RESSALVA

Atendendo solicitagao do(a) autor(a), o
texto completo deste documento sera
disponibilizado somente a partir de
01/12/2027.



UNIVERSIDADE ESTADUAL PAULISTA — UNESP
Instituto de Biociéncias, Letras e Ciéncias Exatas

Campus de Sao José do rio Preto

Guilherme Henrique da Silva

Environmental effects on the abundance and trophic ecology of

amazonian stream fishes

Sd0 José do Rio Preto

2025



Guilherme Henrique da Silva

Environmental effects on the abundance and trophic ecology of

amazonian stream fishes

Tese apresentada a Universidade Estadual Paulista
(UNESP), Instituto de Biociéncias, Letras e Ciéncias
Exatas, Sao José do Rio Preto, para obtencdo do titulo

de Doutor em Biodiversidade.

Area de Concentragdo: Ecologia e Comportamento

Orientadora: Profa. Dra. Lilian Casatti

Coorientadora: Jaquelini de Oliveira Zeni

Sdo José do Rio Preto

2025



Dedico este trabalho a minha avo, Lurdes, e aos meus
amigos, por tanto!



AGRADECIMENTOS

Em pensar que, quando decidi continuar no doutorado logo antes da pandemia, tinha
outras motivagoes e energia dentro de mim. Uma energia que, por muitas vezes ao longo
do processo, foi se tornando menos positiva, frente a todas as mudangas inesperadas que
aconteceram ao longo desses anos. Agora, encerrando esse capitulo, acredito que
consegui recuperar um pouco de algumas partes que foram se perdendo pelo caminho e
outras que precisaram se transformar. Chegar ao final do doutorado é lembrar de
quando eu era um menino curioso sobre as coisas da natureza e que um dia queria ser
cientista para estudar dinossauros! Hoje ndo estudo dinossauros, mas acredito ter
contribuido com uma pequena parte para o conhecimento da biodiversidade que nos
cerca, em tempos em que a desinformacgdo se sobrepoe as evidéncias cientificas. Esta
tese ¢ o resultado do apoio, incentivo e colaboragdo de inumeras pessoas que estiveram
comigo ao longo destes anos. Reconhego, que sem essa participagdo, ndo teria sido capaz

de chegar até aqui.

Agradeco, primeiramente, a minha orientadora, Lilian Casatti. Meu imenso obrigado por
ter aceitado orientar esse maluco que trocou de drea no final do mestrado e bateu na sua
porta dizendo que escreveria um projeto de ecologia mesmo sendo eu tendo sido sempre
ali da porta ao lado que é a sistemdtica. Um projeto que se tornou tdo grande na minha
cabega, e que no fim, precisou ter uma de suas partes cortada. Agradeco pela paciéncia,
compreensdo e pela confianga que depositou em meu trabalho, mesmo quando eu proprio
duvidei, e ainda duvido! Levo como um dos maiores exemplos de integridade cientifica,
profissional, e de dedica¢do. Agradego a gigante contribui¢do para minha postura como
pesquisador e professor. Este trabalho ndo existiria sem a sua presenca, especialmente

nesta reta final.

A minha coorientadora, Jaquelini Zeni. Como senti sua falta e de nossas conversas no
laboratorio. Como foi dificil ndo te ter por perto! Agradeco por ter me guiado pelos
caminhos da ecologia trofica desde o mestrado, por ter ajudado a estruturar todo o
projeto e por ter tentado, mesmo que ndo conseguindo, diminuir minha teimosia. Vocé
segue sendo uma das minhas maiores referéncias. Mesmo distante, me ajudou no que foi
possivel, e por isso sempre vou ser grato. Nunca vou esquecer suas risadas e conselhos.

Obrigado por tudo!



Agradego imensamente também aos professores do Programa de Pos-Gradua¢do em
Biodiversidade e do IBILCE, que contribuiram para a minha formagdo académica e
também como pessoa. Em especial ao professor Francisco Langeani, que foi meu
orientador durante a maior parte da minha formagdo cientifica. Agradego pelos
conselhos, pelos puxoes de orelha e por todo o conhecimento que me transmitiu sobre a
morfologia, sistemdtica e taxonomia de peixes neotropicais. Também ndo posso deixar
de mencionar os professores Fernando Noll e Denise de Cerqueira Rossa-Feres, que levo
como exemplos de pratica pedagogica e de como instigar a curiosidade nos meus alunos.

Nunca vou esquecer de como era incrivel ter aula com vocés! Meu muito obrigado.

Uma tese é feita de dados, quantos dados! Quantos estomagos abertos, lotes identificados
e material planilhado. Planilhas e mais planilhas! Por todo o suporte e parceria ao longo
desses anos, agradeco a Rose, pela ajuda técnica e fundamental no processo de manter
uma das maiores colegoes ictiologicas do pais. Em especial, agradeco a Yullia. Tive o
prazer de te ensinar um pouquinho sobre a andlise da dieta de peixes e, em troca, contar

com sua ajuda na andlise de alguns estomagos. Valeu mesmo!

Aos meus companheiros de laboratorio da era pré-pandemia. Como foi dificil, apos esse
periodo, voltar ao laboratorio e ndo encontrar aqueles que eram minhas companhias e
exemplos a seguir. Me vi na posi¢do que um dia vocés ocuparam e me senti um grande
impostor naquele lugar! De uma hora para outra, vocés nao estavam mais la. Tive que
persistir sozinho por um tempo, até que novos lagos pudessem ser formados. Felizmente,
guardo comigo todas as risadas, as xicaras intermindveis de café, as discussoes
cientificas, os ombros amigos nos momentos de desespero e, é claro, a grande quantidade
de fofocas também. Um agradecimento especial a Arieli, pela parceria durante o tempo
em que estivemos juntos. Vocé é uma das pessoas que levo como exemplo para a vida.
Aos novos amigos que fiz nesse periodo cadtico, obrigado pelo alivio que me
proporcionaram durante o processo. Gostaria de ter contribuido mais e sido mais

presente.



A minha familia, em especial & minha mde, Regina, que sempre fez o mdximo possivel
para me dar condi¢oes de chegar aonde cheguei. Jamais existira uma medida capaz de
representar o quanto sou grato. A minha avé Lurdes, que, nos ultimos tempos, tem
passado por situagoes realmente dificeis e que, mesmo assim, sempre tem uma palavra
de incentivo e carinho em meio a tudo! Lembro que vocé sempre me incentivou a correr

atras dos meus sonhos. Obrigado por tudo, vo!

Agradego também a todos os meus amigos pela parceria, pelas maluquices, reclamagoes
e por todo o carinho que, as vezes, nem merecia receber durante todos esses anos. Levo

todos comigo para a vida. A familia que eu escolhi, o meu muito obrigado!

Por fim, agrade¢o a mim. Pelas noites em claro, pela resiliéncia nos momentos de
frustragdo e pela determinagdo, ou talvez teimosia, de seguir em frente mesmo quando o

caminho parecia impossivel. Acho que consegui algo, obrigado por ndo ter desistido.

O presente trabalho foi realizado com apoio da Coordenagdo de Aperfeicoamento de

Pessoal de Nivel Superior - Brasil (CAPES) - Codigo de Financiamento 001.

Agradego também o apoio financeiro da Fundagdo de Amparo a Pesquisa do Estado de
Sdo Paulo (FAPESP), por meio dos processos 2010/17494-8 e 2016/01535-3 concedidos
a Lilian Casatti, e do processo 2018/06033-1 concedido a Jaquelini de Oliveira Zeni. A
Universidade do Estado de Minas Gerais (UEMG), através do Edital 10/2022 PQ/UEMG
em favor de Jaquelini de Oliveira Zeni. Ao Conselho Nacional de Desenvolvimento
Cientifico e Tecnologico (CNPq), pela bolsa do processo 304403/2021 outorgado a

Lilian Casatti.



"Quem ndo vacila mesmo derrotado
Quem, ja perdido, nunca desespera
E, envolto em tempestade, decepado

Entre os dentes, segura a primavera.”

— Secos & Molhados, 1973.



RESUMO

Mudangas ambientais associadas ao desmatamento e a fragmentagdo da paisagem
amazonica constituem uma das principais ameagas a biodiversidade aquatica. Nesse
contexto, compreender como varidveis ambientais locais, espaciais e de paisagem
influenciam a abundéncia e a ecologia trofica da ictiofauna ¢ essencial para a conservagao
dos riachos amazoOnicos. Avaliamos como gradientes ambientais ¢ de conectividade
fluvial moldam a abundancia e a ecologia trofica de espécies de peixes tetra
(Characiformes) e da familia Loricariidae. Foram amostrados 135 riachos nas bacias do
rio Machado, Aripuand e Juruena, que apresentam diferentes niveis de degradacao
ambiental. As varidveis locais (i.e., instream), de paisagem (i.e., cobertura florestal) e
espacial (i.e., distancia fluvial) foram obtidas e integradas as informagdes de abundancia
e dieta das espécies, permitindo avaliar como diferentes filtros ambientais moldam a
estrutura das assembleias. A andlise mostrou que peixes tetra apresentam maior
plasticidade ecoldgica e capacidade de dispersado, sendo influenciados por variaveis locais
e de paisagem, enquanto os loricariideos responderam de maneira mais restrita,
fortemente associados a integridade do micro-habitat e a conectividade fluvial. Os
resultados também evidenciaram que o desmatamento promoveu substituicao funcional,
favorecendo espécies generalistas e reduzindo a diversidade trofica em detrimento de
especialistas. Esses padrdes reforcam que a perda de heterogeneidade ambiental e de
conectividade compromete a estabilidade ecoldgica das assembleias de peixes. Assim, a
manuten¢do da floresta riparia, da conectividade fluvial e da integridade dos micro-
habitats ¢ fundamental para garantir a persisténcia da biodiversidade e do funcionamento

ecoldgico nos riachos amazdnicos.

Palavras-chave: amazonia; characiformes; ictiofauna; riachos; loricariidae.



ABSTRACT

Environmental changes triggered by deforestation and fragmentation of the Amazonian
landscape are one of the main threats to aquatic biodiversity. In this context,
understanding how local environmental, spatial, and landscape variables influence the
ichthyofauna abundance and trophic ecology is critical for the protection of Amazonian
streams. We evaluated how environmental and fluvial connectivity gradients affect the
abundance and trophic ecology of tetra-like fish species (Characiformes) and the
Loricariidae family. We sampled 135 streams in the Machado, Aripuand, and Juruena
river basins, which have different levels of environmental degradation. Local (i.e.,
instream), landscape (i.e., forest cover), and spatial (i.e., fluvial distance) variables were
obtained and integrated with species abundance and trophic data, allowing us to evaluate
how different environmental filters determine assemblage structure. The analysis showed
that tetra-like fish have increased ecological plasticity and dispersal capacity, being
influenced by local and landscape variables, while loricariids responded in a restricted
way, being strongly associated with microhabitat integrity and fluvial connectivity. The
results also reveal that deforestation leads to functional substitution, which favors
generalist species instead of specialists and reduces trophic diversity. These patterns
reinforce that the loss of environmental heterogeneity and connectivity compromises the
ecological stability of fish assemblages. Therefore, maintaining riparian vegetation,
stream connectivity, and microhabitat integrity is essential to ensure the persistence of

biodiversity and ecological functioning in Amazonian streams.

Keywords: amazon; characiformes; ichthyofauna; streams; loricariidae.



LIST OF FIGURES

GENERAL INTRODUCTION

Figure 1. Overall thesis structure and links between chapters showing environmental and

spatial influences on abundance diet in amazonian stream fish.............................. 30

Environmental and fluvial connectivity gradients structure fish abundance in

Amazonian streams

Figure 1. Stream reaches (black circles) and landscape use and cover (forest, pasture,
soybean crops, grasslands and urban areas) in the study area, including the Machado River
basin (1, n =75) in Ronddnia (RO) and the Aripuana (2, n = 30) and Juruena (3, n = 30)
river basins, both in Mato Grosso (MT), Brazil. Land cover was based on MapBiomas

(2023) e, 37

Figure 2. Triplots resulting from partial redundancy analysis (pRDA) for the tetra-like
fish and Loricariidae in Machado River basin in Rondénia (RO) and the Aripuana and
Juruena river basins, both in Mato Grosso (MT), Brazil. The axes represent the first two
components of the pRDA. The arrows indicate local (blue), landscape (green) and spatial

variables (black). Species are represented in red. See Tab. S2 for abbreviations, species

Environmental and spatial gradients effects on the trophic structure of Amazonian

stream fish

Figure 1. Stream reaches (black circles) and landscape use and cover (forest, pasture,
soybean crops, grasslands and urban areas) in the study area, including the Machado River
basin (1, n = 75) in Ronddnia (RO) and the Aripuana (2, n = 30) and Juruena (3, n = 30)
river basins, both in Mato Grosso (MT), Brazil. Land cover was based on MapBiomas

(2023) e, 77

Figure 2. The Bray-Curtis trophic dissimilarity among species from Machado basin

(Cophenetic correlation =0.766; Average =0.345;SD=0.183).......ccciviiiiiiiiinnnnn. 81



Figure 3. The Bray-Curtis trophic dissimilarity among species from Aripuand basin

(Cophenetic correlation =0.925; Average =0.500; SD=10.290).........cccevviiiiriinnnnnn. 84

Figure 4. The Bray-Curtis trophic dissimilarity among species from Juruena basin

(Cophenetic correlation = 0.900; Average= 0.382; SD=10.230)........cccevviiiiiiiinnnnn.n. 87

Figure 5. Boxplot with food consumption for Loricariidae family in each basin analyzed.

For pairwise p-values, see Tab. S4........ ..ot e 90

Figure 6. Boxplot with food consumption for tera-like group in each basin analyzed. For

pairwise p-values, see Tab. S5... ..o 91

Figure 7. Boxplot with food consumption for total set of species (Tetra-like +

Loricariidae) in each basin analyzed. For pairwise p-values, see Tab. S6................... 91

Figure 8. NMDS ordination of trophic structure for total set of species (Tetra-like +

Loricariidae) in each basin analyzed................cooiiiiiiiiii i 93

Figure 9. Triplots resulting from partial redundancy analysis (pRDA) for the tetra-like
fish, Loricariidae and the total set of species (Tetra-like + Loricariidae) in Machado river
basin in Rondonia (RO) and the Aripuand and Juruena river basins, both in Mato Grosso

(MT), Brazil. The axes represent the first two components of the pRDA. The arrows

indicate local (blue), landscape (green) and spatial variables (black)................... ... 96
Figure S1. Stress plot for the NMDS ordination (Stress value =0.099). ................. 187
GENERAL CONCLUSION

Figure 1. Instream, landscape, and spatial gradients shape the abundance and trophic
ecology of Amazonian stream fishes. Deforestation and habitat simplification favor
generalist tetra-like fish, while specialist Loricariidae decline. Preserving riparian
vegetation, habitat heterogeneity, and stream connectivity is essential for maintaining

functional diversity and ecosystem reSilience. .........o.coouvvieiiiiriiiiiiiii e, 191



LIST OF TABLES

Environmental and fluvial connectivity gradients structure fish abundance in

Amazonian streams

Table 1. Adjusted r* and p-values for the local, landscape, and spatial components
obtained from the partial redundancy analysis (pPRDA) of species abundance in tetra-like

fish and Loricariidae. Values in bold indicate p<0.05.............coiiiiiiiiiiiiiin. 41

Table 2. Adjusted 1> and p-values for local environmental variables, landscape and spatial
components, from pRDA for tetra-like fish and Loricariidae in the Machado basin. Values

mboldindicate p<0.05. ... 43

Table 3. Spearman's correlations between tetra-like and Loricariidae species abundance
and environmental variables in the Machado river basin (RO). Only significant

correlations (P < 0.05) are ShOWN........oviiiiii e 45

Table 4. Adjusted r*> and p-values for local environmental variables, landscape and spatial
components, from pRDA for tetra-like fish and Loricariidae in the Aripuana basin. Values

inbold indicate p<0.05. ..o 47

Table 5. Spearman's correlations between tetra-like and Loricariidae species abundance
and environmental variables in the Aripuand river basin (RO). Only significant

correlations (p < 0.05) are ShOWN........ooiiiiii i 48

Table 6. Adjusted r* and p-values for local environmental variables, landscape and spatial
components, from pRDA for tetra-like fish and Loricariidae in the Juruena basin. Values

inbold indicate p < 0.05. ... 49

Table 7. Spearman's correlations between tetra-like and Loricariidae species abundance
and environmental variables in the Juruena river basin (RO). Only significant correlations

(D <0.05) @r€ SHOWNL .. e et e e e e 50



Table S1. Summary of total pRDA results and variance partitioning. Results refer to the
full pPRDA model evaluating the influence of environmental, spatial, and local predictors
on species composition. The table displays total, constrained, and unconstrained
variances, along with eigenvalues and the proportion of explained variance across
principal axes. Statistical significance was assessed using permutation-based ANOVA

(999 permutations). Values in bold indicate p <0.05.........ccooiiiiiiiiiiiiii 69

Table S2. Taxonomic classification, identification code on triplots and total abundances

in all three basins of the 65 species analyzed...............cooiiiiiiiiiii i 69

Environmental and spatial gradients effects on the trophic structure of Amazonian

stream fish

Table 1. Number of stomachs analyzed (N) and average volume for each food item for

each species in the Machado basin.................oooi 82

Table 2. Number of stomachs analyzed (N) and average volume for each food item for

each species in the Aripuand basin...........oouiiiriiiiiii i i eeeee e eeeas 85

Table 3. Number of stomachs analyzed (N) and average volume for each food item for

each species in the Juruena basin..............c.ooviiiiiiiiiiiiii 88

Table 4. Kruskal-Wallis test results comparing trophic diversity (Shannon) and niche
breadth (Levins) indexes for the Loricariidae family, tetra-like group, and for the total set

of species in the Machado, Aripuand, and Juruena basins. Values in bold indicate p <

Table 5. Results of the Dunn post-hoc test comparing trophic diversity (Shannon) and
niche breadth (Levins) indexes for the Loricariidae family, tetra-like group, and for the

total set of species in the Machado, Aripuana, and Juruena basins. Values in bold indicate



Table 6. Adjusted R? and p-values for the local, landscape, and spatial components
obtained from the partial redundancy analysis (pRDA) of dietary composition in tetra-
like fish, Loricariidae and the total set of species (Tetra-like + Loricariidae) across three

watersheds. Values in bold indicate p<0.05..... ..o, 95

Table 7. Adjusted r* and p-values for local environmental variables, landscape and spatial
components, from pRDA for tetra-like fish, Loricariidae and the total set of species

(Tetra-like + Loricariidae) in the Machado basin. Values in bold indicate p<0.05........ 97

Table 8. Spearman's correlations between tetra-like and Loricariidae species abundance
and environmental variables in the Machado basin. Only significant correlations (p <

0.05) @re SHOWNL. ...t 98

Table 9. Adjusted 1> and p-values for local environmental variables, landscape and spatial
components, from pRDA for tetra-like fish, Loricariidae and the total set of species

(Tetra-like + Loricariidae) in the Aripuana basin. Values in bold indicate p < 0.05......99

Table 10. Spearman's correlations between tetra-like and Loricariidae species abundance
and environmental variables in the Aripuana basin. Only significant correlations (p <

0.05) ar€ SHOWIN. ...t e e 100

Table 11. Adjusted r* and p-values for local environmental variables, landscape and
spatial components, from pRDA for tetra-like fish, Loricariidae and the total set of species

(Tetra-like + Loricariidae) in the Juruena basin. Values in bold indicate p <0.05.........101

Table 12. Spearman's correlations between tetra-like and Loricariidae species abundance
and environmental variables in the Juruena basin. Only significant correlations (p < 0.05)

AT SO, ettt 102

Table S1. P-values for the Tukey test in ANOVA test in each species pairwise
relationship for each food item in the Machado basin. The Tukey test was applied only
when ANOVA showed significant results. Values in bold indicate p<0.05...............128



Table S2. P-values for the Tukey test in ANOVA test in each species pairwise
relationship for each food item in the Aripuana basin. The Tukey test was applied only

when ANOVA showed significant results. Values in bold indicate p<0.05.............. 145

Table S3. P-values for the Tukey test in ANOVA test in each species pairwise
relationship for each food item in the Juruena basin. The Tukey test was applied only

when ANOV A showed significant results. Values in bold indicate p <0.05..............168

Table S4. P-values for the Tukey test in ANOVA in each basin pairwise relationship for

each food item for de Loricariidae. Values in bold indicate p<0.05....................... 184

Table S5. P-values for the Tukey test in ANOVA in each basin pairwise relationship for
each food item for de tetra-like group. Values in bold indicate p<0.05.................... 185

Table S6. P-values for the Tukey test in ANOVA in each basin pairwise relationship for
each food item for de total set of species (Tetra-like + Loricariidae). Values in bold

Indicate p<0.05. oo 186

Table S7. Trophic diversity (Shannon) and niche breadth (Levins) indexes mean and
standard deviation (SD) for Loricariidae family, tetra-like group, and for the total set of

species in the Machado, Aripuand, and Juruena basins...............coooviiiiiiininnennnnn. 186



SUMMARY

GENERAL INTRODUCTION ....coooiiiiiiiieceee et 20
ENVIRONMENTAL AND FLUVIAL CONNECTIVITY GRADIENTS STRUCTURE
FISH ABUNDANCE IN AMAZONIAN STREAMS ... 31
ENVIRONMENTAL AND SPATIAL GRADIENTS EFFECTS ON THE TROPHIC
STRUCTURE OF AMAZONIAN STREAM FISH ....cccciiiiiiiiiiieeeceeee 71
GENERAL CONCLUSION .....ccoiiiiiiiiiiiiiiicece e 188

REFERENCES .......ooiiiiii ettt s 189



20

GENERAL INTRODUCTION

The Neotropical region hosts an exceptionally high diversity of fish, accounting
for more than 6,000 of the world’s estimated 18,915 freshwater species (Fricke et al.,
2025). A significant portion of this diversity, around 2.700 species, is concentrated in the
Amazon basin (Pouilly ef al., 2003; Winemiller et al., 2016). This abundance is likely
attributed to the region's vast diversity of habitats (Cilleros ef al., 2016) and its long
history of colonization and diversification (Miller & Roman-Palacios, 2021; Cassemiro
et al., 2023). As a result, evolutionary processes like morphological variation and
speciation, along with ecological factors (e.g., habitat use and foraging behaviors), play
crucial roles in determining the abundance and distribution of fish in aquatic
environments (Evangelista et al., 2014; Gelwick; Mclntyre, 2017).

Among several aspects of fish ecology, trophic patterns are shaped by both
intrinsic species traits (i.e., evolutionary adaptations) and extrinsic environmental
factors (i.e., ecological processes). Functional traits influence how fish acquire and
process food, determining their access to specific resources (Delariva & Agostinho,
2001; Zuluaga-Gomez et al., 2016). However, resource availability can modulate these
patterns, either restricting or expanding trophic opportunities (German et al., 2010;
Black & Armbruster, 2022). Resource availability can influence the nutritional choices
of trophic generalist fish (Ceneviva-Bastos & Casatti, 2007) or even determine the
presence of trophic specialists (Lujan et al., 2012). However, studies exploring how
environmental factors affect the trophic ecology of stream fish remain necessary
(Delariva & Agostinho, 2001; Villares-Junior et al., 2016; Bonato et al., 2017; Baldasso
etal., 2019).

The absence of fundamental understanding regarding species-environment
interactions is especially troubling considering the rapid and intense anthropic pressure
that are transforming natural ecosystems (Abell et al., 2008). Environmental degradation,
including deforestation, river damming, and pollution in South America, particularly in
the southern Amazon basin, threatens aquatic species (Amigo et al., 2020; Leal ef al,
2020; Sayer et al., 2025). In the Amazon region, deforestation in Brazil has increasingly
penetrated deeper into the forest interior over the past decade, driven by logging and the
expansion of agriculture (Candino et al., 2024). Additionally, in recent decades the
expansion of pastures, along with illegal mining and predatory agriculture, has led to the
loss of 55 million hectares of natural vegetation. This impact is particularly strong in

Rondonia state and the northern region of Mato Grosso state, where approximately 40%
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of the native forest has been lost due to the expansion of cattle ranching (MapBiomas,
2023).

The removal of structural components such as logs, leaf litter, and marginal roots
caused by deforestation has reduced habitat quality within stream interiors, diminishing
environmental heterogeneity (Zeni et al, 2019). Also, deforestation can negatively
impact the abundance and diversity of food resources available in these habitats (Abelha
et al., 2001; Lorion; Kennedy, 2009; Castello et al., 2013). Consequently, the fish fauna
has experienced substantial alterations, with specialized species being supplanted by ones
exhibiting more general traits (Castello et al., 2013; Silva; Virgilio, 2019). In Neotropical
streams, deforestation acts as a significant environmental filter, altering habitat quality
and the functional traits of fish communities (Zeni et al., 2019). Nonetheless, species
respond differently to deforestation (Brejao et al., 2018), with these responses being
shaped by the complex interaction of evolutionary and ecological processes that influence
their adaptability to environmental disturbances.

The fish community in the Amazon basin is predominantly composed of species
from the orders Characiformes and Siluriformes (Albert et al., 2011). Among these
groups, the most morphologically, taxonomically, and ecologically diverse species
belong to the Loricariidae family and tetra-like families (Spintherobolidae, Stevardiidae,
Characidae, and Acestrorhamphidae) (Claro-Garcia et al., 2013; Nelson et al., 2016;
Melo et al., 2024; Fricke et al., 2025). These species exhibit high variation in habitat use
and dietary preferences. Generally, tetra-like fish exhibit a wide range of feeding
strategies and significant trophic plasticity. They are characterized as generalist and
opportunistic nektonic species that forage in the water column and at the surface of water
(Abelha et al., 2001; Brejao et al., 2013). Brejao et al. (2013) investigated amazonian
streams and identified two functional trophic groups among Neotropical tetras: those that
forage and scavenge near the mid-channel surface and those that do so along the edges of
the channel. The feeding habits of these organisms are influenced by factors such as local
environmental conditions (Zeni; Casatti, 2014), the riparian forest (Ceneviva-Bastos et
al., 2010), and the surrounding landscape (Ceneviva-Bastos; Casatti, 2007). These
variations in the feeding biology of tetra-like fishes may be attributed to their relatively
generalized oral and gastrointestinal morphology (Abelha et al., 2001).

Loricariids primarily occupy lower trophic levels, predominantly feeding on algae
due to their specialized sucker mouths and scraping teeth (Uieda, 1984; Lujan et al.,

2012). The occurrence patterns of these fish act as bioindicators of environmental
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degradation, particularly in regions lacking natural C4 plants, such as riparian forests
(Martinelli et al., 2024). Their ecological role is critical in freshwater ecosystems, which
are currently experiencing a biodiversity crisis, with about 25% of species at risk of
extinction (Sayer et al., 2025). Although loricariids primarily consume algae, they
demonstrate dietary flexibility by also feeding on plant detritus and small invertebrates
(Abelha ef al., 2001; Delariva; Agostinho, 2001; Lujan ef al., 2011; Silva et al., 2025).
For loricariids with more specialized morphologies, dietary shifts in response to
environmental changes and resource availability are unlikely (Delariva; Agostinho, 2001;
Lujan et al., 2011). In this context, dietary variations among species are closely related to
the morphology of their oral structures, suggesting that their diets are fundamentally
dependent on intrinsic structural characteristics (Abelha et al., 2001; Prado et al., 2016;
Silva et al., 2025).

The extensive connectivity of Amazonian River ecosystems makes them highly
vulnerable to anthropogenic impacts, such as deforestation, at both local (instream) and
regional (landscape) scales (Castello et al, 2013). Additionally, the relaxation of
Brazilian environmental regulations, particularly since the introduction of the New Forest
Code (Lei N°. 12.651 de 25 de Maio, 2012), which includes the reduction (from 30 to 15
meters) of Permanent Preservation Area (APP) widths for small watercourses, has made
areas adjacent to these water bodies more susceptible to landscape changes due to land
use (Brasil, 2012). Therefore, there is an urgent need for innovative integrative ecological
studies that combine explanatory variables of different types (e.g., geographical, local,
landscape) with biological factors (e.g., ecological traits). Such approaches are
particularly important for stream environments, which host many endemic species,
predominantly small-sized, that have strong connections to the adjacent habitat (Santos
et al., 2019; Fricke et al., 2025). This is especially relevant in the southern Amazon basin
(Rondonia state and northern Mato Grosso state) which has been experiencing intense
deforestation due to the expansion of agricultural frontiers over the forest, rapidly
converting the natural matrix into pasture (Casatti et al., 2012; MapBiomas, 2023).

Studies in the Machado, Aripuand, and Juruena river basins reveal highly diverse
fish assemblages, where tetra-like and Loricariidae families are structurally dominant. In
the Machado basin (Rondonia), these groups comprise 42 and 12 species, respectively,
out of a total of 140. Small tetras like Serrapinnus and Hemigrammus collettii constituted
over half of all individuals identified (Casatti et al.,, 2013). A similar pattern was found

in the Aripuand and Juruena basins (Mato Grosso), which host 43 tetra-like and 22



23

loricariid species out of 130, also with a strong numerical dominance of small tetras,
though many taxa await precise taxonomic identification (Casatti et al., 2020).
Furthermore, most studies on amazonian stream fish ecology tend to focus on a
single process that may influence communities, such as the effect of riparian vegetation
removal acting as an environmental filter in trophic structuring (Lobdn-Cervid et al.,
2016) or the impact of dispersal on community dynamics (Mazonni et al., 2018). In this
context, we analyze the influence of spatial and environmental factors (i.e., local and
landscape gradients) on the abundance of fish species in amazonian streams (chapter 1)
and evaluate how deforestation gradients and spatial factors influence diet patterns among
fish species, identifying shifts in trophic strategies and resource use across varying
environmental conditions (chapter 2). This study investigates how evolutionary and
ecological processes influence the diet and abundance of fish species in Brazil's highly
threatened and biodiverse regions (Fig. 1). By focusing on tetra-like and loricariid species
as models, the research highlights a wide range of taxonomic and ecological diversity
found in Amazonian streams (Claro-Garcia et al., 2013; Nelson, et al., 2016; Fricke et
al., 2025). The findings provide crucial insights into how these species respond to
anthropogenic impacts, offering valuable information for the conservation of these
ecosystems. All chapters were prepared according to the Neotropical Ichthyology

guidelines for authors.



188

GENERAL CONCLUSION

The results obtained have direct implications for the conservation of ichthyofauna
in Amazonian streams. The loss of forest cover, structural simplification of habitats, and
landscape fragmentation promote predictable trophic changes, favoring generalist species
and reducing the presence of specialists (Rand &Tscharntke, 2007; Martinson & Fagan,
2014; Morante-Filho et al., 2015; Anderson et al., 2019). This functional substitution
compromises the ecological integrity of assemblages and weakens the resilience of
systems against disturbances (Olden et al., 2004; Mouillot ef al., 2013). Maintaining
riparian vegetation is essential to ensure the supply of allochthonous resources, the
physical and chemical stability of the water, and the structural complexity of habitats.
These elements support both the food resources of tetra-like fish and the substrates
necessary for Loricariidae. Stream connectivity is also key, especially for species with
low dispersal ability, such as benthic loricariids. In addition, the results suggest paths for
ecological restoration programs that should go further than just restoring canopy cover.
It is necessary to preserve and restore the structural heterogeneity of instream habitats and
reestablish hydrological connectivity between streams. Such measures are essential to
maintain functional diversity and the ecological processes that support the Amazonian
food webs.

From an environmental management perspective, these ecological findings
reinforce the importance of public policies like the Action Plan for the Prevention and
Control of Deforestation in the Legal Amazon (PPCDAm) and the National Plan for the
Recovery of Native Vegetation (PLANAVEG). Research shows that the PPCDAm was
initially highly effective, reducing deforestation by 84% between 2004 and 2012 through
measures such as municipal-level enforcement prioritization (Bizzo & Farias, 2017; Reis
& Corazza, 2025). However, its impact waned over time due to inconsistent enforcement
and delayed policy updates (Bizzo & Farias, 2017; Mello & Artaxo, 2017). Furthermore,
restoration efforts face significant implementation challenges, with 71% of properties
failing to meet legal reserve restoration deadlines (Fernandes Correa et al., 2023),
jeopardizing Brazil’s commitment to restore twelve million hectares by 2030. Integrating
functional and trophic metrics into monitoring programs could enhance environmental
quality assessments and help guide more effective, ecologically informed conservation
strategies.

Overall, this thesis demonstrates that tetra-like fish, with greater ecological

plasticity and dispersal capacity, tend to persist under degraded conditions, while
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Loricariidae are strongly dependent on microhabitat integrity and highly vulnerable to
deforestation and fragmentation. Simplification of habitats leads to functional
homogenization, reduces trophic diversity, and weakens the ecological integrity of
assemblages. Maintaining environmental complexity, riparian vegetation, and fluvial
connectivity is therefore fundamental to ensure the resilience and long-term sustainability

of Amazonian aquatic ecosystems in the face of increasing anthropogenic pressures (Fig.

1.
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