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Isotopos de carbono e nitrogénio explicam diferencas em fontes de energia e
segregacao trofica de peixes em planicies de inundagdo Neotropicais

RESUMO

As andlises de isOtopos estaveis tém se tornado uma ferramenta bastante popular entre os
ecologos. Isétopos estaveis de carbono, nitrogénio, hidrogénio e enxofre sdo atualmente
utilizados para examinar uma series de atributos ecoldgicos de populacbes, comunidades e
ecossistemas. Os isotopos estaveis mais comumente empregados por ecélogos de agua doce
sdo os de carbono (5'3C) e de nitrogénio (5'°N), os quais sdo utilizados como “marcadores”
naturais de moléculas bioticas e abidticas, que sdo aplicadas para reconstruir processos
ecologicos ou para tracar atividades ecoldgicas. Dentre os inimeros ecossistemas de agua
doce, os sistemas rio-planicie de inunda¢do chamam a atengdo por se tratar de ecossistemas
extremamente complexos, com alta biodiversidade e elevada heterogeneidade de habitat, o
que torna esses ambientes adequados para elucidar padrfes e processos através da analise de
isétopos estaveis. Dessa forma, é de suma importancia reconhecer os fatores que afetam a
variabilidade de is6topos de C e N, ja que o mapeamento isotdépico de ambientes naturais
(paisagem isotopica - isoscapes) tem se mostrado uma 6tima ferramenta para elucidar padrdes
de movimento de animais migradores, de origem e destino da matéria organica, inclusive,
aquela de origem antropogénica. Além das paisagens isotopicas, a elucidacdo de nichos
tréficos através de isdtopos estaveis (e.g. nicho isotdpico) também tem sido bastante utilizada,
especialmente no que tange a competicdo por recursos troficos entre espécies nativas e ndo-
nativas. Dessa forma, o uso de isétopos estaveis vai além da aplicacdo de teorias ecologicas,
constituindo-se em uma importante ferramenta para a tomada de decisdes quando
incorporados fatores antropicos as analises. Assim, este trabalho aborda dois temas: o
primeiro avalia os fatores que afetam a variacdo de &3C e §'°N de fontes de carbono em
quatro planicies neotropicais (Parana, Pantanal, Araguaia e Amazonas), destacando padroes
locais (fatores limnoldgicos) e regionais (identidade de bacia). O segundo avalia a interacédo
tréfica da populacdo de uma espécie de peixe invasora (Serrasalmus marginatus) e de uma
espécie nativa (S. maculatus), atraves da analise de is6topos estaveis, em duas planicies de
inundacdo, (Pantanal, em que as duas espécies sdo nativas; Parana, em que S. marginatus é
ndo nativa e potencial competidora de S. maculatus). Destaca-se que, devido a maior
heterogeneidade dentro versus entre o0s ecossistemas abordados, deve-se explicitamente
considerar a escala espacial para o controle heterogeneidade das fontes de carbono.
Considerando a interacdo trofica das piranhas, ndo foram encontradas evidencias de
sobreposicdo de nicho entre as espécies estudadas, o que indica que a coexisténcia das
espécies no ambiente de coocorréncia ndo nativo é modulado pela segregacéo de nicho.

Palavras-chave: Biogeoquimica. Produtores priméarios. Espécies ndo-nativas. Nicho
isotopico. Serrasalmus.



Carbon and nitrogen stable isotopes explain differences in energy sources
and trophic segregation of fishes in Neotropical floodplains

ABSTRACT

Stable isotopes analyses have become a popular tool among ecologists. Carbon, nitrogen,
hydrogen and sulfur stable isotopes are used to analyze many ecological attributes of
populations, communities and ecosystems. The more commonly employed isotopes by
freshwater ecologists are §*3C and 5!°N, which are utilized as natural “markers” of biotic and
abiotic molecules and are applied to reconstruct ecological processes or to trace ecological
activities. Among the numerous freshwater ecosystems, river-floodplain systems are
remarkable for being extremely complex ecosystems, with high biodiversity and high habitat
heterogeneity, which makes these environments suitable to elucidate patterns and processes
with stable isotopes. Thus, it is extremely important to recognize the factors that affect the
variability of C and N isotopes, since the isotopic mapping of natural environments (isotopic
landscape/isoscapes) has proven to be a great tool to elucidate migratory animal movement
patterns, as well as the origin and fate of organic matter, including that of anthropogenic
origin. Besides the isotopic landscapes, the elucidation of trophic niches through stable
isotopes (e.g. isotopic niche) has also been widely used, especially when it comes to
competition for food resources between native and non-native species. Therefore, the use of
stable isotopes goes beyond the application of ecological theories, thus becoming an
important tool for decision making when incorporated anthropogenic factors to the analysis.
That being said, this thesis is divided into two themes: the first one assesses the factors that
affect the variation of 3°C and 8N of carbon sources in four Neotropical floodplains
(Parand, Pantanal, Amazon and Araguaia), highlighting local (limnological factors) and
regional (basin identity) patterns. The second evaluates the trophic interactions of the
population of an invasive fish species (Serrasalmus marginatus) and a native species (S.
maculatus), through the analysis of stable isotopes in two floodplains (Pantanal, wherein the
two species are native; and Parana, where S. marginatus is non-native and potential
competitor of S. maculatus). Due to the relatively greater heterogeneity within versus among
systems in our study highlights that the spatial scale of sampling for control of baseline
heterogeneity should be explicitly considered. As for the piranhas’ trophic interactions, we
found no evidence of niche overlap between the species, indicating that the coexistence of the
species in the non-native co-occurrence environment is modulated by the niche segregation.

Keywords: Geochemistry. Primary producers. Non-native species. Isotopic niche.
Serrasalmus.
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1 INTRODUCAO GERAL

Em ambientes aquaticos continentais, as planicies de inundacdo associadas a grandes
rios sdo excelentes sistemas para investigar os potenciais organizadores da biodiversidade
para uma variedade de escalas espaciais. Os sistemas rio-planicie de inundacdo incorporam
muitos afluentes tendo cada um deles grande diversidade de habitats, que inclui ambientes
como o préprio rio, canais e lagoas abertas a este conectado e lagoas fechadas (Thomaz et al.,
1997). Outra importante caracteristica de planicies de inundacdo é a ocorréncia de pulsos de
inundacéo regulares, periodos em que o nivel da dgua aumenta, algumas vezes em varios
metros, por um periodo de tempo, retornando, posteriormente, aos niveis iniciais (Junk et al.,
1989). Assim, muitas comunidades bidticas sdo estruturadas e dependem diretamente da
ocorréncia regular de tais pulsos, como por exemplo, a bentbnica, fitoplanctonica,
zooplancténica, de peixes e de macréfitas aquaticas (Twombly & Lewis, 1989; Oliveira &
Calheiros, 2000; Agostinho et al., 2004; Higuti, 2004; Lansac-Téha et al., 2004; Train &
Rodrigues, 2004; Thomaz et al., 2004).

Varios aspectos fazem das planicies de inundacdo regides de grande importancia para
pesquisas, em especial as abordadas nesse estudo. A area da planicie de inundagéo do alto rio
Parana constitui o ultimo trecho livre de represamento desse rio com importancia fundamental
na manutencdo da biodiversidade. Por ser considerada uma area estratégica, varias unidades
de Conservacdo tém sido criadas, incluindo a Area de Preservacio Permanente (APA) das
Ilhas e Varzeas do rio Parana, APA de Ilha Grande e o Parque Estadual do lIvinheima,
incluida como Reserva da Biosfera pela UNESCO. O Pantanal mato-grossense ¢ uma das
maiores areas Umidas continuas do planeta, sendo um bioma Unico caracterizado por alta
produtividade bioldgica que se reflete em grande abundéncia de vida selvagem. Em 2000, o
Pantanal recebeu dois titulos internacionais da UNESCO ao ser decretado Reserva da
Biosfera e Patrimbnio da Humanidade. Apesar deste grande valor socioecondmico e
cientifico, bem como as evidéncias de impactos antropogénicos crescentes (Ferreira et al.,
1994; Por, 2000; Swarts, 2000), poucos trabalhos ecoldgicos tem sido realizados nesta regiéo.

Também, a bacia do rio Araguaia possui cerca de 76% da area de drenagem coberta
pelo bioma Cerrado, que é considerado, segundo Myers et al. (2000), um dos 25 hotspots de
biodiversidade do planeta. Além disso, parte da sua area ainda compreende uma regido de
transicdo da floresta tropical Umida da Amazobnia. Esta ultima concentra boa parte da
biodiversidade do planeta (Morais, 2002) e infelizmente, devido em parte a sua dimenséo,
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carece de informacdes sobre o papel funcional dos diferentes compartimentos ecolégicos com
vistas ao uso e conservagao.

Dentro dos ecossistemas supracitados, as lagoas marginais sdo caracterizadas por
ocuparem as depressoes laterais do rio e apresentarem comunicagédo constante (lagoas abertas)
ou intermitente (lagoas fechadas) com o rio (Souza Filho & Stevaux, 1995). Estas areas séo
consideradas importantes locais para a manutencdo e integridade da biodiversidade,
proporcionando abrigo para peixes (Welcomme, 1979; Agostinho et al., 1993; Nakatani et al.,
1997) e sendo utilizadas como bercario e locais de crescimento e recuperacgéo da ictiofauna
adulta (Agostinho et al., 1993). Esses ambientes também sao locais preferenciais de espécies
de peixes sedentarias e de pequeno, médio e grande porte, que passam todo seu ciclo de vida
nestas areas (Nakatani et al. 1997). Além disso, as lagoas que fazem parte das planicies de
inundacdo, pelo fato de constituirem ambientes lénticos durante a maior parte do ciclo
hidrolégico, apresentam condi¢cdes propicias para o desenvolvimento de comunidades
fitoplanctonicas, perifiticas e de macréfitas aquéaticas, o que se reflete em altas taxas de
produtividade priméaria destes ecossistemas (Bonetto et al. 1984). Entretanto, alteragdes
antrépicas, como a construcdo de reservatérios a montante destes ambientes, despejo de
efluentes ndo tratados e introducdo de espécies ndo nativas, podem influenciar de maneira
negativa a estrutura das comunidades que vivem nesse ambiente (Thornton, 1990; Henry &
Nogueira, 1999). Essas modificacdes podem acarretar alteracdes bidticas nestes ecossistemas
com reflexo nas teias alimentares e na concentracdo de nutrientes disponiveis aos produtores
primérios (Briand & Cohen, 1987).

Uma das maneiras de se avaliar a tomada de nutrientes por parte dos produtores
primarios e as interacGes tréficas presentes em ecossistemas aquaticos € através da analise de
isdtopos estaveis (AIE, West et al., 2006). Os is6topos estaveis mais comumente empregados
por ecologos de 4gua doce sio os isotopos de carbono (5°C) e de nitrogénio (8°N)
(utilizados como “marcadores” naturais de moléculas bidticas e abidticas). Dentre os muitos
exemplos das aplicacOes de AIE, as razdes isotopicas de carbono (5'3C) de plantas, algas e
outras fontes de carbono registram os efeitos fisiologicos e ambientais na fotossintese (Lopes
et al., 2006), mostram o0 espectro de utilizacdo de recursos por parte de consumidores
(Benedito-Cecilio et al., 2000; Layman et al., 2007; Philippsen et al., 2015) e captam padrées
biogeoquimicos em grande e pequena escala (Jepsen & Winemiller, 2007; Brosi et al., 2009);
as razdes isotopicas de nitrogénio (8*°N) demonstram informacdes da dieta e nivel trofico em
animais, fixagdo de nitrogénio em simbiose de plantas-microbios (Post et al., 2002; Manetta et

al., 2003; Pereira et al., 2007) e captam o enriquecimento de nitrogénio nos produtores
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primarios em ambientes poluidos e/ou eutrofizados (Cabana & Rasmussen, 1996; DeBruyn &
Rasmussen, 2002; Bouillon et al., 2008; Schubert et al., 2013; Rozi¢ et al., 2015).
Considerando toda esta gama de utilizacdo desta ferramenta, planicies de inundacgdo
neotropicais sdo ambientes adequados para examinar diversos fatores que afetam as razoes
isotopicas de C e N. Estes ambientes apresentam alta biodiversidade (tanto de consumidores
como de fontes de carbono), heterogeneidade ambiental e interagdes bidticas complexas, as
quais s6 poderiam ser elucidadas com o auxilio da AIE. Dessa forma, esta tese encontra-se
divida em dois capitulos com o intuito de avaliar algumas dimensdes dos fatores que regem a
dindmica de isotopos estaveis em planicies de inundacdo. O primeiro capitulo avalia 0s
fatores que afetam a variacdo de 8°C e 8'°N de fontes de carbono em quatro planicies
neotropicais, destacando padrdes locais (fatores limnoldgicos) e regionais (identidade de
bacia). O segundo capitulo trata da influéncia da populacdo de uma espécie de peixe invasora
no nicho isotépico de uma espécie congénere nativa em planicies de inundacdo e demonstra
como isotopos podem ser utilizados na determinacéo das relacdes tréficas de populagdes de

peixes.
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2 NUTRIENT AVAILABILITY AND BASIN IDENTITY EXPLAIN VARIATION IN
CARBON AND NITROGEN STABLE ISOTOPE VALUES OF CARBON SOURCES
IN FOUR NEOTROPICAL FLOODPLAINS

ABSTRACT

Tropical river floodplain ecosystems are well suited for examining factors affecting stable
isotope values of carbon sources, due to high species and functional diversity of carbon
sources and consumers and spatial heterogeneity. Thus, the objective of this study was to
examine variation in stable carbon and nitrogen isotope values of six carbon sources in four
Neotropical floodplain river systems (Amazon, Araguaia, Pantanal and Parana) and determine
if geological formation (i.e. basin identity) and local limnological conditions (e.g. pH,
turbidity, nutrient concentrations) can predict among- and within-floodplain differences in
isotopic values of 5'3C and §*°N. Basal carbon sources were sampled at multiple locations
within each floodplain and corresponding local limnological conditions were quantified.
Regression trees used geologic formation and limnological conditions to predict carbon and
nitrogen isotope values of each source. We did not detect biogeographic or biochemical
patterns for our four floodplain study systems. Only very minor differences in §°N values of
sources were observed among basins, and §3C did not differ among basins for any source.
Although 8'3C and 6'°N values exhibited significant correlations with some limnological
factors, those relationships were generally weak and the patterns differed among carbon
sources. When considering basin identity and local limnological conditions together,
regression trees for both §3C and 8°N for all sources depicted complex and in some cases
nested relationships, and only very limited similarity was observed among trees for different
carbon sources. Our findings indicate a strong effect of local limnological conditions on §*3C
and 8'°N, regardless of basin. That being said, it is worth to highlight that there is a complex
picture of the effects of local conditions versus landscape differences on the carbon and
nitrogen isotope values of production sources. At the landscape scale, §*3C of carbon sources
was relatively conserved across systems, which is good news for comparing patterns of
carbon flow, but §'°N differed among systems as well as among sources within systems (in
some cases more than the expected effect of trophic fraction), which is a significant concern
when studying trophic interactions. Such variability in the 5°N baseline is often accounted
for by using primary consumers as indicators of baseline values. The relatively greater
heterogeneity within versus among systems in our study highlights that the spatial scale of
sampling for control of baseline heterogeneity should be explicitly considered.

Keywords: geochemistry, food webs, isoscape, isotopic baseline, primary productivity.
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2.1 INTRODUCTION

Carbon is the currency of ecosystems. Recent studies in freshwater ecosystems are
seeking to improve understanding of carbon flow in food webs by testing general conceptual
models such as the River Continuum Concept (RCC; Vannote et al., 1980), Flood Pulse
Concept (FPC; Junk et al., 1989), Riverine Productivity Model (RPM; Thorp & Delong,
1994), and River Wave Concept (RWC; Humphries et al., 2014). Stable isotopes, particularly
of carbon and nitrogen, have been influential in this work (Bunn et al, 2003; Doi et al., 2007;
Hoeinghaus et al., 2007; Medeiros & Arthington, 2011; Pingram et al., 2012; Fellman et al.,
2013; Roach, 2013, Costas & Pardo, 2014). One major issue with testing the aforementioned
models using stable isotope analyses (SIA) is the ability of the isotopes to reliably distinguish
among potential sources and/or size fractions within and among ecosystems. This is often
complicated by the diverse suite of potential carbon sources (both autochthonous and
allocthonous) in freshwater ecosystems, and the spatially and temporally dynamic nature of
their availability (e.g. Hoeinghaus et al., 2008; Zeug & Winemiller, 2008; Hadwen et al.,
2010).

In freshwater ecosystems, the substrate for autochthonous photosynthesis is dissolved
carbon dioxide or bicarbonate (grouped as dissolved inorganic carbon — DIC). The dominant
form of DIC present in aquatic ecosystems is determined by pH and alkalinity (Stumm &
Morgan, 1981; Gray et al., 2011) which also influence the ratio of heavy to light isotopes of
carbon (813C) of the DIC (Bade et al., 2004). The §*3C of the DIC can also be affected by
salinity or nutrient limitation (Lin & Sternberg, 1992; McKee et al., 2002), pressure of CO; as
a result of terrestrial respiration of organic material (Striegl et al., 2001), ecosystem area and
metabolism (Finlay, 2003; Bade et al., 2004), geology and hydrology (Bullen & Kendall,
1998), and basin geochemistry (Jepsen & Winemiller, 2007). Subsequently, the factors that
determine the 83C of primary producers are complex because of the influences of spatial
heterogeneity at multiple scales, such as local habitat, reach, watershed, hydrology and
geochemistry (Doi et al., 2007; Casey & Post, 2011; Costas & Pardo, 2014).

Similarly, $°N of basal carbon sources can vary according to many factors, including
salinity, basin geochemistry, level of eutrophication and preference for the form of dissolved
inorganic nitrogen by plants (NHs* or NOs"; Cabana & Rasmussen, 1996; Finlay & Kendall,
2007; Yu et al., 2014; Viana & Bode, 2015). Pollution from urban sewage or agriculture is an
important factor affecting 8°N (DeBruyn & Rasmussen, 2002; Bouillon et al., 2008;
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Winemiller et al., 2011; Schubert et al., 2013; Rozi¢ et al., 2015), and areas with human
wastewater inputs are consistent with high amounts of dissolved inorganic nitrogen and
elevated 8™°N in the sediment and organisms (Cabana & Rasmussen, 1996; Lake et al., 2001;
Rozi¢ et al., 2015). For this reason, nitrogen stable isotope composition is a useful tracer of
biogeochemical processes in the water column and of nutrients derived from multiple sources
(e.g. animal wastes, septic systems, sewage treatment plants; Sieglo & Macko, 2002; Sara et
al., 2010; Chen et al., 2014; Kumar et al., 2014; Rozi¢ et al., 2015).

Tropical river floodplain ecosystems are well-suited for examining factors affecting
stable isotope values of carbon sources, due to high species and functional diversity of carbon
sources and consumers, spatial heterogeneity, importance for freshwater biodiversity, and
historical use in testing river ecosystem concepts (e.g. Hoeinghaus et al., 2007, 2008).
Furthermore, evidence from previous studies in floodplain ecosystems (e.g. Lewis et al.,
2001; Bunn et al., 2003; Fellerhoff et al., 2003; Jepsen & Winemiller, 2007) has helped to
frame the discussion of potential drivers of variability in isotopic values of sources. For
example, Jepsen & Winemiller (2007) found that basin geochemistry (i.e. whitewater vs.
blackwater) determined between-river isotopic differences in sources and consumers in
tropical rivers of Venezuela, allowing for isotope values to be used as tracers of fish
movement between systems (Winemiller & Jepsen, 2004). Understanding the factors that
affect variability in stable isotope values of sources within and among floodplains is
important for tests of the aforementioned river ecosystem concepts. Furthermore, if local
limnological conditions distinguish source values within floodplains in a predictable manner,
those differences may yield a spatially and seasonally relevant isotopic landscape enabling
stable isotopes to be used as tracers of organism movement among patches within floodplains
[e.g. Brosi et al. (2009) for bees in a fragmented tropical landscape].

The objective of this study was to examine variation in stable carbon and nitrogen
isotope values of six carbon sources in four Neotropical floodplain river systems and
determine if geological formation (i.e. basin identity) and local limnological conditions (e.g.
pH, turbidity, nutrient concentrations) can predict among- and within-floodplain differences
in isotopic values of &3C and 8N. The Amazon, Araguaia, Pantanal and Parana study
systems capture continental-scale differences in geological formations as well as include
significant within-basin heterogeneity of local limnological conditions. Basal carbon sources

were sampled at multiple locations within each floodplain and corresponding local
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limnological conditions were quantified. Regression trees used geologic formation and

limnological conditions to predict carbon and nitrogen isotope values of each source.

2.2 MATERIAL AND METHODS

2.2.1 Study systems and river classifications

This study was conducted in four Brazilian river-floodplain ecosystems: Upper Parana
River floodplain (Parana, Baia and Ivinheima rivers), Pantanal floodplain (Paraguai and
Miranda rivers), Araguaia River floodplain and Amazon floodplain (Solimdes and Amazonas
rivers) (Figure 1). All of these systems have regular flooding periods during the rainy season
of the Neotropics (Junk et al., 1989), and support high biodiversity of organisms, including
fishes, invertebrates and carbon sources. Rivers can be generally classified as whitewater,
clearwater or blackwater (Sioli, 1984), based on conditions in the catchment area that affect
water color, load of suspended solids, pH, and load of dissolved minerals. Applied to our
study systems, only the Solimdes/Amazon is whitewater (Sioli, 1975), and the remainder may
be primarily considered clearwater (see descriptions of the ecosystems below). That being
said, Sioli’s (1984) classification of large clearwater rivers includes pH values ranging
between 6 and 6.7, and combined with the distribution of clearwater rivers over diverse
geological zones, demonstrates that ‘clearwater’ is a chemically (and biologically)
heterogeneous classification with only a poorness in suspended particles as a common
character (Sioli, 1984). Furthermore, floodplain ecosystems have a wide range of the
aforementioned parameters due to their inherent spatial heterogeneity (e.g. among channels
and floodplain lakes of various size and connectivity), and not all location environments fit

nicely into the same general classification applied at the landscape scale.
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Figure 1. Map of the samples stations. Each point in the map (®) represents a lake where the carbon
sources, as well as the limnological parameters, were sampled. PR = Parana, PA = Pantanal, AR =
Araguaia and AM = Amazon.

The Parana River is the tenth largest river in the world in annual discharge (5.0 x 108
m? y'!) and fourth in drainage area (2.8 x 10° km?). The Upper Parana River is one of the most
extensively dammed river basins in the world, with over 130 major reservoirs (dam height >
10 m) on the eastern side, among which 20% are larger than 10,000 ha (Gomes & Miranda,
2001; Agostinho et al., 2007). The hydrology of the Parana River is strongly influenced by an
upstream cascade of reservoirs that retains sediment and nutrients, resulting in clear
oligotrophic water in the main channel by the time it reaches the floodplain (Souza Filho,
2009). The floodplain is a mosaic of lakes and channels belonging to three main affluents
(Parand, Baia and Ivinheima rivers) with watercolor from clear to greenish to light brown, pH
from 6.16 to 6.93, and watersheds comprised by a mix of forest, pasture and urban areas.

The Pantanal is one of the world’s largest tropical wetlands, occupying an area of
approximately 450 by 250 km (140,000 km?). The main tributary of the Pantanal ecosystem is
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the Paraguai River, which runs from north to south along the western side of the Pantanal,
collecting water from the various tributaries and non-channelized floodplain flow paths
(Hamilton, 2002). The flood regime inside the Pantanal is variable (Junk et al., 2006); due to
slight declivity of the terrain (2-3 cm*km™ North to South and 5-25 cm*km™ East to West),
the flood pulse in the northern region coincides with the rainy season but there is a time lag of
approximately three months between the rainy season and flooding in the southern region
(Alvarenga et al., 1984; Junk et al., 2006). Watercolor across the sampled region ranges
between green (Paraguai River) and brown (Miranda River), with abundant aquatic vegetation
and pH ranging from 6.04 to 7.44, and a primarily grassland and forested watershed.

The Araguaia River is a 385,000 km? watershed in the eastern Amazon region with
average discharge of approximately 6,500 m®/s. The middle Araguaia (1,160 km extending
from the city of Registro do Araguaia to Conceicdo do Araguaia) is characterized by a well-
developed alluvial plain with a drainage area of 320,290 km? (Latrubesse & Stevaux, 2002).
Approximately 85% of the Araguaia watershed is savannah (locally known as Cerrado). The
Cerrado ecoregion is considered a hotspot for biodiversity (Myers et al., 2000) and is the
headwater region of the major rivers of eastern South America. Rivers located in the Cerrado
are usually classified as clearwater, and our study locations had light brown to greenish water
color and pH from 6.33 to 7.37.

Wetlands on the alluvial floodplains of the Amazon River and tributaries in Brazil are
believed to cover over 300,000 km? (Klinge et al., 1990). The Brazilian Amazon floodplain
comprises three major rivers, the Negro, Solimdes and Amazonas. The Solimbes and
Amazonas rivers are classic representatives of Amazonian whitewater rivers, with water that
is turbid and loamy due to high content of suspended mineral solids primarily originated from
the Andes Mountains, rich in nutrients and electrolytes, and pH neutral (6.2 — 7.2; Sioli, 1984;
Furch & Junk, 1997). Limnological conditions among floodplain lakes in our study (some of
which were isolated from the main channel) were heterogeneous, including a range of pH
from 5.02 to 8.83.

2.2.2 Sampling

Sampling was conducted in floodplain lakes during the dry season for each floodplain
(Figure 1). At each location (six in Parand, nine in Pantanal, thirteen in Araguaia and ten in
Amazon), temperature, dissolved oxygen concentration, turbidity, electrical conductivity, and

pH were measured using handheld probes. Transparency was measured with a black and
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white Secchi disk. Water samples were collected at subsurface limnetic region and packaged
in polyethylene gallon for laboratory analysis of phosphorous and nitrogen concentrations
(Table 1).

The water samples were stored in an ice chest and taken to the nearest field station,
where they were filtered through GF 52-C membranes (<10 hours after sampling) and
immediately frozen (-20 °C) for further analyses of dissolved nutrients. Water was also
frozen at —20 °C before filtering to measure total nitrogen and total phosphorus. Total-N was
analyzed with the persulfate method with oxidations of all nitrogenous compounds to N-
nitrate (Bergamin et al., 1978). This ion was determined in a spectrophotometer after reducing
N-nitrite in the presence of cadmium, using a flow-injection system (Giné et al., 1980). N-
ammonium was quantified by the indophenol blue method, also read in a spectrophotometer
(Mackereth et al., 1978). Total and reactive dissolved P were measured in a
spectrophotometer, according to Golterman et al. (1978).

Primary carbon sources collected for this study included Cs riparian vegetation, C3
aquatic macrophytes, Cs plants, periphyton, phytoplankton, and particulate organic carbon
(POC). Three to five samples of each were collected from each site, where available. Riparian
vegetation and aquatic macrophytes consisted of leaves of the most common and abundant
vascular plants in each sample site, separated by species, dried and grounded. Periphyton was
obtained by gently scraping the stem of aquatic plants (or, when aquatic plants were absent,
from any material colonized by periphyton). Phytoplankton was sampled in the littoral and
limnetic zones of each sample site using a 15um plankton net horizontally dragged twice in
each zone for about 3 minutes on the subsurface water, constituting 4 samples per lake. Each
sample of phytoplankton was stored in a 500ml bottle for further filtering. POC was obtained
by filtering water collected directly from the subsurface of littoral and limnetic zones in each
lake, in a 500ml bottle. The periphyton and all the volume of water samples with
phytoplankton and POC were filtered and retained on pre-combusted (400°C for 4 hours)
47mm glass fiber filters (Whatman GFC).

All samples were dried in an oven at 60°C for 72h hours and macerated to obtain a
fine and homogeneous powder. Samples of approximately 3-4mg were stored in tin capsule
and sent to the University of California at Davis Stable Isotope Facility for determination of
carbon and nitrogen isotope ratios. Results are expressed in delta notation (parts per thousand
deviation from a standard material): §3C or 8°*N = [(Rsample/Rstandard) -1] *1000; where R =

13C/12C or N/YN. The standard material for carbon is Pee Dee Belemnite (PDB) limestone,
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and the nitrogen standard is atmospheric nitrogen. Standard deviations of 3C and &*°N for

five different replicate analyses of internal standards were between 0.04%o0 and 0.13%o0 and

0.09 %o and 0.22 %o, respectively.

2.2.3 Data analysis

Principal coordinate analysis (PCoA) was performed to reduce the dimensionality of
the limnological data, and the broken-stick criteria (Peres-Neto et al. 2005) was used to
determine the relevant number of axes for interpretation. Multivariate analysis of variance
(MANOVA) was subsequently applied using PC loadings to test for differences among
basins. ANOVA was used to test for differences in isotopic values (separately for §*3C and
5'°N) of each source among basins, with a Tukey HSD post hoc test for distinguishing
pairwise relationships among basins following a significant main effect. Pearson’s
correlations were performed between all limnological parameters as well as between isotope
values (5'3C or 5'°N) and those parameters.

Regression trees were used to predict isotope values (separately for 5!3C and §'°N)
based on limnological parameters and basin identity (i.e. as a surrogate for geologic
formation). Classification and regression trees are powerful nonparametric approaches to
modeling complex ecological data and provide a flexible alternative to linear and additive
models (De’ath & Fabricius, 2000). Tree generation involves successively partitioning the
response variable into increasingly homogeneous subsets based on fit with predictor variables,
including an ability to identify and express non-linear, nested and non-additive relationships.
This is particularly appealing in situations where hierarchical interactions are present, and
relationships between the response variable and some predictor variables are conditional on
the values of other predictors (Joel et al., 1994). We used the Gini index to minimize impurity
of non-parent nodes, the minimum number of observations at a node in order for a split to be
attempted (minsplit) was set at 10, and maximum tree depth (maxdepth) was set at 4. The
optimum size of the regression trees (pruning) was determined by selecting the tree size with
the smallest model error based on repetead corss-validation of the data. The remainder of
parameters were retained at the default settings.

All analyses were conducted using R (R Core Team, 2014). Specifically, regression
trees were performed using the package Rpart (Therneau et al., 2014) and the other analyses
were performed using the packages Stats (R Core Team, 2014) and Vegan (Oksanen et al.,

2014). Significance of statistical tests was assessed at 0=0.05.
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2.3 RESULTS

The first two PCoA axes explained 59% of the variation in limnological conditions
among sites (Figure 2). The first axis separated the sample sites based on turbidity and
nutrient concentrations (primarily TN and TP) at positive values, and water clarity (i.e. Secchi
depth) at negative values. Secchi depth and ammonia concentration were associated with
positive values on PC2, whereas pH, conductivity and phosphate concentration were the
primary variables associated with negative values on PC2. Although sampling locations in
Amazonas had, on average, higher nutrient concentrations and turbidity (Table 1), substantial
within basin heterogeneity resulted in broadly overlapping distributions of basins in the PCoA
and a non-significant MANOVA (Figure 2; Pillai=0.32; F334=2.14; p=0.06). Similar to the
pattern of axis loadings in the PCoA, several limnological parameters were highly correlated
in pairwise comparisons (Figure 3). Specifically, strong positive correlations were observed
among turbidity, TN, TP and NH4, and between pH and conductivity, whereas Secchi depth
was negatively correlated with TP and PO4 (Figure 3).
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Figure 2. PCoA of limnological conditions among sampling locations and basins. AM=Amazonas;
AR=Araguaia; PA=Pantanal; PR=Parana.
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Table 1. Mean (zstandard deviation) limnological parameters for each basin. TN=Total Nitrogen;
TP=Total Phosphorous; Turb=Turbidity; Cond=Conductivity; n=number of sample sites.

Floodplain (n) Parand (6) Pantanal (9) Araguaia (13) Amazonas (10)
Secchi (m) 0.65(x0.54) 0.51(x0.14) 0.49(+0.15) 0.41(0.35)
Turb (NTU) 42.50(%39.35) 19.79(+16.09) 31.40(x20.25) 78.01(%75.87)
pH 6.62(+0.29) 6.81(+0.50) 6.89(+0.26) 6.31(+1.08)
Cond (uS/cm) 30.18(x15.19) 83.99(x47.06) 38.38(x7.78) 75.76(+64.49)
TN (po/L) 1483.10(x742.29) 1075.70(£69.55) 1287.80(+313.64) 2597.90(+1705.44)
NOs (ng/L) 21.47(x52.58) 37.46(x57.90) 24.10(x69.11) 46.47(x79.32)
NH, (ng/L) 43.83(+28.84) 28.59(x20.28) 28.43(+31.31) 44.41(+78.45)
TP (ug/L) 63.73(x36.69) 52.26(x16.56) 85.63(x29.10) 113.27(+50.75)

PO. (ug/L) 17.03(+10.43) 14.52(+6.53) 12.69(+4.61) 15.45(+8.18)
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Figure 3. Pearson correlation matrix of limnological parameters. Coefficients are provided above the
diagonal, with positive correlations in red and negative correlations in blue. Raw values are provided
below the diagonal. Asterisks designate significance level (*p<0.05, **p<0.01, ***p<0.001).
Turb=Turbitity, Cond=Conductivity, TN=Total Nitrogen, TP=Total Phosphorous.

No significant differences were observed for 3'C values of carbon sources among
basins (Table 2). In contrast, significant differences in §°N were observed among basins for
all carbon sources except Cs4 plants (Table 2). Sources from the Araguaia floodplain were
consistently more *N-enriched than in the other basins (Table 2), and exhibited significant
differences between the Pantanal for Cz riparian vegetation, the Parand floodplain for
periphyton and phytoplankton, and among all other basins for POC. Cz macrophytes, which
were not collected in the Araguaia basin, had significantly higher 5'°N in the Pantanal than

Parana (Table 2). 5*°N values for sources from Amazonas were intermediate in all cases.
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Table 2. Mean (%) and standard deviation (xSD) of carbon and nitrogen isotope values for each carbon source, and ANOVA results for the test of
differences among basins. PR=Parand; PA=Pantanal; AR=Araguaia; AM=Amazon; n=number of samples for each source in each basin. Shared underlines
indicate lack of significant differences for the Tukey post hoc test. See Appendix 1 for graphs.

Source PR PA AR AM ANOVA
Mean (xSD) Fat p Tukey test
Cs Macrophytes (n) 19 38 0 10
d1C -29.49 (0.85)  -29.05 (1.36) - -29.62 (1.15) F264=1.34 0.270 -
SN 4.86 (2.41) 7.54 (2.17) - 5.53 (0.49) F264=10.61  <0.001 PR AM PA
Cs Riparian Vegetation (n) 25 42 54 37
d13C -29.86 (1.46) -30.04 (1.20) -30.08 (1.16) -30.50(0.94)  F3154=1.74 0.162 -
SN 4.64 (2.68) 3.12 (3.06) 4.65 (2.30) 3.68 (1.47) F3154=3.91 0.010 PAPRAMAR
C4 Plants (n) 1 13 1 10
d1C -12.82 -12.49(0.67) -12.56 -12.60 (1.02) F321=0.07 0.976 -
SN 6.20 5.21(2.64) 9.92 6.43 (1.43) F321=1.74 0.191 -
Periphyton (n) 12 17 20 7
dBC -29.03 (1.82) -26.26 (5.42) -27.21(2.55) -25.03(0.78) F352=2.30 0.088 -
8°N 4.72 (1.69) 5.87 (1.20) 6.22 (1.49) 5.17 (0.83) F35=3.31 0.027 PRAMPAAR
Phytoplankton (n) 25 36 52 36
d1C -30.10 (3.07)  -30.83(3.79) -30.19(1.93) -30.12(1.94)  F3145=0.59 0.621 -
SN 3.96 (2.30) 5.01 (1.49) 5.42 (1.25) 4.67 (1.65) F3,145=4.90 0.003 PRAMPAAR
POC (n) 22 36 53 40
dBC -29.87 (2.55) -30.39 (3.80) -30.64 (1.72) -30.67 (2.03)  F3147=0.59 0.626 -
SN 3.94 (1.83) 4.19 (1.54) 5.10 (1.32) 4.27 (1.19) F3147=5.24 0.002 PRPAAM AR

26
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All significant correlations between §3C or §°N and limnological parameters were
relatively weak (i.e. r<0.45), and were predominantly observed for phytoplankton, POC and
periphyton (Table 3). §*3C values for phytoplankton and POC were positively correlated with
turbidity, TP and PO4 (plus TN for phytoplankton), and negatively correlated with Secchi
depth. Periphyton 8'C was negatively correlated with NHa4. In contrast, 5°N values for
phytoplankton and POC were positively correlated with pH and NOs, and negatively
correlated with turbidity, TN and NH4 (plus PO4 for POC). Periphyton §'°N was positively
correlated with NOs and NH4 and negatively correlated with turbidity and PO4. C3 aquatic
macrophyte 5°N was negatively correlated with turbidity. No environmental correlates of
813C or 3N were found for C4 plants or Cs riparian vegetation (except for a very weak

positive correlation between turbidity and §*3C).



Table 3. Pearson’s r correlation coefficients between stable isotope values (8*3C or §*°N) and environmental variables for each source. Significant values are
in bold with level of significance denote using asterisks (* p<0.05; ** p<0.01; *** p<0.001). Turb=Turbitity, Cond=Conductivity, TN=Total Nitrogen,
TP=Total Phosphorous (See Appendix 2 and 3 for graphs).

Source Secchi Turb. pH Cond. TN NOs TP PO4

Cs Macrophytes

d13C 0.089 -0.141 -0.030 0.011 -0.216 -0.141 -0.210 -0.133

SN -0.075 -0.309* -0.140 0.045 -0.156 0.071 -0.078 0.063

Cs Riparian Vegetation
d3C -0.174 0.061* 0.051 0.004 0.049 -0.077 0.075 0.114
SN -0.041 -0.041 0.125 0.034 -0.055 0.051 0.107 0.000
C4Plants
d3C 0.034 -0.045 0.056 -0.068 -0.239 0.257 -0.151 0.070
SN -0.019 0.159 0.011 -0.192 0.159 -0.137 0.256 0.103
Periphyton

d3C -0.210 -0.067 -0.070 0.119  0.038 -0.094 0.101 0.107

SN 0.173 -0.273* 0.119 0.074 -0.112  0.419** 0.030 -0.286*
Phytoplankton

d3C -0.333*** (0.320*** -0.110 0.012 0.187* -0.034 0.281*** 0.366***

SN -0.016  -0.285*** 0.259** 0.067 -0.214** 0.260** -0.044 -0.142

POC

dBC -0.235**  0.227**  0.044 0.134 0.121 -0.095 0.182*  0.342***

SN 0.023  -0.305*** 0.251** -0.010 -0.204* 0.276*** -0.009  -0.193*

28
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Regression trees for both §!3C and §'°N depict complex multivariate and in some
cases nested relationships with local limnological conditions and basin identity (Figures 4 and
5). All of the measured limnological parameters and basin identity were included in at least
two regression trees, but TP, pH, NH4 and turbidity together accounted for almost 70% of the
splits (including the primary split in seven of the 12 regression trees; Figures 4 and 5).
Although PO was included in only four models, three of those were primary splits (i.e. 5°C
of phytoplankton and POC, and periphyton °N). Similarly, basin identity was included in
four models but was the primary split for only §1°N of Cs aquatic macrophytes, distinguishing
samples from the Pantanal from low- and high-pH sites in the Parand and Amazonas
floodplains (subsequent splits for the Pantanal were associated with TP, pH and NHa; Figure
5). Aside from Cz macrophytes from the Pantanal, almost all other terminal nodes across all
trees were comprised by samples from more than one basin (Figures 4 and 5).

Tree structures for 5°C and 5°N were never identical for a carbon source, and
exhibited limited similarity across sources for §*C and §*°N. Coarsely comparing models for
33C and &N, model complexity was similar (i.e. similar number of splits), but the
importance of a few parameters were more commonly associated with one or the other
isotope. Specifically, turbidity was included four and five times in regression trees for 5'°C
and 8N, respectively, but was never a primary or secondary split for §*C whereas four of
the five inclusions for 6°N were either primary or secondary splits (Figures 4 and 5).
Seemingly linked to high turbidity, conductivity was a secondary split for the two 3°N trees
with turbidity as the primary split (i.e. phytoplankton and POC), but was never included in
313C models. pH was included twice as many times in regression tress for 5!3C, including two
primary and one secondary split (i.e. C4 plants, periphyton and phytoplankton) versus two
secondary splits for 5!°N (i.e. Cs macrophytes and periphyton). Nutrient concentrations were
frequently included and in similar numbers in trees for both 5'*C and §*°N. However, N (i.e.
TN, NOs, NH4) was mostly a secondary split (nine secondary splits, one primary) whereas P
(i.e. TP and PO4) was commonly included as a primary and secondary split (six primary, five

secondary).
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Figure 4. Regression trees predicting §'*C for each carbon source. Splits are identified by boxes on
branches with the corresponding parameter and value, and terminal nodes are identified by boxes
including the mean value for the response variable (i.e. §:3C) as well as the number of samples and
sampling locations included in the node. Plus and minus signs or basin abbreviations designate the
level of parameter to the left or right of a split (e.g. pH less than or greater than 6.09 for the first split

for periphyton).
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Figure 5. Regression trees predicting 8*°N for each carbon source. Splits are identified by boxes on
branches with the corresponding parameter and value, and terminal nodes are identified by boxes
including the mean value for the response variable (i.e. 3°N) as well as the number of samples and
sampling locations included in the node. Plus and minus signs or basin abbreviations designate the
level of parameter to the left or right of a split (e.g. TP less than or greater than 59.65 for the first split
for riparian vegetation).

2.4 DISCUSSION

Although previous studies demonstrated biogeographic and biochemical patterns
affecting carbon and nitrogen stable isotope values (e.g. Jepsen & Winemiller, 2007; Hill &
McQuaid, 2008; Hobson et al., 2012), we did not detect similar patterns for our four
floodplain study systems. Only very minor differences in §°N values of sources were
observed among basins, and §*3C did not differ among basins for any source. Although §'°C

and 8N values exhibited significant correlations with some limnological factors, those



32

relationships were generally weak and the patterns differed among carbon sources. When
considering basin identity and local limnological conditions together, regression trees for both
313C and 8N for all sources depicted complex and in some cases nested relationships, and
only very limited similarity was observed among trees for different carbon sources. Contrary
to expectations, nutrient concentrations did not have a consistent directional effect on isotope
values (e.g. positive correlation between 8°N and nitrogen concentration). That being said,
some factors were more consistently included in regression trees for §**C or §'°N and at
primary or secondary split locations (i.e. more important in determining isotope values). For
example, turbidity was generally more important for 5°N (two primary and two secondary
splits), whereas pH was included twice as many times in regression tress for 5!3C (including
two primary and one secondary split). Nutrient concentrations were frequently included and
in similar numbers in trees for both §*C and §'°N, but N (i.e. TN, NOs, NH4) was mostly a
secondary split (nine secondary splits, one primary) whereas P (i.e. TP and POs) was
commonly included as a primary and secondary split (six primary, five secondary).

Our findings indicate a strong effect of local limnological conditions on &C and
SN, regardless of basin. Basin was the primary factor affecting 8*°N of Cs macrophytes
(which generally have high values for §°N; Wantzen et al., 2002) but nutrient concentrations
and pH were important in further distinguishing the broad range of variability in §°N of
macrophytes in the Pantanal. In contrast, Jepsen & Winemiller (2007), working in four
tributaries of the Orinoco River basin, identified basin geochemistry as a primary factor
affecting 8'3C and &N values of sources and consumers (i.e. fishes). In their study, the
tributaries exhibited general differences in limnological conditions due to underlying geologic
formations (i.e. white, clear and black water types). Significant variability in §*C and §'°N of
sources was observed within each system (i.e. distribution of source values within systems
exceeded differences among systems in their Figure 4), but their primary focus was on upper
trophic levels and they did not investigate factors affecting isotopic variability of sources
within each system. We expect that had they further explored factors affecting source
variability among sampling locations, the effect of ‘basin’ on the isotopic baseline would have
been greatly diminished. However, that leaves the question of why consumers demonstrated
marked differences in isotope values among systems, and this is likely due to differences in
the relative importance of various sources to the food webs (as discussed by the authors),
which would compound any differences in the mean isotope values of specific sources among
systems. In comparison, our study lacked the range of limnological conditions (i.e. extreme

blackwater) in Jepsen & Winemiller (2007), and we would anticipate a greater influence of
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basin geochemistry on source §**C and &°N had our study included a classical blackwater
river.

No significant differences in §*3C of carbon sources were observed at the landscape
scale, i.e. comparing mean values of sources among floodplains, and mean source values were
comparable with previous studies in floodplain ecosystems (e.g. Hamilton & Lewis, 1992;
Benedito-Cecilio et al., 2000; Lewis et al, 2001; Hoeinghaus et al. 2007). Although largely
conserved by photosynthetic pathway (e.g. C4 vs. Cz plants), regression trees identified
complex relationships between &3C of carbon sources and local limnological conditions.
Somewhat surprisingly, pH was associated with the primary split in 5'3C regression trees in
only two cases (C4 plants and periphyton). pH is one of the distinguishing characteristics in
the classification of water types that previous studies have associated with differences in §*3C
(e.g. Jepsen & Winemiller, 2007), and it plays a fundamental role in the bicarbonate
equilibrium (i.e. determining relative concentrations of dissolved inorganic carbon
compounds) and affects 5!3C of DIC (Stumm & Morgan, 1981; Bade et al., 2004; Gray et al.,
2011). In both of the cases where pH was the primary split, the subsequent split was
associated with NH4, perhaps indicating an important interaction between nutrient
concentrations and pH in determining 8'3C of the DIC (Lin & Sternberg, 1992; McKee et al.,
2002). In fact, pH was included in every 5'3C regression tree, and was always in combination
with nutrient concentrations for aquatic sources (i.e. all except riparian vegetation). Aquatic
production sources such as phytoplankton and macrophytes preferentially assimilate 2CO;
during photosynthesis, thus the rate of photosynthesis (often limited by available nutrients and
light) can affect 5'°C of the DIC by 2C depletion.

It has long been recognized that lake metabolism plays an important role in
influencing the isotope signature of DIC (Oana & Deevey, 1960). For example, increasing
productivity increases 8*C-DIC (Wang & Veizer, 2000) and respiration is generally
considered to be the reason for declining §'3C-DIC (Miyajima et al., 1997). Although Bade et
al. (2004) found a weak correlation between TP and §'*C-DIC and a strong effect of pH on
313C-DIC for the Highland Lakes (USA), this pattern may be different in highly productive
floodplain ecosystems (Lewis et al., 2001). §*3C of aquatic carbon sources directly dependent
on DIC in floodplain-river systems and seem to be governed by a balance between respiration
and productivity due to a greater contribution of biogenic CO: in these productive watersheds
(Tan & Edmond, 1993). Unfortunately, we were unable to process samples for determination

of §3C-DIC, which would have allowed us to more directly test for relationships between
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limnological conditions and &3C of DIC and primary production sources among sampling
locations.

SN of carbon sources was expected to increase with increasing nutrient
concentrations, especially for N and P (e.g. Cabana & Rasmussen, 1996; Inglett et al, 2007).
In contrast, our correlation analyses indicated no relationship between &°N and nutrient
concentrations for some sources as well as both positive and negative correlations between
5'°N and different nutrient species (e.g. NHa vs NO3) for the same carbon source. Although
nutrient concentrations were frequently included in the regression trees, there was not a
consistent pattern of higher 5'°N values with higher nutrient concentrations and all models
included other predictor variables not associated with nutrients (e.g. pH, conductivity, basin
identity). Thus, the influence of nutrient availability on 3*°N of carbon sources was dependent
on other factors and was not consistent among sources. Pollution from anthropogenic
activities, such as agriculture (e.g. Winemiller et al. 2010; Como et al., 2012) and sewage
(Schubert et al., 2013; Ochoa-lzaguirre & Soto-Jiménez, 2015) have been shown to affect
5'°N of primary producers and consumers, but we did not directly incorporate such human
activities in this study. However, it is worth mentioning that an active community was present
at site AMA12 (locally known as Castanho Lake) in the Amazonas basin, and that nutrient
concentrations were the highest among all sites (TN=5435 pg/L and TP=157.7 pg/L) and
SN of sources at this site were usually enriched (e.g. phytoplankton 5*°N averages 4.46).

Important caveats to consider are that our sample size was low for C4 plants, Cs
macrophytes were not collected from the Araguaia floodplain, and that there are other
potentially important environmental factors that we did not quantify. We expect the
regression tree results would differ if more samples were included from the Araguaia and
Parana basins for C4 plants and if samples were included for Cs macrophytes from Araguaia.
However, based on the patterns observed for other carbon sources, there is little or no reason
to suspect that a more direct or easily interpretable result would be observed, thus our overall
findings would remain largely unchanged. Similarly, other environmental factors that may
affect isotope values of carbon sources are unlikely to play key roles in our study systems.
Specifically, studies from streams found gradients in §*3C and °N of carbon sources among
local sites which they attributed to water velocity (Finlay et al. 2002; Costas & Pardo 2014).
Our study sites were all located in floodplain lakes with little or no flow, so inclusion of water
velocity is unlikely to significantly change our findings. Besides that, others studies found

that high temperatures and light intensity are positively correlated with §C and 8N
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enriched aquatic carbon sources (periphyton and algae) for freshwater systems (MacLeod &
Barton, 1998; Hill et al., 2008). Nevertheless, our study sites (along with the dry season)
always show high temperatures (i.e. > 25 °C) and open canopy for the entrance of light, being
these factors also unlikely to change our results.

Landscape-level differences in stable isotope values of production sources have been
useful in studies of organism movement (Hobson et al., 1999; Rubenstein & Hobson, 2004;
Brosi et al., 2009; Hobson et al., 2014). For example, differences in §13C of sources of white
and black water rivers discussed above allowed Winemiller & Jepsen (2004) to estimate
subsidies to blackwater food webs via consumption of migratory Semaprochilodus kneri by
large peacock bass Cichla temensis (Hoeinghaus et al. 2006). For our study systems, high
within floodplain variability and importance of local conditions in determining those
differences, suggest that isotopes may be useful for examining habitat use, dispersal and patch
dynamics within heterogeneous floodplain ecosystems rather than just between systems with
extreme water types (i.e. a finer resolution ‘isoscape’ than has been previously utilized,
Bowen, 2010; Powell et al., 2012; Radabaugh et al., 2013). Such applications may be more
useful for small-bodied organisms or early life history stages of larger-bodied species (e.g.
young-of-year fishes) due to faster tissue turnover rates. Movement and dispersal rates are
notoriously difficult to quantify in complex and open systems such as floodplains, and the
application of natural isotopic tracers would be a welcome addition to the ‘tool kit” for such
studies where artificial isotopic labeling (Veuger et al., 2007; Yu et al., 2013; Yu et al., 2014)
is not feasible due to the scale and size of the water bodies. The inclusion of hydrogen stable
isotopes along with carbon and nitrogen may further enhance this possibility (Finlay et al.,
2010; Hondula et al., 2014), similar to the utility of sulfur stable isotopes for adding greater
resolution along spatial gradients in coastal systems (Conolly et al., 2004; Fry & Chumchal,
2011).

The same heterogeneity that may enable the use of isotopes as tracers of organism
movement may complicate their use in other types of investigations. One of the primary
interests in understanding factors that affect isotope values of production sources is identify
when and how that variability may need to be accounted for when comparing isotope values
of consumers from across sampling locations or systems (Hobson et al., 2012) or when testing
the aforementioned models of carbon flow in river ecosystems (e.g. Hoeinghaus et al. 2007,
Medeiros & Arthington, 2011; Fellman et al., 2013). Our findings paint a complex picture of
the effects of local conditions versus landscape differences on the carbon and nitrogen isotope

values of production sources. At the landscape scale, §*3C of carbon sources was relatively
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conserved across systems, which is good news for comparing patterns of carbon flow, but
3'°N differed among systems as well as among sources within systems (in some cases more
than the expected effect of trophic fraction), which is a significant concern when studying
trophic interactions. Unfortunately, the complex interactions of multiple factors in
determining isotope values of sources among sites likely precludes a simple analytical
correction. Such variability in the 5!°N baseline is often accounted for by using relatively
large-bodied primary consumers as indicators of baseline values (Post et al., 2000;
Hoeinghaus et al., 2008; Jardine et al., 2014). The relatively greater heterogeneity within
versus among systems in our study highlights that the spatial scale of sampling for control of

baseline heterogeneity should be explicitly considered.
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Appendix A - Mean and standard deviations of the carbono sources from the four floodplains.
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Figure 1. Mean and standard deviations of the carbono sources from the four floodplains. Signs and
legend are indicated on the graph.
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Appendix B — Graphs representing pearson’s r correlations between §**C/5!°N and

environmental variables.
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Figure 2. Pearson’s r correlation between carbon stable isotope values (5'*C) and environmental
variables, for each source represented graphically. Filled circles represent significant correlaions. Red
circles = C3 Macrophytes; blue circles = C; Riparian vegetation; gray circles = C4 Plants; green circles
= Periphyton; pink circles = Phytoplankton; black circles = POC.
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Figure 3. Pearson’s r correlation between nitrogen stable isotope values (3°N) and environmental

variables, for each source represented graphically. Filled circles represent significant correlaions. Red

TP.(ugiL)

NH,(ugiL)

circles = C3 Macrophytes; blue circles = C; Riparian vegetation; gray circles = C4 Plants; green circles

Periphyton; pink circles = Phytoplankton; black circles = POC.
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3 A SEGR[EGA(;AO DE NICHO ISOTOPICO EXPLICA A COEXISTENCIA DE
DUAS ESPECIES DE PIRANHAS

RESUMO

A invasdo de espécies ndo nativas, filogeneticamente proximas das nativas, foi observada no
alto rio Parang, ap6s a construcdo da usina hidroelétrica de Itaipu e consequente supressao de
uma barreira natural (Salto Sete Quedas). Espécies endémicas do baixo rio Parana
colonizaram e se dispersaram no novo ambiente com sucesso, incluindo a espécie de piranha
Serrasalmus marginatus. Neste contexto, partindo-se do pressuposto de que as duas espécies
de piranha coexistem naturalmente no Pantanal, e que S. marginatus é uma espécie nao nativa
estabelecida na planicie de inundacdo do alto rio Parana, hipotetiza-se que apenas neste
ambiente ocorre sobreposi¢do de nicho trofico entre as espécies de Serrasalmus, devido a
coexisténcia em curto prazo (i.e. escala ndo evolutiva). Este estudo foi conduzido em uma
lagoa situada no Pantanal (i.e. habitat de co-ocorréncia das espécies nativas) e uma lagoa
situada na planicie de inundacdo do alto rio Parana (i.e. habitat de co-ocorréncia da nativa S.
maculatus com a ndo-nativa S. marginatus). Para identificar a estrutura do nicho isotépico das
populacdes em cada ambiente, foram estabelecidas a amplitude do carbono e do nitrogénio
isotopico, assim como a area de nicho isotdpico ocupada por cada espécies. Estas medidas
foram utilizadas para estimar a amplitude e sobreposicao de nicho isotopico (utilizado como
um substituto do nicho trofico) de cada espécie. De acordo com 0 modelo de mistura a fonte
de carbono predominante para ambas as espécies nos dois ambientes foi de origem terrestre.
Entretanto, no Parana as espécies diferiram significativamente com relacdo ao 5'3C e a ndo
nativa apresentou maiores areas de nicho que a nativa. No Pantanal, ndo foram identificadas
diferengas significativas nos valores de §*3C, mas as espécies diferiram com relagdo ao 6°N e
as areas dos nichos isotdpicos foram menores para ambas as espécies. Considerando 0s
resultados expostos e a sobreposi¢cdo de nicho isotdpico nula, pode-se inferir que as espécies
dependem de fontes alimentares diferentes. As piranhas obtém energia de presas distintas, as
quais provavelmente consomem recursos de cadeias alimentares diversas. Assim, 0
estabelecimento de S. marginatus é provavelmente direcionado pelo acesso aos recursos nao
utilizados pela espécie nativa e por outras dimensdes do nicho ndo analisadas nesse estudo
(e.g. aspectos reprodutivos, competicdo entre juvenis, etc.), além de outras interacdes bidticas.

Palavras-chave: Carbono, nitrogénio, nicho tréfico, espécie ndo-nativa, Serrasalmus
marginatus, Serrasalmus maculatus.
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3.1 INTRODUGCAO

Existe um longo debate em Ecologia que busca compreender oS processos que
determinam a coexisténcia entre espécies (Juncos et al., 2014), com destaque aos casos em
que as mesmas pertencem a mesma guilda (Keppeler et al., 2015). Estes eventos precisam ser
amplamente estudados, especialmente em casos de introducdo de espécies, que forcam a
simpatria entre espécies que ndo coevoluiram, podendo resultar tanto em coexisténcia quanto
em exclusdo (Bohn et al., 2008).

Espécies introduzidas sdo umas das principais ameacas as espécies nativas, e tém sido
0 centro de discussdes quando se leva em consideracdo a perda da biodiversidade (e.g.
Dudgeon et al., 2006; Pelicice et al., 2014; Daga et al., 2015). Algumas atividades antrdpicas
tém contribuido para aumentar a introducdo de espécies nao nativas em ecossistemas
aquaticos continentais, dentre as quais destaca-se a construcdo de usinas hidrelétricas. Além
dos conhecidos impactos destes empreendimentos sobre o ecossistema, estes podem atuar
como facilitadores da dispersdo de espécies (Julio Junior et al., 2009; Vitule et al., 2012).

A construcdo da Usina Hidrelétrica de Itaipu em 1982 levou a supressdao de uma
barreira geografica natural (i.e. um conjunto de cachoeiras conhecido como Salto Sete
Quedas) existente entre duas ecorregifes do rio Parand (Abell et al., 2008). Este evento fez
com que muitas espécies do baixo rio Paran conseguissem colonizar o alto rio Parand, entre
elas a piranha Serrasalmus marginatus Valenciennes, 1837 (veja Figura 1; Jalio Junior et al.,
2009), uma espécie também nativa do Pantanal (Sazima & Machado, 1990; Bistoni & Haro,
1995). Poucos anos apds a construcdo de Itaipu, constatou-se a dominancia da mesma e
declinio da sua congenérica nativa, Serrasalmus maculatus Kner, 1858 (Agostinho et al.,
1994; Agostinho & Jalio-Jr, 2002; Agostinho et al., 2003).

Estudos relacionados a alimentacdo de ambas as espécies foram realizados a fim de
determinar se o sucesso da espécie ndo nativa relacionava-se ao seu comportamento
alimentar. Agostinho et al. (2003) concluiram, atraves da anélise de conteudos estomacais,
que as espécies apresentam o0 mesmo habito alimentar e alta sobreposicdo de nicho trofico,
atribuida ao consumo de fragmentos de peixes. A analise do conteldo estomacal tem sido
uma ferramenta eficiente para inferir sobre os habitos e as estratégias alimentares das espécies
de peixes. Contudo, para piranhas esta pode ndo ser a analise mais adequada, ja que 0S
fragmentos podem ter sido obtidos de diferentes espécies de peixes e em distintas posicoes
troficas (Almeida et al., 1998; Agostinho et al., 2003).
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Em contrapartida, a analise de isétopos estaveis (AIE) tem sido atil para o
entendimento do papel funcional dos organismos nas cadeias alimentares (Correa &
Winemiller, 2014; Polacik et al., 2014), tornando-se uma ferramenta importante para elucidar
diferengas tréficas entre espécies filogeneticamente proximas (Faye et al., 2011; Le Loc’h et
al., 2015). Como exemplo, os is6topos estaveis de carbono (5*3C) e de nitrogénio (8*°N) sio
utilizados para distinguir a fonte de energia obtida e a posicdo tréfica ocupada pelo
organismo, respectivamente (Peterson & Fry, 1987; Vander Zanden & Rasmussen, 1999).
Deste modo, valores de §'C e §'°N podem ser usados para a definicdo de nichos troficos
(Layman et al., 2007), constituindo-se em importantes preditores dos impactos das espécies
ndo nativas (e.g. Olsson et al., 2009; Monroy et al., 2014; Cordova-Tapia et al., 2015; Hill et
al., 2015).

Neste contexto, partindo-se do pressuposto de que as duas espécies de piranha
coexistem naturalmente no Pantanal, e que S. marginatus é uma espécie ndo nativa
estabelecida na planicie de inundacdo do alto rio Parand (Jalio Junior et al., 2009; Toéfoli,
2015), hipotetiza-se que apenas neste ambiente ocorre sobreposicéo de nicho trofico entre as
espécies de Serrasalmus, devido a coexisténcia em curto prazo (escala ndo evolutiva). De
acordo com esta hipotese, pode-se predizer que no alto rio Parana: (i) as espécies utilizam a
mesma fonte de carbono e (ii) que os valores isotdpicos de carbono e nitrogénio ndo diferem
entre as espécies, havendo sobreposicdo de nicho tréfico (nicho isotdpico). Deste modo,
busca-se entender se a coexisténcia modulada evolutivamente (Pantanal) e a coexisténcia em

curta escala temporal (alto rio Parand), interferem nas interacGes tréficas entre ambas as

espécies.
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Figura 1. Modelos ilustrativo exemplificando a facilitacdo da invasdo de Serrasalmus marginatus do
baixo rio Parand para o alto rio Parand ap6s a construgdo da barragem de Itaipu em 1982, e supresséo
de uma barreira geografica (Salto Sete Quedas). As imagens dos peixes foram modificadas do
FishBase (http://www.fishbase.org/search.php). (=160 km) = distancia entre a barragem de Itaipu e 0
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local onde estava inserido o Salto Sete Quedas (Dados obtidos do Google Earth Pro). As proporcdes
dos elementos da figura sdo meramente ilustrativas.

3.2 MATERIAL E METODOS

3.2.1 Area de estudo

Os locais de estudo para a avaliacdo de particdo do nicho isotopico entre Serrasalmus
maculatus e Serrasalmus marginatus foram constituidos de duas lagoas. No Pantanal, foram
realizadas amostragens em um total de nove lagoas, porém apenas em uma foram capturados
individuos de ambas as espécies. Ja no alto rio Parana, seis lagoas foram amostradas, sendo
que em trés delas foram capturadas ambas as espécies. Para estas, foram realizadas analises
preliminares nas quais foram encontrados resultados convergentes. Deste modo, com a
finalidade de padronizar o nimero de ambientes analisados em cada planicie de inundacéo,
apenas a lagoa com o maior numero de individuos capturados foi selecionada para
interpretacdo. A lagoa situada no Pantanal é um habitat de co-ocorréncia das espécies nativas
(habitat CON). J& a lagoa localazada na planicie de inundacdo do alto rio Parana constui um
habitat de co-ocorréncia da nativa S. maculatus com a ndo-nativa S. marginatus (habitat
CNN) (Figura 2).
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Figura 2. Area de estudo. Os pontos (*) indicam as lagoas em que as espécies de peixes congenéricas
Serrasalmus maculatus e S. marginatus foram amostradas. CON = habitat de co-ocorréncia das
espécies nativas (Pantanal); CNN = habitat de co-ocorréncia da nativa S. maculatus com a ndo-nativa
S. marginatus (alto rio Parand).

O rio Paraguai é o principal tributario da planicie do Pantanal, fluindo no sentido
norte-sul ao longo do lado oeste do Pantanal e recebendo &gua de vérios tributarios
(Hamilton, 2002). O Pantanal é uma das maiores planicies alagaveis do mundo, ocupando
uma area de cerca 140.000 km?, sendo que a maior parte deste bioma esta situado em
territorio brasileiro (Hamilton, 2002). O clima do Pantanal € marcado por um periodo de seca
(maio a setembro) e outro de cheia (outubro a abril) (Agostinho et al., 2014), no entanto, esses
periodos sdo variaveis dependendo da latitude desse bioma (Junk et al., 2006). Por causa da
baixa declividade do terreno (2-3 cm/km no sentido norte-sul e 5-15cm/km na diregéo leste-
oeste), é necessario um periodo de trés a quatro meses de cheia para inundar todo o Pantanal
(Alvarenga et al., 1984). Dessa forma, o pulso de inundacdo na porcéo norte coincide com a
estacdo chuvosa, mas ha um atraso de cerca de trés meses entre esta estacdo e a ocorréncia de
cheia na porcao sul do Pantanal e, por isso, foi considerado o més de mar¢o como periodo de

Seca.
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A planicie de inundacdo do alto rio Parana € o ultimo trecho livre de barramentos do
rio Parand, localizada entre os reservatorios de Porto Primavera e de Itaipu, com cerca de
230km de extensdo. O segmento do rio Parana, ocupado pelo reservatorio de Itaipu,
anteriormente fluia através de um céanion, e as aguas de seus tributarios emanava de
cachoeiras de diferentes alturas (Agostinho & Julio-Jr, 2002). A construcdo do reservatorio
submergiu essas cachoeiras (conhecidas como Salto Sete Quedas) e suprimiu essa barreira
natural a dispersdo de peixes, fazendo com que varias espécies que nao ocorriam no alto rio
Parand invadissem este ambiente (Agostinho & Julio-Jr, 2002; Agostinho et al., 2014; Tofoli,
2015).

3.2.2 Amostragem

Os peixes e as potenciais fontes de energia foram amostrados em uma lagoa (CON)
adjacente ao rio Paraguai, no Pantanal, enquanto que no alto rio Parand, os peixes foram
obtidos em uma lagoa (CNN) adjacente ao subsistema rio Ivinhema (Figura 2). Em CON, os
peixes foram amostrados com auxilio de redes de arrasto de 20m, e em CNN, utilizaram-se
redes de espera, com diferentes tipos de malhagens expostas por um periodo de 24h. Vale
ressaltar que as distintas metodologias de coleta ndo influenciaram os sinais isotdpicos dos
peixes, ja que somente peixes adultos foram selecionados para o estudo [de acordo com o
comprimento padréo da primeira maturacdo, conforme Vazzoler (1996)]. Para os dois habitats
foi definido o periodo de amostragem como sendo aquele de seca (setembro/2011 no habitat
CNN e margo/2012 no habitat CON), pois nestes periodos as espécies ficam confinadas nas
lagoas, maximizando a probabilidade de encontro entre ambas, bem como entre estas e suas
presas.

Todos os peixes amostrados foram imediatamente acondicionados em caixas térmicas
com gelo e posteriormente congelados. As espécies foram identificadas segundo Graga &
Pavanelli (2007) e foram aferidos dados biométricos (comprimento padrdo, em centimetros, e
peso, em gramas). Ao todo, foram capturados 22 individuos (i.e. quatorze no Parané e oito no
Pantanal) e de cada exemplar foi extraido uma amostra de musculo, préximo a base de
insercdo da nadadeira dorsal, o qual foi utilizado para a determinacdo da razéo de is6topos
estaveis de carbono e nitrogénio. Exemplares testemunhos foram depositados na Colecao
Ictiologica do Nucleo de Pesquisas em Limnologia, Ictiologia e Aquicultura (Nupélia) da

Universidade Estadual de Maringa.
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As potenciais fontes primarias de energia para as espeécies de piranhas foram
categorizadas em pelagica, litoranea e terrestre. A fonte pelagica foi constituida por matéria
organica particulada na coluna da &gua (MOP), a litoranea pelo perifiton, e a terrestre, por
folhas arbdreas predominantes no entorno das lagoas. A MOP foi coletada com o auxilio de
redes de fitoplancton (com malhagem de 15um), sendo esta arrastada horizontalmente por
cerca de 3 minutos na subsuperficie da coluna da agua, e posteriormente armazenada em
frascos de 500ml. J& o perifiton foi extraido através da raspagem cuidadosa da superficie do
peciolo de plantas aquéticas. Posteriormente, as amostras de MOP e perifiton foram filtradas e
retidas em filtros de fibra de vidro (GFC-Whatman, 47mm) previamente calcinados a 450° C,
e imediatamente congeladas a -20 °C.

Todas as amostras (peixes e fontes primarias) devidamente identificadas, foram
submetidas a secagem em estufa a 60°C (durante 72 horas). Os musculos dos peixes e as
folhas da vegetacdo riparia foram maceradas até a obtencdo de um po fino e homogéneo e
cerca de 1,5 mg (peixe) e 4 mg (folhas) de cada amostra foram acondicionadas em capsulas
de estanho para posterior analise de isétopos. Os filtros contendo MOP e perifiton foram
cortados a0 meio e também acondicionados em capsulas de estanho para a analise de
isétopos.

A determinacdo das razdes isotdpicas de carbono e nitrogénio foi realizada em
Espectrébmetro de Massa Razdo Isotopica da PDZ Europa ANCA-GSL com interface a PDZ
Europa 20-20 (SerconLtd., Cheshire, UK) na University of California, Davis Stable Isotope
Facility. Os valores das razdes isotopicas foram expressos com a notacao delta (8) e em partes
por mil (%o), relativos ao padrdo internacional para o carbono da rocha calcaria Pee Dee
Belemnite (PDB), enquanto para nitrogénio foi utilizado o N atmosférico. A amplitude dos
desvios padrdes observados para cinco réplicas foram de 0,04 - 0,13%o e 0,09 - 0,22%o, de

513C e 81N, respectivamente.
3.2.3 Anélise dos dados

Para identificar a estrutura do nicho isotopico das populacdes em cada ambiente,
foram estabelecidas a amplitude do carbono (CR) e do nitrogénio (NR) isotopico (Layman et
al., 2007), assim como a area padrdo da elipse corrigida para o tamanho da amostra (SEAc).
Estas medidas foram utilizadas para estimar a amplitude de nicho trofico de cada espécie. A
sobreposic¢do do nicho isotdpico (IOv) também foi calculada com base na SEAc (Jackson et
al., 2011), que representa 0 quanto uma espécie se assemelha em relagdo a outra quando

considerado o espectro de isétopos em seus tecidos. A SEAc é calculada a partir da variancia
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e covariancia dos valores de &C e §'°N, acomoda 40% dos dados e, consequentemente,
revela o nicleo médio da area do nicho isotopico de uma populagdo. Com isso, espera-se que
a SEAc ndo seja sensivel ao tamanho da amostra. CR e NR correspondem a distancia entre
dois individuos de uma populagdo com os valores mais altos e mais baixos de §°C e §°N,
respectivamente. Realizou-se também o teste ndo paramétrico de Kruskal-Wallis para testar
possiveis diferencas nos valores de §*3C e 3°N entre as populacdes das duas espécies de cada
um dos ambientes investigados.

Com o intuito de identificar as contribui¢bes das fontes primarias de energia para as
espécies estudadas foi utilizado o modelo de mistura isotopica (Siar — Parnell et al., 2010;
2013). Como fator de discriminacdo, foram adotados os valores propostos por Post et al.
(2002). Todas as analises foram calculadas nos software R (R Development Core Team,
2014), com os pacotes Vegan (Oksanen et al., 2015) e Siar (Parnnel & Jackson, 2013). O

nivel de significancia adotado foi de 0=0,05.

3.3 RESULTADOS

Serrasalmus maculatus e S. marginatus parecem consumir presas diferentes em CNN,
ja que diferem significativamente quanto a assinatura isotdpica de carbono (Tabela I). Neste
local, ndo houve diferenca significativa quanto ao §®°N. Em CON, foi observado o inverso,
inexisténcia de diferenga significativa entre as espécies no que se refere ao 53C e diferenca
significativa nos valores de 5'°N (Tabela I).

A éarea do nicho isotopico (SEAc) da populacdo de S. marginatus foi maior que da sua
congénere em CNN (1,25%0). Em contrapartida, S. maculatus obteve os maiores valores de
SEAC (0,69%0) em CON (Tabela I, Figura 3). Em CON, observou-se maiores valores de CR e
NR para S. maculatus (Tabela I). J& em CNN a espécie ndo-nativa teve uma amplitude maior
que a espécie nativa (i.e. CR=3,86; NR=2,02). Ndo foi observada sobreposicdo da area

isotopica (I0v=0) em nenhum dos ambientes estudados (Tabela I).
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Tabela I. Valores da assinatura isotdpica de §*°C e 3*°N (peixes e fontes), métricas referentes ao nicho
isotopico (Métricas) e teste de Kruskal-Wallis (KW) para S. maculatus (S.mac) e S. marginatus
(S.marg) em cada ambiente. SEAc= érea padrdo da elipse corrigida, CR=amplitude do &%C,
NR=amplitude do 5!°N, IOv=sobreposicido da area do nicho isotépico, KWp=valores de p indicando a

significancia do teste, N=nativa, NN=n&o nativa, n=nimero de amostras para a analise.

Habitat (Minimo) - (Maximo) Métricas KWp
Espécie/Fonte  n 313C (%) 515N (%o) SEAC(%) CR(%0) NR(%) 10v  3BC BN
CON 0 0,456 0,05
S. mac(N) 5 (-26,88)-(-24,60) (9,08)-(9,66) 0,691 2,28 0,58
S.marg(N) 3 (-26,71)-(-25,78) (9,55)-(9,93) 0,215 0,93 0,38
Pelagica 4 (-33,46)-(-32,12) (3,65)-(4,34)
Litoranea 2 (-31,68)-(-31,59) (4,44)-(4,87)
Terrestre 5 (-32,42)-(-27,87) (-1,27)-(2,28)
CNN 0 0,02 0,19
S. mac(N) 6 (-28,90)-(-28,32)  (10,14)-(10,94) 0,195 0,58 0,80
S.marg(NN) 8 (-31,26)-(-27,40)  (10,43)-(12,45) 1,254 3,86 2,02
Pelagica 4 (-26,17)-(-26,96) (0,57)-(0,88)
Litoranea 2 (-27,98)-(-27,08) (2,41)-(2,82)
Terrestre 4 (-31,32)-(-29,53) (0,61)-(4,29)
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Figura 3. Area do nicho isotopica (SEAcC) das espécies Serrasalmus marginatus (triangulos/linha
pontilhada) e Serrasalmus maculatus (circulos/linha continua) no Pantanal (CON) e no Parand (CNN)
baseada nos valores de 8°C e 8'°N (SEAc= area padréo da elipse corrigida).
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A fonte de carbono predominante para ambas as espécies foi de origem terrestre tanto
em CON quanto em CNN, enquanto que as fontes pelagicas e litoraneas contribuiram de
forma infima (Figura 4). Os valores dos is6topos de C e N (minimo e maximo) das fontes de
carbono estéo descritos na Tabela I.
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Figura 4. Contribui¢bes proporcionais estimadas de cada fonte de energia (Pelagica, Litoranea ou
Terrestre) para cada espécie nos ambientes CON e CNN. Os intervalos de credibilidade sdo de 50%
(cinza claro), 75% (cinza médio) e 95% (cinza escuro).

3.4 DISCUSSAO

Diferentemente do proposto por Agostinho et al. (2003), cujos resultados da anéalise de
contetido estomacal das piranhas no habitat CNN revelam sobreposicéo de nicho tréfico entre
adultos, no presente estudo foi observado a utilizacdo de recursos distintos entre as especies.
Isso pdde ser confirmado através da andlise de isotopos estaveis, a qual revelou diferenca
significativa entre os valores de 5'°C e sobreposicéo isotGpica nula. A maioria dos estudos
utilizando a abordagem isotdpica tem demonstrado alta sobreposicao de nicho isotépico entre
especies nativas e ndo-nativas (e.g. Mercado-Silva et al., 2009; Olsson et al., 2009; Ruokonen
et al., 2012; Monroy et al., 2014; Cordova-Tapia et al., 2015; Philippsen et al., 2015).

Entretanto, a interacdo entre as piranhas congenéricas é estruturada pela segregacéo trofica,
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invalidando a hipdtese proposta neste trabalho. Este cenario também foi encontrado por
Guzzo et al. (2013) e Eloranta et al. (2015), entre espécies filogeneticamente proximas (nativa
X ndo-nativa), resultado que foi atribuido a variabilidade isotopica especifica dos peixes nao-
nativos.

A inexisténcia de sobreposicdo de nicho isotdpico e as diferencas observadas nos
valores de 8%3C e 8'°N, para o presente estudo, sdo fortes indicios de segregacdo do nicho
tréfico, ja que estudos anteriores sugerem que a sobreposicdo de nicho pode ser interpretada
como compartilhamento de alimentos e, consequentemente, um indicador potencial de
competicdo (Pilger et al., 2010; Zambrano et al., 2010). A segregacdo do nicho tréfico pode
ter ocorrido pela alta plasticidade trofica da espécie nao-nativa (Guzzo et al., 2013; Ferreira et
al., 2014; Eloranta et al., 2015) no habitat CNN, demonstrada pelos valores maiores da area
da elipse corrigida (SEAc) e também pelos maiores valores da amplitude dos is6topos (CR e
NR). Guzzo et al. (2013), Cordova-Tapia et al. (2015) e Hill et al. (2015) também observaram
que a area do nicho isotépico das espécies ndo-nativas foi sempre maior que a area do nicho
das espécies nativas. Além disso, sabe-se que a presenca de espécies ndo-nativas tende a
diminuir a amplitude de 8*C (CR) de peixes nativos (Pilger et al., 2010), fato também
observado neste estudo.

No habitat CON, foi observado que a partilha de recursos estd mais relacionada com o
consumo de presas em niveis tréficos distintos, ja que houve diferenca significativa entres os
valores de 5!°N das espécies, sem sobreposicdo de nicho isotopico. Também, baixos valores
de SEAc, NR e CR indicam maior especializacdo na dieta, que pode ser atingida conforme
espécies similares desenvolvem caracteristicas adaptativas ao longo do tempo. Vale ressaltar
que neste ambiente as espécies sdo nativas, evoluiram juntas e, consequentemente,
desenvolveram especializaces tréficas que fazem com que as mesmas evitem a competicao
por alimento (Baltz & Moyle, 1984; Brown, 1995). Além disso, o nicho isotdpico reduzido
pode também ser atribuido a existéncia de uma terceira espécie de piranha neste ambiente,
Pygocentrus nattereri (dados ndo publicados), a qual apresenta 0 mesmo comportamento
alimentar que aquelas do género Serrasalmus (Ferreira et al., 2014) e que pode também
influenciar esta interacdo trofica.

Em ambos os habitats (CNN e CON), constatou-se que as espécies apresentaram,
predominantemente, como a principal fonte de energia o carbono de origem terrestre,
permitindo que a primeira predicéo fosse aceita. No entanto, isso ndo significa que as espécies
de piranhas tenham se alimentado diretamente de presas de origem terrestre, ja que estes

peixes sdo piscivoros, consumindo pedacos de nadadeiras, escamas e outras partes do corpo
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de suas presas (Agostinho & Marques, 2001; Agostinho et al., 2003; Costa et al., 2005;
Vilares-Jr et al., 2008). Infelizmente, dados isotdpicos referentes as presas das piranhas nao
foram aferidos, o que impossibilitou a determinagdo exata do que estava sendo consumido.
Porém, acredita-se que as piranhas tenham consumido presas que se alimentam de recursos
terrestres de forma direta (i.e. peixes com habitos alimentares insetivoros) ou indireta (i.e.
peixes detritivoros), considerando que o consumo de curimatideos e outros caracideos
pelagicos ja foi documentado na literatura (Ferreira et al., 2014).

Embora sejam recorrentes os estudos que evidenciam os recursos autoctones como 0s
principais direcionadores de cadeias alimentares de sistemas rios-planicie de inundacéo (e.g.
Feorsberg et al., 1993; Benedito-Cecilio et al., 2000; McCutchan & Lewis, 2002; Thorp &
Delong, 2002, Bunn et al., 2003; Hoeinghaus et al., 2007; Jepsen & Winemiller, 2007; Hladyz
et al., 2010; Hunt et al., 2011; Reid et al., 2011), os resultados obtidos estdo em concordancia
com o Flood Pulse Concept (Junk et al., 1989). Este conceito enfatiza a importancia das
trocas laterais do rio com a éarea alagada e prediz que as teias alimentares sdo mais
dependentes da matéria orgénica produzida na planicie. Embora tenha-se utilizado como
baseline da cadeia trofica somente produtores primarios, os modelos de mistura indicam a
dependéncia, ao menos parcial, de matéria organica de origem terrestre.

Assim, com base no exposto acima, acredita-se que o sucesso de estabelecimento de S.
marginatus no habitat CNN (To6foli, 2015) deve-se as suas maiores amplitudes de nicho
isotopico (i.e. SEAc, NR e CR). Estas métricas sdo indicativas de generalismo trofico, o qual
parece ser uma caracteristica que favorece o estabelecimento de espécies ndo nativas, visto
gue esta é uma caracteristica comumente observada em peixes invasores de outros habitats
(e.g. Brandner et al., 2012; Eloranta et al., 2015; Hill et al., 2015).

Apesar das populacbes de S. maculatus terem sido extensamente deplecionadas ao
longo dos Gltimos 30 anos, apos a introducdo de S. marginatus (Agostinho & Julio-Jr, 2002;
Agostinho et al., 2003), esse panorama parece estar se estabilizando. Agostinho et al. (2003)
propuseram que a coexisténcia dessas espécies no habitat CNN depende da capacidade de S.
maculatus comportar-se como um competidor fugitivo até que padrdes na reproducdo e de
uso de recursos tornem-se diferenciados. Com o auxilio das razdes isotdpicas, foi possivel
identificar que a segregacédo trdfica € evidente entre as congéneres, e que competicdo por
recursos alimentares, no presente momento e no local estudado, ndo parece ser um fator
limitante para a coexisténcia das mesmas. O estabelecimento de S. marginatus é
provavelmente direcionado pelo acesso a recursos ndo utilizados pela espécie nativa e por

outras dimensdes do nicho ndo analisadas nesse estudo (aspectos reprodutivos, competicao
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entre juvenis, etc.), além de outras interacbes bidticas. Assim, para um panorama mais
completo sobre a coexisténcia dessas espécies, e de varias outras espécies nativas
influenciadas pela introducéo de invasores competitivos, torna-se de fundamental importancia
a conducdo de novos estudos que integrem outras dimens6es do nicho, bem como anélises das

variacdes espaco-temporais na dindmica de disponibilidade e obtencéo de recursos troficos.
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