&

ECMVS

S
o
o

Spyaseanent
7 3
RETIRY

"
.
2

Universidade Federal de Minas Gerais
Instituto de Ciéncias Biologicas
Departamento de Biologia Geral

Programa de Pos-Graduacdo em Ecologia, Conservacdo e Manejo da Vida Silvestre

Dissertacao de Mestrado

DOIS HOTSPOTS TROPICAIS, CAMINHOS DIFERENTES PARA A ENERGIA EM RIACHOS

Gisele Moreira dos Santos

ORIENTADOR: Prof. Dr. Marcos Callisto

Co-ORIENTADOR: Dr. Marden Seabra Linares

Belo Horizonte, Marco de 2019.



DoOIS HOTSPOTS TROPICAIS, CAMINHOS DIFERENTES PARA A ENERGIA EM RIACHOS

Dissertacdo apresentada ao Programa de Pos-
Graduacgédo em Ecologia, Conservacédo e Manejo da
Vida Silvestre da Universidade Federal de Minas
Gerais, como parte dos requisitos para obtencéo do

titulo de Mestra em Ecologia.

ORIENTADOR: Prof. Dr. Marcos Callisto

CO-ORIENTADOR: Dr. Marden Seabra Linares

Belo Horizonte - MG

Marco, 2019



“Nao fui eu que Ihe ordenei? Seja forte e corajoso! Nao se apavore, nem se

desanime, pois 0 Senhor, o seu Deus estara com vocé por onde vocé andar”.

Josué 1:9



BOLSA:

@ CNPq

Conselho Nacional de Desenvolvimento
Cientifico e Tecnolégico

FINANCIAMENTOS:

PeixeVivo

ANEEL

GT-487 e GT-599

A natureza em boa companhia.

APOIO:
( LABORATORIO ECOLOGIA DE \
BENTOS
ICB - UFMG

\ -
o t
;' 2 QADEL Sy
BIOINDICADORES 4
J

\ DE QUALIDADE DE AGUA

CAPES FAPEMIG



AGRADECIMENTOS

Concluir o mestrado em uma instituicdo de exceléncia como a UFMG é muito gratificante.
Entéo, gostaria de agradecer a todos que contribuiram de alguma forma para minha formacéo
académica e pessoal até aqui. Primeiramente, gostaria de agradecer a Deus por fortalecer
minha fé durante esses anos. Gostaria de agradecer aos meus pais (Geraldo e Maria Lucia), e
meus avos (Albertina, José e Josefa — in memoriam) por serem meus exemplos de vida e
sempre me apoiarem em meus estudos. Aos amigos Gustavo Henrique e Mariana Peifer por
todas as conversas construtivas, diversdo e apoio nos momentos dificeis; sem vocés a
caminhada teria sido um pouco mais pesada. Aos amigos e familiares agradeco pela amizade e
por compreenderem minhas auséncias em alguns momentos.

Ao Professor Marcos Callisto por ter me recebido em 2011, para a iniciacao cientifica, e
ter confiado em mim durante todos esses anos, obrigada por todo investimento em minha
formacéo, pelos aprendizados em campo, apoio e orientagdo. Agradeco por todas as conversas
gue tivemos porque elas contribuiram muito para minha formac¢éo como cientista.

Ao Dr. Marden Linares por ter compartilhado tanto conhecimento comigo durante esses
dois anos, agradeco por seu incentivo e ensinamentos sobre a jornada académica. Nesse
periodo, além de co-orientador, vocé se tornou um grande amigo.

Aos companheiros que fizeram ou fazem parte do laboratério de Ecologia de Bentos
agradeco por todo apoio e carinho. Aos ICs Igor Venancio e Dennys Drager, por me ajudarem no
processo de separacdo de potes e fotografia de macroinvertebrados. Carlos Bernardo, Diego
Castro, Diego Macedo, Déborah, Juliana, Janaina, Kele, Rogério, Sofia, Moana, Bruna, Wander,
Isabela, Katiene, Ana Paula e Cintia, agradeco pela companhia nos lanchinhos da tarde e
disposicdo para ajudar em todas as situacbes. Ao Carlos Bernardo, agradeco pelos
ensinamentos, puxdes de orelha, piadinhas e pela alegria contagiante.

Aos Professores Rogério Parentoni, Diego Rodrigues Macedo, Jodo Carlos Marques,

Manuel Graca e Robert Mason Hughes, pelas contribuicbes na elaboracdo do manuscrito.



Ao Professor Paulo Peixoto, por ser um grande amigo e contribuir para minha formacéo
como cientista. Muito obrigada pelas aulas de estatistica, por ouvir meus desabafos, por sonhar
junto comigo e me aconselhar sempre.

Aos amigos e professores do curso de campo — Ecologia da Floresta Amaz6nica 2017 —
gue compartilharam momentos indescritiveis conosco. Muito obrigada pelas conversas
motivacionais, pelas corre¢cdes de relatérios e por nos proporcionar a oportunidade de discutir
ciéncia e método cientifico no meio da Floresta Amazdnica. Aos amigos e professores do curso
de campo — Ecologia Conservacdo e Manejo da Vida Silvestre 2018 — obrigada pelo apoio e
oportunidade de conhecer e aprender sobre diferentes sistemas ecoldgicos. Esses dois cursos
foram essenciais em minha carreira!

Aos projetos P&D ANEEL/CEMIG GT - 487 e GT — 599 pelo financiamento da
dissertacdo em todas as suas etapas; a FUNDEP pelo suporte como fundagédo gestora e ao
CNPq pela concessao da bolsa de mestrado.

Aos secretarios do programa de P6s-Graduagdo em Ecologia Conservacao e Manejo da
Vida Silvestre, Frederico Teixeira e Cristiane, por todo apoio durante o mestrado. A todos os
funcionarios do ICB que de alguma forma contribuem para o bom funcionamento do prédio,
especialmente a Dona Maria que nos auxilia na organizagéo e limpeza do laboratério.

Aos professores Marcelo da Silva Moretti, Tatiana Garabini Cornelissen e Dr. Pedro
Giovani da Silva por aceitarem compor a banca avaliadora desta dissertacdo e por suas
importantes corregdes e consideragdes.

A todos esses, a minha sincera gratiddo, muito obrigada!



Resumo
Abstract

Introducéo Geral

SUMARIO

MANUSCRITO: Two tropical hotspots, two different streams’ energy pathways -------------------

Introduction

Material and Methods

Results

Discussion

Conclusion

References

Supplementary Material
Consideragoes Finais

Anexos

10
19
21
24
29
33
34
35
43
46
47



RESuUMO

Para entender os efeitos de biomas nos ecossistemas aquaticos, nés avaliamos as
hipéteses de que os riachos de cabeceira nos biomas Mata Atlantica (AF) e Cerrado
(NS) apresentam padrdes distintos de estruturacdo de (i) comunidades aquéticas e (ii)
invertebrados fragmentadores. NOs utilizamos medidas de riqueza, densidade,
biomassa, producdo secundaria instantdnea, eco-exergia e eco-exergia especifica
como métricas de estruturacdo de comunidades. A composicdo e riqueza de
comunidades de macroinvertebrados bentdnicos foram significativamente diferentes
entre os dois biomas, sendo o bioma AF o mais rico (média * erro padréo (SE), 31.3 +
2.12). A densidade, biomassa, producdo secundaria instantdnea, eco-exergia e eco-
exergia especifica ndo variaram entre os biomas. Os insetos fragmentadores no bioma
AF apresentaram valores médios significativamente mais altos nas métricas de
comprimento, densidade, biomassa, producdo secundaria instantdnea e eco-exergia,
em relacdo ao bioma NS. Essas diferencas podem ser atribuidas a melhor qualidade
de detritos foliares disponiveis para as assembleias de invertebrados fragmentadores
no bioma AF em relagdo ao bioma NS. Em sintese, nosso estudo evidencia que
caracteristicas intrinsecas dos biomas AF e NS podem atuar como fatores
estruturadores de assembleias de macroinvertebrados bentbdnicos, influenciando a

estrutura e o funcionamento de ecossistemas l6ticos em regido tropical.

PALAVRAS CHAVE: Eco-Exergia; Hotspots Brasileiros; Macroinvertebrados Bentbnicos;

Producédo Secundaria Instantanea.



ABSTRACT
Local factors, such as characteristics of riparian vegetation and stream typology, may
affect in the structure and composition of benthic macroinvertebrate assemblages. To
better understand the effects of biomes on lotic ecosystems, we evaluated whether
Atlantic Forest (AF) and Neotropical Savanna (NS) biomes showed distinct patterns on
the structuring of (i) benthic macroinvertebrate assemblages and (i) shredder
functional feeding group. We predicted that (i) richness, biomass, instant secondary
production, eco-exergy and specific eco-exergy are higher for benthic
macroinvertebrate assemblages in streams in the AF than in the NS and (ii) length,
biomass, instant secondary production, eco exergy and specific eco-exergy are higher
for shredders in the AF. We used number of taxa richness, density, biomass, instant
secondary production, eco-exergy and specific eco-exergy as community structuring
metrics. We found that benthic macroinvertebrate assemblage composition and taxa
richness were significantly different between the two biomes, with the AF biome being
the richest, but there were no differences in terms of density, biomass, instant
secondary production, eco-exergy and specific eco-exergy. For AF shredders, the size,
density, biomass, secondary production and eco-exergy were higher than for NS.
These differences were attributed to the quality of leaf litter, which was generally higher
in AF than in NS streams. This indicates that the intrinsic characteristics of the AF and
NS biomes can act as structuring factors for benthic macroinvertebrate assemblages,

influencing the structure and functioning of tropical lotic ecosystems.

Keywords: Benthic macroinvertebrates; Brazilian hotspots; Eco-exergy; Secondary

production.



INTRODUCAO GERAL

Um dos grandes questionamentos de estudos em ecologia de comunidades é
entender o porqué de nem todas as espécies estarem em todos os lugares. A
ocorréncia de uma espécie em um determinado local envolve uma série de
requerimentos biodticos e abidticos que permitem a sua existéncia (Vellend, 2016).
Caracteristicas fisiolégicas, comportamentais e morfoldégicas permitem que espécies
ultrapassem as barreiras e contribuam para a formacédo de uma comunidade. Essas
barreiras sdo, na verdade, processos ecoldgicos que podem atuar na estruturacéo e
montagem de comunidades biologicas. Processos ecolégicos como selecdo, deriva
genética, especiacdo e dispersdo atuam em escalas regionais, enquanto que
processos relacionados a fatores abidticos e bidticos atuam em escalas locais

(Vellend, 2010; 2016).

Caracteristicas fisicas do ambiente como temperatura, umidade e
geomorfologia, podem influenciar a distribuicdo espacial de espécies e levar a
formacdo de comunidades distintas (Vellend, 2016). Em ecossistemas aquaticos, o
conceito RIVER CONTINUUM CONCEPT sugere que 0s sistemas aquaticos sao
interligados longitudinalmente com variacdes de solo, formagbes rochosas e
geomorfologicas ao longo do continuo fluvial. Dessa forma, variagdes na litologia e
geomorfologia de riachos podem interferir em caracteristicas das comunidades

presentes nesses locais (Vannote et al., 1980).

Os fatores bhibticos compreendem as interacbes entre as espécies, como
competicdo, predacdo, mutualismo e parasitismo. Essas interacdes levam a variagoes
na abundancia relativa das espécies dentro das comunidades, por exemplo, uma
espécie afetada por um parasita pode ter diminuicbes em sua abundéancia relativa.
Interacdes como a competicdo podem levar a exclusdo competitiva de espécies

gquando um competidor é mais eficiente do que o outro, ou a coexisténcia de espécies
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quando um dos competidores apresenta variacdo em seu nicho deixando de competir
por um recurso limitado. As interagbes atuam em uma comunidade determinando a

ocorréncia de espécies na comunidade local (Vellend, 2010; 2016).

O interesse em conhecer as interacfes entre as espécies e os fatores que
podem determinar a estrutura e funcionamento de comunidades me levou a trabalhar
com esse tema. Dessa forma, dou inicio a minha contribuicdo para os estudos em

ecologia de comunidades com um manuscrito, fruto dessa dissertacao.

Nesta introducdo geral apresentarei as bases conceituais que nortearam essa

dissertacdo: o conceito de indicadores termodinamicos e produc¢éo secundaria.

INDICADORES TERMODINAMICOS

Indicadores termodinamicos avaliam a condicdo de ecossistemas de maneira
integrada, baseados em propriedades e na estrutura do sistema como um todo. Assim
como os indicadores ecologicos, eles auxiliam na avaliagdo da qualidade de
ecossistemas (Jagrgensen, 2007). Dois exemplos de indicadores termodinamicos séo a

eco-exergia e eco-exergia especifica.

A eco-exergia pode ser definida como a distancia entre o estado presente do
ecossistema e seu estado em caso de equilibrio termodindmico com o ambiente
abiotico. Essa distancia pode ser quantificada analisando o aumento na estrutura fisica
do sistema na forma de biomassa e informagéo genética. A eco-exergia especifica

mensurada pela razao entre a eco-exergia e a biomassa total (Jgrgensen et al., 2005).

Os valores de eco-exergia sao inversamente proporcionais a entropia, dessa
forma se imaginarmos uma faixa de entropia em que temos sistemas com baixa e alta
entropia, locais com alta entropia estdo proximos ao equilibrio termodinamico e
consequentemente apresentam valores baixos de eco-exergia. Esses valores

representam areas de menor complexidade biolodgica, como riachos impactados. Por
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outro lado, locais com baixa entropia estdo distantes do equilibrio termodinamico e
consequentemente apresentam valores altos de eco-exergia. Esses valores
representam areas de maior complexidade biolégica, como riachos de referéncia

(Figura 1).

Entropia Baixa

Equilibrio
termodinamico

Riacho Impactado Riacho de referéncia

Baixa

Figura 1: Representacdo da aplicacdo do conceito de eco-exergia a ecossistemas aquaticos

(adaptada de Jgrgensen et al., 2005; Salas et al., 2005).

Eco-exergia e eco-exergia especifica sao indicadores complementares, dessa
forma, recomenda-se a utilizacdo desses indicadores em conjunto (Marques et al.,
2003). Esses indicadores refletem a capacidade de resiliéncia e diversidade de um
sistema biolégico. Assim, altos valores de eco-exergia e eco-exergia especifica sdo
encontrados em locais com maior diversidade de espécies, e com maior capacidade
de retornar a um estado semelhante ao original ap6s uma perturbacdo (Bilgen and

Sarikaya, 2015).
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PRODUGCAO SECUNDARIA

O conceito de producao secundaria esté relacionado a incorporacao de energia
no tecido de um heterétrofo (Odum, 2007). A produtividade secundaria representa a
taxa de armazenamento de energia nos niveis tréficos de consumidores, e possibilita a
estimativa de fluxos de energia em sistemas biol6gicos. Ambientes com maior
producdo secundaria possuem altas taxas de assimilacdo de energia pelos
heterotrofos, o que possibilita que a energia presente nesses ecossistemas flua por
um maior niumero de niveis tréficos. No entanto nem sempre um aumento na producao
secundaria indica um ambiente saudavel, pois algumas perturba¢des podem aumentar
a producdo dos organismos ou beneficiar espécies oportunistas (Huryn & Wallace,

2000; Dolbeth et al., 2012).

As estimativas de producdo secundaria fornecem informac¢des mais precisas
sobre o funcionamento de ecossistemas quando comparadas as informacdes de
biomassa e densidade, isoladamente. Isso ocorre porque o calculo da producéo
secundaria utiliza dados de biomassa, densidade e crescimento de organismos. Dessa
forma, essa abordagem é uma das ferramentas utilizadas para avaliar e monitorar o

fluxo de energia em comunidades aquaticas (Dolbeth et al., 2012).

DECOMPOSICAO DE DETRITOS FOLIARES

A decomposi¢cdo € um dos processos ecoldgicos que contribuem para a
ciclagem de nutrientes e fluxo de energia em ecossistemas aquaticos (Graca et al.,
2001; Gongalves et al., 2013). Nestes ecossistemas a disponibilidade de energia pode
ser autoctone, quando a entrada de luz solar no riacho permite que organismos
realizem a fotossintese, e al6ctone com a entrada de matéria organica e detritos
foliares da vegetacao riparia (Gongalves et al., 2013). A decomposicdo é um processo
ecolégico que pode ser dividido em trés fases: lixiviacdo, condicionamento e

fragmentagdo. A lixiviagdo caracteriza-se pela perda de compostos sollveis, seguida
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pelo condicionamento quando microorganismos (bactérias, fungos e hifomicetos
aquaticos) colonizam os detritos aumentando seu valor nutricional e palatabilidade
para macroinvertebrados fragmentadores. A Ultima fase € a de fragmentacdo, quando
os detritos sofrem abrasédo pelo fluxo da agua ou degradacgéo por macroinvetebrados

aquéticos (Gessner et al., 1999) (Figura 2).

Queda natural da Colonizagdo porinvertebrados,
folha MOPG) Colonizacdo microbiana e continuacdo da atividade micobiana

Decomposi¢ao decomposcio fsca . ¢ decomposicdo fisca Conversio para
quimica r 2 MOPF o
l-.".-
Fezese
fragmentos
Lixiviagio de \ Minenalizacio por\ Aumento do'\ Nova \ ' Alimentacdo A
compostossoliveis repiracdo microbiana conteddo \ @NVersdd |\ animal
i | . : microbiana |
(MOD) v pana CO, v protéico v v /
4:
,/
i
Quantidade de 259 5% 20-35% 15-25% ~30%
perda de peso
| | | |
1 10 100 250

Tempo (dias)

Figura 2: Representacdo da mudanca de estado do detrito foliar, sob a influéncia de vérios

fatores bidticos e abioticos ao longo do tempo (Fonte: Gongalves & Callisto, 2005).

A decomposicdo pode ser influenciada por fatores fisicos e quimicos na coluna
d’ agua incluindo temperatura, velocidade de fluxo e caracteristicas foliares como
dureza e concentracdo de compostos secundarios. Fatores fisicos e quimicos podem
afetar a atividade de microorganismos e invertebrados. Diminui¢cdes nos valores de pH
podem levar a diminuicdo da atividade microbiana, o que diminui o coeficiente de
decomposicdo (Gongalves et al., 2013; Mulholland et al., 1987). As concentracdes de
compostos secundarios nas folhas (lignina, celulose, polifenéis) podem afetar a
decomposicao influenciando a colonizacdo por microorganismos e invertebrados

aquaticos (Graca et al., 2001).
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SISTEMA DE ESTUDO E ESTRUTURA DA DISSERTACAO

Nessa dissertacdo utilizei como modelo de estudo macroinvertebrados
bentbnicos. Estes sdo organismos, em sua grande maioria insetos aquaticos, que
habitam o sedimento de fundo em lagos e riachos, sendo visiveis a olho nu. Esses
organismos desempenham importante papel no funcionamento de ecossistemas
aguaticos, em cadeias alimentares, contribuem no fluxo de energia e atuam como
presas para peixes e outros invertebrados. Participam da ciclagem de nutrientes,
sendo fundamentais na transformacdo da matéria organica. Sao sensiveis a
perturbagbes ambientais, 0 que permite que esses organismos sejam utilizados como
bioindicadores de qualidade de agua. Além disso, macroinvertebrados benténicos sao
abundantes e frequentes na maioria dos ecossistemas aquaticos, o que possibilita sua

ampla utilizacdo em estudos ecologicos (Esteves, 2011).

Os macroinvertebrados bentdnicos podem ser classificados de acordo com
suas caracteristicas alimentares em 5 grupos troficos funcionais: raspador, coletor-
filtrador, coletor-catador, predador e fragmentador. Os raspadores possuem
adaptacdes para raspar o perifiton e a microbiota associada em substratos organicos
ou inorganicos depositados nos rios. Os coletores filtradores possuem estruturas
especializadas para filtrar particulas em suspenséao. Coletores catadores alimentam-se
de matéria particulada fina resultado do processamento da matéria orgénica.
Predadores sédo organismos que se alimentam de tecido animal. Os fragmentadores
retalham e consomem os detritos foliares que entram no sistema aquatico
transformando MOPG em MOPF, disponibilizando alimento para outros grupos tréficos

funcionais como os coletores (Cummins, 1973).

Em riachos de zonas de clima temperado essa relacdo entre invertebrados
fragmentadores e detritos foliares esta bem estabelecida (Graca, 2001), no entanto,

para riachos em zonas de clima tropical existem divergéncias quanto ao papel dos
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invertebrados fragmentadores no processo de decomposi¢do (Gongalves et al., 2007,
Wantzen & Wagner, 2006). Alguns estudos mostram que fungos e bactérias séo
organismos importantes no processo de decomposi¢cdo em riachos tropicais, uma vez
gue a quantidade de invertebrados fragmentadores é muito reduzida em riachos no

Cerrado (Gongalves et al., 2007; Gongalves et al., 2012).

Essa dissertacao esta em formato de manuscrito a ser submetido a uma revista
cientifica internacional, e tem 0 objetivo de avaliar possiveis variacfes na estrutura e
funcionamento de assembleias de macroinverbrados benténicos em riachos de

cabeceira em dois biomas brasileiros.
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Abstract

Local factors, such as characteristics of riparian vegetation and stream typology, may
affect in the structure and composition of benthic macroinvertebrate assemblages. To
better understand the effects of biomes on lotic ecosystems, we evaluated whether
Atlantic Forest (AF) and Neotropical Savanna (NS) biomes showed distinct patterns on
the structuring of (i) benthic macroinvertebrate assemblages and (ii) shredder
functional feeding group. We predicted that (i) richness, biomass, instant secondary
production, eco-exergy and specific eco-exergy are higher for benthic
macroinvertebrate assemblages in streams in the AF than in the NS and (ii) length,
biomass, instant secondary production, eco exergy and specific eco-exergy are higher
for shredders in the AF. We used number of taxa richness, density, biomass, instant
secondary production, eco-exergy and specific eco-exergy as community structuring
metrics. We found that benthic macroinvertebrate assemblage composition and taxa
richness were significantly different between the two biomes, with the AF biome being
the richest, but there were no differences in terms of density, biomass, instant
secondary production, eco-exergy and specific eco-exergy. For AF shredders, the size,
density, biomass, secondary production and eco-exergy were higher than for NS.
These differences were attributed to the quality of leaf litter, which was generally higher
in AF than in NS streams. This indicates that the intrinsic characteristics of the AF and
NS biomes can act as structuring factors for benthic macroinvertebrate assemblages,

influencing the structure and functioning of tropical lotic ecosystems.

Keywords: Benthic macroinvertebrates; Brazilian hotspots; Eco-exergy; Secondary

production.
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Introduction

Headwater streams (1% to 3™ order; Strahler, 1957) are ecosystems with high
biotic diversity and species richness (Meyer et al., 2007). These ecosystems represent
~80% of the channel length in a hydrographic basin. Because they are small order
streams, they could be influenced by natural changes on a local scale such as variation
in geology, edaphic, and riparian vegetation species composition (Vannote et al.,
1980).

In general, the riparian vegetation of headwater streams acts as a buffer
between terrestrial and aquatic ecosystems (Naiman and Decamps, 1997; Tonkin et
al., 2018). The vegetation stabilizes river banks and increases shading (Kaylor and
Warren, 2017), limiting the entrance of radiant energy into the ecosystem and at the
same time allowing the entrance of allochthonous material as leaf litter (Rezende et al.,
2017). The degradation of this material occurs with the transformation of fine
particulate organic matter (FPOM) into coarse particulate organic matter (CPOM)
through the decomposition process (Gracga, 2001). This process depends on the quality
of the leaf can vary according to the chemical content and physic characteristics of the
leaves of different plant species (Goncgalves et al., 2006; Rezende et al., 2018).

Plants from the Neotropical Savanna (NS) usually have hard, coriaceous
leaves, of poor nutritional quality and with high levels of secondary compounds (Ligeiro
et al., 2010), and most show slow decomposition rates (e g., Gongalves et al., 2007;
Gomes et al., 2018). Native riparian plant species in the Atlantic Forest (AF), on the
other hand, generally have large, soft leaves with lower amounts of secondary
compounds and higher nutritional contents (Tromboni et al., 2018). Therefore, native
plants of the AF streams, in general, have faster decomposition rates compared to
native plants of the NS (Gongalves et al., 2012).

Allochthonous organic matter is considered the main energy source for
heterotrophic organisms in shaded headwater streams (Kiffer et al., 2018; Vannote et
al., 1980). Aquatic organisms, such as shredder macroinvertebrates, feed on leaf litter
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by breaking it into smaller particles and making it available to the other aquatic
invertebrates (Graga, 2001). Also, shredders are sensitive to environmental changes
and consequently suffer losses of biodiversity (Sanchez-Bayo and Wyckhuys, 2019).

Since the shredders activity depends on leaf litter quality (Biasi et al., 2018;
Kiffer et al., 2018), they are most abundant in temperate streams than tropical streams,
due to the quality of leaf litter (Boyero et al., 2015). In Brazil, the proportion of
shredders in benthic macroinvertebrate assemblages varies between biomes. In the
NS they are generally less abundant (~ 1%) (Goncalves et al., 2007; Moretti et al.,
2007a; 2007b), whereas in AF streams they are more common (~ 20%) (Mendes et al.,
2017).

Local factors, such as characteristics of riparian vegetation and stream
typology, may affect in the structure and composition of benthic macroinvertebrate
assemblages (Ferreira et al., 2014). One approach to evaluate this effect is the use of
thermodynamic oriented ecological indicators (Aguiar et al., 2015; Linares et al., 2018a,
2018b; Molozzi et al., 2013). Thermodynamic indicators examine the condition of
ecosystems in a holistic way, based up on the properties and structure of the system
as a whole (Jagrgensen, 2007; Zhang et al., 2010). Two examples of thermodynamic
indicators are eco-exergy and specific eco-exergy (Jgrgensen and Mejer, 1977). Eco-
exergy expresses the maximum quantity of work that can be obtained in a process that
brings an ecosystem to thermodynamic equilibrium with its environment (Jgrgensen et
al., 2005). It represents the useful energy contained within an ecological system and
can be quantified by analyzing the increase in the structure of the system, in the form
of biomass and genetic information (Jgrgensen, 2006). Specific eco-exergy, on the
other hand, expresses the ecosystem's ability to use external energy flows, reflecting
its complexity and stability (Silow and Mokry, 2010).

Differences in habitat may also influence important ecosystem processes, such
as organic matter composition, ecosystem metabolism and secondary production
(Rezende et al., 2016). Secondary production is the rate of formation of heterotrophic
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biomass in a population or community, representing an estimative of the energy flow
through a system (Benke and Huryn, 2010). Ecosystems with higher secondary
production can change the rates of assimilation of energy by heterotrophs, which
allows the energy present in the ecosystems to flow through a greater number of
trophic levels and to support a greater diversity of organisms (Benke, 1993; Dolbeth et
al., 2012).

Secondary production is difficult to estimate for natural assemblages, as it
requires data about population growth and mortality, which requires intensive field
sampling (Dolbeth et al., 2012). For these reasons empirical models were developed to
facilitate the estimation of secondary production, amongst them instant secondary
production (Aguiar et al., 2015; Linares et al., 2018a; 2018b). These estimates allow
understand how limiting factors drive community differentiation, being relevant for the
conservation of biodiversity hotspots such as AF and NS.

The aim of this study was to evaluate the variation in structure and composition
between headwater streams in two major Brazilian biomes: AF and NS. We sought to
answer this question: What are the differences in the structure of benthic
macroinvertebrate and shredders assemblages in headwater streams in the AF and NS
biomes? We suggest that patterns of benthic assemblage structure and composition
vary between the headwater streams of the two biomes. We expected that higher taxa
richness, biomass, instant secondary production, eco-exergy and specific eco-exergy
for benthic macroinvertebrate assemblages in streams in the AF biome than in the NS
biome, due to the higher quality of allochthonous leaf litter in the AF biome (Gongalves
et al., 2014). Also, the patterns of structuring of the shredder functional feeding group
should vary between the headwater streams of the two biomes, as length, biomass,
instant secondary production, eco-exergy and specific eco-exergy should be higher for
shredders in the AF biome due to the better quality of leaf litter and their higher
proportion among benthic macroinvertebrates in the streams of this biome (Gongalves
et al., 2007; Mendes et al., 2017; Moretti et al., 2007).
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Material and Methods
Study Area

We selected stretches of headwater streams (1% to 3™ order) in reference
conditions located in the NS and AF, which are considered hotspots for biodiversity
(Myers et al., 2000), but both biomes have been substantially altered by changes in
land use (Strassburg et al., 2017; Joly et al., 2014). The sites were located in the

Araguari (NS) and Rio das Velhas (AF) River Basins, both in Minas Gerais state, Brazil

(Figure 1).
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Figure 1: Location of sampling sites in the Atlantic Forest and Neotropical Savanna biomes,

Minas Gerais, Brazil.

The NS biome has a dry tropical climate, with annual precipitation between
1200 and 1800 mm. The soils are old, of the red and yellow latosol type, with acidic pH
between 4 and 6 and low fertility, showing high levels of iron and aluminum (Bueno et

al., 2018). NS contains large numbers of springs that are part of some of the most
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important hydrographic basins in South America, such as the Tocantins, Sdo Francisco
and Prata (Strassburg et al., 2017). In addition to these, the hydrographic basin of the
Araguari River is home to important springs of the Parana river basin, located on the
Serra da Canastra plateu at approximately 1400 m altitude (Martins et al., 2018).

The AF is the second largest Brazilian forest and lost much of its natural cover
area due to fragmentation (Joly et al., 2014; Ribeiro et al., 2009). Climate at AF is
humid tropical, with annual rainfall between 1000 and 4200 mm. The soils are shallow
with acidic pH and low fertility (Ribeiro et al., 2009). AF is home to the Parana,
Uruguay, Paraiba do Sul, Doce, Jequitinhonha and S&o Francisco hydrographic basins
(Joly et al., 2014). The Sé&o Francisco hydrographic basin encompasses the Rio das
Velhas basin, an important tributary which houses springs (Agra et al., 2018).

Biological data was collected in the years 2013 and 2014 at reference
headwater streams in NS and AF. These streams were selected amongst potential
sites based on the interpretation of a combination of fine resolution images (0.6 — 5m
spatial resolution) with Landsat Thematic Mapper multispectral satellite images
(Macedo et al., 2014). For the present investigation, we analyzed 10 streams from
each of the two biomes, constituting a subset of 20 streams.

At each stream, measures of physical habitat were obtained following the USA
Environment Protection Agency protocol (US-EPA, 2006), adapted to tropical
headwater streams (Agra et. al.,, 2018). Also, measures of electrical conductivity
(uS/cm), pH, total dissolved solids (mg/L), turbidity (nephelometric turbidity units, NTU)
and water temperature (°C) were carried out in situ with a portable multiprobe (YSI
6600). Mean width (m), mean canopy cover (%) were made with measuring tape and
densiometer. In the laboratory, dissolved oxygen (mg/L) was determined by the Winkler
(1888) method and total alkalinity (LEg/L of CO,) was determined using Gran method

(Carmouze, 1994; Table 1).
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Table 1: Physical habitat characteristics and water quality metrics of sampling sites (data from Agra et al., 2018 and Martins et al., 2018).

Water Electrical .Total . Dissolved - Mean
Biome Stream Temperature pH Conductivity Dlssqlved Turbidity Oxygen Alkalinity Mean canopy cover
o Solids (UNT) (MEQ/L de COy) Width (m)

°C) (uS/cm) (mg/L) (mglL) (%)
Neotropical savanna 1 213 7.92 4.27 2.14 5.56 8.1 4492 3.21 38.75
2 17 7.33 0.55 0.27 3.44 8.2 34.23 7.16 7.08

3 18.4 8.01 2.57 0.00 0.26 7.6 355.2 4.5 2.08
4 19.2 7.12 3.47 0.00 0.27 7.6 56.14 7.16 13.12

5 213 8.4 2.66 1.21 2.72 7.6 273.1 5 0

6 20.8 7.6 4.39 231 1.13 8.2 552.5 6.16 9.16
7 19.9 6.6 0.71 0.35 5.52 7.4 75.44 473 21.45
8 19.8 5.34 3.27 1.43 2.37 7.8 58.33 3.58 36.25

9 19.6 4.82 2.06 0.88 3.85 8.3 70.66 8.6 5

10 21.2 7.94 1.77 0.94 4.08 9.1 138.9 6.5 0.41

Mean+ SE 19.85+0.44 7.00+0.41 246+046 1.20+023 359+048 7.99+0.15 206.37+59.60 5.66+0.54  13.33+451

Atlanticforest 1 16 8.51 38.2 13.04 3.97 14.2 347 1.87 21.59
2 16.9 6.35 32.8 10.29 2.79 10.2 284.4 2.44 13.18

3 15.7 7.57 67.9 27.6 3.35 12.3 55.94 3.08 10
4 17.3 7.07 52.7 19.7 2.4 10.7 3.662 4.66 15.45
5 19.1 6.37 38.9 13.74 21.7 7.9 231.1 4 26.68

6 15.4 7.45 46.7 16.68 3.17 11.1 21.79 35 9.54
7 16 6.76 40.8 13.94 151 12.7 26.79 2.15 23.75

8 14 6.76 74.1 30.6 5.67 10.8 80.05 2.07 75
9 16.8 6.65 20.5 4.12 40.4 10.6 14.13 2.18 20.11
10 17.5 6.98 60.1 24.2 3.69 8.6 317.6 3.33 26.13

Mean + SE 16.47 +0.43 7.04+0.20 47.27+5.22 17.40+258 8.86+3.97 1091+0.59 138.24+44.14 2.92+0.30 17.39+2.27
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Benthic Macroinvertebrate Sampling

The macroinvertebrate assemblages were sampled in September of 2013 and 2014,
during the dry season. In each site, a stretch was divided into six equidistant transects. In each
transect, a kick-net sampler (30 cm opening, 500um sieve) was used, resulting in six sub-
samples in each site for a total area of 0.54 m2 sampled (Agra et al., 2018; Martins et al., 2018).
Organisms from each sub-sample were stored in plastic bags, fixed in 10% formalin, and then
washed in a sieve (0.5 mm mesh) in the laboratory. Individuals were identified to family level
under a stereomicroscope, using specialized literature (Hamada et al., 2014; Merritt and
Cummins, 1996; Mugnai et al., 2010). The specimens were fixed in 70% alcohol and deposited in
the Reference Collection of Benthic Macroinvertebrates, Instituto de Ciéncias Bioldgicas,
Universidade Federal de Minas Gerais.

Individuals in the following families were classified as shredders: Calamoceratidae,
Leptoceridae (Trichoptera), Dryopidae (Coleoptera), Gripopterygidae (Plecoptera) and Pyralidae

(Lepidoptera) (Merritt and Cummins, 1996; Tomanova et al., 2006).

Biomass Estimation

We estimated dry-mass biomass (g/m?) for each sampling site using length-mass
equations (Benke et al., 1999; Johnston and Cunjak, 1999; Miserendino, 2001; Smock, 1980;
Stoffels et al., 2003). Up to 100, individuals of each taxon were photographed in a
stereomicroscope (Leica M80) equipped with a digital camera (Leica IC 80 HD). The length of

each individual was measured using Motic Image Plus 2.0 software.

Estimation of Instant Secondary Production
We estimated Instant Secondary Production (IP) (mg/m?/day) for each site, following the

equation of Morin (1997):

IP=ZD*W*GR
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Where D is the density of each taxon, W is the mean individual dry weight for each taxon and GR
is the Instantaneous Growth Rate, estimated from individual equations for each taxon found in

the literature (Edgar, 1990; Morin and Dumont, 1994; Plante and Downing, 1989).

Calculation of Exergy Indicators
We calculated eco-exergy and specific eco-exergy for each site. Eco-exergy was

calculated using the following equation (Jgrgensen et al., 2010):

i=0
EX = Z Bici
i

Where Bi is a weighting factor based on the genetic information contained in the components (i)
of the ecosystem, as defined by Jgrgensen et al. (2005), and ci is the concentration (biomass) of

component i in the ecosystem (supplementary material Table S1 and S2).

Specific eco-exergy is given by:

BM

Where EX is the total eco-exergy and BM is the total biomass.

Data analysis

To test the hypothesis that the patterns of benthic assemblage’ structure and composition
vary between the headwater sites of the two biomes we used a generalized linear model (GLM)
with Poisson distribution corrected for overdispersion (quasipoisson). Model significance was

tested by an F test (Kaur et al.,, 1996). We used the sampled biomes — AF and NS - as
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independent variables and the taxa richness, density, biomass, instant secondary production,
eco-exergy and specific eco-exergy as dependent variables.

For the differences in taxonomic composition between the benthic macroinvertebrate
assemblages of both biomes, we ran the abundance data in a Non-Metric Dimensional Scaling
(NMDS) model. A Permutational Multivariate Analysis of Variance (PERMANOVA), using
Gower’s coefficient as the distance metric, was used to test if the composition of the benthic
macroinvertebrate assemblages differed significantly between biome streams. Multivariate
homogeneity of groups dispersions (variances) PERMDISP was used to test the differences of
dispersal of the taxonomic community between streams in the biomes.

To test the hypothesis that the patterns of structuring of the shredder functional feeding
group vary between the headwater streams of the two biomes we used a generalized linear
model (GLM) with Poisson distribution corrected for overdispersion (quasipoisson). Model
significance was tested by an F test (Kaur et al., 1996). We used the sampled biomes — AF and
NS — as independent variables and the values of length, biomass, instant secondary production,
eco-exergy and specific eco-exergy of shredders as dependent variables.

All calculations were performed through use of R software, version 3.2.3 (R Core Team,

2017) and the vegan package (Oksanen, 2018).

Results
Benthic Macroinvertebrate Assemblages

We sampled a total of 11,909 benthic macroinvertebrates, 7540 in the AF and 4,369 in the
NS. Shredders, comprised an average of 61.8 (SE + 13.7) individuals (8.2%) of the AF
assemblages, and 6.0 (SE + 2.5) individuals (1.3%) of the NS assemblages.

Taxonomic composition varied significantly between the biomes (Permanova (Gower) F; 15
=5.43; P < 0.001; stress = 0.15; R? = 0.23; n = 20) (Figure 2).This variation was caused by the
difference of taxonomic composition between biomes, and not by the dispersion of the points in

the graph (Permdisp (Gower): F; ;5 = 0.03; P = 0.86; n = 20).
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Figure 2: Non-Metric Dimensional Scaling (NMDS) results for benthic macroinvertebrate assemblage

composition in the Atlantic Forest (green) and Neotropical Savanna (brown) sites.

We observed consistently higher mean values for AF in all of the measured biological
metrics: taxa richness, density, instant secondary production, eco-exergy and specific eco-exergy
(Table 2). Nevertheless, only taxa richness was significantly higher in AF as compared to NS

(F118= 7.28; P = 0.014; n = 20).
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Table 2: Mean values and standard error for the measured biological metrics for benthic macroinvertebrate

assemblages in the Atlantic Forest and Neotropical Savanna sites.

Metrics Pome Neotropical
Atlantic Forest Savanna Fas p value n
Taxa richness 31.3+2.12 23.6+£1.89 Fi118=7.28 0.014* 20
Density (ind/mg?) 1396.29+285.21 1102.68+160.13 F118=3.22 0.089 20
Biomass (g/m?) 0.81+0.17 0.62+0.10 F115=3.30 0.085 20
Instant secondary production (g/m?/day) 146.24+52.25 121.12+38.42 F118=0.59 0.448 20
Eco-exergy 147.39+£32.16 110.14+18.38 F115=4.04 0.059 20
Specific Eco-exergy 179.99+12.32 173.61+2.29 F11=1.03 0.322 20
Shredders

AF streams exhibited 10 times more shredders per m? (AF - 114.44 + 25.41; NS - 11.11 +

4.68; F115 = 25.98; P = 0.00007527; n = 20), 16 times higher biomass (AF - 0.09 £ 0.02; NS —

0.006 * 0.003; F; 15 = 19.04; P = 0.0003744; n = 20) and instant secondary production 11 times

higher (AF - 1.59 + 0.43; NS — 0.14 = 0.08; F; 13 = 16.15; P = 0.0008047; n = 20) than those in

NS. Shredder mean length, density, biomass, instant secondary production and eco-exergy, were

significantly higher in AF sites, with the exception of specific eco-exergy. In regard to eco-exergy,

the shredders in AF showed values 16 times higher than those in NS sites (AF - 16.63 £ 4.72; NS

— 1.05 = 0.65; F; 15 = 18.89; P = 0.0003887; n = 20). The shredders in AF also exhibited double

mean length (AF — 5.11+ 0.65; NS — 2.51 *+ 0.53; F; ;5= 9.18; P = 0.007188; n = 20) than in NS

sites (Figure 3).
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Discussion

The composition and family richness of benthic macroinvertebrate assemblages varied
significantly between AF and NS sites, but this variation did not result in significant differences in
eco-exergy or secondary production. On the other hand, both those indicators for shredders
differed significantly between streams of the two biomes, suggesting that the structure and
functioning of benthic macroinvertebrate assemblages of the AF and NS biomes vary significantly
in response to the intrinsic characteristics of streams those biomes.

The biome differences in benthic macroinvertebrate assemblage composition and the
higher shredder density in the AF sites suggest that allochthonous material is the main structuring
factor of macroinvertebrate assemblages in the AF streams. Headwater streams in the AF biome
are surrounded by dense vegetation with leaves containing lower concentrations of secondary
compounds and less lignin (Gongalves et al., 2012). This facilitates leaf litter conditioning by
bacteria and fungi and greater food quality for benthic macroinvertebrates (Casotti et al., 2015;
Gongalves et al., 2014). Consequently, allochthonous organic matter is more readily available to
benthic macroinvertebrate assemblages in AF streams than NS streams.

Despite the fact that the taxonomic composition of benthic macroinvertebrate
assemblages differed significantly between AF and NS streams, eco-exergy, specific eco-exergy,
and instant secondary production did not show significant differences between the two biomes.
Eco-exergy allows evaluating the distance between an ecosystem’s present state and its
potential state at thermodynamic equilibrium, representing the useful energy in the form of
biomass and genetic information (Zhang et al., 2010). This constitutes to some degree the
resilience potential of an ecosystem. Our results suggest that stream macroinvertebrate
assemblages in the two biomes may have similar efficiencies in maintaining their biological
complexities. This suggests that stream types might be more important than the intrinsic energy
characteristics of the two biomes in structuring benthic macroinvertebrate assemblages (Agra et
al., 2018; Martins et al., 2018).

On the other hand, shredders in AF sites exhibited significantly different values of biomass
and eco-exergy. This suggests that shredders may have more resilience and greater potential to
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maintain the structure and composition in AF streams than in NS streams. In fact, plant species in
AF riparian forests have fewer phenolic compounds than those in the NS (Gongalves et al.,
2012). Consequently, leaf litter in the AF sites is rapidly leached and conditioned, facilitating the
ability of shredders to quickly and more readily use it as a food source (Gongalves et al., 2014;
Kiffer et al., 2018).

Therefore, riparian vegetation is important for aquatic communities, especially to
shredders assemblages (Boyero et al., 2011; Graca et al., 2015). They process the
autochthonous and allochthonous organic matter producing a good source of resources for other
aquatic invertebrates (Aguiar et al., 2018). The greater proportions and lengths of shredders in
the AF sites likely appear to indicate a concomitant greater availability and quality of leaf litter
(Tomanova and Usseglio-Polatera, 2007; Ferreira et al., 2014) in those streams. This means that
more and better food availability allow shredders to establish themselves and grow more
efficiently, resulting in greater biomass values and lengths (Benke et al., 1999; Benke and Huryn,

2010; Mendes et al., 2017).

Conclusions

Our results illustrate that benthic macroinvertebrate assemblages varied between Atlantic
Forest and Neotropical Savanna streams only in terms of taxonomic composition, so to say
structure, exhibiting even so a similar functioning. Together with the findings of Agra et al. (2018)
and Martins et al. (2018), our results suggest that benthic macroinvertebrates assemblages in
headwater streams with similar typology will have similar structure and functioning, regardless of
their biome. These results should be interpreted with caution, because they show patterns of
assemblages structuring on a relative small scale, and while it is possible that this pattern is
repeated in larger scales, we recommend increasing the sampling effort. Our results also
reiterate the ecological importance of the shredders as sensitive group to environmental changes
and their contribution to processing of organic matter in tropical streams. In addition, the
presence of this group in headwater streams of two biodiversity hotspots accentuates the
importance of conservation of these areas. For further studies, given the importance of
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allochthonous organic matter to these organisms, we suggest that experiments of feeding
preference should be performed using plant species with different levels of secondary

compounds.
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Supplementary material

Table S1: Exergy conversion factors based on Jgrgensen et al. (2005), in bold are the organisms used in
this study.

Organisms Energy Conversion Factor (B)
Virus 1.01
Bacteria 8.50
Algae 20.00
Yeast 17.40
Cnidaria 91.00
Platyhelminthes 120.00
Gastropoda 312.00
Bivalvia 297.00
Crustacea 232.00
Coleoptera 156.00
Diptera 184.00
Hymenoptera 267.00
Lepidoptera 221.00
Otherinsects 167.00

Fish 499.00




Table S2: Biological metrics of benthic macroinvertebrate and shredders assemblages in headwater

streams in Atlantic Forest and Neotropical Savanna.

Assemblages Abundance Biomass (g/m?) Biome
234 0.2190274 Neotropical Savanna
191 0.1394611 Neotropical Savanna
889 0.753 Neotropical Savanna
836 0.3483313 Neotropical Savanna
205 0.0812499 Neotropical Savanna
547 0.4746475 Neotropical Savanna
315 1.1961872 Neotropical Savanna
104 0.1169515 Neotropical Savanna
545 0.5951189 Neotropical Savanna
503 0.4254827 Neotropical Savanna
Macroinvertebrate
176 0.1865525 Atlantic Forest
104 0.0623645 Atlantic Forest
852 0.8361257 Atlantic Forest
1557 1.9095787 Atlantic Forest
281 0.4340364 Atlantic Forest
1040 0.8826541 Atlantic Forest
473 1.0312573 Atlantic Forest
726 0.5318292 Atlantic Forest
1162 1.4023101 Atlantic Forest
1169 0.8383161 Atlantic Forest
5 0.000519 Neotropical Savanna
0 0 Neotropical Savanna
0 0 Neotropical Savanna
18 0.035396 Neotropical Savanna
Shredders
2 0.000299 Neotropical Savanna
1 9.87E-05 Neotropical Savanna
6 0.00051 Neotropical Savanna
1 0.0001 Neotropical Savanna
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CONSIDERACOES FINAIS

Essa dissertacdo buscou entender possiveis variacbes na estrutura e
funcionamento de assembleias de macroinvertebrados bentbnicos em riachos em
condicdo de referéncia. Para tal, utilizei indicadores termodinamicos que refletem a
complexidade de ecossistemas aquaticos e medidas de producdo secundaria
instantédnea que permitem realizar estimativas de fluxos de energia em riachos. Vimos
gue riachos com tipologias diferentes exibem composicdo e riqueza de
macroinvertebrados bentbnicos variada. No entanto, essa variacdo nao é suficiente para
alterar o funcionamento das assembleias de invertebrados em termos de energia e
producdo secundéria instantdnea. Por outro lado, caracteristicas da vegetacao riparia,
qualidade foliar, podem alterar o funcionamento de assembleias de fragmentadores
levando a variagcdes de biomassa, producdo secundaria instantdnea e comprimento de

individuos.

Dessa forma, esse trabalho contribuiu para preencher lacunas de conhecimento
referentes aos padrées que levam a estruturacdo de assembleias de
macroinvertebrados bentbnicos e importancia de invertebrados fragmentadores em

riachos de cabeceira nos biomas Cerrado e Mata Atlantica.

Para o desenvolvimento de estudos futuros recomendo:

e Avaliar a contribuicdo de detritos foliares com diferentes qualidades nutricionais
sobre a producao de invertebrados fragmentadores.

e Realizar experimentos que permitam verificar a assimilacdo de energia por
macroinvertebrados benténicos em riachos.

e Quantificar a contribuicdo da matéria organica particulada fina para comunidades

aquaticas.
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ANEXOS

Appendix Al: Taxa list, abundance of invertebrates in headwater streams in Atlantic Forest and Neotropical Savanna biomes.

Atlantic Forest Neotropical Savanna
Taxa list SB17 SB18 SB20 SB25 SB26 SB28 SB29 SB30 SB32 SB36 RCA44 RCA53 RCA57 RCA58 RCA65 RCA67 RCA69 RCA70 RCA74 RCA90

Arthropoda

Coleoptera
Dryopidae Adult 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0
Dryopidae Larvae 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
Dytiscidae Adult 0 0 0 0 0 0 0 0 5 5 0 0 3 0 0 0 0 0 0 0
Dytiscidae Larvae 0 0 0 0 0 0 0 0 2 0 1 0 0 0 0 0 0 0 0 0
Elmidae Adult 6 1 25 1 16 4 22 0 27 43 5 6 0 7 1 15 10 4 67 0
Elmidae Larvae 11 4 47 58 20 66 75 13 118 84 21 49 39 39 6 92 80 10 90 43
Hydrophilidae Adult 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
Hydrophilidae Larvae 0 0 0 4 0 1 0 1 0 0 0 0 1 0 0 0
Hydroscaphidae 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0
Lutrochidae 0 0 3 0 0 9 1 8 27 19 0 0 0 0 0 0 0 0
Psephenidae 0 0 0 0 0 0 0 0 0 0 0 11 3 0 0 3 13 0 6 8
Ptylodactylidae 0 0 0 17 0 1 1 6 13 7 0 0 0 0 0 0 0 0
Scirtidae 0 0 0 3 0 0 0 2 0 0 0 1 0 0 0 0 0
Staphylinidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Diptera
Ceratopogonidae 0 1 13 30 2 34 13 7 34 11 1 0 15 115 11 19 2 8 4 20
Chironomidae 34 35 124 610 55 670 99 134 514 127 94 23 637 615 35 153 56 41 125 259
Culicidae 0 0 0 1 0 0 0 1 0 0 1 0 0 0 0
Dixidae 0 0 0 3 0 0 0 5 1 0 0 0 0 0 0
Empididae 0 1 2 1 4 0 1 1 0 0 0 0 0 0 1
Muscidae 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0
Simuliidae 9 3 33 23 37 0 2 2 10 201 1 15 0 10 2 2 16 0 0 2
Tabanidae 0 0 0 2 0 0 0 0 2 3 0 0 0 0 0 0 0 0 0 0



Tipulidae

Ephemeroptera

Baetidae
Caenidae
Euthyplociidae
Leptohyphidae
Leptophlebiidae

Hemiptera

Belostomatidae
Corixidae
Helotrephidae
Naucoridae
Notonectidae
Pleidae
Veliidae

Lepidoptera

Pyralidae

Megaloptera

Corydalidae
Sialidae

Odonata

Aeshnidae
Calopterygidae
Coenagrionidae
Corduliidae
Dicteriadidae
Gomphidae
Libellulidae

Megapodagrionidae

Perilestidae
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Gripopterygidae
Perlidae
Trichoptera
Calamocertatidae
Ecnomidae
Glossosomatidae
Helichopsychidae
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Appendix A2: Biological metrics of benthic macroinvertebrates families in headwater streams in Atlantic Forest and Neotropical Savanna

biomes.
Density Biomass Specific Eco- Instant Secondary Production
Local Richness Abundance (ind/m2) (g/m?) Eco-exergy exergy (g/m?3/day)
Neotropical Savanna 25 234 433.33333 0.2190274 35.3448226 161.3717133 127.5009792
Neotropical Savanna 21 191 353.7037 0.1394611 22.5256939 161.5195702 4.973888017
Neotropical Savanna 22 889 1646.2963 0.753 132.68277 176.2055271 115.9183591
Neotropical Savanna 20 836 1548.1481 0.3483313 59.1567536 169.828975 17.79871726
Neotropical Savanna 17 205 379.62963 0.0812499 14.7938472 182.0783038 9.574024942
Neotropical Savanna 34 547 1012.963 0.4746475 77.5825078 163.4529104 310.1531605
Neotropical Savanna 31 315 583.33333 1.1961872 198.251293 165.7360036 15.86065182
Neotropical Savanna 15 104 192.59259 0.1169515 18.5294457 158.4369919 311.8930317
Neotropical Savanna 28 545 1009.2593 0.5951189 98.4742523 165.4698924 30.9692477
Neotropical Savanna 23 503 931.48148 0.4254827 71.5910385 168.2584037 15.40737326
Atlantic Forest 26 176 325.92593 0.1865525 31.01047 166.2291994 4.782758249
Atlantic Forest 23 104 192.59259 0.0623645 10.5754451 169.5746831 7.608382536
Atlantic Forest 33 852 1577.7778 0.8361257 138.59936 165.7637936 420.5086746
Atlantic Forest 38 1557 2883.3333 1.9095787 323.047105 169.1719238 138.9697206
Atlantic Forest 22 281 520.37037 0.4340364 71.4659727 164.6543306 15.55993929
Atlantic Forest 29 1040 1925.9259 0.8826541 256.297506 290.3714106 41.12753716
Atlantic Forest 29 473 875.92593 1.0312573 182.969348 177.4235619 149.5900782
Atlantic Forest 36 726 1344.4444 0.5318292 87.239572 164.0368175 222.7350489



Atlantic Forest

Atlantic Forest

43

34

1162 2151.8519 1.4023101 233.235621

1169 2164.8148 0.8383161 139.47812

166.3224249

166.3789097

434.4813178

27.07356573

Appendix A3: Biological metrics of shredders invertebrate families in headwater streams in Atlantic Forest and Neotropical Savanna biomes.

Density Biomass Instant Secondary Production Length
Local Abundance (ind/m2) (g/m?3) Eco-exergy Specific Eco-exergy (g/m3/day) (mm)
Neotropical Savanna 5 9.259259259 0.000519 0.08672664 167.1033507 0.023916591 2.78
Neotropical Savanna 0 0 0 0 0 0 0
Neotropical Savanna 0 0 0 0 0 0 0
Neotropical Savanna 18 3.33E+01 0.035396 5.9111063 166.9992738 0.818238774 452
Neotropical Savanna 2 3.703703704 0.000299 0.04992536 166.9744582 0.007614714 2.17
Neotropical Savanna 1 1.851851852 9.8696E-05 0.01644823 166.6550337 0.00282375 1.87
Neotropical Savanna 6 11.11111111  0.00051 0.1093334 214.3792098 0.02568282 25
Neotropical Savanna 1 1.851851852 0.0001 0.01674115 167.41153 0.004523158 2.36
Neotropical Savanna 4 7.407407407 0.002773 0.61286355 221.0110155 0.088752192 4.23
Neotropical Savanna 23 42.59259259 0.022699 3.79068796 166.9980159 0.512901511 4.76
Atlantic Forest 13 24.07407407 0.015051 2.51346787 166.996736 0.252924275 3.34
Atlantic Forest 24 4444444444 0.014555 2.64543532 181.7544016 0.28122657 4.75
Atlantic Forest 86 159.2592593 0.115682 19.3188893 166.9999594 1.993791306 34
Atlantic Forest 69 127. 7777778 0.208296 35.4463372 170.1729136 2.704670193 6.22
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