048 £ 0.004) than in central streams (0.042 £ 0.004) (t = 2.45; p= 0.033; Figure 3b).
Geographical watercourse distance between pairs did not influence differences in functional

uniqueness (R? = 0.02; p =0.30).
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Figure 3. (A) LCEH values (Local Contribution to Environmental Heterogeneity) and (B) LCBD-f values (Local
Contribution to Beta Diversity Functional) of aquatic insects for headwater streams (magenta) and central
streams (green) from Atlantic Forest. Gray lines connect corresponding pairs, showing how functional and
environmental uniqueness vary between the two positions in the dendritic network. Colored lines and labels
indicate which stream each point represents. Head= Headwater streams; Cen= Central streams.

Additionally, we found that the relationship between environmental uniqueness
(LCEH) and functional uniqueness (LCBD-f) varied with stream position within the dendritic
network, as indicated by the significant interaction between LCEH and stream position ( =
-1.26, p = 0.025). Specifically, stream position modulated the strength of the relationship
between environmental and functional uniqueness, with the relationship becoming weaker in
central streams. More specifically, in headwater streams, environmental uniqueness showed a
positive and significant relationship with functional uniqueness (p = 1.40 + 0.52, p = 0.008),
indicating that headwater streams with more unique environmental conditions also tended to
harbor more functionally unique assemblages. In contrast, the relationship between LCEH and
LCBD-f in central streams was weak and non-significant (p = 0.16 £ 0.67, p = 0.815),
suggesting that environmental uniqueness was less strongly associated with functional

uniqueness in these more connected streams (Figure 4, Supplementary Table S2).
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Figure 4. Generalized linear model (Gamma family with log link) indicating the relationships between LCEH
values (Local Contribution to Environmental Heterogeneity) and LCBD-f values of aquatic insects (Local
Contribution to Functional Beta Diversity) in headwater streams (magenta) and central streams (green) from the
Atlantic Forest.

Finally, the RLQ analysis for the full dataset explained approximately 80% of the
environment—trait—genus co-structure (Axis 1 = 60.3%, Axis 2 = 19.6%), revealing a
significant association between abiotic characteristics and functional traits of aquatic insect
communities across sites (model 5, p = 0.009). This relationship was significant in headwater
streams (model 5, p = 0.046), but not in central streams (model 5, p = 0.11). We also observed
that headwater streams with high LCBD-f values occupied more isolated positions in the
ordination space, reinforcing their distinct environmental and functional characteristics
(Figure 5). Associations between specific traits and environmental variables were observed,
such as portable silk case-building being positively related to finer substrates and negatively
related to pebble substrates; hydrodynamic body shape being positively associated with
granular substrates and negatively with fine sand; stream width and depth showing a negative
relationships with leaf case-builders; and pebble substrates being positively associated with
fixed-net builders. However, after Holm's correction, these relationships were no longer

significant.
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Figure 5. RLQ co-structure analysis for aquatic insects in headwater (Head) and central (Cen) streams from
Atlantic Forest. Axes 1 and 2 explained 79.8% of the covariance among environmental conditions, biological
composition, and functional traits of the taxa. The points represent the streams (headwaters in magenta and
midstream sites in green), and the sizes of their circles vary with their LCBD-f value. Their position is
determined by their strongest associations with each axis of the plot. In purple are the abiotic characteristics, and
in gray the functional attributes (“Resp gill” = gill respiration; “Resp teg” = tegumentary respiration;
“Silk_port” = portable silk case; “Pred” = predators; “Collect gat” = collector-gatherers; “Spraw” = sprawlers;
“Cling” = clingers; “Climb_craw” = Climbers_crawlers; “body_size” = body size; “Hydrod” = Hydrodynamic
flat/fusiform; “Not hydrod” = Not hydrodynamic cylindrical/round). The larger the arrow of each environmental
or functional component, the more strongly it is associated with each RLQ axis.

Discussion

Our study investigated whether spatial position within a dendritic network (headwaters and
central reaches) influences the functional organization of aquatic insects using a beta-diversity
framework. We found that headwater streams harbored more functionally unique
communities, where environmental uniqueness had a stronger and significant influence on the
variation in functional uniqueness patterns, whereas central streams showed lower functional
uniqueness and a non-significant relationship between environmental uniqueness and
functional structure, suggesting that additional processes beyond local environmental filtering
may contribute to community organization in these more connected regions. This pattern was
further supported by the RLQ analysis, which revealed a significant environment—trait
association across the study area and a significant relationship only in headwater streams.
Notably, headwaters with the highest environmental uniqueness occupied more isolated

positions in the RLQ ordination space and were associated with the most functionally unique
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assemblages, highlighting a close correspondence between environmental and functional
differentiation.

The higher functional uniqueness observed in headwater streams likely results from
the interaction between greater habitat heterogeneity and stronger spatial isolation. One
possible explanation is the greater microhabitat heterogeneity typically found in headwater
reaches, which often contain a diverse mosaic of habitat features including woody debris, leaf
litter accumulations, pools, riffles, and patches of organic matter (Clarke et al. 2008;
Richardson 2019). This habitat complexity can support a wider range of ecological strategies,
including more specialized species, and contribute to distinct functional combinations among
sites. In addition, Richardson (2019) highlights that the diversity of microhabitats in
headwater streams also may provide refuges from predation and competition, creating
enemy-free spaces that may promote the persistence of more vulnerable species to biotic
pressures. Furthermore, the greater isolation of headwater streams within dendritic networks
may limit species exchange, allowing local assemblages to maintain unique functional
characteristics (Brown & Swan 2010; Finn et al. 2011; Altermatt 2013). In contrast, central
streams occupy more connected positions within the network and have a greater potential to
receive species through dispersal, particularly drift dispersal (Brown & Swan 2010; Heino et
al. 2015; Altermatt & Fronhofer 2018). This increased connectivity may continuously
introduce taxa from upstream reaches and regional species pool, reducing functional
differentiation among communities through species replacement and promoting assemblages
dominated by widespread and functionally common taxa (Siqueira et al. 2012; Swan and
Brown 2014). These aspects may contribute to the lower functional uniqueness observed in
central streams relative to their connected headwaters. Therefore, functional uniqueness
appears to emerge from the balance between local environmental differentiation and network
connectivity. This finding highlights the disproportionate contribution of headwater streams to
regional functional diversity, as their unique habitat characteristics and relative isolation may
promote the persistence of distinct functional strategies within river networks.

On the other hand, we observed similar patterns of environmental uniqueness
throughout the dendritic network, with no clear distinction between streams at headwaters and
those at central positions. Although environmental conditions between headwater and central
streams are generally more distinct (Richardson, 2019; Altermatt & Fronhofer 2018),
sampling streams up to the third order may not have been sufficient to capture major
differences in environmental characteristics, since natural landscape changes are continuous

and gradual (Benda et al. 2004). Thus, our results suggest that this gradual transition in
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environmental conditions (i.e., habitat structure and limnological conditions) can also be
detected in Neotropical stream networks. Given the lack of differences in environmental
uniqueness associated with stream position, our results only partially support H1, i.e., that
headwater streams exhibit greater functional and environmental uniqueness than central
streams due to stronger geographic isolation and local selective pressures. While headwater
streams consistently exhibited greater functional uniqueness, environmental uniqueness was
not structured by network position, suggesting that functional differentiation may emerge
even in the absence of clear differences in overall environmental uniqueness between
headwater and central streams. Although environmental uniqueness did not vary
systematically with network position, its effects on the functional organization of aquatic
insect communities differed between headwater and central streams. This is because
environmentally unique headwaters tended to support more functionally unique assemblages,
whereas no such relationship was observed in central streams. This result indicates that
environmental filtering exerts a stronger influence on functional organization in headwater
reaches, where local environmental conditions are more closely linked to community trait
composition. Accordingly, in these sites, abiotic characteristics were strongly associated with
functional traits of the community in this position, suggesting a ‘“Habitat Template”
mechanism in which the environment acts as an ecological filter, shaping communities
through species selection according to their functional traits (Southwood 1977; Townsend &
Hildrew 1994; Poff 1997; Heino 2005; Poff et al. 2006). Thus, selective pressure tends to
favor more specialized taxa, contributing to the formation of more unique functional
communities, which, in turn, may be more sensitive to environmental variation (Buisson et al.
2008; Nyboer et al. 2019).

Contrary to the pattern found in headwaters, the environmental uniqueness of central
reaches showed no clear relationship with the functional uniqueness values at this position,
suggesting that the functional structure of communities in these sites does not result solely
from environmental filtering, but also from other processes influencing functional variability,
possibly related to unmeasured mechanisms such as dispersal (Amarasekare 2004),
hydrological dynamics, or ecological stochasticity. Thus, we observed that the environment
plays a stronger role in structuring functional communities in headwater streams, but its effect
is attenuated in central streams.This finding partially supports the Network Position
Hypothesis (NPH). Functional communities were more strongly associated with
environmental factors in headwater streams, appearing to align with the species-sorting

paradigm, which predicts the prevalence of local processes (e.g., environmental filtering) in
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more isolated positions (Chase et al. 2005; Brown & Swan 2010; Schmera et al. 2018). On
the other hand, in central streams the relationship between environmental factors and
functional communities was less evident, while the weaker association between
environmental uniqueness and functional structure in central streams suggests that local
environmental filtering may be less dominant in these positions, potentially allowing a greater
influence of regional dynamics, consistent with the possibility of mass-effect dynamics, which
predict that in more centralized locations, communities are influenced by both local processes
and spatial processes (e.g., dispersal-related processes) (Brown & Swan 2010; Schmera et al.
2018; Patrick et al. 2021). Our RLQ analysis revealed trait-environment associations that,
although no longer significant after correction for multiple comparisons, provide
complementary insights into how ecological filtering may shape local community structure.
Traits such as leaf-case building were associated with shallower and narrower habitats, likely
reflecting environments with greater leaf litter availability, whereas fixed retreat builders were
associated with coarser substrates that provide stable anchoring surfaces in higher-flow
conditions. These patterns are consistent with the idea that habitat characteristics impose
selective pressures that favor specific functional trait combinations (Statzner et al. 2004; Poff
et al. 2006). Visual inspection of the RLQ ordination further suggests that highly functionally
unique sites, such as Headwater 7, may be associated with particular environmental
conditions and distinct trait combinations, reinforcing the interpretation that environmental
filtering contributes to functional differentiation in headwater communities.

Our findings identify headwater areas as refuges for unique functional communities
that contribute to the overall functional structure of the hydrographic network and are
strongly associated with the ecological filtering process, suggesting greater sensitivity of these
communities to changes in environmental characteristics. Headwater streams represent most
of the dendritic network and are naturally more unstable, being narrower and more isolated
and therefore more susceptible to environmental changes (Lowe & Likens 2005; Brown &
Swan 2010; Brown et al. 2011). Thus, minimal landscape changes in these positions may
result in a disproportionate loss of biodiversity and associated ecosystem services (Jonsson &
Malmgqvist 2000; Cardinale et al. 2002; Meyer et al. 2007). At the same time, although central
streams exhibited lower functional uniqueness, their ecological importance may lie in their
role as highly connected sections of the dendritic network, facilitating dispersal and regional
integration among communities. These features may therefore help maintain metacommunity
dynamics and functional persistence at broader spatial scales (Milesi & Melo 2014; Altermatt

& Fronhofer 2018; Milesi & Hepp 2025).
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Finally, we acknowledge that the reduced sample size and the proximity between
sampled positions may have constrained the environmental and spatial gradients represented
in our dataset, potentially limiting not only our ability to partially detect patterns predicted by
the Network Position Hypothesis, but also to perform a more integrative assessment of the
relative contribution of different ecological processes structuring communities across the
network. Nevertheless, the contrasting relationships observed between environmental
uniqueness, spatial structure, and functional uniqueness across network positions provide

evidence that ecological processes vary along the dendritic network in Neotropical streams.

Conclusion

In this study, we observed that the mechanisms responsible for metacommunity organization
vary according to network position within the dendritic network. More isolated sites harbor
distinct functional communities, which make a disproportionately strong contribution to the
functional structure of the river network. However, we emphasize that both headwaters and
central streams are ecologically important components of dendritic networks, contributing in
complementary ways to the maintenance of regional biodiversity and metacommunity
organization. Finally, to support future conservation planning, we suggest giving special
attention to headwater streams due to their greater sensitivity to environmental changes and
because they harbor irreplaceable functional assemblages that may be at risk of irreversible
loss due to their isolation and strong dependence on local environmental conditions. Overall,
our findings demonstrate the value of functional approaches for understanding
metacommunity organization and provide a robust ecological framework to support

biomonitoring programs and conservation strategies in dendritic river networks.
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SUPPLEMENTARY MATERIAL

Table S1: Geographic coordinates and hydrological distances between paired headwater and central stream
sampling sites.

Pair Coordinates Hydrological distance
Headwater Central stream (meters)

1 24.2730°8S, 48.4547°W 24.2732°8S, 48.4535°W 129.4
2 24.2646°S, 48.4004°W 24.2651°8S, 48.3997°W 88.4

3 24.2718°8S, 48.4245°W 24.2792°8S, 48.4127°W 1453.6
4 24.3122°8S, 48.3757°W 24.3131°8S, 48.3780°W 251.6
5 24.0570°8S, 47.9730°W 24.0562°S, 47.9722°W 121.6
6 24.0668°S, 47.9746°W 24.0676°S, 47.9760°W 160.8
7 24.1946°S, 47.9216°W 24.1950°S, 47.9219°W 60.8

9 24.1090°8S, 47.9883°W 24.1083°S, 47.9852°W 325.8
10 24.0679°8S, 47.9869°W 24.0700°8S, 47.9873°W 238.3
11 24.0726°S, 47.9705°W 24.0736°S, 47.9743°W 403.6
12 24.0908°S, 47.9958°W 24.0900°8S, 47.9952°W 114.6

n=22
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Table S2: Generalized linear model results for functional uniqueness (LCBD-f) as a function of environmental

uniqueness (LCEH) and stream position, followed by simple slopes analysis.

Analysis Step / Parameter Estimate  SE ?If;/:’)ve(:g (98:)/‘1’)3; z-value p-value
Global GLM (glmmTMB)

Intercept -2.756  0.027 -2.80 -2.703  -99.77 <2e-16
LCEH (Headwater) 1.409 0.562 0.376 2.44 2.67 0.007

LCEH: Position (Central) -1.218  0.531 -2.259 -0.177 -2.29 0.021

Simple Slopes (emtrends)

LCEH:Headwater 1.41 0.527 0.376 244 2.674 0.007

LCEH:Central 0.19 0.675  -1.133 1.51 0.282 0.778

n=22,df= 18
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CAPITULO 2

DEFORESTATION AROUND SUBTROPICAL STREAMS DRIVES TAXONOMIC
AND FUNCTIONAL NESTEDNESS OF AQUATIC INSECT COMMUNITIES
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Abstract

Deforestation in river catchments alters freshwater ecosystem conditions, leading to
biodiversity loss. However, it remains unclear whether these losses occur sequentially,
resulting in taxonomic and functional nested patterns among communities. We investigated
whether deforestation surrounding streams leads to taxonomic and functional nestedness of
aquatic insects, reflecting differences in species tolerance to anthropogenic disturbance. We
sampled aquatic insects along an environmental gradient in 100 subtropical streams with
different levels of riparian vegetation loss, ranging from highly impacted to well-preserved
sites. Native vegetation cover explained a significant but small fraction of the environmental
variation among streams. Deforestation revealed an ordered loss of genera, with some taxa
significantly associated with more forested streams, such as Macrogynoplax (Plecoptera),
Hylister (Ephemeroptera) and Huleechius (Coleoptera). The reduction of native vegetation
was related to a significant taxonomic (NODF = 34.56) and functional nestedness
(TraitNODF = 50.96), with communities in more deforested streams forming subsets of the
species and traits present in more forested streams. Mantel tests and dbRDA indicated that
differences in forest cover were associated with the taxonomic nestedness component of beta
diversity, but not with taxonomic turnover or with functional beta diversity components. Thus,
riparian vegetation loss was mainly related to the ordered loss of aquatic insect genera in
subtropical streams. Our findings highlight the importance of preserving riparian vegetation
for maintaining taxonomic and functional diversity in subtropical stream ecosystems.
Keywords: land use; lotic ecosystems; turnover; NODF; Atlantic Forest; treeNODF.
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Introduction

Anthropogenic deforestation has been associated with major negative effects on the
biodiversity and functioning of terrestrial and freshwater ecosystems (Sala et al. 2000; Petsch
et al. 2021a; Wiebe and Wilcove 2025). In lotic ecosystems, deforestation can cause local
extinctions and compromise ecosystem services such as flood control and water quality
maintenance through natural filtration of sediments and pollutants (Dala-Corte et al. 2020;
Petsch et al. 2021a; Lima et al. 2022; Malacarne et al. 2024). These impacts arise from
changes in abiotic conditions, including higher temperatures, reduced dissolved oxygen,
altered flow regimes, reduced input of coarse organic matter, and deteriorated water quality
(Allan 2004; Leal et al. 2016; Castro et al. 2018; Petsch et al. 2021b). In addition, soil erosion
and sedimentation can bury substrates used by aquatic organisms, further reducing habitat
complexity and limiting species coexistence (Couceiro et al. 2010).

Abiotic alterations resulting from deforestation, together with the loss of habitat
complexity, may lead to biodiversity loss in streams. This loss occurs particularly due to the
disappearance of sensitive species, those naturally associated with environments characterized
by specific conditions (Cantera et al. 2023). Specialized species, such as those dependent on
woody matter consumption, also tend to decline whereas more generalist species capable of
inhabiting multiple habitat types are often retained (Valente-Neto et al. 2015). Thus,
deforestation can act as an environmental filter by reducing coarse woody debris or by
changing other physiochemical conditions in the streams (i.e. sediment supply), selecting
species according to the traits that enable them to persist in degraded sites (Faria et al. 2021).
Consequently, communities in degraded streams may represent nested subsets of those found
in more preserved environments. Nestedness describes a pattern in which communities with
lower species richness contain subsets of taxa occurring in richer communities (Almeida-Neto
et al. 2008). Therefore, stronger nestedness patterns may emerge along the degradation
gradient.

To better understand whether biodiversity changes arise primarily from nested species
loss or from species replacement along the degradation gradient, beta diversity assessments
provide a useful framework for comparing variation in community composition across
regions (Whittaker 1960; Whittaker 1972; Anderson et al. 2011; Chao et al. 2012; Liu et al.
2024). Beta diversity can be partitioned into two distinct components: nestedness and species
turnover (Baselga 2010). In this context, species loss resulting from deforestation may not
occur randomly, but sequentially, increasing the contribution of the nestedness component of

beta diversity and leading to a pattern in which species composition at poorer (i.e., more
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deforested) sites forms a subset of the diversity found in richer (i.e., more conserved)
communities (Almeida-Neto et al. 2008; Schmera et al. 2020). Conversely, environmental
changes generated by riparian vegetation degradation may contribute to species replacement,
increasing turnover component of beta diversity by favoring specific taxa capable of
colonizing newly created niches (Gutiérrez-Céanovas et al. 2013; Bishop et al. 2015; Zhao et
al. 2021).

Although taxonomic diversity metrics are widely used, they may underestimate the
ecological consequences of species loss because it does not account for differences in
functional traits among taxa (Melo et al. 2014). Functional diversity is directly linked to the
relationships between species and their environment (Brown et al. 2018), highlighting the
ecological role of each species in ecosystem functioning (Poff et al. 2006; Ye et al. 2019).
Loss of functional diversity may have more severe consequences for ecosystem functioning
than reductions in taxonomic diversity alone (Flynn et al. 2009). In this sense, habitat loss
resulting from native riparian vegetation deforestation may reduce the functional diversity of
communities (Farneda et al. 2015; Lima et al. 2022), and previous studies indicate that this
reduction may also produce a pattern of functional nestedness (e.g., Matthews et al. 2015;
Almeida-Gomes et al. 2019). Functional nestedness would indicate the ordered loss of
ecological strategies across sites, potentially reducing functional redundancy within
communities and consequently increasing ecosystem vulnerability (Sanders et al. 2018).

Aquatic insects have been widely used to assess the impacts of deforestation on
freshwater ecosystems, as their sensitivity to changes in habitat structure, water quality, and
resource availability makes them excellent indicators of environmental degradation (Leal et
al. 2020; Andrade 2022; Silva et al. 2025). Our study was conducted using a comprehensive
subtropical database that has yielded several studies on aquatic insects (e.g., Siqueira et al.
2020; Petsch et al. 2021b; Schneck et al. 2022), including one showing that deforestation led
to a loss of aquatic insect richness in Brazilian streams (Heino et al. 2018). However, it
remains unclear whether deforestation restructures stream insect communities through ordered
species loss (nestedness) or species replacement (turnover), and whether such patterns extend
to functional structure.

We used data on aquatic insects collected from 100 subtropical streams in Brazil
(Heino et al. 2018; Siqueira et al. 2020; Petsch et al. 2021b), spanning a broad gradient of
native forest cover. We tested the hypothesis that deforestation surrounding streams would
result in a nested loss of aquatic insect genera and functions along the vegetation gradient

(Figure 1). First, we predicted that deforestation would be associated with the selective loss
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of genera and functional traits linked to preserved vegetation, such as taxa dependent on
coarse organic matter, shaded environments, or coarse substrates, thereby promoting a
taxonomic (NODF - Nestedness Metric based on the Overlap and Decreasing Fill;
Almeida-Neto et al. 2008) and functional (traitNODF; Melo et al. 2014) nestedness pattern
across the deforestation gradient. Additionally, we predicted that decreasing forest cover
would be associated with a higher nestedness component of taxonomic and functional beta
diversity, rather than species turnover, indicating that communities in more deforested streams

would represent subsets of those in more forested streams, reflecting stronger environmental

filtering.
(More tolerant) (N [ | [ (More sensitive)
Incidence of aquatic insect per stream
‘ Genl Gen2 Gen3 Gend4 Gen5 Gen6 Gen7 Gen8 Gen9 Gen10 Genl1Gen12Gen13
(Higher) =t

% Native vegetation
cover around streams

(Lower)

Figure 1. Conceptual representation of our hypothesis that deforestation around streams leads to a nested pattern
of aquatic insects. Columns represent the incidence of aquatic insect genera (“Gen”) per stream, with more
tolerant genera on the left and more sensitive ones on the right. Rows represent streams (“St”), ordered from
highest to lowest percentage of surrounding native vegetation cover.

Methods

Study area

We used a dataset comprising 100 streams sampled in the Southeast region of Brazil, between
23°49° - 24°20° S and 47°23’ - 48°40° W, extending 70 km north-south and 120 km east-west
(Figure 2). The sampled streams covered a wide variety of land uses, from regions almost
completely deforested due to mechanized sugar cane plantation, pasture, or exotic forestry to
pristine regions covered by native forest vegetation and located in protected areas of the state

of Sao Paulo (Parque Estadual Intervales and Parque Estadual Carlos Botelho). The sampled
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region has a long history of human land use, with most areas occupied predominantly by
pasture and forestry between 1985 and 2000. From 2000 onwards, an expansion of
agricultural and urban areas was observed (MapBiomas Project 2026) (Figure S1). Sampling
occurred between September and November 2015 (beginning rainy season) and did not follow
recent floods or extreme droughts. More details are available in Heino et al. (2018), Siqueira

et al. (2020). Petsch et al. (2021b) and Schneck et al. (2022).

Sampled Streams [ State of Sao Paulo
N (Colors= % Native vegetation cover) [ Brazilian States
@ 5% -20% Land Cover
w E © 20% - 40% Il Native vegetation
O 40% - 60% [ Deforested areas
S O 60% - 80% Il Water
@ 80% - 100%

Figure 2. Map of the study area in the Atlantic Forest (Sdo Paulo, Brazil). The sampled streams are shown along
a continuous color gradient (red, orange, yellow, and green) representing the percentage of native vegetation
cover. The colors range from 5% to 100% native vegetation cover, with red indicating the lowest cover and dark
green the highest. Land cover is classified as native vegetation (green), deforested areas (beige), and water
bodies (blue). Land-cover data were obtained from the MapBiomas platform and mapped in QGIS using images
from 2015.

Vegetation cover

The percentage of native vegetation cover was assessed within a 200 m buffer (100 m on each
side) along a 500 m stream segment, using hydrological and topographic data associated with
high-resolution images from the Google Earth™ platform. The percentage of native
vegetation cover was mapped by manually digitizing land use and land cover at 5 m spatial
resolution from orthorectified RapidEye (Berlin, Germany) multispectral imagery (Planet
2016). We considered two types of native vegetation cover: primary (old growth) and
secondary (forest that suffered human interference but presented significant natural

regeneration). We decided to consider both types of native vegetation since secondary
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vegetation provides considerable protection for the soil from erosion and the input of
sediments to streams (Feldpausch et al. 2004; Chazdon et al. 2009). However, we repeated our
analysis considering only primary vegetation as native vegetation to explore our deforestation

hypothesis.

Abiotic variables

We measured the physical characteristics of current velocity (m/s), depth (cm), mean width
(cm), and shading (%), as well as the chemical variables pH and conductivity (uS/cm), using
a YSI 556 MPS probe (YSI Inc., Ohio, USA) in the field. We also collected water samples to
determine total nitrogen (ng/L) and total phosphorus (pg/L) following the protocols of
Golterman et al. (1978) and Mackereth et al. (1978). Substrate composition was visually
estimated (%) within 0.25 m? quadrats at random locations along the sampled site, using a
modified Wentworth scale for particle size classes: sand (0.25-2 mm), gravel (2—-16 mm),

pebble (16-64 mm), cobble (64-256 mm), and boulder (256—1024 mm).

Aquatic insects

We sampled aquatic insects using a kick-net (with 0.5 mm mesh) during four 30-second
periods in riffles in each stream. The samples were preserved in alcohol (80%) in the field and
sorted in the laboratory. The identification of larvae and nymphs at the species level is not
feasible for most aquatic insects in the Neotropics since many species have not been described
yet (Cruz et al. 2013). Therefore, we identified the aquatic insects of the orders
Ephemeroptera, Plecoptera, Trichoptera, Odonata, Coleoptera and Megaloptera at genus level
with the help of specialized literature. Data on the abundance of the genera of aquatic insects

found and land use around the streams are publicly available (Siqueira et al. 2019).

Traits

The functional traits were selected considering characteristics potentially affected by
anthropogenic land use (adapted from Colzani et al. 2013). Deforestation around streams may
reduce the amount of leaf litter and, consequently, the abundance of shredding organisms; in
turn, the input of fine sediments, intensified by siltation, favors burrowing organisms;
small-bodied organisms are also associated with deforested environments (Castro et al. 2018).
The traits were organized into six categories (Table 1): case construction; body shape;
locomotion groups; functional feeding guilds; respiration and body size. The information was

obtained from the literature and through consultation with specialists.
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Table 1. Functional characteristics of aquatic insects analyzed, adapted from Colzani et al. (2013) and Santos et

al. (2024).
Traits Categories  Definition Importance
No refuge Free living
) Fixed silk nets used in the
Fixed nets and | ;
interception and capture of
retreats
food sources. , ruted
Tl } ted t
Mobile shelters built from e bpe of refuge P retated o
Portable . . . the type of available substrate
. biologically produced silk ; o
shelters of silk and influences the distribution
Refuge fibers. . )
buildin of aquatic insects through their
£ Portable ' ' adaptation  for  protection
shelters (?f Mobile shelters built from against predators and foraging
sand, debris sand, rubble, and/or wood (Rabeni et al. 2005).
and/or wood
Portabl
ortable Mobile shelters built from
shelters of leaf
leaf parts
parts
Body shape is related to the
drod . . z ) environment — an  organism
Hydrodynamic - Flat and/or fusiform inhabits. Organisms with more
flattened bodies have greater
Body shape hydrodynamic ability and are
typically found in environments
I;O(; q . Cylindrical and/or round with stronger currents (Merritt
ydrodynamic & Cummins, 1996; Poff et al.
2006, Castro et al. 2018).
Dig down and reside in the
Burrowers .
soft, fine sediment
Dwell on live aquatic plants
Climbers/ or plant debris/have elongate ' ‘
crawlers bodies with thin legs, slowly Related to feeding strategies
move using legs and adaptations for colonizing
. . L diﬁrerent environments.
Locomotion Live on the bottom consisting . .
Sprawlers ] Locomotion adaptations enable
groups of fine sediments .
organisms to move and attach to
Maintain a relatively fixed ., o bstrate (Salles &
Clingers position on firm substrates in - poipoiva- Tinior 2014 ).
current
Adapted ing th h
Swimmers apted for moving throug

water
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Skaters surface of water
Eat fine detritus that has Feeding habits indicate food
Collector- fallen out of suspension that availability in the environment
gatherers is lying on the bottom or and the mouthpart adaptations
mixed with bottom sediments of organisms. Riparian
Use special straining vegetation directly influences
Functional  Collector- mechanisms to feed on fine food ayailal')ilily. For example,
feeding filterers detritus that is suspended in shr eddl‘ng ”’lfeCfS depend on
guild the water leaf litter inputs, and the
. Scraper and grazer organic presence or absence of groups
Herbivores plant material with this trait can help assess
) environmental conditions
Predators Carnivores (Cummins 1973; Cummins et al.
Shredders Break down plant material, 2005; Luiza-Andrade et al.
intact or in large pieces 2020).
Dissolved oxygen in water is
Tegl‘lme'ntal By passive diffusion influenced by temperature and
respiration current velocity, these
characteristics directly affect
Respiration Gill respiration By branchial system the respiratory strategies of
organisms and may favor or
_ limit their occurrence (Mackay
Air By spiracles, tracheae, & Wiggins 1979; Verberk &
plastroms Bilton 2013; Martins et al.
2017).
Variation in  environmental
habitat conditions can generate
1- Small-sized <9 mm stress. This stress may lead to
asynchronous  emergence of
males and females,
Body size  2- compromising reproduction, as
Medium-sized 9-16 mm well as  accelerating the
post-embryonic development of
- o Iy immatures and consequently,
- Large-size >16 mm

affecting body size (Poff et al.
2006, Castro et al. 2018).

Data analyses
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To investigate whether the loss of genera due to deforestation caused a nested pattern, we first
analyzed whether native vegetation cover was related to the genera richness of aquatic insects
(this relationship has already been described by Heino et al. 2018, but not visually explored).
For this, we fitted a generalized linear model (GLM) between aquatic insect genera richness
(response variable) and the percentage of native vegetation cover around streams (predictor
variable), considering the Poisson distribution. Because of the large variability in total
abundance across studied streams (Heino et al. 2018), we also calculated rarefied species
richness (minimum n = 20) for streams with more than 20 individuals (n = 90 streams). Then,
we fitted a linear model between rarefied genus richness (response variable) and the
percentage of native vegetation cover around streams (predictor variable). We repeated it
using total native vegetation cover or only primary native vegetation cover as predictor
variables. The assumptions of homoscedasticity and linearity of residuals were visually
inspected and met. We used the ‘lme4’ package (Bates et al. 2014) from the R program (R
Core Team 2023).

We also performed a PCA (Principal Component Analysis) to explore the relationship
between the percentage of native vegetation cover and the abiotic characteristics of the
streams. For this, we included native vegetation cover together with stream width, depth,
current velocity, shading, pH, conductivity, phosphorus, nitrogen and substrate characteristics
(gravel, pebble, stone, boulders, and fine sediment). We standardized the environmental
variables using the decostand function from the ‘vegan’ package (Oksanen et al. 2023) and
conducted the PCA with the PCA function from the ‘FactoMineR’ package (Husson et al.
2016). The contribution and orientation of variables in the ordination space were interpreted
based on PCA loadings. In addition, we tested the relationship between native vegetation
cover and each environmental variable separately using Spearman rank correlations. To
control for multiple comparisons, p-values were adjusted using the Benjamini-Hochberg
correction.

To calculate the nestedness of aquatic insects along the deforestation gradient, we
ordered the streams in descending order according to the percentage of native forest cover
(rows). We used the NODF metric (Nestedness Metric based on the Overlap and Decreasing
Fill; Almeida-Neto et al. 2008), which quantifies nestedness by performing pairwise
comparisons among sites. Our hypothesis is that more deforested sites harbor impoverished
communities that form subsets of preserved sites, i.e., with lower species richness. If this
condition is not met and the more deforested site has higher richness, the metric assigns a

nesting value of zero to the pair. If the condition is met, the metric calculates the proportion of
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genera present in the species-poor site that are also present in the species-rich site. Thus,
nestedness is detected when communities with fewer species represent subsets of more
species-rich communities. To perform the calculation, we constructed a presence—absence
matrix of genera (rows = streams; columns = genera) and ordered the streams in descending
order according to the percentage of native vegetation cover, reflecting our hypothesis of
directional loss of genera as deforestation progresses. NODF values range from 0 (no
nestedness) to 100 (perfect nestedness), with higher values indicating stronger patterns of
directional loss forming subsets.The calculation of NODF requires consistent overlap of
genera between species-poor and species-rich communities; differences in richness alone do
not automatically produce high values of the index. In other words, nestedness will be
detected when more deforested sites exhibit lower richness than more preserved ones and only
when the genera present in those sites are subsets of those found in areas with greater
vegetation cover. The occurrence of distinct genera among sites along the gradient
characterizes species replacement, reducing the NODF value.

For functional nestedness, we created a site matrix with the streams (rows) ordered in
descending order of native forest cover and genus richness (columns). We also calculated a
functional dissimilarity matrix among genera (obtained from a matrix with genera in rows and
functional traits in columns) using the gowdis function from the ‘FD’ package (Laliberté et al.
2014). Then, we generated a dendrogram with the Aclust function from the ‘ape’ package
(Paradis et al. 2019) and applied the treeNODF function from the ‘CommEcol’ package
(Melo et al. 2014), which extends the traditional NODF by incorporating functional distances
among genera into the nestedness calculation through a functional similarity dendrogram;
when treeNODF is computed this way;, it is referred to as traitNODF.

The NODF and traitNODF metrics are obtained by averaging pairwise comparisons.
However, our data included 17 streams with 100% native vegetation cover, precluding
pairwise comparisons as they lack differences in vegetation cover. To overcome this issue, we
excluded comparisons between pairs of sites with identical vegetation values before obtaining
averages. We performed 4,999 randomizations of the environmental variable (row order) to
generate a null distribution of nestedness values (taxonomic and functional). This procedure
allowed us to test the statistical significance of observed patterns. We estimated the p-value as
the proportion of permutations in which the randomized NODF or traitNODF was equal to or
higher than the observed value.

Taxonomic and functional nestedness are characterized by the ordered loss of genera

and functions, forming increasingly impoverished subsets of richer communities. To explore
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which taxa and traits are lost along the forest gradient, we filtered genera occurring in at least
five sites and fitted generalized linear models (occurrence ~ % vegetation), where the
coefficient associated with forest cover represented the direction of the response: f > 0 =
higher probability of occurrence in forested environments and B < O = higher probability of
occurrence in deforested environments. For the functional analysis, we organized a genera X
traits matrix and, using a presence—absence matrix, calculated Community Weighted Means
(CWM) for each trait and site using the functcomp function from the ‘FD’ package. We
compared the extreme environmental quartiles, as in the taxonomic analysis, and fitted simple
linear models (CWM ~ % vegetation) to examine continuous functional changes along the
vegetation gradient.

In addition to the NODF and traitNODF analyses, we partitioned taxonomic and
functional beta diversity to investigate turnover and nestedness patterns (following Baselga
2010 approach). We decomposed taxonomic beta diversity, as total Serensen dissimilarity
(B _sor), into turnover (S sim) and nestedness (f sne) components using the beta.pair
function implemented in the ‘betapart’ package (Baselga et al. 2018). For functional beta
diversity, we first reduced the multidimensional trait space through Principal Coordinates
Analysis (PCoA) based on Gower distances among genera. The first three PCoA axes were
retained to represent the functional space. We then used these coordinates to calculate
pairwise total functional dissimilarities and partitioned them into functional turnover (f_sim)
and functional nestedness (S sne) using the functional.betapart.core and functional.beta.pair
functions in the ‘betapart’ R package. Streams with fewer than four genera (n = 7 streams)
were excluded from the functional analyses to avoid instability in the estimation of
multidimensional volume.

Finally, to assess whether beta diversity components were associated with differences
in forest cover, we performed Mantel tests between pairwise dissimilarity matrices
(taxonomic and functional components) and Euclidean distances in forest cover percentage
among streams. Significance was evaluated using 999 permutations. Additionally, we also
used partial distance-based redundancy analysis (dbRDA) to test the effect of forest cover on
the components of taxonomic and functional beta diversity. The dbRDA models were fitted
using the capscale function in the ‘vegan’ package, with total beta diversity dissimilarity and
its turnover and nestedness dissimilarity components as response variables and forest cover as
the predictor variable. We controlled for spatial autocorrelation among sampling sites by
including spatial eigenvectors derived from geographic coordinates (dbMEM; distance-based

Moran's eigenvector maps) in the models. We performed tests with 999 permutations to assess
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the significance of each model. To estimate the fraction of variation explained exclusively by
the vegetation gradient and by spatial structure, we performed a variation partitioning analysis

using the varpart function from the ‘vegan’ package.

Results

The Principal Component Analysis (PCA) revealed substantial environmental variation
among streams, with the first two accounting for 32.7% of the total variation (PCAl =
18.6%; PCA2 = 14.1%). The first axis (PCAl) was mainly associated with substrate
composition and channel structure, particularly cobbles, boulders, pebbles, velocity, channel
width, and native vegetation cover. Streams with higher native vegetation cover were also
deeper and larger, with greater boulder availability and higher water velocity. The second axis
was primarily related to water chemistry variables, especially pH and conductivity, with
conductivity and fine sediment positioned opposite to native vegetation cover in the
ordination space (Figure 3). Spearman correlation analyses between native vegetation cover
and individual abiotic variables indicated a significant positive association only with channel

width (rtho = 0.32, adjusted p = 0.017).
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Figure 3. Principal Component Analysis (PCA) of stream abiotic variables along a gradient of native vegetation
cover. Streams are colored along a gradient from red (indicating the lowest percentage of native riparian
vegetation) to green (indicating the highest).Veg total = Native vegetation cover (%);

Streams had 1 to 39 genera of aquatic insects, with a total of 83 genera. We found a
positive relationship between the genera richness of aquatic insects and total percentage of
native forest (primary and secondary vegetation) surrounding the streams (observed richness:
pseudo R? g5= 0.543; z = 8.779; p < 0.001; rarefied richness: F; g= 9.61; R*= 0.098; p =
0.003; Figure 4A). We repeated this analysis considering only primary vegetation as a
predictor variable and found the same pattern, albeit with a stronger relationship between
vegetation cover and genera richness of aquatic insects (observed richness: pseudo R? o5=
0.644; z = 10.06 ; p < 0.001; rarefied richness: F g5= 19.42; R?=0.189; p < 0.001; Figure
4B).
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Figure 4. Rarefied genera richness of aquatic insects according to the percentage of primary and secondary
(total) (A) and only primary (B) vegetation cover (%) around streams in the Atlantic Forest (Brazil).

The genera most strongly associated with high percentages of native vegetation were
Macrogynoplax (Plecoptera) (B = 5.76; p = 0.003), Hylister (Ephemeroptera) (B = 4.21; p <
0.001), Huleechius (Coleoptera) (B =3.41; p =0.025), Baetodes (Ephemeroptera) (f = 3.08; p
=0.002) and Anacroneuria (Plecoptera) (p =2.87; p <0.001). In contrast, only Ulmeritoides
(Ephemeroptera) was significantly associated with more deforested sites (B = -6.37; p =
0.023) (Table S1). In turn, the functional traits most strongly associated with more forested

environments were substrate-clinging organisms (f = 0.121; p = 0.039), non-swimming
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organisms (f = 0.077; p = 0.015), aerial respiration (B = 0.073; p < 0.001), and absence of
gills (B =0.071; p =0.003).

When analyzing the loss of aquatic insect richness along the gradient of decreasing
total vegetation cover, we detected a taxonomic nested pattern (NODF = 34.56; p < 0.001;
NODF values found in permutations ranged from 18.55 to 33.40). We observed slightly
higher NODF values when considering only primary vegetation (NODF = 35.89; p <0.001).
We also found a significant functional nestedness pattern along the deforestation gradient
(traitNODF = 50.96; p < 0.001; traitNODF values found in permutations ranged from 28.24 to
49.62), corroborating our expectations.

Finally, when we partitioned taxonomic beta diversity into species turnover and
nestedness components, we found strong differentiation across the entire study area (average
pairwise comparison; S sor= 0.649), driven more by turnover (f sim = 0.464) than
nestedness (f_sne = 0.185). Despite the predominance of taxonomic turnover in total beta
diversity, Mantel tests revealed that the nestedness component was significantly associated
with differences in forest cover (r = 0.093, p = 0.003), while taxonomic turnover showed no
significant relationship (r = —0.02, p = 0.745). We corroborated these findings using partial
distance-based redundancy analysis (dbRDA), controlling for spatial structure: forest cover
significantly explained variation in the nestedness component (F 44 = 2.34, p = 0.015), but
not in turnover (F( 4 = 1.08, p = 0.359). Variation partitioning showed that vegetation cover
independently explained about 6% of the variation in nestedness, whereas spatial variables
accounted only for 1.4%, with an additional 5.9% shared between vegetation and spatial
structure. In contrast, turnover was not related to vegetation cover and was mainly associated
with spatial structure (7.4% of the variation explained).

In turn, pairwise functional dissimilarity showed a mean total functional beta diversity
(f_sor =0.53) predominantly explained by the nestedness component (f_sne = 0.32), whereas
functional turnover (f_sim = 0.22) contributed less to total functional dissimilarity. However,
Mantel tests revealed no significant association between differences in total vegetation cover
and the components of functional beta diversity (functional turnover: r = 0.046, p = 0.10;
functional nestedness: r = 0.016, p = 0.319). We found similar findings using dbRDA analyses
controlling for spatial autocorrelation: vegetation cover did not significantly explain
functional turnover (F( g, = 0.66, p = 0.749) or functional nestedness (F s, = 0.71, p =
0.582). The variation partitioning analysis indicated that only spatial variables explained part
of the variation in the nestedness component of functional beta diversity (approximately

14%).
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Discussion

We found significant taxonomic (NODF) and functional (traitNODF) nestedness of aquatic
insects across the deforestation gradient, supporting our hypothesis that deforestation is
related to an ordered loss of genera and traits, resulting in impoverished subsets of
communities in otherwise more preserved streams. Also, when relating the taxonomic beta
diversity components to the vegetation gradient, only taxonomic nestedness was significantly
associated, suggesting that deforestation contributes to the ordered loss of genera. In contrast,
turnover was not related to the vegetation gradient and appears to be partially structured by
spatial processes, indicating that differences among streams may also reflect dispersal-related
dynamics and the spatial organization of communities. However, neither turnover nor
nestedness components of functional beta diversity were associated with deforestation.

The apparent mismatch between significant NODF/traitNODF values and the weaker
or non-significant nestedness components from beta diversity partitioning likely reflects
methodological differences between these approaches. While NODF explicitly tests whether
communities ordered along the vegetation gradient form subsets of richer communities
(Almeida-Neto et al. 2008), beta diversity partitioning decomposes pairwise dissimilarities
into turnover and nestedness components across the whole metacommunity (Baselga 2010).
Therefore, significant NODF indicates an ordered loss pattern along the deforestation
gradient, while beta diversity partitioning shows that, overall, compositional differences
among streams are still largely influenced by turnover.

We detected a nested pattern in both taxonomic (NODF) and functional (traitNODF)
diversity facets along the deforestation gradient. These findings suggest that streams with
lower native vegetation cover are subsets associated not only with lower taxonomic richness
but also with lower functional diversity, compared to streams with higher percentages of
native vegetation (Melo et al. 2014; Almeida-Gomes et al. 2019). However, no component of
functional beta diversity was significantly related to the vegetation gradient; at a local scale,
environmental filters select species with similar traits that determine their survival in the
environment, leading to functional redundancy (Dee et al. 2016; Nash et al. 2016; Sanders et
al. 2018; Cantera et al. 2023). Functional redundancy may buffer the effects of environmental
degradation on functional structure. However, the loss of sensitive and specialized species in
deforested streams tends to impoverish functional diversity (Tonkin et al. 2017), potentially

decreasing community functional redundancy and compromising ecosystem stability
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(Sanders et al. 2018). High species loss, beyond the buffer provided by functional redundancy,
can affect the functional structure and, in more extreme cases, is likely to result in severe
effects on ecosystem functions (Flynn et al. 2009).

Our study indicated the impact of deforestation on organisms that cling to the
substrate, such as Macrogynoplax (Plecoptera), Hylister (Ephemeroptera), and Leptonema
(Trichoptera), possibly due to fine sediment deposition resulting from soil erosion processes.
In turn, swimming habit and the presence of gills were positively related to more deforested
environments; gill structures make it possible for organisms to adapt to less oxygenated
environments through the mechanism of reoxygenation by gas exchange and water flow,
leading to short-term tolerance (Wang et al. 2025), while swimming abilities may favor
organisms during soil erosion processes. In parallel, Lima et al. (2022) observed that riparian
deforestation negatively affected insects of the orders Ephemeroptera, Plecoptera, and
Trichoptera with shredding and collector feeding habits, likely due to alluvial deposition and
the loss of environmental complexity caused by the removal of riparian vegetation.

Although streams with low levels of deforestation generally exhibited higher genus
richness, some sites with substantial vegetation, including areas with primary and secondary
vegetation cover, showed low richness. This pattern may reflect the history of land use and
land cover changes and land use intensification, where negative effects persist even after
vegetation regeneration (Roque et al. 2018; Santos et al. 2020; Tabi et al. 2025). This
interpretation is reinforced by the stronger positive relationship between genus richness and
vegetation cover, as well as the slightly higher NODF value, when only primary vegetation is
considered, since the lower richness observed in streams with higher percentages of
vegetation reduces NODF values (Almeida-Neto et al. 2008). Furthermore, even after forest
regeneration, aquatic insect communities may differ from those found in primary forests, an
effect that favors turnover and reduces the observed nestedness (Fuchs et al. 2003). Thus, the
calculation considering only primary vegetation may more adequately reflect our hypotheses.

The Principal Component Analysis (PCA) indicated environmental variation among
streams, although the first two axes explained a relatively small proportion of the total
variation, suggesting that other unmeasured variables also contribute to these environmental
differences. Native vegetation cover was positioned in the ordination alongside wider
channels and coarser substrates, and opposite to conductivity and fine sediment, suggesting
some overlap between vegetation cover and habitat characteristics. However, only channel
width showed a significant association with native vegetation cover. Sweeney et al. (2004)

also observed that more forested streams were associated with wider channels. In deforested
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environments, channel narrowing may occur due to the invasion of riparian margins by
grasses, whose growth tends to be naturally limited by forest cover (Sweeney 1993; Allan &
Castillo 2007). This narrowing may reduce benthic habitat availability (Sweeney et al. 2004),
which may help explain the functional patterns observed in our study, particularly the
association of more forested streams with substrate-clinging and non-swimming organisms.
Water velocity may also contribute to structuring aquatic insect communities by influencing
habitat conditions, such as oxygen availability and the persistence of organisms with different
respiratory and locomotion traits (Mackay & Wiggins 1979; Verberk & Bilton 2013; Martins
et al. 2017). However, as this relationship was not strongly supported by our data, this
interpretation should be viewed with caution. Different land-use types contribute to specific
changes in habitat characteristics and different compositional responses (Saberi-Pirooz et al.
2024; Bae & Kim 2025). In our study, we focused on analyzing the effects of riparian native
vegetation loss, but we acknowledge that these effects may be more or less severe depending
on the type of land use that replaces the original forest. However, our considerable sample
size supports a consistent pattern of nested loss of aquatic insect genera along the
deforestation gradient.

Our study revealed important information about community responses to riparian
vegetation deforestation. First, the loss of primary riparian forest is accompanied by the
ordered loss of aquatic insect genera, where functional traits favor or limit the persistence of
these organisms along the vegetation gradient. Functional diversity also undergoes an ordered
loss according to the deforestation gradient, although more subtle in the short term compared
to taxonomic diversity. We suggest that indirect physical consequences of deforestation on
habitat structure may result in the loss of aquatic insect functions, which may in the long term
destabilize important ecosystem processes. Our findings highlight the importance of native
riparian vegetation for the conservation and maintenance of streams and biotic communities,
underscoring the relevance of conserving at least a buffer strip of vegetation that may mitigate
the severity of land-use effects. Importantly, we identified a consistent pattern of taxonomic
and functional nestedness, highlighting preserved areas as conservation priorities, as they
support not only a larger portion of the regional species pool but also a more diverse set of

functional traits, emphasizing their central role in maintaining regional biodiversity.
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SUPPLEMENTARY MATERIAL

Land use in the sampled region

To evaluate the history of deforestation and land-use changes in the sampled region, we used
the MapBiomas platform to obtain land-use and land-cover maps for the 30 years preceding
sampling (1985-2015). The data indicate that deforestation in the region occurred relatively
early, with pasturelands and forest plantations dominating the landscape during the 1980s and
1990s. From the 2000s onward, an expansion of agricultural and urban areas can be observed.
In the year of sampling (2015), the landscape appeared to be mainly composed of pastures,
agricultural areas, and forest plantations, with relatively few urbanized areas. Furthermore, the
most preserved areas are largely located within the boundaries of protected areas, namely
Intervales State Park and Carlos Botelho State Park. However, over time, the buffer zones
surrounding these protected areas have become increasingly occupied by human land-use

activities.
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Figure S1. Land-use and land-cover history of the sampled area (1985-2015), obtained from the MapBiomas
Project (http://mapbiomas.org). The images show land cover in the southeastern region of Sdo Paulo state,
including native forest (green), pasture (beige), forest plantations (brown), agriculture (purple), urban areas (red),
and water bodies (blue). The yellow outline indicates the area where the sampling points are located.
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Table S1. Results of the generalized linear models testing the effect of native vegetation cover on genus
occurrence. 3 corresponds to the estimated coefficient of the predictor (% native vegetation), and p to the

significance value of the test. Only genera occurring in at least five streams were included in the analyses.

Order Genera B p value
Americabaetis 1.098 0.273
Baetodes 3.076 0.001*
Caenis 0.008 0.994
Callibaetis -0.452 0.661
Campylocia 1.638 0.074
Cloeodes -0.768 0.303
Farrodes 0.969 0.229
Hagenulopsis 1.627 0.209
Ephemeroptera
Hylister 4.207 0.000*
Massartella -0.306 0.695
Thraulodes 2.229 0.085
Traverhyphes 1.549 0.046%*
Tricorythodes 2.008 0.275
Tricorythopsis 1.830 0.048*
Ulmeritoides -6.365 0.023*
Zelusia 0.464 0.672
Anacroneuria 2.873 0.000*
Gripopteryx 1.573 0.071
Plecoptera
Kempnyia 2.296 0.025%*
Macrogynoplax 5.759 0.003*
Atopsyche 1.217 0.111
Austrotinodes 1.606 0.037*
Blepharopus -0.566 0.500
Cernotina 0.505 0.681
Chimarra 1.252 0.137
Cyrnellus 0.144 0.902
Trichoptera Helicopsyche 2.488 0.015*
Leptonema 1.881 0.015*
Marilia 1.312 0.351*
Mortoniella 0.942 0.521
Nectopsyche 1.849 0.037*
Neotrichia -0.457 0.606
Oecetis 1.892 0.171



Odonata

Megaloptera

Coleoptera

Phylloicus
Polyplectropus
Protoptila
Smicridea
Triplectides
Argia
Cacoides
Dythemis
Heliocharis
Hetaerina
Heteragrion
Progomphus
Corydalus
Austrolimnius
Cylloepus
Heterelmis
Hexacylloepus
Huleechius
Macrelmis
Microcylloepus
Neoelmis
Phanocerus
Psephenus

Xenelmis

1.482
0.291
-0.274
0.681
1.349
-1.047
2.899
0.748
1.137
2.215
0.011
1.917
1.777
2.368
1.188
2.047
1.100
3.408
2.482
2.057
1.794
2.707
1.122
1.568

0.057
0.830
0.870
0.445
0.183
0.178
0.070
0.315
0.443
0.043*
0.988
0.039*
0.140
0.011*
0.141
0.046*
0.145
0.025%*
0.004*
0.022*
0.020*
0.004*
0.190
0.050
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CAPITULO 3

A DISPERSAO DE INSETOS AQUATICOS AO LONGO DA REDE DENDRITICA
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Vocé sabia que existem insetos que vivem na agua? Além dos tradicionais insetos
terrestres que conhecemos, como as borboletas, besouros e formigas, também existem insetos
que sdo aquaticos. Sao considerados insetos aquaticos aqueles que vivem pelo menos uma
fase de sua vida dentro da agua, geralmente em ecossistemas de agua doce (Figura 1).
Existem varios grupos de insetos aquaticos. A libélula (ordem Odonata) e o borrachudo

(ordem Diptera) sao alguns dos exemplos mais conhecidos.

Ordem Ephemeroptera

OO O
Q
OOOO
C "o
Ovo Adulto
Fase aquatica Fase terrestre

Figura 1. Representacdo da fase aquatica da ordem Ephemeroptera, um grupo de insetos aquaticos. Fonte: ©
2024 Livia Serezani Munhoz.

Os insetos aquaticos sdo capazes de dispersar entre os ambientes de 4gua doce. Mas o
que ¢ dispersao? A biologia entende por dispersdo um ser vivo que sai do local onde vivem
seus “pais” e se estabelece em outro lugar. Existem varios tipos de dispersao: a dispersao de
sementes que ocorre pelo vento ou através de animais; a dispersdo de esporos que podem
ocorrer também pelo vento ou agua; e a dispersdo de animais que pode ocorrer da forma ativa
(como quando o animal nada, voa ou caminha) ou de uma forma passiva (quando o animal se
dispersa ao ser carregado pelo vento ou correnteza). Os insetos aquaticos se dispersam de
diferentes formas entre os locais em que podem viver, como em uma rede dendritica. Para
entender como os insetos aquaticos se dispersam em uma rede dendritica, vamos primeiro
entender o que ela €.

Quando vemos um rio por uma imagem de drone ou satélite, percebemos que este

possui ramificagdes que em certo ponto se ligam. A 4gua surge através das nascentes que
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formam os pequenos corregos ou riachos (cabeceira), que se juntam formando grandes
riachos (centrais), que por sua vez, se unem formando corpos de dgua ainda maiores que
conhecemos como rio. Essa configuracao forma um tipo de rede, e chamamos esta de rede
dendritica (a origem desse nome meio esquisito remete a semelhanca aos ramos de uma

arvore; Figura 2).

Rede Dendritica

Cabeceira

Central

Figura 2. Representacdo de uma rede dendritica. Fonte: © 2024 Livia Serezani Munhoz.

A dispersdo dentro de uma rede dendritica geralmente ¢ direcionada no sentido da
correnteza da 4gua, pois os insetos em sua fase aquatica sdo muito frageis e dificilmente
conseguem subir o rio (Figura 3). Por isso, a sua posi¢ado inicial na rede dendritica interfere
em sua dispersdo. Riachos de cabeceira recebem poucos insetos em fase aquatica de outros
locais, por isso consideramos como isolados. J& os riachos em uma posi¢do mais central na
rede dendritica podem receber as fases juvenis de insetos aquaticos vindos de varios riachos

menores.
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Figura 3. Representagdo da dispersdo passiva em uma rede dendritica. Fonte: © 2024 Livia Serezani Munhoz.

Nem todos os insetos aquaticos possuem as mesmas habilidades de dispersao. Agora
vamos falar um pouquinho sobre elas. Um cientista finlandés que estuda os insetos aquaticos
chamado Jani Heino classificou os insetos em sua fase terrestre quanto a capacidade de
dispersao em voadores fracos, intermediarios e fortes (Figura 4). Por exemplo, um grupo de
organismos semelhante ao pernilongo (Chironomidae), que possui um corpo bem pequeno, €
um dispersor fraco. Ja a libélula (Odonata) possui um tamanho do corpo maior, e ¢ uma
dispersora forte - por isso pode alcancar habitats mais distantes. Ja na fase aquatica a principal
maneira de se locomover € por meio da dispersao passiva (pela correnteza da dgua seguindo

o fluxo do riacho) enquanto a dispersao ativa (através do nado) ¢ mais fraca.

Habilidades de voo

Chironomidae

Fracos

Figura 4. Representantes de insetos aquaticos adultos com habilidade de voo fraca, intermediaria e forte. Fonte:
© 2024 Livia Serezani Munhoz.
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Entender os tipos de dispersdo dos insetos aquéticos ao longo da rede dendritica ¢é
muito importante para também compreender a troca de espécies entre habitats. Este ¢ um
tema muito importante para a ecologia de comunidades, e ajuda os pesquisadores a
compreender os padroes de biodiversidade nos ecossistemas de dgua doce e assim, poder

conserva-los melhor.
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Glossario

Comunidades: Conjunto de varias populagdes.

Dispersao passiva: Deslocamento de espécies com a ajuda de vetores, como por meio de
elementos naturais ndo vivos (como vento e correnteza da dgua) e vivos (como uma semente
pre.

Dispersao ativa: Deslocamento de espécies com o proprio esfor¢o, como voo, nado ou
caminhada.

Ecossistemas de agua doce: Sdo ambientes aquaticos continentais, que comportam
comunidades de seres vivos que vivem em contato com a dgua doce, como os ecossistemas
lénticos (4gua mais parada, como lagos, represas € pocas) e 16ticos (como rios e riachos).
Esporos: Estruturas que fazem parte da reproducdo de alguns seres vivos, como bactérias,
algas, fungos e plantas. Cada esporo pode formar um novo individuo.

Habitat: Local onde uma espécie vive.

Rede dendritica: Disposicao de riachos e rios formando ramificacdes que se unem em certo
ponto.

Riachos: Pequenos rios.
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CONSIDERACOES FINAIS

Esta dissertacdo teve como objetivo principal compreender como a comunidade de insetos
aquaticos da Mata Atlantica respondem a variagdes ambientais naturais e antrdpicas,
considerando a organizagdo espacial da rede dendritica, bem como os efeitos da perda de
vegetacao riparia. Ao integrar diversas abordagens ecoldgicas, incluindo a singularidade
ambiental e funcional, aninhamento e decomposicdo da diversidade beta, os resultados
evidenciam que a estrutura de comunidades de 4agua doce s3o moldadas por diferentes
padrdes, que variam de acordo com a escala espacial e sob diferentes contextos ecologicos.

Os resultados do primeiro capitulo demonstraram que a organizagao dendritica da rede
hidrografica vai além da caracteristica geomorfologica da paisagem, demonstrando ser um
importante componente ecolodgico na estruturagdo de comunidades de insetos aquaticos. A
posi¢do dos riachos dentro da rede influencia a conectividade entre ambientes, o potencial de
dispersdo ¢ a intensidade com que filtros ambientais atuam sobre as comunidades. Esses
resultados reforcam a importdncia de considerar a organizacdo espacial natural dos
ecossistemas loticos para melhor compreender padroes de estrutura de metacomunidades e
distribuicao de espécies.

No segundo capitulo, observou-se um padrao de resposta das comunidades de insetos
aquaticos frente as alteragdes antropicas associadas a perda da vegetacao riparia, com a perda
ordenada de espécies ao longo do gradiente de desmatamento. Diferentemente das
investigacoes do primeiro capitulo, onde o gradiente natural favoreceu mudancgas na
composi¢ao das comunidades através de processos ecologicos associados a heterogeneidade
ambiental e a conectividade espacial, o desmatamento esteve associado a simplificagdo das
comunidades, demonstrada pela perda ordenada de géneros e caracteristicas funcionais ao
longo do gradiente de perda de cobertura vegetal nativa, gerando um padrdo de aninhamento.
Esses resultados reforcam a importancia da vegetacdo riparia na manutencao da
biodiversidade de ecossistemas de d4gua doce e sugerem atenc¢ao especial para ambientes ainda
preservados em planos de conservacdo, por funcionarem como importantes reservatorios da
diversidade regional.

De forma integrada, nossos resultados evidenciam que mudancas naturais na
paisagem ambiental e as geradas pela degradacdo ambiental antrdpica, ndo demonstram

respostas equivalentes sobre a biodiversidade aquética. Enquanto processos naturais
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distribuem e reorganizam as comunidades ao longo da rede dendritica, a degradagdo
ambiental tende a reduzir a riqueza bioldgica e limitar a persisténcia de tdxons mais sensiveis
as alteragdes no ambiente. A visdo unificada dos padroes encontrados sugere que
possivelmente o efeito do desmatamento possa gerar consequéncia mais severas sobre
comunidades inseridas em posi¢des iniciais na rede, destacando a urgéncia de atengdo para
riachos nessas posi¢des em planos de prote¢do e conservagao.

Com o objetivo de ampliar a comunicagao cientifica e democratizar o conhecimento
cientifico, esta dissertagdo também conta com um capitulo de divulgagdo da ciéncia voltado
ao publico ndo familiarizado com processos ecoldgicos e insetos aquaticos. O capitulo
abordou a organizacdo dendritica da rede hidroldgica e a distribui¢@o de insetos aquaticos por
meio de diferentes estratégias e habilidades de dispersdao, destacando a importancia dos
fatores de dispersdo para compreender como as comunidades sdo estruturadas e auxiliar no
biomonitoramento e planos de conservagdo. Aproximar a sociedade do conhecimento
cientifico pode ser uma importante estratégia para sensibilizacdo ambiental, a fim de aumentar
a pressao popular para o fortalecimento de agdes de conservacao.

Embora o estudo tenha contribuido para ampliar a compreensdao sobre ecologia de
comunidades aquaticas em riachos subtropicais, algumas limitagdes nos estudos dirigidos
devem ser consideradas. A identificagdo taxondmica a nivel de género, embora muito
utilizada por grande parte de estudos com insetos aquaticos, assim como o déficit de
informacao de caracteristicas funcionais das espécies, pode ndo capturar respostas mais
refinadas em nivel especifico. Além disso, respostas funcionais as caracteristicas do ambiente
representam informagdes importantes para compreender a estrutura de comunidades, mas nao
substituem medigdes diretas de processos ecossistémicos. O pequeno esfor¢o amostral no
primeiro capitulo também pode ter reduzido o poder de generalizacdao dos resultados obtidos.
Destacamos também a importancia de considerar que outros fatores paralelos como dindmica
de dispersao, historico do uso do solo, tipos de perturbagdo natural ou antropica na paisagem e
fatores temporais, também podem influenciar a estrutura das comunidades além das variaveis
consideradas neste estudo.

Concluindo, essa dissertacdo reforca a importancia ecologica dos riachos da Mata
Atlantica como sistemas complexos e altamente dindmicos, que sofrem influéncia tanto de
processos naturais quanto da degradacao antrdpica. A conservagdo desses ambientes depende
nao somente da protecdo da vegetacdo riparia ou de diferentes posi¢des espaciais na rede
dendritica, mas também do avango de estudos que integrem diferentes abordagens de analise

da biodiversidade e ampliem o didlogo entre a ciéncia e a sociedade.
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