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RESUMO

Nos ambientes aquaticos os fatores mais ligados a perda de biodiversidade sao
alteracdo ambiental e invasdo de espécies. Espécies exoticas invasoras sdo aquelas
que ultrapassam suas barreiras biogeograficas naturais, principalmente por meio de
acdo antrdpica, € no novo ambiente conseguem expandir suas populagdes. Devido ao
nuamero limitado de espécies que sdo invasoras, por efeito da sele¢do comercial e
pesca esportiva, com sua expansdo elas impactam a diversidade local, seja
considerando biodiversidade taxondomica, funcional ou filogenética. Diversidade
funcional tem se mostrado mais efetiva para entender as consequéncias das alteragdes
ambientais nos processos ecossistémicos. O fendmeno da redugdo da beta diversidade
no tempo pela expansdo de poucas espécies generalistas em detrimento de muitas
especialistas ¢ conhecida como Homogeneizagdo Bidtica. Apesar do crescimento de
estudos sobre esse fendmeno, a Homogeneizacao Funcional ainda ¢ pouco conhecida.
Nesse sentido, realizamos uma revisdo sistematizada sobre Homogeneizagao
Funcional nos ecossistemas aquaticos. Por meio de levantamento bibliografico, nds
avaliamos os recentes trabalhos que formalmente testaram alteragdes na beta
diversidade funcional de diferentes grupos bioldgicos e tipos de habitats aquaticos.
Destacamos a falta de padronizagdo nas pesquisas, baixa avaliacdo de padrdes em
ambientes marinhos, concentragdo de estudos em determinados dominios
biogeograficos, pouco esclarecimento do significado dos tragos funcionais
selecionados e principalmente a falta de ligacdo entre homogeneizacdo funcional e
perda de servigos ecossistémicos. Por fim, propomos um guia para esclarecer pontos
importantes para o futuro da conservacao desses ambientes. Em seguida, por meio de
um banco de dados que cobre 80% da superficie terrestre, analisamos o efeito das
espécies exoticas na beta diversidade da ictiofauna nas bacias hidrograficas em ampla
escala. Utilizamos um modelo de anélise de diversidade beta que permite conhecer a
contribuicdo relativa das espécies (SCBD) e das bacias hidrograficas (LCBD) para
toda a diversidade do dominio. As espécies nativas endémicas € com comportamentos
migratorios sdo importantes para a variacdo da diversidade da ictiofauna. Observamos
em macro escala o efeito de exdticas em reduzir a beta diversidade taxondmica
principalmente nos dominios Neartico e Paleartico. Esperamos com esses trabalhos
contribuir para as avaliagdes de impacto nos ambientes aquaticos durante o

Antropoceno.



Palavras-chave: Beta diversidade, ictiofauna, impactos, invasdo biologica,

homogenizagao funcional.



ABSTRACT

In aquatic environments, the factors most linked to biodiversity loss are
environmental change and species invasion. Invasive species are those that transcend
their natural biogeographic barriers, mainly by anthropic action, and in the new
environment to expand their populations. Due to the limited number of species that
are invasive, because to commercial and sport fishing selection, with their expansion
they increase alpha diversity, but can reduce beta diversity whether taxonomic,
functional or phylogenetic. Functional diversity is more effectively to connect
consequences of environmental change and ecosystem processes. The reduction of
beta diversity over time is known as Biotic Homogenization. In this sense, we carried
out a systematic review on Functional Homogenization in aquatic ecosystems.
Through a bibliographic search, we evaluated recent works that tested changes in
functional diversity with more diverse groups and types of habitat. We highlight the
lack of standardization in research, low assessment in the marine environment,
concentration of studies in certain domains, clarification of the meaning of the
functional traits, and especially the lack of connection between functional
homogenization and loss of ecosystem services. Finally, we propose a guide to
support important points for the future of aquatic conservation. Then, through a
database covering 80% of the Earth's surface, we analyzed the effect of exotic species
(originating from another biogeographic realm) on the beta diversity of fish fauna in
large-scale freshwater. We use a beta diversity analysis model that allows us to know
the contribution of species (SCBD) and basin (LCBD) to the entire diversity of realm.
Endemic and migratory behavior of native species,are important for variation in the
diversity of the ichthyofauna. We observed on macro scale the effect of exotics in
reducing taxonomic beta diversity mainly in the Nearctic and Palearctic realms and
the importance of isolated basin to conservation. Thus, with these works we hope to
contribute to impact assessments on aquatic environments.

Keywords: Beta diversity, ichthyofauna, impacts, biological invasion,

homogenization
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APRESENTACAO

A tese publicada aqui ¢ fruto de um trabalho realizado em dois anos de
pandemia do novo coronavirus. Durante toda a jornada houveram trés mudancas
substanciais no meu doutoramento. No inicio do doutorado meu objetivo era avaliar
as unidades de conserva¢do marinhas no litoral do Parana, sob orientacdo de outro
professor do programa. Porém, ndo pude prosseguir por falta de verbas para as coletas
e pouco interesse dos coordenadores.

No segundo ano desta pds-graduagdo iniciei um novo projeto com objetivo de
avaliar a estrutura de populagdes de peixes marinhos por meio da anélises de otolitos.
Depois de entrar em contato com peixarias do litoral de SC até PE e aprender a retirar
o material do cranio dos individuos coletados em Matinhos - PR, as espécies naquele
ano nao apareceram no periodo de costume no litoral brasileiro. Assim, fora
necessario mudar novamente de ideia e recebi dados de coletas de peixes no
Complexo Estuarino de Paranagua - PR de 1998 a 2012. Desenvolvi um novo projeto
intitulado “Diversidade Multidimensional da Ictiofauna no Complexo Estuarino de
Paranaguéa (CEP) -PR”. O objetivo firmou-se, ali, em avaliar as tendéncias temporais
na alfa e beta diversidade em busca de processos de homogeneizagdo ou diferenciagao
biotica diante do histérico de degradagao do complexo estuarino, além disso, por meio
da diversidade funcional e taxondmica, conhecer os processos que mais contribuem
para a estrutura da comunidade em escala local e regional.

Nesse sentido, comecei a ter a co-orientagcdo do Prof. Andre Padial, e iniciei os
estudos na beta diversidade. Ainda em meu primeiro laboratério, contribui com as
analises do artigo “Interanual analysis of beta diversity in transitional waters in the
southern Brazilian coast” em processo de submissdo. Em 2019, mudei para Curitiba e
para o Laboratério de Analise e Sintese em Biodiversidade (coordenado pelo meu
entdo co-orientador Prof. Andre Padial), o que me permitiu fazer parte do capitulo de
livro ja publicado, “Freshwater Studies in Altantic Forest: general overview and
prospects” e participar do projeto de monitoramento de longo prazo do Rio
Guaraguacu. Durante todo o ano de 2019 desenvolvi meu trabalho de doutorado,
entretanto os dados do CEP apresentaram ser um desafio desde a organizacdo até a
analise, pela falta de padronizacdo nas amostragens dos dados historicos de 1998-
2012. Com diferengas no tempo e espago entre as coletas, estudei varios métodos para
poder encontrar padroes além das variacdes em escalas. Entretanto, fui reprovada no

simpodsio do curso (muito por limitagdes dos dados) e isso levou a escolha do antigo
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orientador de retirar meu projeto e sua orientacdo no fim do meu terceiro ano de
doutorado.

Enfrentei a partir dai uma nova orientacdo junto do Prof. Padial e iniciamos
uma serie de projetos para concluir meu doutorado em cerca de um ano. Depois de
uma reunido, diante da realidade de ataques a academia, corte de verbas e pouco
tempo para finalizar meu trabalho, decidimos trabalhar com banco de dados e revisao
bibliografica. Terminei 2019 desenvolvendo meu primeiro capitulo e fui aprovada na
qualificacdo. O segundo capitulo ndo fazia parte da reunido inicial, mas hoje estd em
processo de finalizagdo para ser submetido € me permitir ter o titulo de doutora. O ano
que se seguiu foi o inicio da Pandemia Covid-2019. Em 2020 com o fechamento da
universidade eu tive que desenvolver os projetos em casa e diante de uma realidade
cruel para todos. Além das mortes diarias também vimos a educacao superior publica
ser desmontada. Naquele ano, vivemos um afastamento mais do que fisico.

Por fim, em 2021 pude finalizar o primeiro capitulo que hoje esta submetido e
espero que com as contribui¢des da banca, possa finalizar ¢ submeter o capitulo 2
com éxito. O capitulo 1 refere-se a uma lacuna que identificamos nos estudos de
homogeneizagdo dos ambientes aquaticos. Segundo a revisdo sobre Homogeneizagao
Bidtica feita por Olden (2008), a maior parte das analises de alteragdo na diversidade
beta ¢ realizada com dados taxondmicos e em ambientes aquaticos continentais, sendo
peixes o grupo mais utilizado. Dessa forma fizemos os levantamentos para
diversidade funcional, que melhor apresenta os efeitos da homogeneizacao bidtica nos
ecossistemas, ¢ buscamos todos os grupos que foram analisados. Esse capitulo esta
submetido na revista Hydrobiology, no nimero especial “Emerging Trends in Aquatic
Ecology IV (ETAE IV)”. O segundo capitulo veio da ideia de avaliar a diversidade
beta por meio dos indices relativamente pouco utilizados: SCBD e LCBD (Legendre e
De Carceres, 2013). Esses indicadores que permitem destacar em ampla escala a
importancia de espécies e unidades geograficas (bacias) para a varia¢do total da
diversidade da ictiofauna, o que ¢ extremamente util para apontar locais importantes
para conservacao ou restauracdo. Pretendo submeter esse capitulo a revista
Freshwater Journal e assim, estd apresentado de acordo com as normas exigidas para
publicacio.

Ainda havia planos para um terceiro capitulo que, apesar de nao ser incluso
nesta oportunidade, ja possui os dados a serem desenvolvidos. No fim de 2019, depois

de participar do monitoramento do projeto Guaraguagu, iniciei os trabalhos com
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ecologia funcional de peixes pequenos do monitoramento. Retiramos fotos para
analises morfométricas dos espécimes, o que permite saber variacdo inter e
intraespecifica, ¢ nosso objetivo consistia em avaliar a mudanga do espago eco-
morfologico das espécies pequenos diante do gradiente de impactos do Rio
Guaraguacu. Infelizmente esse plano ficou para o futuro e esperamos que se

concretize.
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INTRODUCAO GERAL

Biodiversidade ¢ sindnimo de variedade e sustenta servigos ecossistémicos como
ciclagem de nutrientes e sequestro de carbono (Diaz et al, 2006). A biodiversidade
ndo se restringe apenas as espécies da comunidade, mas compreende toda a hierarquia
biologica, desde alelos dentro dos cromossomos até aos reinos na divisao taxondmica,
de individuos a metacomunidades e todas as interacdes e processos em cada um
desses niveis de organizacdo (Sarkar e Margules, 2002).

Existem varias formas de conhecer e analisar a diversidade dentro dos
ecossistemas, uma das mais utilizadas ¢ a particdo da diversidade. Andlises da
diversidade particionada foram inseridas por Whittaker (1956; 1972), que chamou a
diversidade dentro de uma comunidade de Alpha (a), diversidade Beta () como
diferencas no numero de espécies de um local para outro ao longo de um gradiente e
Gamma (y) como a diversidade total da area (Veech et al., 2002). Além de permitir
entender o comportamento da diversidade em variadas escalas, a P diversidade
possibilita avaliar impactos, seus efeitos e planejar formas de conservacdo da
biodiversidade de forma mais eficiente (McGill, et al, 2015; Socolar et al, 2016).

Um dos fenomenos atuais que a diversidade beta possibilitou analisar é a
Homogeneizacdo Bidtica. Esse termo se refere ao aumento da similaridade, ou seja,
redugdo da diversidade beta com o tempo (Olden et al, 2006). O maior resultado disso
¢ a perda de propriedades ecossist€émicas e com elas, os servigos prestados a
humanidade (Diaz et al, 2007; Socolar et al, 2016). Processos como homogeneizagao
bidtica podem ainda ser melhor entendidos por meio da diversidade funcional, uma
vez que os tragos funcionais das espécies respondem mais aos processos ambientais e
disturbios (Calaga e Grelle, 2016). A diversidade funcional avalia a comunidade por
meio dos tragos funcionais dos individuos que impactam seu fitness e papel ecoldgico
no ecossistema (Villéger et al., 2017). Quando avaliamos a diversidade beta funcional
de uma comunidade ¢ a mesma apresenta redugcdo com o passar do tempo, nos
referimos como Homogeneiza¢ao Funcional.

A reducao da diversidade beta, em varias escalas de analise, ocorrem
principalmente por agdes antropicas. O Antropoceno € a nova era geoldgica onde
processos antropicos passam a governar as dindmicas naturais alterando de diversas
formas a biodiversidade em diferentes escalas (McGill et al., 2015, Socolar et al.,

2016). Um dos grandes efeitos dessas alteragdes ¢ a perda de espécies nativas e
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introducao de espécies exdticas no mundo todo, o que ja permite que alguns cientistas
chamem de “Homogocene” (Olden et al., 2018).

Os ambientes de dgua doce sdo o segundo maior ecossistema estudado em
homogeneizagao bidtica, na grande maioria de forma taxonémica (Olden et al., 2018).
A principal causa de homogeneizacdo nesse ambiente ¢ a invasao de espécies por
interesses antropicos, como aquicultura, pesca recreativa, ornamental e controle de
pragas (Olden et al., 2008). Bacias hidrograficas sdo como “ilhas remotas” onde
processos de especiacao e extingdo sao especificos e migragdes sao raras (Oberdorff
et al., 2011), entretanto, invasdes ligadas a acdes humanas sao tdo disseminadas nesse
ambiente que j& modificou o padrdo latitudinal de tamanho (Regra de Bergmann) para
a ictiofauna (Blanchet et al., 2010). O aumento da similaridade taxonOmica entre
bacias hidrograficas ja foi comprovado por Villeger et al. (2017), principalmente para
0 Paleoarctic e Nearctic, sendo o numero de espécies invasoras o principal fator
correlacionado. Entretanto, diagndstico de homogeneizacdo funcional nesses
ambientes aquaticos e efeitos de invasao nos mesmos em uma escala macroecologica
ainda sdo pouco conhecidos.

Os objetivos dessa tese foram avaliar o fendmeno de Homogeneizagdo
Funcional nos ambientes aquaticos, por meio de uma revisdo bibliografica, para
identificar as informagdes que ja possuimos sobre o tema ¢ o que ainda ¢ preciso
melhorar para estudos futuros. Além disso, selecionamos um dos impactos ao
ambiente aquatico, invasdo de espécies exoticas, e testamos o efeito disso na

distribuicao da diversidade beta entre bacias hidrograficas no mundo.
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CAPITULO 1
Submetido ao periddico Hydrobiologia, ¢ formatado nas normas gerais desse

periodico

Functional homogenization in aquatic ecosystems: a review and framework

proposal

Lorraine Lopes Cavalcante®*, Vanessa Salete Daga®, Raul Renn6é Braga® and Andre

Andrian Padial,*d

2 Programa de Pos-graduacao em Ecologia e Conservagdo, Laboratorio de Analise e
Sintese em Biodiversidade. Departamento de Botanica. Setor de Ciéncias Bioldgicas,
Universidade Federal do Parana, Curitiba, Parana, Brazil.

b Independent researcher, Orlando, Florida, USA
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Abstract: Biotic homogenization can be defined as an increase in the taxonomic,
functional or genetic diversity similarity among communities through time. The
purpose of this review was to summarize the existing quantitative evaluations of
functional homogenization (FH) in aquatic ecosystems; as well as to propose a
framework to guide future research. Few articles have quantitatively evaluated FH up
to date. Fish in freshwaters was mostly investigated. Although FH is an expected
pattern in most studies given Anthropocene and biological invasions, some reported
transitions phases between functional differentiation and FH, depending on the
temporal and spatial scales. FH patterns were mostly evidenced in freshwaters with
relatively lower connectivity, and were usually associated to an increase in generalist
non-native species. The poor link between traits and ecosystem functioning in most
studies highlights to need for a better definition of functional measurements for
several biological groups. We urge for standardized monitoring studies and further
research in marine and estuarine ecosystems. Studies on cross-taxon effects as well as
a better choice of complementary traits should be encouraged. For that, we suggested
a framework to serve as guide for future studies, in order to better inform

management and conservation of ecosystems services.

Keywords: biotic homogenization; beta diversity; Anthropocene; Homogenocene;

functional traits; ecosystem services.
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Introduction

Understanding how and why biodiversity vary across the planet is a major
goal in Ecology. Historically, counting species has been the most common way to
analyze biodiversity (Wilson, 1988). Since the beginning of XXI century, other
biodiversity facets such as the variation of species over space and time (i.e. the beta-
diversity; Magurran, 2004) and the set of traits of species that relates to functioning of
ecosystems (i.e., the functional diversity; Tilman, 2001; Mlambo, 2014; Laureto et al.,
2015) have become popular for describing and explaining biodiversity patterns. Now,
its consensus that biodiversity cannot be evaluated disregarding the massive anthropic
changes on the planet, defining the Anthropocene era (Lewis & Maslin, 2015). In
freshwater ecosystem, some human-mediated threats have synergistic effects
(Dudgeon, 2019) and negative impacts on distribution of organisms worldwide.
Among them, the construction of dams, change in land-use and biological invasions
has direct and overwhelming impacts on native fauna and flora (e.g. Stokstad, 2005;
Ellis et al., 2013; Capinha et al., 2015; Belliard et al., 2016).

One of the main consequences of changes in species distribution to
biodiversity during Anthropocene is the biotic homogenization (or homogenisation)
phenomenon (BH hereafter, see McKinney & Lockwood, 1999). Although BH was
already mentioned by Charles Elton’s seminal book ‘The ecology of invasion by
animals and plants’ (Elton, 1958), the term was firstly described by McKinney &
Lockwood (1999) as the replacement of native by non-native species in which few
winners overcame many losers in the next mass extinction event. Later, the definition
of BH was broadened to ‘an increase in similarity of biotas over time’ (Rahel, 2002),
and to ‘a decrease in beta-diversity over time’ (Olden & Rooney, 2006). By
simplifying ecological communities, BH can cause cascading impacts in community
and ecosystem structure, functioning and services (e.g. Dornelas et al., 2014;
Magurran, 2016). Given the nature of the biological units, BH can be identified
considering taxonomic, functional and/or genetic levels (Olden et al., 2004). By far,
taxonomic BH has been the most studied approach (Olden et al., 2018). Whereas the
decrease in similarity of community trait composition, defining the ‘functional
homogenization’ (FH hereafter, first described as ‘ecological homogenization’ by
McKinney & Lockwood, 1999), face issues concerning to the lack of available data,

trait choices and no consensus on the variety of indexes used, which are pointed out as
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the main responsible for the still low number of studies (Olden et al., 2018; Padial et
al., 2020).

Freshwater fish has been the most assessed biological group among BH
studies on the aquatic ecosystems (Olden et al., 2018). Still, no consensus was
reached considering the degree of global BH for fish. Villéger et al. (2011) argues that
BH is still incipient on a global scale for fish, although evidences for the
‘Homogocene’ (or ‘Homogenocene’) in aquatic ecosystems has been increasing (see
Padial et al., 2020). Su et al. (2021) showed compositional changes in freshwater fish
towards BH, particularly for functional facet of fish biodiversity. Anyway, no one
argues that Aquatic Homogenocene is a trending topic for fish — a biological group
highly vulnerable and with urgent need for protection (Vitule et al., 2017; Su et al.,
2020) and also for the other aquatic biological groups that maintain aquatic ecosystem
functioning (Padial et al., 2020). Even so, there is much uncertainty of the extent of
FH for the different groups; as well as doubts on the best choice of traits, spatial and
temporal scales of studies, and analytical approaches (see also Olden et al., 2018;
Padial et al., 2020). Such shortfalls were approached here in a literature review, which
aims to synthesize and summarize currently available evidence on FH in aquatic
ecosystems, to indicate major knowledge gaps, and to propose a framework to guide

future research.

Materials and Methods

An extensive literature review was conducted to identify publications that quantified
functional homogenization (FH) in aquatic ecosystems. In the Web of Science, the
following keywords and combinations were used in the ‘topic’ search field:
(“homogenisation” OR “homogenization” OR “dissimilarity” OR “diversit*” OR
“similarity”’) AND (“functional” OR “trait*” OR “attribut*” OR “characteristi*” OR
“featur*”) AND (“time serie” OR “monitoring®” OR “temporal variation”) AND
(“aquatic” OR “marine” OR “freshwater” OR “estuar*” OR “ecoton*” OR “river*”
OR “lake*” OR “ocean’). More articles were sought in Google Scholar using the
same terms; and in the Hydrobiologia’s Special Issue published in October-2020
(‘The Aquatic Homogenocene’, volume 847, issue 18,
https://link.springer.com/journal/10750/volumes-and-issues/847-18). Articles were
searched from 2000 until 2020, following Olden et al. (2018), which showed a growth
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in number of studies after 2005, also given the fact that the definition of the term
‘biotic homogenization’ occurred in a publication of 1999 (McKinney & Lockwood,
1999).

The studies selection followed the FH concept described as the change in
functional similarity between two or more communities over time (Olden et al., 2004).
Only articles that quantitatively assessed the FH in aquatic environments (i.e. articles
that calculated the community functional similarity at two different time periods)
were considered. According to the results of those articles, an increase in functional
similarity indicated FH, whereas a decrease in functional similarity indicated
functional differentiation (FD, hereafter) (Olden & Rooney, 2006). Studies that
mentioned FH but presented information about natural process in assemblages and
anthropic short-term effects were excluded. Theoretical articles, books and reviews
were not included in data set. A PRISMA scheme for the systematic review is shown

in Figure 1.
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Fig. 1 Scheme for the functional homogenization systematic review in aquatic
environments according to PRISMA 2020 (Page et al., 2020). Other bases: Google
Scholar database and articles published in the Special Issue entitled ‘The Aquatic
Homogenocene’ published in Hydrobiologia Journal (volume 847, issue 18,

https://link.springer.com/journal/10750/volumes-and-issues/847-18).

Information were gathered about (1) taxa employed, (2) biogeographic realm
for freshwater (according to Abell et al., 2008) and marine ecoregions (Spalding et al.,
2007), (3) aquatic ecosystem (freshwater, estuarine or marine), (4) habitat (e.g. river,
lakes, lagoons, reservoirs, estuary and marine habitats), (5) metrics used, (6) trend of
change in functional similarity over time (increase — FH, decrease - FD or without
monotonic pattern), (7) total time of evaluation (first years to last years, categorized
as: 140 to 99 years, 70 to 40 years, and 30 to 5 years), (8) spatial scales (global,
regional, landscape and local), and (9) functional traits selected by group. Whenever
possible, we also gathered data on biological invasions or information related to the
changes in generalist and specialist species composition, aiming to further understand
how these relationships are associated in functional similarity evaluations. For
example, FH is expected to occur due to the establishment of a common suite of non-
native species with similar ‘roles’ in the ecosystem (e.g. species functionally
redundant), and the extinction of native species with unique functional ‘roles’ (i.e.
specialists with no or little functional equivalent) (McKinney and Lockwood, 1999;
Olden & Rooney, 2006). Information about the functional traits considered by the
articles selected and the results (FH/FD) linked with generalist/specialist or
invasion/extinction is available in Appendix 1 in Supplementary Material.

For the spatial scales, we used the definition of hierarchically nested-
ecosystems in riverine environments by Rolls et al. (2018). This definition considers
local scale when sampling sites were located within the same river, stream or wetland;
landscape scale when sampling sites were located within the same drainage basis
(river network including tributaries); and regional scale when sampling sites were
located at different drainage basins. We considered samplings among lakes and
reservoirs of a same drainage basin as being at a landscape scale, except those with
occupancy rate in the drainage basin above 5%: in these cases (i.e. large water bodies),
we classify as regional scale. The occupancy rate was retired data base Lakes and

Reservoir Area by Freshwater Ecoregion (Hoekstra et al., 2010) that follows drainage
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basins proposed by Abell et al. (2008). Global scale studies were considered as those
involving more than one biogeographic realm. The metrics for the calculation beta
diversity used are described according the original article of this review. Functional
traits are showed in relative frequency in graphics made in software R (R Core Team,

2021) and the images with schemes were improved in Illustrator Adobe.

Results

The literature review resulted in 103 studies about FH in aquatic ecosystems. Of these,
only 20 articles (19.4%) fitted the selection criteria of quantitative assessment of FH.
Half of those publications (55%) reported FH, while 40% exhibited FD, and no trends
was pointed for only one article (5%). The summary of the results are in Table 1 in
Appendix. The habitat column in Table 1 represents also the ecosystem type and
Ecoregion/ Realm Biogeographic Realm.

Fish was the most studied group in the analyses of FH in aquatic ecosystems
(15 of 20 articles), followed by macrophytes (2), phytoplankton (1), zooplankton (1)
and macro-invertebrates (1). The studies were concentrated in the Palearctic realm
(45%), followed by Neotropic (30%) (Figure 2). Only one study was carried out in
brackish water (estuaries), all others were performed in freshwater such as
lakes/reservoirs (9) and rivers/streams (11). No study was found for marine
ecosystems. The metrics used to estimate functional diversity were diverse, including
indexes such as FRic, FEve, FDiv, FDispersion, functional beta-diversity, CWM and
intersection of the convex hulls of assemblages in a multidimensional functional
space (see their definition and acronyms in Lavorel et al., 2008; Villéger et al., 2008;

Laliberté & Legendre, 2010; Baselga & Orme, 2012; Villéger et al., 2013).
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375  Fig. 2 Distribution of functional homogenization research in freshwater environment.
376  Freshwater ecoregions divisions according to Abell et al. (2008). Besides these, one
377  research was realized on brackish waters (i.e. estuaries) in the Central America
378  (Villéger et al., 2010).

379

380 The temporal intervals in which FH was evaluated ranged from five to 140
381 years. FH or FD varied with temporal and spatial scales, so we separated in three
382  groups: (i) studies that considered 140 to 99 years, developed on global scale (N = 1),
383  regional scale (N = 2), and landscape scale (N = 2), with predominance of FD; (ii)
384  studies that considered between 70 to 40 years, conducted in landscape (N = 3) and
385  regional scales (N=5), in which FH predominated, and (iii) studies below 30 years in
386  global scale (N = 2), landscape scale (N = 5) and regional scale (N = 1), in which had
387  divergent results (Figure 3).

388
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Fig. 3 Temporal and spatial scales in studies about functional homogenization in this
literature review. The number of studies evaluated in each habitat is within

parenthesis. Trends of changes in functional similarity over time are also indicated.

Most studies showed a relationship between the introduction/establishment
of invasive non-native species and extinction of native species as driving the changes
in functional similarity (13 of 20 articles). Although few studies separated
translocated from exotic species (N = 4), they showed important trends of change in
functional similarity over time: FD was related to exotic species, and FH caused by
translocated species.Some studies (N=3) indicated that the disappearance or extinction
of native species was related to the reduction in functional diversity, and the effect
seems to be more evident in lakes/reservoirs than in rivers. The studies that separated

specialist and generalist species (N = 8) made a link between increased generalist
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species as a consequence of anthropic alteration, leading to changes in functional
diversity. More information about specialist/generalist and invasion extinction effect
is available in Supplementary Material.

For fish, the most studied group in this literature review, the frequency of
traits used to assess the changes in functional similarity was detailed in the Figure 4.
Traits that are becoming more common over time in fish communities reported here
were rheophilic, litophilic, lacustre, sedentary (i.e. not migratory), detritivore,
invertivore, fast population growth, no parental care, large body size and tolerant of
low oxygen levels. The traits that were pointed out with reduction for the freshwater
fish in the ecosystems here assessed were migratory, amphidromous, euritopic,

phytophilic, herbivores, omnivores, piscivores, and macro-carnivores.

Ecomorphologic Traits Reproductive Traits

Substrate use |

by adults Longevity+

Adaptations to flow{ Spawning substrate{

Physiological | |
tolerance - Reproductive guild

Migratory behaviorq Parental care1

Vertical position |
in the water column

P _ Fecundity‘ -

Body size Age at maturity,

Egg diameter;

0 25 50 75 0 20 40 60
Percentage of studies (%) Percentage of studies (%)
Fig. 4 Traits of freshwater fish most used in FH studies. Traits for all groups in all

studies are indicated in Supplementary Material.

For phytoplankton the traits used were the following: common method of
propagation, life cycle, perennation and morphology. For macrophytes the traits used
were related to plant morphology, vegetative and sexual propagation, dispersion mode

and number of cycles per year. The functional traits used for invertebrates arthropods
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were the following: body size, locomotion appendices, defense appendices, feeding
habits, number of eggs, resistance, and reproduction types. For zooplankton, traits
were body measures, structure to defense and swimming, presence off ocellus and

color (more details in the Supplementary Material).

Discussion

Multiple facets of biodiversity have been used to describe the biodiversity crisis we
are facing. Among them, functional facet represent the consequences of biodiversity
loss to ecosystem functioning and services (Su et al., 2021). Here, we made an
overview on FH in aquatic ecosystems, and it was clear to us how this scientific field
is still incipient. More than showing scarcity of published papers quantifying FH, we
also noted a lack of standardization in functional measurements and poor links with
ecological patterns and implications for ecosystem services. Despite that, FH was
already quantified for fish, macro-invertebrates, phytoplankton and macrophytes; on
rivers, stream, reservoir, lakes and lagoon. This demonstrates how spread is the
phenomenon; drove mainly by environment alteration and concomitant invasion of

generalist non-native species.

Patterns in publications in functional homogenization

As expected, most FH studies approached mostly fish in freshwaters, and mostly the
Palearctic realm. Fish are widely distributed and diverse, which explain the fact that
they are good models to evaluate the changes in functional similarity over time. Also,
fish science is historically traditional, and functional traits are becoming popular,
particular to infer their role in ecosystem functioning. (Luiz et al., 2019). The few
studies with other groups, the lack of analyses about cross-taxon and consequently on
the different biological interactions reinforce the need to expand efforts on the topic.
Xu et al. (2019), for example, showed congruent patterns in taxonomic and functional
facets of biodiversity for fish and macrophytes across catchments at China, through
the replacement of unique species mostly for functionally redundant species in both
groups. So, if species co-occur and interact in congruent patterns of functional
diversity, a still untested expectation is that FH in one or more could have synergistic
effects on the other group. Relatedly, Fricke & Svenning (2020) demonstrated that

introduced non-native species of plants and frugivorous reduced the modularity of
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local networks, alter co-evolutionary traits and decrease stability at large spatial scales
when interact disproportionately and develop mutualistic relationships with other
introduced species in local networks, homogenizing their structure.

The lack of studies in estuaries and marine ecosystems highlights a serious
gap in our knowledge about homogenization effects. In marine ecosystem important
anthropic impacts like overexploitation are currently leading severe marine extinction
(Dulvy et al., 2003). Due the balance in salt and freshwaters, estuarine zones have
high spatial stratification that ultimately affect community response in short distances
(Villéger et al., 2010), and are among the most important ecosystems to biodiversity
conservation (Elliot et al., 2019). Up to date, FH patterns are still unknown in such
ecosystems. Biodiversity patterns in aquatic ecosystems depend on connectivity,
spatial extent, environment heterogeneity and the biological group (Heino et al., 2015).
Thus, it is uncertain how Anthropocene may lead to FH in environments so variable
and different from freshwaters, such as estuaries and coastal marine habitats.

The freshwater ecosystems mostly evaluated were within Palearctic and
Neotropic realms. Palearctic realm experienced largest biodiversity change over the
last centuries (Su et al., 2021) and are well studied in taxonomic biodiversity, with
reports strong effect in taxonomic homogenization (Villéger et al., 2011; Olden et al.,
2018; Peoples et al., 2020). Neotropic realm was relatively well evaluated considering
its territorial extent, but proportionally poorly evaluated considering its species
richness. Indeed, this realm has the highest fish diversity and vulnerability (Toussaint
et al., 2016; Vitule et al., 2017; Su et al., 2019). The change in Palearctic realm was
positively linked to industrialization, economic development and river fragmentation
by dams, whose was a significant driver in Neotropic realm too (Su et al., 2021). Still
the few studies were carried out in Neartic realm is likely a consequence of the
paucity of FH studies already discussed before, given this region is mostly studied in
many scientific fields including freshwater ecology (e.g. Stendera et al., 2012).

The metrics most used to estimated functional diversity were the most
popular functional diversity indexes (summarized in Villéger et al., 2008). Such
metrics are indeed suitable to evaluate complementary facets of functional diversity in
the assessments of ecosystems and consequent anthropic impacts (Ahmed et al., 2019).
However, it is important to choose for the best metric in each ecological assessment,
because each one of them has its features and limitations. For instance, FRic might

poorly access impact of invasion if non-native species are functionally redundant in a
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community (a common pattern, see Skora et al., 2015); FDiv is suitable to access the
impact of species even in low abundance if they are more functionally unique species;
whereas FDis may not be feasible in the evaluation of species with high abundance
(Kuebbin et al., 2018). Even so, the choice of metrics was poorly explained in studies
on FH.

Despite expected high levels of FH in coarser spatial grain and longer
intervals of time, results in aquatic ecosystems are still not conclusive (McGill et al.,
2015; Olden et al., 2018). Considering the BH phenomenon (not FH in particularly), it
is important to note that rates are not constant and expected to be scale-dependent. As
a consequence, perceived patterns of change in functional similarity will be
influenced by the choice of the spatial grain size and the total time of investigation.
For instance, Kirk et al. (2020) highlighted the BH phenomenon at large scales
studying Great Plains—Rocky Mountain continuum; but also differentiation at finer
scales. Also, they demonstrated that the extent of impacts, like damming, was an
important factor in determining biotic processes at intermediate scales. The impact of
reservoir damming was also demonstrated for Pineda et al. (2020) for functional
structure of phytoplankton community, which reinforce the suspicious that FH depend
on the nature and extent of the anthropogenic impact.

Considering temporal scales, it is important to note that transition phases
from homogenization to differentiation were already reported for BH (Clavero &
Garcia-Berthou, 2006; Pool & Olden, 2012; Daga et al., 2020) and also for FH (Brito
et al., 2020). In this sense, a definition of suitable temporal scales is central and likely
dependent on the nature of the anthropogenic impact. For instance, impacts such as
the invasion of an engineer invasive species may lead to a constant and immediate BH
(Sato et al., 2021). On the other hand, the construction of damming and consequent
environmental changes, including the likelihood of continuous species introductions,
may lead to complex scale-dependent patterns of homogenization and differentiation
(Daga et al., 2020).

It is also important to note that studies carried out with very old data
probably underestimated the species richness due to likely sampling bias and lack of
standardization. This only highlights the importance of continuous standardized
monitoring of ecological data. Although ecological databases are increasing, the
temporal replication is still an issue (see also Magurran et al., 2010). Long-term

standardized monitoring at multiple scales in landscapes with varying anthropogenic
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pressures needs to be encouraged, in order to better assessment FH and its main
drivers, as well as synergism in anthropogenic impacts (see McComb & Cushman,

2020).

Invasion, extinction of species and functional homogenization

FH and FD can be caused by invasive and non-native species, and effects may be
dependent on the scale. For instance, Azzurro et al. (2014) and Skora et al. (2015)
suggested that the success of the non-natives lies in the fact that they add new traits in
the community causing increase in functional diversity - FDiv. However, due to their
dispersion towards different sites, they may reduce the FDiv at larger spatial scales
(see also Vellend, 2017).

The hypothesis of invasions causing FH is probably the most evidenced. The
mechanism explaining the role of invasives may not only involve direct replacement
of natives by non-native species, but also synergistic effects with physical alteration
of the environment that favors the introduced non-native species and negatively
affects the presence of natives (Villéger et al., 2010; Pool & Olden, 2012; Cheng et al.,
2014; Villéger et al., 2014; Jia et al., 2020). A study in reservoirs and rivers suggested
that synergistic effects between environmental alteration and success of non-native
species (Simdes et al., 2020). Anthropogenic effects in environment can change
reproduction and recruitment of natives and promote establishment of large bodied
non-natives, which is observed for instance in damming processes in rivers (Brito et
al., 2020; Daga et al., 2020). Some anthropic impacts result in increased water
temperature and total nitrogen, as well as in the reduction of water transparency
related to eutrophication; which in turn have been reported as long-term
anthropogenic impacts causing changes in fish communities (Cheng et al., 2014; Jia et
al., 2020).

Still with respect to non-native species, we argue that it is of major
importance the distinction of exotic species from the realm and translocated species
among basins in assessing FH (a much more negligible source of introductions, see
Vitule et al., 2019). Biodiversity patterns may change according to the origin of non-
native species. Some evidence support that FD seems to be related to exotic species,
while FH was associated with translocated species (Matsuzaki et al., 2013; Villéger et
al., 2014). Leprieur et al. (2008) and Liu et al. (2017) also suggest the role of

translocated and exotic species promoting taxonomic homogenization and
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differentiation, respectively. The exotic species had the most extreme traits, which
explains the results of increasing of FDiv and consequent FD; while translocated
species are often functionally close to native species that result in reduction of FDiv
and thus FH (Su et al., 2020; Su et al., 2021). But exotic species could share similar
functional traits with some native species reducing FD, so the change in functional
dissimilarity depend on the uniqueness and richness of non-native species
composition, and time total of evaluation in ecosystems (Matsuzaki et al., 2013; Brito
et al., 2020; Su et al., 2021).

Invasions and extinctions leading to FH may be also dependent on the type
of habitat analyzed too. Some studies indicated that species extinctions are related to
reduction in FDiv, effects were more evident in lakes than in rivers (Matsuzaki et al.,
2013; Cheng et al., 2014; Su et al., 2015). Rivers have relatively more physical
connectivity than lakes, promoting higher organism dispersal and allowing species to
be filtered by environment — thus highlighting niche variation and decreasing
stochasticity. Niche variation and connectivity in turn may be related to community
resiliency, what can make the effect of extinctions less detectable (Matsuzaki et al.,
2013; Villéger et al., 2014; Burgad et al., 2019). In this context, it is expected that
extinction causes FH particularly in more isolated habitats, where species may
become be more niche-specialized over time (Clavel et al., 2011); and the loss of
species means loss of unique traits and functions, particularly when functional
redundancy is low (Matsuzaki et al., 2013; Su et al., 2015). Although still not assessed,
this rationale can be applied to compare freshwaters — relatively more isolated — and

marine ecosystems — relatively more continuous.

Specialist and generalist species in functional homogenization

Other important issues for discussion are the relationship of increasing generalists and
FH (Villéger et al., 2010; Marret al., 2013; Cheng et al., 2014; Burgad et al., 2019;
Zeni et. al, 2020). Generalists have common traits related to higher tolerance to
environmental variation and higher dispersion, causing FH (Marr et al., 2013; Zeni et
al., 2020). Indeed, evidence seems consistent considering generalist increase and
environmental change, such as suppression of riparian forest and seagrass, pollution
of rivers reducing oxygen levels, input nutrients in lakes and change in
hydrodynamics forming environments with lentic characteristics (Villéger et al., 2010;

Cheng et al., 2014; Burgad et al., 2019; Zeni et al., 2020 ).
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Even so, it was clear that there is still confusion in the classification of
species into specialists and generalists. Some authors use the eco-morphological space
as classification factor, whereas others did not specify the methods designation (Marr
et al., 2013; Bugard et al., 2018). The eco-morphological space is defined based on
quantitative and qualitative morphological measures, creating an n-dimensional space
where species are distributed according to their trait. Those located at the extreme of
the space or in the tail of the morphological and functional distribution are considered
specialists (Su et al., 2019). Even so, there is a myriad of classification of
specialization, and features such as environmental fluctuations and interactions
between species can overestimate the allocation of specialists (Devictor et al., 2010),
misguiding interpretations on FH. Intraspecific morphological plasticity should also
be considered, given their effects on life history and physiological characteristics

(Buissonet al., 2013; Winemilleret al., 2015).

Remarks on functional traits to assess functional homogenization

The functional research is based on niche concepts, given that functional traits
represent species requirements to the environment (Rosadoet al., 2016). Taken the
studies on FH revised here, we can highlight some key traits to assess FH, mainly for
fish. Traits used for fish included life history strategies (reproductive traits and
migration status) and multiple dimensions with diet and body size (habitat use,
feeding, defense and metabolism) (see also Winemiller et al., 2015). Even so, it took
our attention that attributes used were similar in studies at different scales, which may
not be suitable. It still lacks a better definition of with traits better predict impacts on
ecosystem processes or services at a particular spatial scale. For the other biological
groups, the low number of studies highlights that the definition of traits to assess FH
is still incipient.

Even so, some general inferences could be drawn. The commonly-used traits
for fish communities were indeed related to anthropic selection and environmental
modification (Franssen et al., 2013; Brito et al., 2020; Su et al., 2020). Large size
body, for example, is a general feature of non-natives species in freshwater given the
anthropic selection for aquaculture and sport fishing, which led to changes in the
Bergmann’s rule for this group in freshwater (Blanchet et al., 2010; Su et al., 2020).
Furthermore, it is important to note that traits for ‘winner’ and ‘loser’ species may

differ between aquatic ecosystems, since in marine habitat body size trends in
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populations has shown a slight reduction (Villéger et al., 2017), in line with the
‘trophic downgrading’ phenomenon (Estes et al., 2011).

What do traits mean? Linking trait-based approaches and ecosystem functioning
Morphological measures of several aquatic groups can inform about services like
water quality and nutrient flow, and reproductive strategies are linked with species
fitness and indirectly related with resilience and resistance of ecosystems (Mouillot et
al., 2014; Villéger et al., 2017). However, as said in the previous topic, a definitive set
of attributes that would better reveal the changes in functional similarity patterns in
the community are still poorly assessed and unexplored (Hevia et al., 2017; Villéger
et al., 2017).

Here, we suggest that the choice of traits should reflect the ecological
processes of interest in FH evaluation. The final use of the functional traits is the
consequence of anthropic impact in ecosystem services, so the choice of traits should
reflect the ecosystem services assured by species impacted by environmental
disturbances. Ecosystem services are benefits that humans obtain directly or indirectly
from activities done by other species, such as provision, regulation, cultural and
support services (Joly et al., 2019). We observed that few studies provided a
meaningful relationship between impacts on the aquatic environment
(overexploitation, non-native species, land use) and ecosystem services (Hevia et al.,
2017). One example is the reports in the invasive zebra mussel (Dreissena
polymorpha Pallas, 1771), which excessive filtration has altered ecosystem service in
Grate Lakes - EUA and Europe (Vila et al., 2010; Prather et al., 2013).

Considering the most studied group (fish) ecosystem services can be
classified as fundamental, those without technological substitution at the moment and
a pre-requisite for human existence; or demand-derived service, which are indirectly
dependent on the natural environment and not fundamental to human existence
(Holmlund & Hammer, 1999). Some examples of fundamental services provided by
fish are: nutrient cycling, regulation of the trophic web and redistribution of nutrients
between environments. As demand-derivated services are: food production, vector
control for human diseases, recreational (aesthetic) services and physical interactions
(sport fishing). Taking body size as an example, we can think that the major effects of
FH have been mitigated due to the maintaining of fish demand-derived services in a

certain way. If we think about the loss of functional diversity given the spread of
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invasive non-native species, food-provision and recreational production services may
be guaranteed, but the fundamental services are uncertain. That is, biological
invasions causing FH may even promote demand-derived services, but risking the
fundamental services that cannot be substituted. Indeed, invasive fish commonly has
cascade effects on trophic webs, for instance (Holmlund & Hammer, 1999; Estes et al.,
2011; Cucherousset et al., 2012; Flood et al., 2020). As another example, invasive fish
may with longer life-spans (expected given human selection to transport non-native
species) may increase the time of nutrients in freshwater and reduce their flow for
estuary or marine system (Marr et al., 2013).Thus, effects may not be perceived in the
short term.So, a question for future studies is: how the modifications in trophic
downgrading of native communities and introduction of non-native top consumers
change the structure of the community and cause FH; and how this affects ecosystem
services provided?

Relatedly, it seems there is a consensus in the decrease of long-distance
migratory fish and their nutrient transport functions. There is indeed evidence that
potamodromous fish are severely threatened in South America rivers (Bezerra et al.,
2019), as well as in Europe and Asia (Cheng et al., 2014; Belliard et al., 2018). Other
changes in ecosystem services include shifts in the abundance of estuarine species that
move into freshwater or migratory fish invasion (Villérger et al., 2010; Marr et al.,
2013; Su et al., 2015). Certainly, we can expect changes in ecosystem services with
the loss and gain of species as a consequence of FH, and how fundamental ecosystem

services would be affected is still uncertain.

Summary remarks and a framework for functional homogenization studies
Here, we evaluated the FH in aquatic ecosystems through a systematic review, and
pointed out the numerous existing knowledge gaps as a consequence of the paucity of
quantitative studies. Even so, it is evident that what we defined as ‘functional
homogenization phenomenon’ has been spreading in aquatic ecosystems, but studies
are still concentrated in fish, and in freshwater habitats of the Palearctic realm.
Improving studies on FH other biological groups, are central given their
complementary role in aquatic ecosystems (Flood et al., 2020). Studies also poorly
addressed how the origin of species, evaluating the role of exotic and translocated
species, as well as the loss of native species. FH can be generated by individual or

synergistic effects of invasions and extinctions, and this should be further clarified.
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We also believe that the evaluation of specialization and functional redundancy of
species is central in FH studies; given that a better definition of generalist/specialist
may help us to understand the multiple ecological processes maintained by diversity
and the consequences for resilience and stability of ecosystems (Mouillot et al., 2011;
Oliver et al., 2015; Floodet al., 2020). This may be challenge to be faced depending
on the biological group and scale.

In order to organize recommendations, we have thus proposed a framework
for FH studies in aquatic ecosystems that is intended to serve as a basis for future
research (Figure 5). We advocate the following. The selection of traits is the initial
step and must represent different niche dimensions according to the objective of study
and the role of the biological group in ecosystems. Functional traits means
characteristic affect or respond to ecosystem process (Mlambo, 2014) and the choice
must reflect spatial scale and biologic organization (scales connected by traits in
Figure 5). Traits representing intraspecific variation at population scale; traits that
represent dispersion and interspecific variation at community or metacommunity scale;
and traits related to broad distribution with environment conditions at ecosystem scale
(see also Gilbert et al., 2015); all can inform how the changes in functional beta-
diversity affects ecosystem functions, depending on the spatial scale. Habitat is
important in aquatic evaluation because connectivity influence in dispersion. So dams,
lakes, rivers, streams, lagoons, coastal or ocean habitats specifications etc. must be
considered and discussed in evaluation of results. Some examples in local spatial
scale and individual organization are showed with more details, highlighting as the
link between different traits dimension (Villéger et al., 2017; Winemiller et al., 2015)
can represent different ecosystem services facets. In this case, we provide an example
for fish, but relationships between traits and functions must be clarified for the studied
group. After the choice of the traits, it is important to describe: native/non-native
proportion and translocated/exotic species; generalist/specialist replacement with
correct classification; extent and nature of the anthropic impact type; as well as the
total time of evaluation. In addition, the interplay between the introduction of non-
native species, the extinction of native species, and environmental modification
should be considered. Therefore, more important than thinking about a finer temporal
scale to evaluate FH, we reinforce the need to evaluate FH depending on the nature
and extent of anthropic impact on the studied spatial scale. For example, damming

cause negative effects in the short and long term, but climate changes effects are
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observed in a longer time. This also has an effect on the choice of functional traits that

will be used. The metrics used must reflect the data available and proposal of study.

Finally, all results must be linked to ecosystem services (green square): “supporting”,

“provisioning”, “regulating” and “cultural” (Joly et al., 2019). We are now facing a

severe biodiversity crisis in the Anthropocene; and empirical advances in FH are

urgent to inform and guide actions toward sustainability in aquatic ecosystems

worldwide.
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aquatic ecosystems. See explanations and rationale of this framework in the last

paragraph of the manuscript.
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Resumo:

1. A invasdo bioldgica é um dos maiores impactos antropicos na diversidade de peixes
de agua doce. Apesar desse consenso, analises lquantitativas do efeito de espécies
exoticas em grande escala ainda sdo necessarios. Nosso objetivo foi avaliar, em escala
global, o efeito de espécies exoticas na distribui¢do da diversidade beta dos diferentes
dominios biogeograficos de ecossistemas aquaticos continentais.

2. Usamos indices apropriados para estimar a contribuicdo relativa de espécies nativas
e exoticas (Species Contribution to Beta Diversity — SCBD) e bacias hidrograficas
(Local Contribution to Beta Diversity — LCBD) para a diversidade beta total no
dominios biogeografico. Reunimos caracteristicas que podem estar relacionadas a
altos valores de SCBD e LCBD e avaliamos a distribuicdo da diversidade beta nas
bacias sem a presenca de exoOticas para avaliar seus impactos em grande escala.

3. As espécies nativas sao menos distribuidas e suas caracteristicas como
comportamento migratorio e atributos generalistas sdo importantes para a variacao da
diversidade da ictiofauna. As espécies exoéticas apresentaram, em média, valores
maiores de SCBD, relacionado com o fato de ocuparem mais bacias concentradas em
uma regido invadida. As presengas das exdticas nas bacias foram relacionadas com
redugdes na dissimilaridade entre as bacias em grande escala. As bacias mais
importantes para os reinos considerando o LCDB foram, em geral, endorréicas, mais
isoladas geograficamente, com riqueza relativamente baixa, porém com alto
endemismo.

4. Concluimos que as espécies nativas mais importantes para a diversidade beta sdo
restritas na sua distribui¢do, enquanto as exodticas sao mais distribuidas e concentradas
em uma regido dentro do dominio biogeografico invadido. Dessa forma, acdes de
manejo devem ser prioritarias nessas regioes. Ressaltamos que as espécies exdticas
tém a capacidade de reduzir a diversidade beta em grande escala, e que as bacias
endorréicas devem receber especial atencdo para conservacdo e prevencdao de
impactos.

5. Com base nos padrdes dos dados, demonstramos que as decisdes para a gestdo de
ambientes de agua doce ndo podem ser feitas sem considerar a presenca e o efeito de
espécies exdticas nos ecossistemas aquaticos e este tema transcende as fronteiras

geopoliticas.



49

Palavras-chave: SCBD, LCBD, peixes de agua doce, espécies exdticas, dominio
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1. Introducao

Bacias hidrograficas sdo como ilhas para a ictiofauna devido a limitagdo na dispersao
de organismos que se deslocam quase exclusivamente pelos cursos d’agua (Carvajal-
Quintero et al., 2019). Assim, a evolugdao ocorre de certa forma independente entre
bacias, gerando alta diversidade global (Tedesco et al., 2012; Su et al., 2019). Nesse
sentido, padrdes da diversidade de peixes nativos em ampla escala s3o influenciados
por paleo-conexdo de bacias hidrograficas, processos eco-evolutivos e variabilidade
ambiental em diferentes escalas (Leprieur et al., 2009; Dias et al., 2014; Carvajal-
Quintero et al., 2019). No Antropoceno, a acao antrdpica ¢ a principal modeladora de
processos em escala global alterando a diversidade da ictiofauna em ambientes
continentais (Steneck et al., 2019; Padial et al., 2020;_Su et al., 2021). Um dos
maiores impactos antropicos que altera padrdoes em biodiversidade € a invasdo
biologica (Leprieur et al., 2008b; Olden et al., 2018; Pysek et al., 2020;). Devido ao
confinamento da biota pelo isolamento espacial, as bacias hidrograficas estdo entre os
ambientes mais vulneraveis a invasdo de espécies (Pysek et al., 2020).

Espécies ndao nativas sdo aquelas que ultrapassaram suas barreiras
biogeograficas naturais por alguma interven¢do humana, seja direta ou indireta (PySek
et al., 2020). Elas podem ser exoéticas (tem origem fora do dominio analisado) ou
translocadas (origem em outra bacia do mesmo dominio analisado) (Leprieur et al.,
2008b). Quando espécies (sejam exdticas, translocadas ou mesmo nativas)
rapidamente aumentam sua area de ocorréncia causando danos na economia, cultura,
meio ambiente e/ou na saude humana sdo chamadas de invasoras (Pysek et al., 2020).
Suas distribuicdes estdo mais ligadas a atividades humanas do que a processos
naturais, € seus impactos estdo mais relacionados com as caracteristicas do
ecossistema receptor (Leprieur et al., 2008a; Leprieur et al., 2009; Toussaint et al.,
2016). Espécies invasoras podem promover efeitos em cascata entre taxa em todos os
niveis de organizacdo dos ecossistemas; desde alteracdes ambientais, modificando
toda a nova regido que ocupa, at¢ mudangas na composicao taxondmica, funcional e
genética de populacdes nativas (e.g. Pysek et al., 2020). Ha estimativas que invasoras
possam contribuir com até 33% das extingdes em ambientes terrestres e aquaticos
continentais (Pysek et al., 2020).

Uma forma de avaliar o impacto de exoticas invasoras ¢ estimar a diferenca
na diversidade entre locais invadidos e ndo invadidos. A diversidade beta mensura a

heterogeneidade na composi¢do biodtica, funcional ou filogenética entre areas (Socolar
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et al., 2016; Su et al., 2019). Legendre e De Céceres (2013) propuseram um método
de andlise em diversidade beta que permite estimar o papel relativo das espécies
(Species Contribution to Beta Diversity - SCBD) e dos locais (Local Contribution to
Beta Diversity - LCBD) para a variabilidade total de uma regido composta por varias
unidades amostrais. Altos valores de SCBD indicam espécies que variam mais entre
unidades amostrais da regido. Dessa forma espécies muito raras ou muito comuns em
todas as unidades amostrais contribuem pouco para a variacdo de toda a regido. De
forma similar, altos valores de LCBD indicam locais de composi¢do tinica na regiao,
podendo ser locais prioritarios para conservacao se as composi¢des unicas forem
compostas por espécies de interesse (e.g. raras ou endémicas) em locais preservados
(veja descri¢do dos indices em Legendre e De Caceres 2013). Dessa forma, € possivel
usar bases globais de dados para identificar as espécies com distribuigdes mais
influentes na regido (exoticas ou nativas), os locais mais relevantes para a
conservagdo (ou restauracdo), assim como caracteristicas de locais e espécies que
estdao relacionados com os indicadores descritos acima. _A partir da disponibilizacao
de grandes bancos de dados (e.g. Tedesco et al., 2017), é possivel uma avaliacdo em
ampla escala dos padrdes e processos em diversidade beta entre bacias hidrograficas
(Carvajal-Quintero et al., 2019; Su et al., 2019; Su et al., 2021).

Nosso objetivo foi avaliar o efeito das espécies exoticas na distribui¢do da
diversidade beta (SCBD e LCBD) da ictiofauna nos dominios biogeograficos de
ambientes aquaticos continentais Além disso, avaliamos as espécies (exoticas e
nativas) e bacias hidrograficas que mais contribuem para a diversidade dos diferentes
dominios biogeograficos globais (veja Tedesco et al., 2017). Também exploramos
caracteristicas das espécies e bacias relacionados com a variabilidade da ictiofauna.
Esperamos que as bacias com alta invasdo biologica tenham menor contribuicao
relativa (menores valores de LCDB), e que as espécies com comportamento
migratorio que tenham uma distribui¢do em varias (mas nao todas) bacias sejam
aquelas que principalmente contribuem para a diversidade beta (altos valores de

SCDB) na escala de dominio biogeografico.

2. Material e Métodos

2.1. Banco de Dados
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Os dados de composigdo por bacia hidrografica nos dominios biogeograficos foram
obtidos no banco de dados da ictiofauna de Tedesco et al. (2017). Essa base de dados
cobre mais de 80% da superficie da Terra, separando o ecossistema de aguas
continentais em sete dominios biogeograficos: Nearctic, Neotropic, Afrotropic,
Palearctic, Indo-Malay, Australasia e Oceania. Devido a dados discrepantes,
optamos por ndo avaliar os padroes de diversidade para o dominio Oceania. A base de
dados possui informagdes de 14.953 espécies habitantes permanentes ou ocasionais
dos ambientes dulcicolas e estuarinos contemplando nativas e exoticas (Tedesco et al.,
2017). Atualizamos a base de dados com a retirada das espécies extintas de acordo
com a revisdo de Su et al. (2021). Com o banco de dados atualizado, utilizamos o
registro “fishbase.valid.name” como registro oficial das espécies por bacia e a
classificacdo de exoticas para as espécies que ndo sao originarias do dominio. Devido
a limitagdo nas informacodes, nao foi possivel classificar as espécies translocadas entre
bacias de um mesmo dominio como sendo exoéticas. Essa ainda é uma limitacao da
base de dados, visto que espécies translocadas podem ter um papel fundamental para

descrever os hotspots de invasdo das bacias hidrograficas (Vitule et al., 2019)

2.2. Analises dos indices LCBD e SCBD e selecao dos valores mais importantes
Todas as analises foram realizadas na linguagem R (R Core Team, 2021). Avaliamos
a diversidade beta por meio do método proposto por Legendre & De Caceres (2013)
que tem a vantagem de poder separar a Beta Diversidade Total - BDT em
“Contribui¢ao do Local para Beta Diversidade” (LCBD) e “Contribui¢dao das Espécies
para Beta Diversidade” (SCBD). Utilizamos o pacote adespatial (Dray et al., 2021)
para estimarmos os indices BDT, SCBD e LCBD por meio da fun¢do beta.div, com
transformagdo de Hellinger a priori, para a matriz de comunidade de cada dominio
biogeografico.

Valores de SCBD representam a contribuigao relativa das espécies na area de
estudo, interpretado aqui como a contribui¢do relativa das espécies de peixes para
diversidade beta geral de cada dominio biogeografico. LCBD significa a contribui¢ao
relativa da composicao de espécies do local para a diversidade beta geral da regido
(aqui a escala ¢ o dominio biogeografico), interpretado aqui como a singularidade das
bacias hidrograficas (unidades amostrais) quanto a composi¢cdo da ictiofauna para
cada dominio biogeografico. Bacias hidrograficas com valores de LCBD acima do

valor médio do dominio sdo interpretados aqui como aquelas relativamente mais
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importantes quanto a singularidade da ictiofauna dentro de cada dominio
biogeografico. Essas bacias podem representar locais com espécies endémicas ou
muito invadidas (Legendre e De Céaceres, 2013).

Decidimos utilizar os outliers para identificar as espécies mais importantes
na distribuicao de SCBD nos dominios. Tais outliers foram facilmente identificados
para Indo-Malay, Afrotropico e Australasia devido a magnitude relativa de valores de
SCDB. Para Neotropico, Neartico e Paleartico ndo houve outliers, entdo selecionamos
as cinco primeiras espécies nativas e as cinco primeiras exodticas para descrigdao. Para
exdticas, selecionamos também as cinco primeiras espécies com maiores valores de
SCBD nos dominios Indo-Malay, Afrotropico e Australasia. Para as espécies
selecionadas com alto SCDB, buscamos informagdes na base de dados FishBase
(Froese e Pauly, 2021) e literatura especializada considerando hébitos ecoldgicos que
possam influenciar na distribuicao das espécies, como habitat e uso da coluna d’agua
(Anexo 1). Para as espécies de exoticas, além das bases de dados ja citadas, também
consultamos Global Invasive Species Database - GISD (Pagad et al., 2015) e Invasive
Species Compedium (CABI, 2021) (Tabela 1 do Anexo 1 no Material Suplementar).

Observamos o grafico de dispersio LCBD x Riqueza de Espécies e
selecionamos a partir dele, as bacias mais importantes para representar cada dominio.
Para essas bacias reunimos informagdes sobre classificacdo de status endorréicas
(bacias que ndo drenam para o mar), nimero de espécies nativas e exoticas de acordo
com Tedesco et al. (2017), endemismo na comunidade e grau de vulnerabilidade das
espécies (IUCN, 2021) de acordo com Fishbase. Essas informagdes tiveram como

objetivo entender fatores ligados aos valores altos de LCBD em ampla escala.

2.3. Variaveis preditoras e Beta regressao

Os valores de SCBD das espécies sao usualmente relacionados com sua distribuicao
na area de estudo (Legendre & De Caceres, 2013). Assim, calculamos a sua ocupancia
(ou Basin Occupation) como sendo o niimero total de bacias hidrograficas onde a
espécie ocorre, e relacionamos a ocupancia com os valores de SCDB. Na escala de
dominio biogeografico, a ocupancia indica a distribuicdo geografica das espécies.
Para entender a distribuicdo de LCBD entre bacias hidrograficas, nds analisamos a
relagdo desse indice de cada bacia com a riqueza de nativas e exdticas das bacias,

esperando uma relacao positiva e negativa, respectivamente.
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Para entender a relagdo entre SCBD e ocupancia, assim como entre LCBD
com riqueza de nativas e exdticas utilizamos a funcdo betareg do pacote betareg
(Cribari-Neto & Zeileis, 2010). A beta regressdo ¢ mais apropriado para dados de
beta diversidade cuja natureza dos dados varia dentro do intervalo entre 0-1 sem
valores fixos de 0 e 1; e a heterocedasticidade dos modelos € relevada utilizando link
de ligacdo logit (Cribari-Neto e Zeileis, 2010). Utilizamos link de ligacdo /ogit para
SCBD e cauchit para LCBD (exceto Paleartico). A selecdo de modelos com diferentes
links se deu por meio da fungdo sapply (pacote base no R Core Team).

Para todas os dominios exceto Neotropic, os valores de SCBD foram
transformados para SCBD x 10, visto o alto nimero de valores proximos a 0. Essa
transformagao nao foi adequada para Neotropico, pela sua desproporcional riqueza de
espécies. Nesse caso, a distribuicdo de SCBD entre as espécies gerou uma quantidade
exacerbada de nlimeros muito préximos a zero, impossibilitando andlise por meio de
beta regressdo. Assim para esse reino, os valores de SCBD foram previamente
transformados por uma fun¢ao logistica (abaixo) e a regressao se deu por meio de um

modelo linear simples.

log(SCBD / (1 — SCBD) + 0.01)

Além disso, para testar se ha diferenga entre grupos de nativas e exoticas
quanto a distribui¢do de SCBD e ocorréncia dentro de cada reino, realizamos um teste
ndo-paramétrico Mann-Whitney (Wilcoxon rank sum ou U teste). Esse teste avalia a
igualdade de medianas para grupos de tamanhos amostrais diferentes e independentes.
Também testamos diferencas entre os valores de ocupancia das espécies nativas e
exoticas com maiores valores de SCBD, utilizando os primeiros 200 registros no
banco de dados GBIF (Global Biodiversity Information Facility ) com o pacote rgbif
(Chamberlain, 2017).

2.4. Efeito das espécies exoticas na distribuiciio da diversidade beta

Por fim, avaliamos o impacto de espécies exoticas na distribuigdo da diversidade beta
entre bacias comparando a distribuicdo de LCBD com e sem a presenga de nao-
nativas (Anexo 3 do Material Suplementar). Os graficos foram gerados usando o
pacote ggplot2 (Wickham, 2016), utilizando as mesmas defini¢des de bacias do banco

de dados do Tedesco et al. (2017).
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3. Resultados:

3.1. Contribuicao das Espécies para a Diversidade beta - SCBD

As espécies nativas apresentaram os maiores valores absolutos de SCBD em cada
dominio, com unica representacdo da exotica Salmo trutta (Linnaeus, 1758) no
dominio Australasia (Tabela 1). Esse dominio apresentou a segunda maior propor¢ao
de exoticas (3.59%), inferior apenas de entre Neartico (7.25%) e superior a
Palearctico (2.50%).

As espécies mais representativas mostraram as mais diversas caracteristicas
entre si, entretanto, a maior parte delas realizam algum tipo de migragdo e toleraram

ampla variacdo ambiental.
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