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Padroes de coocorréncia em comunidades invadidas: o que direciona a
distribui¢ao espacial de espécies nativas e nao nativas?

RESUMO

Avaliou-se comunidades invadidas sob dois contextos: 1) como comunidades nativas
respondem a eventos de introdu¢do em massa e 2) como comunidades invadidas mudam
no tempo. Definiu-se um tema comum para representar as modificacdes nas
comunidades apds a invasao, a coocorréncia entre espécies. O objetivo desta tese foi
responder trés questdes: 1) se o impacto causado pela espécie ndo nativa ¢ determinado
pelo nivel de similaridade entre espécies nativas e ndo nativas; 2) se o impactoteria o
mesmo padrdo no tempo; e 3) se existe algum atributo da populagdo de espécies ndo
nativas que determina o nivel do impacto. Utilizou-se o conjunto de dados do projeto
Pesquisas Ecolégicas de Longa Duragdo (PELD) realizado na planicie de inundagao do
Alto Rio Parana (Sitio PELD/PIAP) para responder essas questdes. Primeiro, avaliou-se
os efeitos de espécies ndo nativas na coocorréncia entre espécies apds a invasao de mais
de 30 espécies de peixes nao nativos de uma sé vez. Testou-se se a dissimilaridade
funcional entre espécies nativas € nao nativas impulsiona os padroes de coocorréncia
entre elas. Apos, estimou-se a coocorréncia em uma série temporal de 30 anos. As
espécies ndo nativas avaliadas sdo origindrias de diversos vetores de introducdo. Testou-
se se a abundancia de espécies nao nativas ¢ o tempo desde a introducao impulsionam a
coocorréncia entre espécies nativas e ndo nativas. A abundancia foi utilizada como
atributo da populacdo das espécies ndo nativas para testar se o efeito da abundancia ¢
mediado pela distancia filogenética entre as espécies. Os resultados encontrados
mostraram que a coocorréncia entre as espécies nativas € ndo nativas ¢ afetada pela
distancia funcional e filogenética. Portanto, integrar diversidade funcional e filogenética
para entender a distribui¢do espacial dos organismos tem potencial para melhorar a
compreensdo de padrdes de coocorréncia entre espécies nativas € ndo nativas. Os
resultados também mostraram que os padrdes de coocorréncia podem ser mais sensiveis
a variabilidade temporal nos atributos da populag¢do nao nativa (i.e., abundancia) do que
o tempo desde a introdugdo. Mostrou-se que a avaliacdo de padrdes de varias espécies
ndo nativas fornece uma compreensdo mais ampla de toda a comunidade apds invasoes.

Palavras-chave: Coocorréncia. Distancia filogenética. Ictiofauna. Invasdo de espécies.
Planicie de inundagdo do alto rio Parand. Similaridade funcional.
Variacdo temporal.



Co-occurrence patterns in invaded communities: what drives the spatial
distribution of native and non-native species?

ABSTRACT

Invaded communities were evaluated under two contexts: 1) how native communities
respond to massive introduction events and 2) how invaded communities change
through time. A common topic was defined to represent the modifications in
communities after invasion, the co-occurrence between species. The objective of this
thesis was to answer three questions: 1) whether the impact caused by non-native
species is determined by the level of similarity between native and non-native species;
2) whether the impact would have the same pattern through time; and 3) whether there
is any attribute of the non-native species population that determines the level of the
impact. The data set from the project Pesquisas Ecologicas de Longa Duragdo (PELD)
performed at the Upper Parand River floodplain (Sitio PELD/PIAP) was used to answer
these questions.First, it was evaluated the non-native species effects on the co-
occurrence between species after the invasion of more than 30 non-native fish species at
once. It was tested if the functional dissimilarity between native and non-native species
drives the co-occurrence patterns between them. After, it was estimated the co-
occurrence in a time series of 30 years. The non-native species evaluated were
introduced by several introduction vectors. It was tested if the non-native species
abundance and time since introduction drive the co-occurrence between native and non-
native species. The abundance was used as the attribute of non-native species
population to test if the effect of abundance is mediated by the phylogenetic distance
between species. The results found showed that the co-occurrence between native and
non-native species is affected by functional and phylogenetic distance. Therefore,
integrating functional and phylogenetic diversity to assess the spatial distribution of
organisms has potential to improve the understanding of co-occurrence patterns between
native and non-native species. The results also showed that co-occurrence patterns may
be more sensitive to the temporal variability in non-native population attributes (i.e.
abundance) than time since introduction. It was showed that evaluating patterns of
several non-native species may provide a broader understating of the entire community
after invasions.

Keywords: Co-occurrence. Ichthyofauna. Functional similarity. Phylogenetic distance.
Species invasion. Temporal variation. Upper Parand River floodplain.



Tese elaborada e formatada conforme as
normas das  publicagdes  cientificas
Diversity and Distributions e Qikos.
Disponiveis em:

https://onlinelibrary.wiley.com/journal/147
24642 and
https://www.oikosjournal.org/authors/autho
r-guidelines



SUMMARY

1T INTRODUCGTION ..ottt st sttt 9
REFERENCES ........ooiiiiiiiii ettt sttt st st et s 11
2 FUNCTIONAL DISSIMILARITY DETERMINES THE CO-OCCURRENCE

OF NATIVE AND NON-NATIVE SPECIES .........ccccooiiiiiiniinieeceeeeseesieeen 15
2.1 INErOAUCTION ..ottt 16
22 MEEROMS ... st 18
B B 1 16 | A (< R 18
2.2.2 FiSh SAMPIING.......oiiiiiiiiiiiee et ettt e 20
2.2.3 COmOCCUITEIICE .. ..eeeniieeeitieeitee et ee ettt e et e ettt e et e e et e e sttt esabeeesabeeeeabeesaseesnteesnneas 20
2.2.4 FUNCIONAL AIVETSIEY ..eouveiiiiieiiieiieeiie ettt ettt ettt sttt e e 21
2.2.5 Data QNaAlYSIS....cccuvieirierieeiieeieeiiee et et e et et e et e et e et e e taesbeestaeenbeentaeebeentaeenbeennnas 22
23 RESUIES ...ttt s 23
2.4 DIESCUSSION ...ttt ettt ettt et esab e e e 27
REFERENCES ... ..ottt st e 31

3 NON-NATIVE SPECIES ABUNDANCE DECREASES CO-OCCURRENCE
BETWEEN NATIVE AND NON-NATIVE SPECIES THROUGH TIME AT ANY

PHYLOGENETIC DISTANCE .......cccooiiiiiiiiieeieieeee et 40
B INrOAUCTION ..ottt 41
B2 IMELROAS ... e e 44
3.2.1 STUAY AIA ..ttt ettt st 44
3.2.2 FiSh SAMPIINE...couiiiiiiiiiiiiiee ettt st 46
3.2.3 CO-OCCUITEIICE. . ..eeeteeuteeiteette ettt ettt st et e et et e st e e bt e eabe e beesabeesbeeeabeenbeesaneens 47
3.2.4 Phylogenetic diStanCe .........ccueeeeureeriiieeeiieeeiieeeiee et eeteeeree e iaeeeaaee e eennaees 48
3.2.5 Data @nalySIS...ccuvieeiiieeiieeeiie et et e e e e e e aree e abeeenaeas 48
BB RESUILS ...ttt 50
Bed DIESCUSSION ..ottt ettt sttt e st e s e 53
REFERENCES ..ottt sttt et 58
4 CONCLUDING REMARKS .....cooiitiiiiiiiiiet ettt 66
APPENDIX LIST ..ottt sttt 67
APPENDIX A — Sampling sites in the Upper Parana River floodplain, Brazil ............ 67

APPENDIX B- Morphological traits used in the analysis, their formula and potential
link with fish functions sensu Brosse et al. (2021).....ccceceeeeiiieeiiiieieeeee e, 68

APPENDIX C — List of fish species from the Upper Parana River floodplain sampled
in 2000, 2001, 2010 and 2011 and their StatUS. ...........coovvvieiirieiieeeeeeerreeeee e 69



APPENDIX D — List of fish species from the Upper Parana River floodplain sampled

between 1987 and 2017

APPENDIX E — AddItional TESULLS ....eveeeeeeeeeeeeeeeeeeeeeee e

72



1 INTRODUCTION

One of the greatest causes of global changes in biodiversity is species invasions.
The invasion science has been recently developed as a research field, dedicated to
detecting, understanding, and mitigating invasion impacts, since both intentional and
unintentional introductions increased throughout the 20" century (SIMBERLOFF et al.
2013). A lot of studies have been made, especially regarding invasion hypotheses trying
to explain the success of some non-native species (CATFORD; JANSSON; NILSSON,
2009) and the effects that a new species causes on the native biodiversity (RICCIARDI;
KIPP, 2008; CUCHEROUSSET; OLDEN, 2011). However, while these topics continue
to be widely studied (STRAYER, 2012; GALLIEN; CARBONI, 2017), we still face
some challenges when studying the processes structuring invasion patterns. As human
actions are continuously changing the landscape worldwide and destroying natural
barriers, different communities are even more susceptible to massive invasion events,
and most studies until now have not considered the effects of a group of non-native
species on the native community. The second is monitoring non-native species over
time, which offers different answers regarding their effects on communities, since
several common ecological and/or evolutionary processes should modulate the effect of
a non-native species over time (STRAYER et al. 2006). Therefore, this thesis was made
with the expectation to contribute to the understanding of these two gaps in invasion

science.

The construction of the idea of this thesis was based on previous studies and
field observations. The study area, the Upper Parana River floodplain, is one of the most
threatened South American wetland (RUARO et al. 2020) and the Upper Parana
ecoregion hosts the largest number of non-native fish species in the Neotropics (105

species; GUBIANI et al. 2018). Previous studies and field observations of pioneer
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researchers in the area showed that after non-native species introductions, some native
species decreased in abundance and started to be less captured in the floodplain. One of
the most emblematic case is regarding the rapid increase and spread of the piranha
Serrasalmus marginatus Valenciennes, 1837 and the pronounced decrease in abundance
and occurrence of its native congener Serrasalmus maculatus Kner, 1858
(AGOSTINHO; JULIO JR., 2002; AGOSTINHO, 2003; ALEXANDRE et al. 2004;
ALVES et al. 2017; RODRIGUES et al. 2018), but other cases are also known (GOIS et
al. 2015; GANASSIN et al. 2020). The common key between these cases is that native
and non-native species are phylogenetically related, which also predicts high similarities
in ecological niche use (‘phylogenetic signal’; BLOMBERG; GARLAND JR.; IVES,
2003; WEBER; STRAUSS, 2016). Therefore, the apparent pattern found in the

floodplain was that non-native species would negatively affect similar native species.

It is common to find studies evaluating the coexistence between similar native
and non-native species. A lot of them report that the non-native species affected the
spatial distribution of native species by displacing them from optimal habitats through
competitive exclusion (CHENG et al. 2009; RICHTER-BOIX et al. 2013; SMITH et al.
2019; PASCUAL-RICO et al. 2020). This is based on the theory that similar species
would compete to limit the exploitation of the resource by other species (the limiting
similarity principle; MACARTHUR; LEVINS, 1967; TILMAN, 1982). Therefore, the
objective of this thesis was to answer three questions: 1) whether the impact caused by
non-native species is determined by the level of similarity between native and non-
native species,since most of studies evaluated pre-determined species and species with
specific shared characteristics (e.g. same trophic niche; PASCUAL-RICO et al. 2020);

2) whether the impact would have the same pattern through time; and 3) whether there
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is any attribute of the non-native species population that determines the level of the

impact.

To answer each question, the co-occurrence between native and non-native fish
species was estimated and used as the response variable, and the projectPesquisas
Ecolégicas de Longa Duragdo (PELD), performed in the Upper Paranad River floodplain
provided the data. First, it was assessed the non-native species effects on the co-
occurrence between species after a massive invasion event. More than 30 non-native
fish species started to occur in the floodplain after the construction of the Itaipu dam,
which eliminated a geological barrier and allowed the introduction and spread of species
in areas located upstream the barrier (JULIO JUNIOR et al. 2009). It was tested if the
functional dissimilarity between species drives the co-occurrence patterns and if the co-
occurrence is affected by species status (i.e. native and non-native status). After, it was
estimated the co-occurrence in a time series of 30 years, in order to assess the co-
occurrence pattern through time. The non-native species evaluated were introduced by
several introduction vectors. It was tested if the non-native species abundance and time
since introduction drive the co-occurrence between native and non-native species.
Finally, it was tested if the effect of abundance is mediated by the phylogenetic distance
between species. It is expected that our objectives will improve the understanding of
invasion processes in the invasion science, allowing researchers to make predictions and

extrapolations for other communities.
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2 FUNCTIONAL DISSIMILARITY DETERMINES THE CO-OCCURRENCE

OF NATIVE AND NON-NATIVE SPECIES

ABSTRACT

Aim: Species coexistence is predicted to be driven by competitive interactions. In
invaded communities, non-native species start to co-occur with the native community,
but this novel interaction may result in increased competition, as they do not share a
coevolutionary history. If native and non-native species share similar resources, then
competition is intensified and this may result in modifications in the spatial distribution
of native populations. We aimed to understand the drivers of co-occurrence between
native and non-native species.

Location: Upper Parana River floodplain, Southern Brazil

Methods: We sampled fish and estimated the co-occurrence between pairs of species
and the functional dissimilarity between them using morphological traits. We used
Linear Mixed Models to test if the functional dissimilarity drives co-occurrence patterns
and if co-occurrence is affected by species status.

Results: Functional diversity between assemblages of native and non-native species did
not differ significantly. We found that co-occurrence was affected by functional
dissimilarity between species: more similar native and non-native species tended to co-
occur less than expected by chance in the floodplain. The co-occurrence was also
affected by species status: it was higher between pairs of native species than between
pairs of native and non-native species.

Main conclusions: Biotic interactions such as competition might be driving the co-
occurrence patterns between native and non-native species at small spatial scales. This
may result in spatial segregation between competing native and non-native species and

it might limit the native geographic ranges, possibly resulting in alterations in the
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taxonomic and functional diversity of native communities. Since geographic barriers are
constantly being supressed by anthropogenic activities and different communities are
starting to co-occur, we need to understand what impacts this will cause to the native
biodiversity.

Keywords: competition, dam impacts, fish community, functional diversity, invasion,

spatial segregation.

2.1 Introduction

A central question in ecology is to identify the factors driving the spatial distribution of
organisms and their coexistence (MacArthur & Levins, 1967). Species coexistence is
predicted to be driven by the biological characteristics of species and mediated by the
availability of resources in the environment (MacArthur & Levins, 1967). For instance,
a pair of species sharing limited resources (i.e., similar ecological niches) will compete
to limit the exploitation of the resources by the other species (the limiting similarity
principle; MacArthur & Levins, 1967; Tilman, 1982). Therefore, competition is a strong
driver of coexistence patterns that shapes the observed co-occurrence of species in
ecosystems (Diamond, 1975; Novella-Fernandez et al., 2021). When competition
reaches a certain level not sustainable for one species, competitive exclusion can occur
and is a key driver of community assembly and spatial segregation (the competitive
exclusion principle; Hardin, 1960), limiting the co-occurrence between competing
species (Reitalu et al., 2008; Rauschert et al., 2012). However, competitive interactions
among organisms are strongly affected by human-induced environmental changes
modulate the spatial distribution of organisms, the availability of resources and,
consequently, the coexistence patterns observed at local and global scales (Vitousek et

al., 1997; Blois et al., 2013; O’Briain, 2019).
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Biological invasions are a global phenomenon with important implications on
biodiversity and ecosystem functioning (Sala et al., 2000). The introduction of non-
native species creates novel ecological interactions among organisms, including the
coexistence between native and non-native species that did not share a coevolutionary
history. Competing species that have coevolved can coexist because they display
behaviour to partition space, time, or resources, becoming temporally and/or spatially
segregated (i.e., different realised niche; Reitalu et al., 2008; Schuette et al., 2013;
Grassel et al., 2015). For example, in carnivore communities, niche partitioning is
expected to structure the community as species present different peaks of activity during
daytime (Schuette et al., 2013). At the opposite, species that did not coevolve may not
be able to achieve this spatial and/or temporal segregation and their coexistence may not
be possible (Whitney & Gabler, 2008; Priddis et al., 2009). In cases when non-native
species display higher competitive abilities than native species, they may modify the
spatial distribution of native populations (Parker et al., 1999). Studies on the co-
occurrence patterns between functionally similar native and non-native species
suggested that a long time after introduction, native and non-native species can become
spatially segregated at fine spatial scales, and this allow coexistence (Richter-Boix et
al., 2013; Smith et al., 2019; Pascual-Rico et al., 2020). Therefore, the lack of co-
evolutionary history between native and non-native species can help to observe the
transient dynamics of species displacement during or after a species invasion (Sax et al.,
2007) and biological invasions represent an unique opportunity to investigate how
ecological and evolutionary processes may shape local patterns of diversity within

communities (Verhoeven et al., 2011).

In this study, we aim to understand the drivers of co-occurrence between native

and non-native species. Our first objective was to test the relationship between
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functional dissimilarity and co-occurrence for pairs of native and non-native species.
Assuming high competition between native and non-native species due to high
functional similarity caused by a lack of co-evolutionary history, we hypothesised that
functionally similar native and non-native species presented lower co-occurrence than
expected by chance. Our second objective was to test if coexistence was affected by
species status (native and non-native). Our hypothesis was that native and non-native
species co-occur less when compared to pairs of native species. To test these
hypotheses, we used as a unique model system, i.e., the massive introduction of > 30
non-native fish species that occurred after a dam construction that eliminated a
geological barrier in a Neotropical floodplain (Julio Junior et al., 2009). Non-native
species that historically occurred downstream the geological barrier colonised the areas
located upstream following dam construction (Julio Junior et al., 2009), with both native
and non-native species originating from the same basin but from two distinct ecoregions
(i.e., large areas “encompassing one or more freshwater systems with a distinct

assemblage of natural freshwater communities and species”; Abell et al., 2008).

2.2 Methods

2.2.1 Study area

This study was conducted in the Upper Parana River floodplain, located in the Upper
Parana hydrographic ecoregion (sensu Abell et al., 2008) in Southern Brazil.
Historically, the Upper Parand ecoregion was separated from the lower part of the
Parana River basin (the Lower Parana ecoregion) by a natural and effective barrier, the
Sete Quedas Falls (average water volume of 13,000 m?/s; Fig. 1). However, the
construction of the Itaipu Reservoir in 1982, 150 km downstream the Sete Quedas,

completely flooded the falls, allowing the colonisation and spread of several species
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endemic to the Lower Parand ecoregion into the upper part of the river (Julio Junior et
al., 2009). Around 33 new introduced species were registered after the flooding,
distributed in 14 families and six orders, and many of them became relatively abundant

after the introduction.
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Figure 1. The flooding of the Sete Quedas Falls caused by the construction of the Itaipu
Dam. A, B, C, and D show the falls before the construction, and E, F, G, and H show

the completely disappearance of the falls after the Itaipu Dam construction.
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2.2.2 Fish sampling

Fish distribution data were obtained from a long-term ecological research
program developed at the Upper Parana River floodplain (Angulo-Valencia et al.,
2022). Fish were sampled in periods of low water (April to September) in two distinct
surveys between 2000 and 2001 and between 2010 and 2011. These surveys were
selected because they have the highest number of sites sampled. In the first survey, fish
were sampled in May and August in each year. In the second survey, fish were sampled
in June and September in each year; overall a total of eight samplings. Sampling was
conducted in 20 sites of the floodplain (main channel of the river and hydrologically
connected and not connected floodplain lakes; Appendix A) to capture a larger spatial
distribution of species. 160 sampling events were performed during this period. To
sample fish, sets of gillnets with different mesh sizes (24, 30, 40, 50, 60, 70, 80, 100,
120, 140 e 160 mm between opposite knots) were deployed in each sampling site for
24h and all sampled individuals were identified to the species level (Angulo-Valencia et
al., 2022). Native and non-native species were classified considering the hydrographic
ecoregion delineation made by Abell et al. (2008) and the filling of the Itaipu Reservoir
and the subsequent species introduction. Species from the Lower Parané ecoregion that
spread in the Upper Parana ecoregion after removal of the Sete Quedas Falls barrier

were considered as non-native species.

2.2.3 Co-occurrence

For each possible combination of species, we quantified a species co-occurrence
metric using the ‘cooccur’ R package (Griffith et al., 2016). It applies a probabilistic
model to find the probability of two species co-occurring given the data (observed co-

occurrence; OCo) and the probability that the same pair of species would co-occur at
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random (PCo). We consider co-occurrence as both species of a pair occurring at the
same time at a given site. However, following Thuiller et al. (2010), we use the term
coexistence to infer when both species are frequently interacting on a small spatial
scale. Because we were interested in investigating if a pair of species co-occurred more
or less than expected by chance, we scaled the observed by the expected co-occurrence
using the quotient of OCo and PCo. Therefore, values of scaled co-occurrence lower
than one indicate that species co-occur less than expected by chance, values equal one
indicate that species co-occur the same as expected by chance, and values higher than
one indicate that species co-occur more than expected by chance. We removed pairs of
species that showed scaled co-occurrence values equal zero in further analyses since our
objective was to evaluate pairs of species with lower and/or higher co-occurrence, and
not absence of co-occurrence. Among the 2703 pairs of species, 996 pairs of species
never co-occurred. Therefore, the scaled co-occurrence was estimated for 1707 pairs of
species, of which 871 are pairs of native species and 836 are pairs of native and non-

native species.

2.2.4 Functional diversity

Trait-based approaches are highly recommended to estimate dissimilarity
between native and non-native species (Thuiller et al., 2010). To estimate functional
dissimilarity, we first obtained the functional traits of the studied species from
FISHMORPH (Brosse et al., 2021) that include 10 morphological traits (nine unitless
ratios and body size; Appendix B), commonly used in assessments of morphological
diversity of freshwater fishes. Five species from the Upper Parand River floodplain

were not available in this database (Hypostomus strigaticeps, Hoplias sp.2, Hoplias
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sp.3, Trachelyopterus sp. and Potamotrygon amandae) and, for these species, we

measured functional traits using pictures following Brosse et al. (2021).

Functional dissimilarity between species was calculated using the functional
traits of each species (F matrix) and by calculating the Gower’s distance (Gower, 1966)
on the F matrix to obtain the functional dissimilarity matrix. Gower’s distance was used
because it is the most indicated metric when there are some missing trait values (Marie
etal., 2015). We estimated the best functional space following Maire et al. (2015) and
here, it presented eight dimensions (mean standardised distance = 0.000475). The
functional dissimilarity between species was measured as the standardised distance
between each pair of species in the functional space. Therefore, lower values indicate
that species are closer in the functional space (more functionally similar) and higher
values indicate that species are more distant in the functional space (more functionally

dissimilar).

2.2.5 Data analysis

We first performed a Permutational Multivariate Analysis of Variance
(PERMANOVA) to test whether native and non-native species overall differ in their
functional traits. We then performed a Linear Mixed Model (LMM; Zuur et al., 2009)
using the scaled co-occurrence as response variable to test the relationship between
functional dissimilarity and co-occurrence for native and non-native pairs of species. As
predictor variables, we used the functional distance as fixed term and the identity of
native species as random factor with a random intercept. We tested if there was a
positive and significant relationship between scaled co-occurrence and functional
distance (positive B estimate and p < 0.05). For LMM analysis, we used the /mer

function in ‘lme4’ package (Bates et al., 2015), the ‘ImerTest’ package (Kuznetsova et
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al., 2017) to obtain model significance and the r.squaredGLMM function from the

‘MuMIn’ package (Barton, 2020) to obtain model performance.

To test if coexistence patterns differ with species status, we compared scaled co-
occurrence values between pairs of native species (native X native) and pairs of native
and non-native species (native X non-native) using a Linear Mixed Model (LMM) with
the scaled co-occurrence as response variable. As predictor variables, we used the group
as fixed term and the identity of native species as random factor with a random
intercept. For LMM analysis, we used the same functions mentioned above for the first
hypothesis. We log-transformed the scaled co-occurrence data to test both hypotheses.

All analyses were performed in R software version 4.1.2 (R Core Team, 2021).

2.3 Results

A total of 53 native and 25 non-native fish species were registered in the Upper Parana
River floodplain, belonging to six orders (Characiformes, Gymnotiformes,
Myliobatiformes, Cichliformes, Pleuronectiformes and Siluriformes), 22 families and
53 genus (Appendix C). Native species were present in all 160 sampling events and
non-native species were absent in two sampling events. Among the 10 most common
species (occurring in more than 50% of the sampling events), six were native and four
were non-native species (Appendix E, Fig. S1). Overall, the functional traits of native
and non-native fish species did not differ significantly (PERMANOVA, F=1.15;p =

0.33, Fig. 2).



24

0.44 0.4
0.2- {\ 0.2-
N <
< 3 <
(@] (@]
O 0.0 ("s O 0.0 -ﬂf)‘
o ‘ o = .
~0.21 ~0.2-
-04 -02 00 02 04 06 -04 -02 00 02 04 06
PCOA 1 PCOA 3
0.41 0.44
0.21 0.21
[{o] [o0]
§ 0.0 & é 0.0 ”’4*
oo ’¢'B' ~o o,
~0.21 ~0.2-
-04 -02 00 02 04 06 -04 -02 00 02 04 06
PCoA 5 PCoA 7

Figure 2. Functional space of native (blue) and non-native (orange) species along the

eight functional axes.

There was a large variation in the scaled co-occurrence among the 871 pairs of
native species (Fig. 3a): 25.83% of pairs of species co-occurred less than expected by
chance (values lower than one; yellow squares in Fig. 3) and 70.15% of pairs of species
co-occurred more than expected by chance. For 836 pairs of native and non-native
species, 25.48% of pairs of species also co-occurred less than expected by chance and
71.29% of pairs of species co-occurred more than expected by chance, but with a lower
degree when compared to native pairs of species (less dark squares in Fig. 3b than in

Fig. 3a).
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Figure 3. Scaled co-occurrence values between a) native species and b) native and non-
native species. Grey squares represent pairs of species that did not co-occur. Right bar
plots represent species occurrence. Different colours in species names indicate different
taxonomic orders. Green: Characiformes; orange: Gymnotiformes; dark blue:

Cichliformes; pink: Siluriformes; red: Myliobatiformes; light blue: Pleuronectiformes.
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The functional distance between pairs of native and non-native species in the
functional space ranged from 0.048 (more similar species) to 0.742 (less similar
species) (Appendix E, Fig. S2). For native and non-native pairs of species, there was a
positive and significant relationship between the scaled co-occurrence and the
functional distance between species (Linear Mixed Model; r* conditional: 0.12, p <
0.0001; Fig. 4), indicating that the more similar the native species were from the non-
native species, the less they co-occurred. We also found a significant difference in the
co-occurrence between pairs of native species and pairs of native and non-native species
(Linear Mixed Model; 1? conditional: 0.18, p < 0.001), indicating that native and non-
native species co-occur less when compared to the co-occurrence only between native

species (Fig. 5).
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Figure 4. Significant relationship between functional dissimilarity and co-occurrence
(scaled values, log-transformed) between native and non-native pairs of species (native

X non-native group).
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Figure 5. Co-occurrence (scaled values) for pairs of only native species (black points;
native X native group) and for pairs of native and non-native species (gold points; native

X non-native group).

2.4 Discussion

The factors driving species coexistence have been widely studied, with several
theories being tested (Mouillot et al., 2007), but most ecosystems in the world are being
impacted by species introduction (Bellard et al., 2016). Therefore, studying how non-
native species coexist with native species is an opportunity to better understand the
ecological mechanisms that shape community assembly and species coexistence
(Gallien and Carboni, 2017). Using a unique case that allowed the introduction and
establishment of multiple non-native species in a Neotropical river, we provide novel
insights into the co-occurrence patterns of native and non-native species. We found that
more functionally similar pairs of species (i.e., native and non-native) tended to co-
occur less, supporting our first hypothesis, indicating that the co-occurrence patterns of

native and non-native fish species, in the Upper Parané River floodplain, were driven by
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their functional dissimilarity. We also found support for our second hypothesis, since
the co-occurrence of pairs of native and non-native species was lower when compared
to the co-occurrence between pairs of native species, indicating that coexistence is
affected by species status. Therefore, biotic interactions (i.e., competition) likely drive
co-occurrence patterns, making competing native and non-native species more spatially
segregated, and, eventually, limiting their geographic ranges (Wisz et al., 2012;

Novella-Fernandez et al., 2021).

During introduction, non-native species usually face multiple ecological filters
(Gallien and Carboni, 2017). One of them is the environmental barrier, where local
environmental conditions filter species based on their ecological niches and
physiological adaptations (e.g., environmental filtering theory; Gallien and Carboni,
2017). This filter may allow non-native species with pre-adaptations to the new
environment to co-occur on a regional scale with native species — as postulated by
Darwin (1859) in the pre-adaptation hypothesis (Li et al., 2015; Park et al., 2020).
Accordingly, we found that the functional characteristics between native and non-native
species were not significantly different, suggesting that non-native species could spread
and establish in the floodplain as demonstrated in the results. However, the distribution
of non-native species can also be affected by biotic filters (Diez et al., 2008; Gallien and
Carboni, 2017), because non-native species could interact with native species. Negative
biotic interactions such as competition might occur, and it is believed to be strong at
local spatial scales where the environment and resources are homogenous (Davies et al.,
2005; 2011; Mouillot et al., 2007; Park et al., 2020). In our study system, co-occurrence
of species was evaluated at fine spatial scales (river and floodplain lakes), and we found
an effect of the functional diversity on species spatial distribution patterns. This effect

depended on the level of similarity between species: the more similar a pair of species
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is, the less they co-occur. Therefore, despite native and non-native species show
increased functional similarity (which allowed non-native species to inhabit and spread
throughout the floodplain), their co-occurrence is mediated by the spatial segregation at

fine scales, possibly resulted from competing interactions.

However, different mechanisms can also allow non-native species interactions
with native species, even for closely related ones (Pereira et al., 2007). Trophic
segregation can make species use similar trophic niche but with specialised diets (Alves
et al., 2017) or in different periods during the day (Schuette et al., 2013), limiting direct
competition. Shifts in resource use can also alleviate or worsen interactions between
native and non-native species, which can be caused by fluctuations in water level and
food availability (Reinas et al., 2022). In floodplains, the seasonal changes of chemical
and physical characteristics, community composition and resource availability caused
by the flood pulse have consequences for the coexistence of native and non-native
species (Thomaz, 2021). For instance, shifts in the trophic niche during the flood period
(e.g., Abujanra et al., 2009; Quirino et al., 2015; 2017) may reduce the niche overlap
between species and alleviate competition, enhancing the possibility of coexistence over
longer periods. Therefore, environmental changes can modulate coexistence between
native and non-native species by influencing species interactions (i.e., competition),

which will directly influence invasion success and ecological impacts.

We found that pairs of native species showed increased co-occurrence when
compared to co-occurring native and non-native species. Competing native species (i.e.,
co-evolved) have adapted themselves according to interactions with other species,
which is often an evolutionary advantageous strategy to avoid direct competition and to
increase biodiversity (Linnell & Strand, 2000). For instance, subordinate species can

display different strategies to avoid direct contact with dominant competitors (i.e., niche
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partitioning; Schuette et al., 2013). However, native and non-native species may not
display mechanisms to avoid competition (Pascual-Rico et al., 2020). In this case, the
co-occurrence between similar native and non-native species might increase
competition and result in habitat niche shift (Rodrigues et al., 2018; Moquet et al., 2020;
Pascual-Rico et al., 2020) and/or even competitive exclusion (Hardin, 1960; Bghn et al.,
2008). Therefore, the lack of both coevolutionary history and differences in functional
diversity between native and non-native species resulted in different patterns of co-

occurrence when considering the species status.

Integrating information on the functional diversity to understand the spatial
distribution of organisms has potential to improve our understanding of co-occurrence
patterns between native and non-native species, providing us ways to understand how
species coexistence may respond after introductions. The results suggest that biotic
interactions modulate the patterns of coexistence between native and non-native species,
indicating that negative interactions may affect specific species and functional traits.
This may lead to alterations in taxonomic and functional diversity, so we highly
recommend more studies that evaluate how communities and ecosystem functions
changed after invasions. Besides, studying different spatial scales may also help us to
understand which processes are acting in each one, and this is of great importance to
make predictions and extrapolations (Gallien and Carboni, 2017). Additionally,
environmental factors (filters) are also important drivers of the coexistence between
native and non-native species, and it is also necessary to consider environmental
changes when evaluating invaded communities. As anthropogenic processes are
increasingly present in natural environments and suppressing natural barriers between

non-co-evolved communities (Julio Junior et al., 2009; Wood et al., 2021), evaluating
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the potential impacts of such invasions on native organisms and recipient ecosystems is

needed.
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3 NON-NATIVE SPECIES ABUNDANCE DECREASES CO-OCCURRENCE
BETWEEN NATIVE AND NON-NATIVE SPECIES THROUGH TIME AT ANY

PHYLOGENETIC DISTANCE

ABSTRACT

Monitoring non-native species over time offers different answers regarding their effects
on communities. As the non-native species population increases, greater are their
impacts on the native community, which may vary to the phylogenetic proximity
between species. We aimed to assess co-occurrence time series between native and non-
native species in a 30-year time scale. We tested if the co-occurrence between native
and non-native species is driven by the abundance of the non-native species and by the
time after the introduction. We also tested if the effect of the abundance is mediated by
the phylogenetic distance. We sampled fish in the Upper Parana River floodplain,
Southern Brazil and used Linear Mixed Model to test our hypothesis. We found that the
effect of time since introduction in driving species co-occurrence was less important
than the effect of the non-native abundance. Co-occurrence values decreased with the
increase in non-native abundance for any phylogenetic level, but the intensity of the
effect was different between different phylogenetic distances. We found that for greater
values of non-native abundance, native and non-native species that are phylogenetically
distant co-occur less than phylogenetically close species. The low effect of time since
introduction can be related to the annual variability in non-native abundance, instead of
a long-term tendency as expected. Therefore, co-occurrence patterns may be more
sensitive to the variability in non-native population attributes than time since
introduction. Non-native species are affecting both phylogenetically close and distant

native species, by competition processes between niche differences and between
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different competitive abilities. We show that evaluating patterns of several non-native

species may provide a broader understating of the entire community after invasions.

3.1 Introduction

The introduction of new species through human intervention has increased
exponentially worldwide and represents one of the greatest threats to biodiversity at
local and regional scales (Simberloff 2003; Blackburn et al. 2014; Bellard et al. 2016).
Species introduced outside of their original distribution often causes dramatic impacts
on the population of native species, community dynamics and functional structure of
ecosystems (Catford et al. 2009; Simberloff et al. 2013; Toussaint et al. 2018), possibly
resulting in the decline of biodiversity and the extinction of native species (Clavero et
al. 2009). These impacts have already been well studied (Strayer 2012), but we still face
some challenges when studying the processes structuring invasion patterns. An
important issue is monitoring non-native species over time, which offers different
answers regarding their effects on communities, since several common ecological
and/or evolutionary processes should modulate the effect of a non-native species over
time (Strayer et al. 2006). Therefore, time since introduction should be explicitly
considered to adequately understand the effects of many non-native species (Strayer et
al. 2006), since they continue to rise globally with few signs of saturation (Mormul et

al. 2022).

The invasion process can be divided into stages: transport, introduction,
establishment and spread (Blackburn et al. 2011). In the last stage, the population of the
non-native species increases and may cause greater impacts on the native community,
since the effects of a non-native species increase with its abundance (Strayer et al. 2006;

Muiioz and Cavieres 2008; Jucker et al. 2013). Therefore, we should expect that if a
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non-native species increases its abundance through time, then its impacts should
increase as well. For instance, some studies have evaluated if the spatial distribution of
native and non-native species changes with time after introduction and they found that
native species were displaced from their optimal distribution and even excluded from
the habitat after invasions (Behn et al. 2008; Rodrigues et al. 2018; Smith et al. 2019).
This is supported by the theory that competing and non-co-evolved species may not co-
occur, since they don’t display behaviour to partition space, time, or resources (Reitalu
et al. 2008; Schuette et al. 2013; Grassel et al. 2015). Competing species usually share
similar traits, and this may be assumed by phylogenetic similarity between them
(‘phylogenetic signal’; Blomberg et al. 2003; Jucker et al. 2013). Therefore, if the non-
native species is phylogenetically close to a native species, it might be expected that
they will be spatially separated, which avoids competitive interactions (Proches et al.
2008; Weber and Strauss 2016), decreasing their co-occurrence. Furthermore, the
density of competing species is also known to affect the strength of competition (Mufioz
and Cavieres 2008; Wood et al. 2021), so relative abundance and similarity between

species can interact in determining their co-occurrence.

Considering this, evaluating the co-occurrence in invaded communities through
time may provide answers to ecological and evolutionary processes that shape
biological invasions. If the non-native species can adapt to the new environmental
conditions faster than the native species can evolve mechanisms to reduce the harmful
effects of introduction, long-term coexistence between them may not be possible
(Priddis et al. 2009). If so, it may result in changes and/or losses in taxonomic,
functional and phylogenetic diversity of native communities through time (Jucker et al.
2013; Toussaint et al. 2018; Angulo-Valencia et al. 2022). As many communities are

constantly suffering with invasions and they may change before being studied, long-
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term studies are important keys to assess possible alterations of native communities. In
this study, we aimed to assess co-occurrence time series between native and non-native
species of fish in a 30-year time scale. We tested if the co-occurrence changed as the
invasion process of the non-native species proceeded, especially at the last stage, when
non-native species are expected to increase their abundance. We expected that the co-
occurrence between native and non-native species decreases with the increase in
abundance of the non-native species and with time after the introduction (Fig. 1; left
panel). Besides, we also tested if the effect of the abundance is mediated by the
phylogenetic distance (hereafter PD) between the native and the non-native species. We
expected that co-occurrence decreases with non-native species abundance for
phylogenetically similar species, but not necessarily for phylogenetically distant
species, which are assumed to compete less (Fig. 1; right panel). We hope that studying
the natural variability of population attributes (e.g. abundance) will allow us to make
predictions and extrapolations for other communities, and evaluating this through time

series will help us elucidate important patterns within invasion biology.
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Figure 1. Co-occurrence between native and non-native species is expected to be driven
by the time (left panel), abundance and phylogenetic distance (right panel). The co-
occurrence is expected to decrease through time. The effect of the non-native abundance
is mediated by phylogenetic distance: the co-occurrence decreases with abundance for
phylogenetically similar species, but not necessarily for phylogenetically distant

species.

3.2 Methods

3.2.1 Study area

This study was conducted in the Upper Parand River floodplain, located in
Southern Brazil (Fig. 2). The main river of the floodplain is the Parana River, the tenth
largest river in the world in terms of water discharge and fourth in terms of the drainage
area (5 x 108 m®/year; 2.8 x 10° km?, respectively; Agostinho and Zalewski 1996). The
floodplain is the last dam-free stretch of the Parana River in Brazil, comprising a 230
km stretch between two large reservoirs: the Porto Primavera Dam upstream and the
Itaipu Reservoir downstream (22°40°S to 22°52°S and 53°12°W to 53°38’W). In this
stretch, there is an intricate anastomosis involving secondary channels, tributary rivers
and some floodplain lakes permanently connected to the river and some isolated and
connected indirectly to the river by groundwater or only during flooding events
(Granzotti et al. 2018; Ruaro et al. 2020). It is estimated that the region harbours
approximately 4500 large animal and plant species (Agostinho et al. 2013), due to its
high environmental heterogeneity provided by several habitats and seasonal flooding
(Agostinho et al. 2004). Therefore, the area is considered a priority target for
conservation, mostly because of its high socioeconomic relevance and refuge for

biodiversity in the Southern part of South America (Agostinho et al. 2004).
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Despite its high biodiversity, the Upper Parana River floodplain is one of the
most threatened South American wetlands (Ruaro et al. 2020), suffering with several
impoundments constructed upstream and downstream the floodplain. These
impoundments have changed several conditions in the floodplain, including its
hydrology by reducing the variability in the flood pulse (Agostinho et al. 2009) and the
limnologic conditions such as the increase in water transparency and reduction of both
sediment and nutrient transport (Roberto et al. 2009; Stevaux et al. 2009). All these
impacts contribute to the invasion by non-native species and its establishment, causing
an increase in the number of non-native fish species. According to Gubiani et al. (2018),
the Upper Parand River ecoregion hosts the largest number of non-native fish species in
the Neotropics (105 species). One of the most severe impact occurred with the filling of
the Itaipu Reservoir in 1982, which flooded a geographic barrier located downstream
the floodplain and allowed the introduction of at least 33 fish species in habitats where
they had not previously occurred (Julio Junior et al. 2009). Additionally, activities such
as aquarium trade, stocking, aquaculture and sport fishing also contributed to the

invasion of non-native fish species in the floodplain (Ruaro et al. 2020).
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Figure 2. Sampling sites in the Upper Parané River floodplain. 1 — Patos Lake; 2 —
Ivinhema River; 3 — Guarana Lake; 4 — Baia River; 5 — Fechada Lake; 6 — Parana River.

The black arrow indicates flow direction.

3.2.2 Fish sampling

We obtained fish community data from different projects conducted by the
Nucleus of Research in Limnology, Ichthyology and Aquaculture (“Nucleo de
Pesquisas em Limnologia, Ictiologia e Aquicultura” - Nupélia) at the State University of
Maringé, Southern Brazil. These projects encompassed a 30-year time scale between
1987 and 2017 with a sampling periodicity almost continuous despite two short
unsampled periods (1989-91 and 1995-99). Sampling was made quarterly in all surveys,
generally carried out in March, June, September and December, with the exception of

1988 (three sampling events), 2003 and 2017 (semiannual sampling). Six sites were
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sampled in almost the entire time series (five sites in 1992, 1993 and 1995) including
lotic - main channel of the river - and lentic environments - floodplain lakes. Sampling
is distributed in 87 months, totalizing 510 sampling events performed during this
period. To sample the fish community, set of gillnets with different mesh sizes (24, 30,
40, 50, 60, 70, 80, 100, 120, 140, and 160 mm between opposite knots; 24 mm mesh
used only from 2000 on) were deployed in each sampling site for 24h and all sampled
individuals were identified to the species level. The abundance of non-native species in
each sample was expressed in capture per unit effort (CPUE — number of individuals
per area of gillnet per 24h).Native and non-native species were sampled, euthanized and

classified according to Ota et al. (2018).

3.2.3 Co-occurrence

To estimate the co-occurrence between pairs of native and non-native species we
applied the metric developed by Griffith et al. (2016), available in the ‘cooccur’
package from the R software (R Core Team 2021). This metric applies a probabilistic
model to find the probability of two species co-occurring given the data (observed co-
occurrence; OCo) and the probability that the same pair of species would co-occur at
random (PCo). Because we were interested in investigating if a pair of species co-
occurred more or less than expected by chance, we scaled the observed by the expected
co-occurrence using the quotient of OCo and PCo. Therefore, values of scaled co-
occurrence lower than 1 indicate that species co-occur less than expected by chance,
values equal 1 indicate that species co-occur the same as expected by chance, and
values higher than 1 indicate that species co-occur more than expected by chance. In
order to obtain a temporal series for each pair of species, we estimated the co-

occurrence in each month. We chose to estimate the co-occurrence by month because
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the spatial distribution and abundance of species change according to the hydrological
cycle, and to group this in one single value by year might cause confusion between
different explaining factors. Finally, we removed pairs of species that showed scaled co-
occurrence values equal to zero in further analyses since our objective was to evaluate
pairs of species with lower and/or higher co-occurrence, and not absence of co-

occurrence.

3.2.4 Phylogenetic distance

To obtain the PD between pairs of species, we used a set of 100 phylogenetic
hypotheses compiled from the bony fish phylogeny of Rabosky et al. (2018). We used
the cophenetic function of the ‘ape’ package (Paradis and Schliep 2019) from R
software version 4.1.2 (R Core Team 2021). This provided us 100 phylogenetic distance
matrices. However, these distance matrices were very similar to each other (pairwise
correlations ranging from 0.98 to 0.99). Therefore, we randomly chose one of the
distance matrices to use in the following analysis using the sample function of the

‘base’ package (R Core Team 2021).

3.2.5 Data analysis

For each month and each pair of native — non-native species, we estimated the
co-occurrence value, the abundance of the non-native species and time since
introduction. We estimated the abundance (CPUE) for all non-native species as the
mean abundance across all sites in each month where they were sampled. Time since
introduction was considered as the time elapsed in months after the first registered
occurrence of the species in the floodplain. To minimize the effect of a low number of

samples for pairs of species that occurred sporadically in the time series, we removed
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pairs of species that occurred in less than 25% of the complete time series. Therefore,
we only evaluated pairs of species that occurred in at least21 months, which resulted in

623 pairs of species, 37 native and 28 non-native species.

In order to test if the co-occurrence between native and non-native species was
driven by non-native species abundance, time and phylogenetic distance, we performed
a Linear Mixed Effect Model (LME; Zuur et al. 2009) using the log-transformed scaled
co-occurrence as response variable. We included the log-transformed non-native species
abundance, time and PD as predictors, and the seasonality (dry or wet season) and
identity of the species pair as random factors. The random factors were chosen for the
following reasons: 1) seasonality (i.e., periods of low and high water levels in each year
according to the hydrological cycle of the floodplain) may affect the co-occurrence
between species, such that co-occurrence could be similar within seasons but different
between seasons; adding the seasonality as random factor implies that we assume the
presence of its effect but we are not interested in it; 2) each pair of species shows a
specific trend of co-occurrence over time due to the idiosyncrasies of each one (e.g.,
non-native species were introduced at different times), but we are also not interested in
this. We included the random factors in a nested structure (seasonality nested within
each species pair, which represented a time series).To minimize the effect of temporal
autocorrelation, we added a correlation structure in the model (corAR1, corARMA and
corCARI1). To assess the best correlation structure, we ranked competitive models with
different correlation structures according to AIC. To perform the model, we used the
Ime function in the ‘nlme’ package (Pinheiro et al. 2021) in the R software version 4.1.2

(R Core Team 2021).
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3.3 Results

Our data presented occurrence information through time for 37 native and 28 non-native
species from the Upper Parana River floodplain (Appendix D). Overall, non-native
species are very common in the floodplain: among the 10 most common species in
occurrence, four are native (Prochilodus lineatus, Astyanax lacustris, Leporinus
friderici and Leporinus lacustris) and six are non-native (Loricariichthys platymetopon,
Serrasalmus marginatus, Schizodon borellii, Parauchenipterus galeatus,
Pterygoplichthys ambrosetti, Auchenipterus osteomystax). Among the non-native
species, the lowest abundance was 0.36 (number of individuals/area*24h) for
Trachydoras paraguaiensis, and the highest was 418.48 (number of
individuals/area*24h) for Serrasalmus marginatus. The time since introduction ranged
from 36 to 87 months. As for the PD, a congeneric pair of native and non-native
speciesshowed the lowest distance value (2.69), and the most distant pairs of species
had a PD of 354.95 (several pairs; Appendix E, Fig. S3). Overall, most pairs of species

showed intermediary values of PD (Appendix E, Fig. S4).

We gathered co-occurrence time series for 623 pairs of species. The shortest
time series presented 21 co-occurrences, and the longest presented 86 co-occurrences.
We created heatmaps for the two most common non-native species (L. platymetopon
and S. marginatus), in order to illustrate the variation in the co-occurrence through time

for each species pair (Fig. 3).
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We found that non-native abundance, phylogenetic distance and time since
introduction affected the co-occurrence between native and non-native species. Scaled
co-occurrence values decreased with increasing non-native abundance (Linear Mixed
Model; Table 1). However, we found an interaction between abundance and
phylogenetic distance, so that, in higher values of non-native abundance,
phylogenetically distant native and non-native species pairs co-occur less than
phylogenetically close species (Fig. 4). As for time since introduction, we found that co-
occurrence increased through time, but the effect was low when compared to the non-

native abundance (see T-value in Table 1).

Table 1. Linear Mixed Model results between scaled co-occurrence and time since
introduction, log-abundance and phylogenetic distance. Bold values are significant
variables. The standard deviations for the random effects were 0.10782 for wet season

and 0.33581 for residuals.

Confidence intervals

Parameter Estimate Lower-95  Upper-95 T-value
Intercept 0.41117 0.36549 0.45684 17.84794
Time since introduction 0.00073 0.00052 0.00094 6.91371
log Abundance -0.08849 -0.10015 -0.07683 -15.31874
Phylogenetic distance 0.00003 -0.00015 0.00021 0.00639

log Abundance *

c . -0.00007 -0.00012  -0.00002 -2.52737
phylogenetic distance
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3.4 Discussion

Evaluating the ecological processes related to the effects of non-native species’
is extremely important to understand and mitigate the impacts of biological invasions.
Many questions have been raised until now (see Gallien and Carboni 2017 for
examples), but few are related to how the effects of invasion change through time. Most
studies report the acute effects of invasions (i.e. immediately after a new species
arrives), which are also important, but chronic effects represent the eventual outcomes
of a species invasion and have great ecological and economic interest (i.e. after various

ecological and evolutionary processes have come into play; Strayer et al. 2006). Here,
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assessing the co-occurrence time series of pairs of native and non-native species, we
provide information about how co-occurrence between them may be modelled through
time. First, the results showed that the effect of time since introduction in driving
species co-occurrence was less important than the effect of the non-native abundance.
This suggests that population attributes that are variable through time are more
important in determining non-native species impacts than the time after introduction.
Second, as expected, we provide evidence that greater non-native abundance decreases
the co-occurrence between native and non-native species. However, the intensity of this
effect is mediated by the phylogenetic distance between the pair of species. Contrary to
our predictions, we found that the direction of the effect of the non-native abundance is
the same independently of the phylogenetic distance (a negative effect), but
phylogenetically distant species are more spatially segregated when the abundance is

high.

The results showed that there was an increase in the co-occurrence between
native and non-native species through time. We expected that the co-occurrence would
decrease through time, assuming that the non-native abundance would continuously
increase through the years studied. However, in Fig. 3 it is possible to see that
abundance for the two non-native species showed a high variability between months.
This indicates that an annual variability of non-native abundance is more important than
a long-term tendency. This could justify the lower effect of time since introduction
when compared to the higher effect of non-native abundance in driving the co-
occurrence between native and non-native species. We believe we found this result due
to the specificity of our study system. Floodplains systems are mostly controlled by the
hydrological regime, characterized by seasonal floodings that drive physical, chemical

and biological changes on floodplain habitats (Thomaz et al. 2007). These changes
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affect fish species distributions at a local scale, as well as species abundance via
resources limitation and competitive exclusion (Hitt and Chambers 2014; Thomaz
2021). Therefore, including the variability of abundance through a time scale that
encompasses extreme events (i.e. such as large floods for floodplain fish) was extremely

important to capture the real effect of this variable (Strayer et al. 2006).

Regarding the effect of the non-native species abundance, we found that
abundance affected the co-occurrence patterns between native and non-native species.
The results showed that when non-native abundance reached high values, the co-
occurrence with native species decreased. After an introduction, it is expected that non-
native species abundance increases or decreases through time (Strayer et al. 2006).
When it increases, it can cause the displacement from optimal habitats of native species,
leading to alterations in spatial distribution, decreasing abundance or even excluding the
native species. This impact has already been reported by some authors (Mufioz and
Cavieres 2008; Jucker et al. 2013; Pascual-Rico et al. 2020; Clavero et al. 2022), and
some of them relate the increase and spread of the non-native population to the
displacement of native species. The increase in abundance intensifies the competition
imposed by non-native species, generally because non-native species are superior
competitors (Melbourne et al. 2007). Therefore, in order to avoid competition, native
species might be spatially displaced and/or excluded from the habitat (Parker et al.
1999; Cheng et al. 2009; Jessen et al. 2018). By altering native populations, non-native
species may cause marked shifts in taxonomic, functional and phylogenetic diversity of
native communities (Jucker et al. 2013; Toussaint et al. 2018). However, when non-
native abundance is low, co-occurrence with native species is higher, and the chances of
greater impacts on native biodiversity are lower. As mentioned above, the seasonal

flooding in floodplains systems provides the variability in species abundance (Thomaz
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et al. 2021). Therefore, preserving the seasonal variability of the floodplain is extremely
important for the maintenance of native biodiversity by allowing the coexistence of

native and non-native species.

We expected that phylogenetically close species should co-occur less when the
non-native abundance was higher, and that phylogenetically distant species would be
less affected by high non-native abundance. This prediction suggests that competition
would spatially segregate similar native and non-native species (Gois et al. 2015), but
the results only partially supported this. The association between non-native abundance
and phylogenetic distance indicated that non-native abundance decreases co-occurrence
in any level of phylogenetic distance, but the intensity of this effect is lower for
phylogenetically distant species, which co-occur less when abundance is high.
According to the “Darwin’s naturalization hypothesis” (Daehler 2001; Thuiller et al.
2010), non-native species that are not phylogenetically related to the native species (i.e.
distant species) should co-occur more, because they would not share similar
characteristics and would compete less for resources. However, Darwin (1859) also
postulated that non-native species that are phylogenetically related to the native species
in the new environment should obtain success in the invasion, because they would share
similar pre-adaptations to local conditions (“pre-adaptation hypothesis”; Thuiller et al.
2010; Li et al. 2015). The first hypothesis is aligned with the limiting similarity
principle (MacArthur & Levins 1967; Tilman 1982), which predicts that ecologically
similar species will exclude one another due to strong niche overlap. The second
hypothesis is aligned with the assumption that environmental filtering will structure
communities and filter similar species to inhabit determined environmental conditions
(Melbourne et al. 2007). Therefore, the results suggest that non-native species are

impacting both phylogenetically close and distant native species, by competition
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processes between niche differences (i.e. between phylogenetically close species) and
between different competitive abilities (i.e. between phylogenetically distant species),
when competitively weaker species might be displaced. HilleRisLambers et al. (2012)
suggested this outcome of competition among species, and Jucker et al. (2013)
supported it for invaded communities. We believe the obtained results follow the same
expectations, and that both the limiting similarity principle and the environmental

filtering hypothesis can explain community co-occurrence after invasions.

The results show that evaluating information on co-occurrence between native
and non-native species through time might improve the study of ecological and
evolutionary processes of biological invasions. Here, we integrated co-occurrence time
series with abundance and phylogenetic distance of an invaded community and we
showed that evaluate patterns of several non-native species may provide a broader
understating of the community after invasions. Many studies are focused on analysing
the impacts of non-native species on similar native species, but we show here that
phylogenetically distant species may suffer with negative impacts as well. Therefore,
we highlight the need of studying the non-native effects on communities through time,
so we can capture the impacts as a whole. For that, we should consider population and
community attributes when evaluating invasion impacts. Besides, analysing data sets
through time also allow us to considerate the variability in the community after changes
in environmental characteristics (Strayer et al. 2006), which affects the population
dynamics of species and can be helpful to the maintenance of native biodiversity. We
also highlight the preservation of the natural temporal dynamics of habitats (e.g. the
seasonal flooding in floodplain systems), which is extremely important to prevent

greater impacts on native communities. We hope these findings will inspire the
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development of future research on community effects through time and support science-

based management decisions regarding non-native species.

Acknowledgments

The authors would like to thank the project Pesquisas Ecoldgicas de Longa Duragao
(PELD) financed by Conselho Nacional de Desenvolvimento Cientifico e Tecnologico
(CNPq) for delivering the data; the Coordernagao de Aperfeicoamento de Pessoal de
Nivel Superior (CAPES) and CNPq for having granted the scholarship to ACR and

RVG.

REFERENCES

Agostinho AA, Zalewski M (1996) A planicie alagavel do alto rio Parana:
importancia e preservacgdo. Editora da Universidade Estadual de Maringa, Maringa
Agostinho AA, Thomaz SM, Gomes LC (2004) Threats for biodiversity in the
floodplain of the upper Parana River: effects of hydrological regulation by dams.
Ecohydrol Hydrobiol 4:255-268

Agostinho AA, Bonecker CC, Gomes LC (2009) Effects of water quantity on
connectivity: the case of the upper Parané River floodplain. Ecohydrol Hydrobiol 9:99-
113

Agostinho AA, Gomes LC, Bonecker CC, Thomaz SM (2013) Padrdes de
variacao de longo prazo na planicie de inundacao do Alto Rio Parana. In: Tabarelli M
(Org.). PELD-CNPq Dez anos do Programa Pesquisa Ecoldgica de Longa Duragao:

Achados, licoes e perspectivas. 1 ed. Recife 168-250



59

Angulo-Valencia MA, Dias RM, Alves DC, Winemiller K, Agostinho AA
(2022) Patterns of functional diversity of native and non-native fish species in a
neotropical floodplain. Freshw Biol 67:1301-1315

Bellard C, Cassey P, Blackburn TM (2016) Alien species as a driver of recent
extinctions. Biol Lett 12:20150623

Blackburn TM, Pysek P, Bacher S, Carlton JT, Duncan RP, Jarosik V, Wilson
JRU, Richardson DM (2011) A proposed unified framework for biological invasions.
Trends Ecol Evol 26:333-339

Blackburn TM, Essl F, Evans T, Hulme PE, Jeschkle JM ... Bacher S (2014) A
unified classification of alien species based on the magnitude of their environmental
impacts. PLoS Biol 12:1-11

Blomberg SP, Garland Jr. T, Ives AR (2003) Testing for phylogenetic signal in
comparative data: behavioral traits are more labile. Evolution 57:717-745

Bohn T, Amundsen P, Sparrow A (2008) Competitive exclusion after invasion?
Biol Invasions 10:359-368. https://doi.org/10.1007/s10530-007-9135-8

Catford JA, Jansson R, Nilsson C (2009) Reducing redundancy in invasion
ecology by integrating hypotheses into a single theoretical framework. Divers Distrib
15:22-40

Cheng X, Xie P, Cheng F, Xu R, Xie B (2009) Competitive displacement of the
native species Bursaphelenchus mucronatus by an alien species Bursaphelenchus
xylophilus (Nematoda: Aphelenchida: Aphelenchoididae): a case of successful invasion.
Biol Invasions 11:205-213

Clavero M, Brotons L, Pons P, Sol D (2009) Prominent role of invasive species

in avian biodiversity loss. Biol Conserv 142:2043-2049



60

Clavero M, Franch N, Bernardo-Madrid R, Lopez V, Abell6 P, Queral JM,
Mancinelli G (2022) Severe, rapid and widespread impacts of an Atlantic blue crab
invasion. Mar Pollut Bull 176:113479

Daehler CC (2001) Darwin’s naturalization hypothesis revisited. Am Nat
158:324-330

Darwin C (1859) On the origin of species. London, UK: J. Murray

Gallien L, Carboni M (2017) The community ecology of invasive species: where
are we and what’s next? Ecography 40:335-352

Gois KS, Pelicice FM, Gomes LC, Agostinho AA (2015) Invasion of an
Amazonian cichlid in the upper Parané River: facilitation by dams and decline of a
phylogenetically related species. Hydrobiologia 746:401-413

Granzotti RV, Miranda LE, Agostinho AA, Gomes LC (2018) Downstream
impacts of dams: shifts in benthic invertivorous fish assemblages. Aquat Sci 80:28

Grassel SM, Rachlow JL, Williams CJ (2015) Spatial interactions between
sympatric carnivores: asymmetric avoidance of an intraguild predator. Ecol Evol
5:2762-2773

Griffith DM, Veech JA, Marsh CJ (2016) Cooccur: probabilistic species co-
occurrence analysis in R. J Stat Softw 69:1-17

Gubiani EA, Ruaro R, Ribeiro VR, Eichelberger ACA, Bogoni RF ... da Graca
WIJ (2018) Non-native fish species in Neotropical freshwaters: how did they arrive, and
where did they come from? Hydrobiologia 817:57-69

HilleRisLambers J, Adler PB, Harpole WS, Levine JM, Mayfield MM (2012)
Rethinking community assembly through the lens of coexistence theory. Annu Rev Ecol

Evol Syst 43:227-248



61

Hitt NP, Chambers DB (2014) Temporal changes in taxonomic and functional
diversity of fish assemblages downstream from mountaintop mining. Freshw Sci
33:915-926

Jessen T, Wang Y, Wilmers CC (2018) Habitat fragmentation provides a
competitive advantage to an invasive tree squirrel, Sciurus carolinensis. Biol Invasions
20:607-618

Jucker T, Carboni M, Acosta ATR (2013) Going beyond taxonomic diversity:
deconstructing biodiversity patterns reveals the true cost of iceplant invasion. Divers
Distrib 19:1566-1577

Julio Junior HF, Dei Tos C, Agostingo AA, Pavanelli CS (2009) A massive
invasion of fish species after eliminating a natural barrier in the upper rio Parana basin.
Neotrop Ichthyol 7:709-718

Li S, Guo T, Cadotte MW, Chen Y, Kuang J, Hua Z, Zeng Y, Song Y, Liu Z,
Shu W, LiJ (2015) Contrasting effects of phylogenetic relatedness on plant invader
success in experimental grassland communities. J Appl Ecol 52:89-99

MacArthur R, Levins R (1967) The limiting similarity, convergence, and
divergence of coexisting species. Am Nat 101:377-385

Melbourne BA, Cornell HV, Davies KF, Dugaw CJ, Elmendorf S ...Yokomizo
H (2007) Invasion in a heterogeneous world: resistance, coexistence or hostile takeover?
Ecol Lett 10:77-94

Mormul RP, Vieira DS, Bailly D, Fidanza K, Silva VFB ... Mendes RS (2022)
Invasive alien species records are exponentially rising across the Earth. Biol Invasions.

https://doi.org/10.1007/s10530-022-02843-1



62

Muiioz AA, Cavieres LA (2008) The presence of a showy invasive plant
disrupts pollinator service and reproductive output in native alpine species only at high
densities. J Ecol 96:459-467

Ota RR, Depra GC, Graca WJ, Pavanelli CS (2018) Peixes da planicie de
inundacao do alto rio Parand e areas adjacentes: revised, annotated and updated.
Neotrop Ichthyol 16:¢170094

Paradis E, Schliep K (2019) ape 5.0: an environment for modern phylogenetics
and evolutionary analyses in R. - <https://cran.r-
project.org/web/packages/ape/index.html>

Parker IM, Simberloff D, Lonsdale WM, Goodell K, Wonham M ... Goldwasser
L (1999) Impact: toward a framework for understanding the ecological effects of
invaders. Biol Invasion 1:3-19

Pascual-Rico R, Sanchez-Zapata JA, Navarro J, Eguia S, Anadén JD, Botella F
(2020) Ecological niche overlap between co-occurring native and exotic ungulates:
insights for a conservation conflict. Biol Invasions 22:2497-2508

Pinheiro J, Bates D, DebRoy S, Sarkar D, R Core Team (2021) nlme: linear
and nonlinear mixed effects models. - <https://cran.r-
project.org/web/packages/nlme/index.html>

Priddis E, Rader R, Belk M, Schaalje B, Merkley S (2009) Can separation along
the temperature niche axis promote coexistence between native and invasive species?
Divers Distrib 15:682-691

Proches S, Wilson JRU, Richardson DM, Rejmanek M (2008) Searching for
phylogenetic pattern in biological invasions. Glob Ecol Biogeogr 17:5-10
R Core Team (2021) R: a language and environment for statistical computing. R

Foundation for Statistical Computing, Vienna, Austria.



63

Rabosky DL, Chang J, Title PO, Cowman PF, Sallan L ... Alfaro ME (2018) An
inverse latitudinal gradient in speciation rate for marine fishes. - <https://cran.r-
project.org/web/packages/fishtree/index.html>

Reitalu T, Prentice HC, Sykes MT, Lonn M, Johansson LJ, Hall K (2008) Plant
species segregation on different spatial scales in semi-natural grasslands. J Veg Sci
19:407-416

Roberto MC, Santana NN, Thomaz SM (2009) Limnology in the upper Parana
River floodplain: large-scale spatial and temporal patterns, and the influence of
reservoirs. Braz J Biol 69:717-725

Rodrigues AC, Santana HS, Baumgartner MT, Gomes LC (2018) Coexistence
between native and nonnative species: the invasion process and adjustments in
distribution through time for congeneric piranhas in a Neotropical floodplain.
Hydrobiologia 817:279-291

Ruaro R, Tramonte RP, Buosi PRB, Manetta GI, Benedito E (2020) Trends in
studies of non-native populations: invasions in the Upper Parana River Floodplain.
Wetlands 40:113-124

Schuette P, Wagner AP, Wagner ME, Creel S (2013) Occupancy patterns and
niche partitioning within a diverse carnivore community exposed to anthropogenic
pressures. Biol Conserv 158:301-312

Simberloff D, Martin, J, Genovesi P, Maris V, Wardle DA ...Vila M (2013)
Impacts of biological invasions: what’s what and the way forward. Trends Ecol Evol
28:58-66

Simberloff D (2003) Confronting introduced species: a form of xenophobia?

Biol Invasions 5:179-192



64

Smith KR, Roth BM, Jones ML, Hayes DB, Herbst SJ, Popoff N (2019)
Changes in the distribution of Michigan crayfishes and the influence of invasive rusty
crayfish (Faxonius rusticus) on native crayfish substrate associations. Biol Invasions
21:637-656

Stevaux JC, Martins DP, Meurer M (2009) Changes in a large regulated tropical
river: the Parand River downstream from the Porto primavera dam, Brazil.
Geomorphology 113:230-238

Strayer DL (2012) Eight questions about invasions and ecosystem functioning.
Ecol Lett 15:1199-1210

Strayer DL, Eviner VT, Jeschke JM, Pace ML (2006) Understanding the long-
term effects of species invasions. Trends Ecol Evol 21:645:651

Thomaz SM (2021) Propagule pressure and environmental filters related to non-
native species success in river-floodplain ecosystems. Hydrobiologia.

https://doi.org/10.1007/s10750-021-04624-8

Thomaz SM, Bini LM, Bozelli RL (2007) Floods increase similarity among
aquatic habitats in river-floodplain systems. Hydrobiologia 579:1-13

Thuiller W, Gallien L, Boulangeat I, de Bello F, Miinkemiiller T, Roquet C,
Lavergne S (2010) Resolving Darwin’s naturalization conundrum: a quest for evidence.
Divers Distrib 16:461-475

Tilman D (1982) Resource competition and community structure. Princeton, NJ:
Princeton University Press

Toussaint A, Charpin N, Beauchard O, Grenouillet G, Oberdorff T, Tedesco PA,
Brosse S, Villéger S (2018) Non-native species led to marked shifts in functional

diversity of the world freshwater fish faunas. Ecol Lett 21:1649-1659


https://doi.org/10.1007/s10750-021-04624-8

65

Weber MG, Strauss SY (2016) Coexistence in close relatives: beyond
competition and reproductive isolation in sister taxa. Annu Rev Ecol Evol Syst 47:359-
381

Wood CM, Kryshak N, Gustafson M, Hofstadter DF, Hobart BK, Whitmore SA,
Dotters BP, Roberts KN, Keane JJ, Sawyer SC, Gutiérrez RJ, Peery MZ (2021) Density
dependence influences competition and hybridization. Divers Distrib 27:901-912

Zuur AF, Ieno EN, Walker NJ, Saveliev AA, Smith GM (2009) Mixed effects
modelling for nested data. In Zuur AF, Ieno EN, Walker NJ, Saveliev AA, Smith GM
(Eds.). Mixed effects models and extensions in ecology with R (pp. 101-142). New

York, NY: Springer



66

4 CONCLUDING REMARKS

Based on the results obtained, it was possible to identify two factors that model
the co-occurrence between native and non-native species. The first one is the
relationship between species, both functional and phylogenetic relationship. At any
level of relationship between native and non-native species, there may always be a
modification in the spatial distribution of species when the environment is invaded. The
second one is the non-native species abundance. The high abundance of non-native
species is a great threat for the spatial distribution of native species. This is concerning
for the native biodiversity, once species abundance is a population attribute that can
vary depending on the environment, which means that the non-native effect may be
unpredictable, instead of occurring with time. Finally, using different approaches is also
important to evaluate non-native species. The co-occurrence was evaluated under
different scales and historical context, and in all of them, it was always affected.
Therefore, it is extremely important that future researchers consider different
approaches and scales, so one can estimate the different processes and impacts that may
exist. To summarize, the whole native community will be affected by non-native
species, and mitigation actions to preserve natural habitats and to control the spread and

establishment of non-native species are essentials.
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APPENDIX A — SAMPLING SITES IN THE UPPER PARANA RIVER
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Figure S1. Sampling sites in the Upper Parand River floodplain, Brazil. Different shapes

represent different environments (circles — lotic environments; squares — connected

floodplain lakes; triangles — not connected floodplain lakes). The black arrow indicates

flow direction.



APPENDIX B - MORPHOLOGICAL TRAITS USED IN THE ANALYSIS,

THEIR FORMULA AND POTENTIAL LINK WITH FISH FUNCTIONS SENSU

BROSSE ET AL. (2021).

Table 1. Morphological traits used in the analysis, their formula and potential link with
fish functions sensu Brosse et al. (2021). Bl = body length; Bd = body depth; Eh = eye
position; Ed = eye diameter; Hd = head depth; Mo = mouth height; JI = maxillary jaw
length; PFi = pectoral fin position; PF1 = pectoral fin length; CFd = caudal fin depth;

CPd = caudal peduncle depth.

Morphological traits Formula Potential link with fish functions
. Metabolism, trophic impacts,
Maximum body length (MBI) MBI locomotion ability, nutrient cycling
. Bl .
Body elongation (BEI) Bd Hydrodynamism
. . Eh Position of fish and/or of its prey in
Vertical eye position (VEp) Bd the water column
. . Ed . .
Relative eye size (REs) Hd Visual acuity
M
Oral gape position (OGp) B_c(i) Feeding position in the water column
. . l . :
Relative maxillary length (RMI) % Size of mouth and strength of jaw
H . .
Body lateral shape (BLs) B—Z Hydrodynamism and head size
PFi
Pectoral fin vertical position (PFv) B_dl Pectoral fin use for swimming
PF
Pectoral fin size (PFs) B_ll Pectoral fin use for swimming
CFd Caudal propulsion efficiency

Caudal peduncle throttling (CPt)

CPd

through reduction of drag
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APPENDIX C — LIST OF FISH SPECIES FROM THE UPPER PARANA RIVER

FLOODPLAIN SAMPLED IN 2000, 2001, 2010 AND 2011 AND THEIR STATUS.

Species Status
Acestrorhynchus lacustris (Liitken, 1875) Native
Ageneiosus inermis (Linnaeus, 1766) Non-native
Ageneiosus ucayalensis Castelnau, 1855 Non-native
Apareiodon affinis (Steindachner, 1879) Native
Astronotus crassipinnis (Heckel, 1840) Non-native
Astyanax aff. fasciatus (Cuvier, 1819) Native
Astyanax lacustris (Liitken, 1875) Native
Auchenipterus osteomystax (Miranda Ribeiro, 1918) Non-native
Brycon orbignyanus (Valenciennes, 1850) Native
Catathyridium jenynsii (Glinther, 1862) Non-native
Cichlasoma paranaense Kullander, 1983 Native
Crenicichla britskii Kullander, 1982 Native
Crenicichla jaguarensis Haseman, 1911 Native
Cyphocharax modestus (Fernandez-Y épez, 1948) Native
Cyphocharax nagelii (Steindachner, 1881) Native
Eigenmannia trilineata Lopez, Castello, 1966 Native
Eigenmannia virescens (Valenciennes, 1836) Native
Erythrinus erythrinus (Bloch, Schneider, 1801) Non-native
Galeocharax gulo (Cope, 1870) Native
Gymnotus inaequilabiatus (Valenciennes, 1839) Native
Gymnotus sylvius Albert, Fernandes-Matioli, 1999 Native
Hemisorubim platyrhynchos (Valenciennes, 1840) Native
Hoplerythrinus unitaeniatus (Agassiz, 1829) Non-native
Hoplias mbigua Azpelicueta, Benitez, Aichino, Mendez, 2015  Non-native
Hoplias sp.2 Native
Hoplias sp.3 Native
Hoplosternum littorale (Hancock, 1828) Native
Hypophthalmus oremaculatus Nani, Fuster, 1947 Non-native
Hypostomus cf. albopunctatus (Regan, 1908) Native



Hypostomus ancistroides (Ihering, 1911)
Hypostomus cochliodon Kner, 1854
Hypostomus aff. hermanni (Ihering, 1905)
Hypostomus cf. iheringii (Regan, 1908)
Hypostomus microstomus Weber, 1987
Hypostomus regani (Ihering, 1905)
Hypostomus cf. strigaticeps (Regan, 1908)
Leporellus vittatus (Valenciennes, 1850)
Leporinus friderici (Block, 1794)
Leporinus lacustris Campos, 1945
Loricariichthys platymetopon Isbriicker, Nijssen, 1979
Loricariichthys rostratus Reis, Pereira, 2000
Megalancistrus parananus (Peters, 1881)

Megaleporinus obtusidens (Valenciennes, 1836)

Megaleporinus piavussu (Britski, Birindelli, Garavello, 2012)

Moenkhausia aff. intermedia Eigenmann, 1908
Ossancora eigenmanni (Boulenger, 1895)
Parauchenipterus galeatus (Linnaeus, 1766)
Parodon nasus Kner, 1859
Piabarchus stramineus (Eigenmann, 1908)
Piaractus mesopotamicus (Holmberg, 1900)
Pimelodella avanhandavae Eigenmann, 1917
Pimelodella gracilis (Valenciennes, 1835)
Pimelodus maculatus Lacépeéde, 1803
Pimelodus mysteriosus Azpelicueta, 1998
Pimelodus ornatus Kner, 1858
Pinirampus pirinampu (Agassiz, 1829)
Platydoras armatulus (Valenciennes, 1840)
Potamotrygon amandae Loboda, Carvalho, 2013
Prochilodus lineatus (Valenciennes, 1836)
Pseudoplatystoma corruscans (Spix, Agassiz, 1829)
Pterodoras granulosus (Valenciennes, 1821)

Rhamdia quelen (Quoy, Gaimard, 1824)
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Native
Non-native
Native
Native
Non-native
Native
Native
Native
Native
Native
Non-native
Non-native
Native
Native
Native
Native
Non-native
Non-native
Native
Native
Native
Native
Native
Native
Native
Non-native
Native
Non-native
Non-native
Native
Native
Non-native

Native



Rhamphichthys hahni (Meinken, 1937)
Rhaphiodon vulpinus Spix, Agassiz, 1829
Rhinelepis aspera Spix, Agassiz, 1829
Roeboides descalvadensis Fowler, 1932
Salminus brasiliensis (Cuvier, 1816)
Salminus hilarii Valenciennes, 1850
Schizodon altoparanae Garavello, Britski, 1990
Schizodon nasutus Kner, 1858
Serrasalmus maculatus Kner, 1858
Serrasalmus marginatus Valenciennes, 1837
Sorubim lima (Block, Schneider, 1801)
Steindachnerina brevipinna (Eigenmann, Eigenmann, 1889)
Steindachnerina insculpta (Ferndndez-Y épez, 1948)
Sternopygus macrurus (Bloch, Schneider, 1801)
Trachelyopterus sp.

Trachydoras paraguayensis (Eigenmann, Ward, 1907)

Non-native
Native
Native

Non-native
Native
Native
Native
Native
Native

Non-native

Non-native

Non-native
Native
Native
Native

Non-native
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APPENDIX D — LIST OF FISH SPECIES FROM THE UPPER PARANA RIVER FLOODPLAIN SAMPLED BETWEEN1987 AND

2017
Species Status . Only for non-native sp.ecies .
First occurrence Vector of introduction
Acestrorhynchus lacustris (Liitken, 1875) Native
Ageneiosus inermis (Linnaeus, 1766) Non-native December 1993  Construction of impoundments
Apareiodon affinis (Steindachner, 1879) Native
Astronotus crassipinnis (Heckel, 1840) Non-native February 2000  Aquarium trade
Astyanax lacustris (Liitken, 1875) Native
Auchenipterus osteomystax (Miranda Ribeiro, 1918) Non-native March 1987 Construction of impoundments
Brycon orbignyanus (Valenciennes, 1850) Native
Cichla kelberi Kullander, Ferreira, 2006 Non-native June 1992 Escapes from recreational angling ponds
Crenicichla britski Kullander, 1982 Native
Cyphocharax modestus (Fernandez-Yépez, 1948) Native
Cyphocharax nagelii (Steindachner, 1881) Native
Eigenmannia trilineata Lopez, Castello, 1966 Native
Galeocharax gulo (Cope, 1870) Native
Geophagus sveni Lucinda, Lucena, Assis, 2010 Non-native March 2006 Aquarium trade
Gymnotus inaequilabiatus (Valenciennes, 1839) Native
Hemiodus orthonops Eigenmann, Kennedy, 1903 Non-native June 2008 Functioning Of.th? Canal‘da Piracema (a fish ladder that
connects two distinct regions)
Hemisorubim platyrhynchos (Valenciennes, 1840) Native
Hoplerythrinus unitaeniatus (Agassiz, 1829) Non-native June 1992 Live bait by anglers or construction of impoundments
Hoplias mbigua Azpelicueta, Benitez, Aichino, Mendez, 2015 Non-native December 2006  Construction of impoundments
Hoplias sp.2 Native
Hoplias sp.3 Native



Hoplosternum littorale (Hancock, 1828)
Hypophthalmus oremaculatus Nani, Fuster, 1947
Hypostomus ancistroides (Ihering, 1911)
Hypostomus cochliodon Kner, 1854
Hypostomus regain (Ihering, 1905)
Theringichthys labrosus (Liitken, 1874)
Leporinus friderici (Block, 1794)
Leporinus lacustris Campos, 1945
Loricariichthys platymetopon Isbriicker, Nijssen, 1979
Loricariichthys rostratus Reis, Pereira, 2000
Megaleporinus microcephalus (Garavello, Britski, 1988)
Megaleporinus obtusidens (Valenciennes, 1836)
Megaleporinus piavussu (Britski, Birindelli, Garavello, 2012)
Metynnis lippincotianus (Cope, 1870)
Moenkhausia aff. intermedia Eigenmann, 1908
Parauchenipterus galeatus (Linnaeus, 1766)
Piaractus mesopotamicus (Holmberg, 1900)
Pimelodella avanhandavae Eigenmann, 1917
Pimelodella gracilis (Valenciennes, 1835)
Pimelodus maculatus Lacépede, 1803
Pimelodus mysteriosus Azpelicueta, 1998
Pimelodus ornatus Kner, 1858
Pinirampus pirinampu (Agassiz, 1829)
Plagioscion squamosissimus (Heckel, 1840)
Prochilodus lineatus (Valenciennes, 1836)
Pseudoplatystoma corruscans (Spix, Agassiz, 1829)
Pterodoras granulosus (Valenciennes, 1821)
Pterygoplichthys ambrosettii (Holmberg, 1893)
Rhamphichthys hahni (Meinken, 1937)

Native
Non-native
Native
Non-native
Native
Non-native
Native
Native
Non-native
Non-native
Non-native
Native
Native
Non-native
Native
Non-native
Native
Native
Native
Native
Native
Non-native
Native
Non-native
Native
Native
Non-native
Non-native
Non-native

March 1987
August 2002
March 1987
March 1987
June 1992
May 2002
February 2000

March 1987

March 1988
March 1987
March 1987

February 2000
March 1987
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Construction of impoundments

Construction of impoundments

Construction of impoundments

Construction of impoundments

Construction of impoundments

Fish-farming and escapes from recreational angling ponds
Restocking or aquarium trade

Construction of impoundments

Construction of impoundments
Commercial importance
Construction of impoundments

Construction of impoundments or aquarium trade
Live bait by anglers or construction of impoundments



Rhaphiodon vulpinus Spix, Agassiz, 1829
Rhinelepis aspera Spix, Agassiz, 1829
Roeboides descalvadensis Fowler, 1932
Salminus brasiliensis (Cuvier, 1816)
Salminus hilarii Valenciennes, 1850
Satanoperca sp.

Schizodon altoparanae Garavello, Britski, 1990
Schizodon borellii (Boulenger, 1900)
Schizodon nasutus Kner, 1858
Serrasalmus maculatus Kner, 1858
Serrasalmus marginatus Valenciennes, 1837
Sorubim lima (Bloch, Schneider, 1801)
Steindachnerina brevipinna (Eigenmann, Eigenmann, 1889)
Steindachnerina insculpta (Fernandez-Y épez, 1948)
Trachydoras paraguayensis (Eigenmann, Ward, 1907)

Native
Native
Non-native
Native
Native
Non-native
Native
Non-native
Native
Native
Non-native
Non-native
Non-native
Native
Non-native

March 1987

March 1987

March 1987

March 1987
September 1987

August 1994

March 1987

Construction of impoundments

Construction of impoundments
Restocking

Construction of impoundments
Construction of impoundments

Construction of impoundments

Construction of impoundments

74




75

APPENDIX E- ADDITIONAL RESULTS

fymetopon” eygfeg—e
“ g Pimciodus maculatus

i< sicincachnerina inscul,

’( Roeboides descalvad|

I @y« Astyanax iacustris
« Leporinus lacustris

s lacustris «

Figure S1. Ten most common species from the Upper Parand River floodplain. One

asterisk after species name represents non-native species.
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Astyanax aff. fasciatus
Apareiodon affinis

| Acestrorhynchus facustris
Astyanax lacustris

Brycon orbignyanus
Cyphacharax modestus
Cyphocharax nageli
Galeocharax guio

Hoplias sp.2

Hoplias sp.3

Leporinus friderici
Leporinus lacustris
Leporellus viltatus
Moenkhausia aff. intermedia
Megaleporinus obtusidens
Megaleporinus piavussu
Prochilodus lineatus
Piaractus mesopotamicus
Parodon nasus
Piabarchus straminets
| Rnaphiodon vuipinus
Schizodon alfoparanae

| || Salminus brasiliensis
Salminus hilarii
Steindachnerina inscuipta
Serrasalmus maculatus
Schizodon nasutus
Eigenmannia trilineata
Eigenmannia virescens
Gymnotus inaequilabiatus
Gymnotus sylvius
Sternopygus macrurus
Crenicichla britskii
Crenicichla jaguarensis
Cichlasoma paranaense
Hypostomus aff. hermanni
Hypostomus ancistroides
Hypostomus cf. albopunctatus
Hypostomus cf. iheringii
Hypostomus cf. strigaticeps
Hoplosternum litforale
Hemisorubim platyrhynchos
Hypostomus regani
Megalancistrus parananus
Pimelodella avanhandavae
| | Pseudoplatystoma corruscans
Pimelodella gracifis
Pimelodus maculatus
Pimelodus mysteriosus
Pinirampus pirinampu
Rhaphiodon vulpinus
Rhamdia quelen
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Figure S2. Functional distance between pairs of native and non-native species. Different
colours in species name indicate different taxonomic orders. Green: Characiformes;
orange: Gymnotiformes; dark blue: Cichliformes; pink: Siluriformes; red:

Myliobatiformes; light blue: Pleuronectiformes.
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Eigenmannia trilineata
Gymnotus inaequilabiatus
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Rhaphiodon vulpinus
Piaractus mesopotamicus
Serrasalmus maculatus
Prochilodus lineatus
Cyphocharax modestus
Cyphocharax naegelii
Steindachnerina insculpta
Megaleporinus obtusidens
Megaleporinus piavussu
Leporinus lacustris
Leporinus friderici
Schizodon altoparanae
Schizodon nasutus
Hoplias sp.3
Hoplias sp.2
Salminus brasiliensis
Salminus hilarii
Brycon orbignyanus
Acestrorhynchus lacustris
Moenkhausia aff, intermedia
Astyanax lacustris
Galeocharax gulo
Hoplosternum littorale
Rhinelepis aspera
I.':I{ypostomus ancistroides
vpostomus regani
Pimelodella gracilis
Pimelodus mysteriosus
Pimelodella avanhandavae
Hemisorubim platyrhynchos

Pinirampus pirinampu
Pimelodus maculatus
Crenicichla britskii
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Figure S3. Phylogenetic distance between pairs of native and non-native species.

Different colours in species name indicate different taxonomic orders. Orange:

Gymnotiformes; green: Characiformes; dark blue: Cichliformes; pink: Siluriformes;

light blue: incertae sedis.
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Figure S4. Distribution of phylogenetic distance values. Dashed lines represent ‘mean —
standard deviation’ and ‘mean + standard deviation’, respectively, and continuous line
represents the mean. Different colours represent different levels of phylogenetic

distance: green — smaller distance; blue — medium distance; red — higher distance.



