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We aimed to improve the understanding of the establishment of Serrasalmus
marginatus (non-native), which was followed by a decrease in the abundance
of Serrasalmus maculatus (native) in the upper Parani River floodplain. We
estimated age, mortality rate, length and age at first maturity and variations in
gonad development in three time-periods along a 26-year truncated time scale
for both species. Population and reproduction parameters of both species showed
substantial fluctuations among periods. Most age classes were sampled in all time-
periods, but with considerable difference in abundance, with predominance of
older individuals in the second time-period and younger individuals in the third
time-period for both species. The mortality rates decreased for both species in the
second time-period, but increased for the native in the third time-period. Length
and age at first maturity decreased in the second time-period for both species,
increasing the number of mature individuals on their populations. In the third
time-period, the number of immature individuals increased for both species. We
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have resulted in physiological responses in both species, reflecting in population
and reproductive adjustments that may have relaxed competitive interactions
between them, optimizing survival, reproductive effort and coexistence.
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Population adjustments of species after invasion

Nosso objetivo foi aumentar o conhecimento sobre o estabelecimento de
Serrasalmus marginatus (no nativa), que foi seguido pela diminuigio na
abundancia de Serrasalmus maculatus (nativa) na planicie de inundagio do alto
rio Parand. Estimamos a idade, taxa de mortalidade, comprimento e idade de
primeira maturagio e variagdes no desenvolvimento gonadal em trés periodos ao
longo de 26 anos para as espécies. Os pardmetros populacionais e de reprodugio
das espécies mostraram flutuagdes substanciais. A maioria das faixas etirias foi
amostrada em todos os periodos, mas com diferencas considerdveis na abundancia,
predominando individuos mais velhos no segundo periodo e individuos mais
jovens no terceiro periodo para ambas as espécies. A taxa de mortalidade diminuiu
para as espécies no segundo periodo, mas aumentou para a espécie nativa no
terceiro periodo. O comprimento e a idade de primeira maturagio diminuiram no
segundo periodo para as espécies, aumentando o nimero de individuos adultos.
No terceiro periodo, o niimero de individuos imaturos aumentou para ambas as
espécies. Sugerimos que as espécies passaram por condigdes estressantes durante
a coocorréncia, resultando em respostas fisiologicas que desencadearam ajustes
populacionais e reprodutivos que podem ter minimizado a interagio competitiva
entre elas, otimizando a sobrevivéncia, o esfor¢o reprodutivo e a coexisténcia.

Palavras-chave: Comprimento de primeira maturagio, Estrutura etiria, Invasdes
biolégicas, Mortalidade, Serrasalmus.

INTRODUCTION

Invasive species in aquatic communities can cause several impacts at population level
(Cucherousset, Olden, 2011). Two known impacts are demographic and distributional
effects, affecting the size of the population (e,g., abundance) and displacing the native
population from optimal habitats through competitive exclusion. These would occur
because of a possible competition between native and non-native populations, which
may eventually compete directly for food and space (Shelton et al., 2008; Saylor et al.,
2012; Jermacz et al,, 2015; Jtza et al., 2018). Competitive interactions can severely affect
native populations, determining growth and mortality (Ross, 1991; Sparre, Venema,
1992; Gomiero ef al., 2010), leading to local extinctions in some cases (MacNeil et al.,
2004; Bghn et al., 2008; Ellender et al., 2011). To avoid this negative effect, it may be
expected that species present adjustments in population dynamics for mutual survival
between competitors, aiming to optimize survival and reproductive effort (Ramirez-
Garcia et al., 2018).

In cases when a non-native species is phylogenetically related to a native one, the
competition between them is increased, since they usually share similar resources
and have similar life-strategies (Gois ef al,, 2015; Rodrigues et al., 2018). This is the
case of Serrasalmus marginatus Valenciennes, 1837, a congener piranha of the native
Serrasalmus maculatus Kner, 1858 (named Serrasalmus spilopleura Kner, 1858 until
the differentiation by Jégu, dos Santos, 2001) in the upper Parand River floodplain.
These two species came up to coexist in the floodplain after the filling of the Itaipu
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Reservoir in 1982 and the consequently submersion of a natural geographic barrier,
which led to the invasion of several fish species at the upper portion of the Parani
River (Jalio Junior ef al., 2009; Vitule ef al,, 2012). Few years after the introduction,
the non-native already dominated quantitatively over its native congener, dispersing
all over the floodplain (Agostinho, Jdlio Jr., 2002; Agostinho, 2003; Rodrigues ef al.,
2018). In turn, the population of S. maculatus decreased drastically, suggesting its
exclusion from specific habitats (Agostinho, Jilio Jr., 2002; Agostinho, 2003). Some
authors suggested competition between species, for food, since they share the same
trophic niche (Agostinho ef al., 2003) and for breeding sites, since both species live and
reproduce preferably in lentic environments (Agostinho, Jilio Jr., 2002; Agostinho,
2003). Indeed, Alexandre er al. (2004) evaluated the stock-recruitment relationship of
both species and concluded that competition was one of the determinant mechanisms
of the recruitment of piranhas, especially for breeding sites. Recent studies showed
that both species still coexist in the floodplain, although with different main energy
sources (Alves et al., 2017), different spatial distribution patterns (Rodrigues et al., 2018)
and in different proportions, as suggested by Agostinho, Julio Jr. (2002). Rodrigues e
al. (2018) evaluated the spatial patterns of both species and found that when species
presented high abundances they were spatially aggregated, cooccurring in the same
habitat. This was mainly observed when the non-native species had a fast abundance
increase, which was followed by a decrease in the abundance of the native species.
Although competition itself is difhcult to quantify in mobile organisms such as fish,
this is a strong empirical evidence of potential competitive pressure of the non-native
piranha over the native, especially considering the small-scale habitat selection (see
Rodrigues ef al., 2018 for more details).

In this study, we intended to expand the knowledge on the establishment of S.
marginatus (non-native), which was suggested to strongly affect the population of S.
maculatus (native). For this, our goals were 1) to evaluate how the abundance of non-
native and native species is related to spatial and temporal factors and the abundance
of its congeneric species and 2) to compare population attributes (size of population,
age structure, mortality rate, and age at first maturation) and the reproduction cycle of
species. For that end, we analyzed data collected in three time-periods over a 26-year
truncated time scale, to seek for evidence that might explain the observed population
shifts and adjustments on both non-native and native species. Considering that species
sharing similar ecological requirements may show increased competition between
themselves and non-native species may impact native species in several ways (as above
mentioned) we hypothesize that the cooccurrence between both piranhas reflected in
shifts in population and reproduction attributes of both species over time. Precisely, the
cooccurrence reflected in i) alterations of abundance, decreasing the abundance of the
native species, which would led to a truncated age structure of the native population;
ii) variations in mortality rates, increasing the rates for both species in periods of high
abundance of them and iii) changes in age at first maturation for both species, becoming
earlier due to competition. It is important to mention that our data comprehends only
information about post-invasion event, therefore our focus is to understand how species
behave when cooccurring together over time.
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MATERIAL AND METHODS

Study area. The upper Parand River floodplain is located between the Porto Primavera Dam
(North) and the Itaipu Reservoir (South) and represents the last undammed stretch (230 km
long) of the Paran4 River within the Brazilian territory (Agostinho et al., 2015). This floodplain
exhibits an intricate anastomosis involving secondary channels, loodplain lakes, the Bafa River
and the lower curses of the right-margin rivers, such as the Ivinheima River (Fig. 1; Agostinho,
Zalewski, 1996; Agostinho er al., 2008). Until the construction of the Itaipu Dam, upper and
middle parts of the Parand River were separated by the Sete Quedas Falls, a 114-meters high
natural geographic barrier that is now submerged in the upper part of this reservoir (Agostinho,
Zalewski, 1996). The submersion of the falls allowed the invasion of several species of the
middle part to the upper part of the Parand River, including the piranha S. marginatus (Jdlio
Junior ef al., 2009).

Samplings. Abundance data of S. marginatus and S. maculatus were obtained from
different studies conducted by the Nucleo de Pesquisas em Limnologia, Ictiologia e
Aquicultura (Nupélia) from the Universidade Estadual de Maringa (UEM), Brazil. These
studies encompassed 26 years: from October 1986 to September 1988 with monthly
samplings (herein named first time-period), February 2000 to November 2002 with quarterly
samplings (second time-period), and from March 2010 to December 2012 also with
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FIGURE 1 | Map of the upper Parana River floodplain showing its main tributaries. Sampling sites are marked: rivers and channels
(circles), connected (squares), and isolated (triangles) floodplain lakes. Color of symbols are for Parana (black), Ivinheima (white), and Baia

(grey) rivers.
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quarterly samplings (third time-period). Voucher specimens are hosted in the Colegio
Ictiologica of the Nupélia, under numbers NUP 439 for S. marginatus and NUP 396
for S. maculatus. A total of 22 sites were sampled in the upper Parand River floodplain
(Fig. 1), including lotic environments (rivers and secondary channels), connected and
isolated floodplain lakes.

All fish samplings were conducted using gillnets of different mesh sizes (24; 30; 40;
50; 60; 70; 80; 100; 120; 140 and 160 mm between opposite knots; 24 mm mesh used
only after 2000), set at each sampling site for 24 h (checked every eight hours). All
individuals sampled were anaesthetized with 5% benzocaine and killed (Resolugio
n® 1000/12, Conselho Federal de Medicina Veterindria). The sampling process was
followed by species identification, measurement of total and standard length (mm),
weighting (g) and analysis of gonads for sex and maturation stages records according to
Brown-Peterson et al. (2011).

Data analysis. Abundance data of S. marginatus and S. maculatus were indexed
according to the capture per unit effort (CPUE; number of individuals/1000 m? of
gillnets in 24 h) in each sample (month and site of sampling). We performed linear
models using the abundance of each species as response variables to evaluate how the
abundance of species is related to (i) the system, using River as variable (Baia, Ivinheima
and Parand), (ii) the habitats (secondary channels, connected and isolated floodplain
lakes and river), (iii) the temporal scale and (iv) the abundance of the congeneric species.
We decided to consider the spatial variation of the floodplain since Serrasalmus species
shows habitat preferences and this may reflect in significant shifts in the abundance of
species between sites. The congeneric species were considered in order to evaluate if
its abundance explained part of the variation of the response variable. The abundance
variables of both species were log(x+1) transformed. For linear models, we used n?
(eta squared) to describe the proportion of total variation attributable to the different
sources of variation. All analyses were performed with the R environment software (R
Development Core Team, 2017).

Our second goal was to analyze the population and reproduction patterns of both
species over time. For this, we did not considered the different spatial samples in
the following analyses. Therefore, the analyses were performed considering only a
truncated time scale (three discrete sample periods), in which we evaluated population
and reproduction attributes of both species. Population attributes estimated were age
and mortality rates of species, and reproduction parameters estimated were age and
length at first maturity and maturation stages.

Age was estimated using the inverted von Bertalanfty growth function on individual
total length as described by Gulland (1969). However, we chose to replace total length
by standard length (SL), since several fish did not have their caudal fin intact. The
modified equation is given by:

—1l Lo
t—; Og“’—Loo—Ls+t°

where t is the individual age, k is the body growth coefhcient, Lo is the theoretical
asymptotic standard length, Ls is the standard length at age t, and t, is the theoretical
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age when fish length equals 0. The growth parameters employed were those from
Agostinho, Marques (1994) for both Serrasalmus species in the upper Parand River
floodplain, estimated through readings of annual rings in vertebrae for separate sexes,
since females reach larger body sizes (Tab. 1).

Age frequency analyses were performed to identify alterations in age classes of both
species. In Agostinho, Marques (1994), the maximum age reported was eight years for
both species, but in our work we considered more two years due to the considerable
values of observed abundances of older individuals.

Estimates of total mortality (Z) were obtained using the linearized catch curve
method described by Miranda, Bettoli (2007). Curves were estimated from species-
specific and period-specific age structures through linear regressions, plotting
the natural logarithm of the number of individuals in each age class against their
corresponding age. The regression fit were made according to Ricker (1975), using
only the data at the descending part of the catch curves, once the ascendant part
represents age classes that are inferior to initial recruitment and are not fully captured.
Z was estimated as the absolute slope of the fitted line. The estimates of Z were
obtained with the R environment software (R Development Core Team, 2017) and
the catch curve was plotted using the “catchCurve” function from the “FSA” package
(Ogle, 2017).

Additionally, estimates of the mean age at first maturity (A, ) and the mean length
at first maturity (L) were obtained by fitting logistic regression models. For each
combination of sex and time period for both species, a single logistic regression model
was applied with the natural logarithm of the odds of an individual being mature (ie.,
logit link), as a linear function of the explanatory variable (age and standard length),
where maturity was assumed to follow a Bernoulli distribution (Yates ef al., 2018). Non-
parametric bootstraps with 10,000 iterations were used to calculate confidence intervals
(C.L). The estimates were made with the R environment software using function
“lencat” of the “FSA” package.

The frequency of maturation stages was estimated at each age for both species.
Following the gonadal classification of Brown-Peterson ef al. (2011), maturation stages
were assigned as follow: Immature (never spawned), Developing (gonads beginning
to grow and develop), Spawning capable (fish are developmentally and physiologically
able to spawn in this cycle), Regressing (cessation of spawning) and Regenerating
(sexually mature, reproductively inactive).

TABLE 1 | Growth parameters estimated by Agostinho, Marques (1994) for both sexes of Serrasalmus
marginatus and S. maculatus in the upper Parana River floodplain. Leo: theoretical asymptotic standard

length; k: body growth coefficient; t : theoretical age when fish length equals o.

Serrasalmus marginatus Male 19.03 0.253 -0.538
(non-native) Female 22.11 0.191 -0.789
Male 24.98 0.208 -1.064

Serrasalmus maculatus (native)
Female 28.30 0.174 -1.043
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RESULTS

The total CPUE sampled varied greatly over time-periods for both species. For S.
marginatus, total CPUE values were 4395 in the first time-period, 13337 in the second
time-period and 28576 in the third time-period. For S. maculatus, the total CPUE values
were very different: 9939 in the first time-period, 802 in the second time-period and
2503 in the third time-period. Fig. 2 represents the temporal trends in abundance of
each species in each habitat. The first noticeable thing is the inversion of the dominance
between the piranha species. The first time-period was dominated in abundance by
the native species, but it decreased and became less abundant in second and third
periods. Meanwhile, the non-native S. marginatus greatly increased in CPUE over time,
becoming almost 11 times more abundant in the floodplain when compared to the
native piranha species. According to the results of the linear model, these variations in
the abundance of both species occurred according to the rivers of the floodplain, the
type of habitat, the years and the CPUE of the respective congeneric species (Tab. 2).
Besides, for both species, the Year variable explained the largest proportion of variation.

Non-native Native
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8 Connected floodplain lake Connected floodplain lake
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FIGURE 2 | Temporal trends in abundance of both non-native (left) and native species (right) in each

habitat. CPUE values were log(x+1) transformed to decrease extreme values.
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TABLE 2 | Results of linear models of the abundance of the two species with rivers, habitats, year and

the CPUE of the congeneric species. n? = proportion of variation explained (eta squared); SS = sum of

squares; d.f. = degrees of freedom. p values < 0.05 are in bold.

Dependent
variable (R? Source of variation n? SS d.f. F
adj)

_ River 0.079334 21.875 2 37.6483 <0.001

g § Habitat 0.025988 7.166 3 8.2219 <0.001

E % Year 0.270676 74.634 1 256.9015 <0.001

g E CPUE Native 0.048725 13.435 1 46.2458 <0.001
- Residuals 158.621 546

River 0.029888 8.489 2 11.379 <0.001

% - Habitat 0.075329 21.396 3 19.119 <0.001

L%s % Year 0.116979 33.227 1 89.072 <0.001

5 = CPUE Non-native 0.060735 17.251 1 46.246 <0.001
Residuals 203.676 546

Along with the fluctuation in the population size, there was also remarkably variations
in the frequency of individuals within each age classes among time-periods (Fig. 3).
Both species presented higher frequencies of older individuals in the second time-period
when compared to the first one (highest upper quartiles; Fig. 4). But it also changed
in the third time-period, when both species showed an increase in the frequency of
younger individuals, leading to a decrease in the most frequent age sampled for both
species (from age 5 to 3 for the non-native species and from age 4 to 3 for the native
species; Fig. 4).

The mortality rates (Z) also showed great variations among time-periods for both
species (Fig. 5). Mortality was estimated from fully recruited ages: 5, 6 and 3 for the
non-native species in the first, second and third time-period, respectively and 4, 5 and
4 for the native species in the first, second and third time-period, respectively. Between
first and second time-periods, the variation was more evident, decreasing mortality for
both species (the slope of the curve is lower). However, while for the non-native species
mortality continued to decrease in the third time-period, for the native species it has
increased (the slope of the curve is higher), resembling the pattern observed in the first
time-period of sampling.

There were relevant variations in the reproductive maturation stages through time-
periods. Overall, the proportion of mature individuals (stages Developing, Spawning
capable, Regressing and Regenerating) increased from the first to the second time-
period, but decreased in the third time-period for both species, always with the non-
native presenting more immature individuals (Tab. 3, Fig. 6). Accordingly, for both
species, the number of immature individuals increased in the third time-period (Tab. 3).
For the non-native species, the number of immature individuals was substantially higher
compared to the first years of sampling, revealing a remarkable population increase
for this species. However, for the native species, the number of immature individuals
was similar to that found in the first time-period, even though the number of total
individuals is lower.
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FIGURE 3 | Age frequencies of both non-native (left) and native species (right) for each sex and each

sampled time-period in the upper Parana River floodplain. A. and B. 1986-1988: first time-period; C.

and D. 2000-2002: second time-period; E. and F. 2010-2012: third time-period. CPUE values are fewer

when compared to total CPUE values since individuals without standard length and sex were not

considered in the estimation of age.
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FIGURE 4 | Frequency distribution of age classes by time-period of both non-native and native species

in the upper Parand River floodplain. Dashed line: median; dotted line: lower and upper quartiles.
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FIGURE 5 | Mortality rates of both non-native (left) and native (right) species for each sampled time-
period in the upper Parana River floodplain. White dots: ages that were not used for the estimated
mortality. Black dots: ages used for the estimated mortality. Grey dashed line: confidence intervals. A.
and B. 1986-1988: first time-period; C. and D. 2000-2002: second time-period; E. and F. 2010-2012: third

time-period.

This pattern was consistent with the variations in the mean age and length at first
maturity (Tab. 4, Fig. 7). The estimated models showed that both mean age and length
at first maturity decreased in the second time-period (individuals were maturing earlier
and smaller, increasing the proportion of mature individuals in the population) and
increased in the third time-period. However, for both species, the highest estimated A,
and L, were observed in the third time-period, with individuals maturing larger and
older.
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TABLE 3 | Number of Serrasalmus marginatus (non-native) and S. maculatus (native) analyzed to identify

gonad development by sex and time-period in the upper Parana River floodplain.

i . Number of fish Proportion of
Time-period Sex
m Mature Total IELRIE

Both 1129 3149 4278 0.74
1986 — 1988 Female 540 1520 2060 0.74
Male 588 1629 2217 0.73
E Both 508 11818 12326 0.96
E 2000 - 2002 Female 299 6027 6326 0.95
g Male 209 5791 6000 0.96
Both 9628 14252 23880 0.60
2010 -2012 Female 5329 6394 11723 0.54
Male 4299 7859 12158 0.65
Both 357 9296 9653 0.96
1986 — 1988 Female 213 5500 5713 0.96
Male 145 3795 3940 0.96
° Both 11 774 785 0.99
E 2000 - 2002 Female 11 386 397 0.97
= Male 0 389 389 1
Both 342 2044 2386 0.86
2010 -2012 Female 285 1022 1307 0.78
Male 57 1022 1079 0.95
DISCUSSION

The population and reproductive attributes of Serrasalmus marginatus (non-native) and
S. maculatus (native) showed substantial variations in the studied time-periods. These
variations seem to follow the same pattern for both species, suggesting that they may
have been submitted to similar biotic and abiotic stressful conditions, reflecting in
physiological responses that would enable their coexistence. Overall, when comparing
both species, the non-native apparently showed an advantage over the native species in
few years after the introduction, especially regarding population size and reproductive
capacity, which strongly suggests a reproductive success greater than the native species.

Considering the time-periods studied, the most pronounced shifts arose from
abundances and the variation in age and length at first maturity for both species. In
relation to the first one, the linear models indicated all predictors as significant drivers.
In line with several previous studies (e,g., Ortega et al., 2018), we also report low amount
of explanation of all predictors, as it is recurrent in ecological data of many studies
but it is still possible to suggest patterns. We found that both species abundances had
the years as the most important source of variation, indicating that both species had
considerable variations along time. According to Hardin (1960), competition between
two formerly separated species may be suggested if there is a reduction in density or
the extinction of one of the two populations in the environment. For fish, evidences
of competition were already demonstrated in some cases, as in Bohn et al. (2008), Gois
et al. (2015) and Jaza et al. (2018). From the case of the piranhas in the upper Parand
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FIGURE 6 | Stages of gonadal maturation at each age class for individuals of Serrasalmus marginatus
(non-native; left) and S. maculatus (native; right) piranha species in the upper Parana River floodplain,
at each sampled time-period. The classification was based on Brown-Peterson et al. (2011). A. and B.
1986-1988: first time-period; C. and D. 2000-2002: second time-period; E. and F. 2010-2012: third time-
period. CPUE values are fewer when compared to total CPUE values since individuals without standard

length, sex and maturation stage were not considered in the estimation of age.

River floodplain, the remarkable decrease in abundance of the native species between
the first and second time-periods were likely a result of the introduction of the non-
native, which may have led to competition between them due to their similar ecological
requirements. In a recent study, Alves ef al. (2017) found in their results that both species
use different energy sources and do not compete for food resources. However, as there
are not studies regarding the invasion of S. marginatus that compare data from before
and after the invasion, the idea of trophic competition can’t be excluded (e.g., there is
no evidence demonstrating if the inferior competitor changed or not its diet to allow
coexistence). But besides trophic competition, the other most probable alternative for
competition between both piranhas is in relation to reproductive requirements.
Piranha species share the same habitat preference, reproducing preferably in lentic
waters (Agostinho, 2003). This was also supported by our results, once the abundance
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TABLE 4 | Estimated mean ages at first maturity (A_) + 95% C.L (confidence intervals; in parentheses)

and mean standard lengths at first maturity (L_) + 95% C.I. (derived from 10 000 bootstrap samples) for

Serrasalmus marginatus (non-native) and S. maculatus (native) from the upper Parana River floodplain

in each time-period. tIt was not possible to calculate the C.I. due to the low number of immature

individuals. It was not possible to estimate A,  and L_ due to the absence of immature individuals.
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FIGURE 7 | Estimated mean lengths at first maturity (L 50) for both Serrasalmus marginatus (A and C,

non-native) and S. maculatus (B and D, native) piranha species for each sex and each sampled time-

period in the upper Parana River floodplain (continuous black line: 19861988, first time-period;

dashed red line: 2000-2002, second time-period; dotted blue line: 20102012, third time-period).
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of species varied significantly in the habitats of the floodplain. In relation to this, we
can highlight two factors that may have favored the establishment of the non-native
species and disfavored the population of the native species: first, according to Agostinho
(2003), the non-native species also reproduces in lotic habitats, acquiring reproductive
advantage over the native species (more available spawning grounds for the non-
native). Second, the absence of flood pulses in the upper Parand River in 1986 and
1987 may have affected the native species population by decreasing the availability of
spawning grounds for it, since it only reproduces in lentic habitats and the connectivity
to these habitats may have been harmed due to lower water levels (Agostinho er al,
1997). In the second scenario, we believe that the environmental condition was crucial
for the behavior of the population of both species in the following years, once it may
have severely affected the number of individuals of the native species in the following
generations.

Despite the considerable difference in abundances between both species after the
first time-period, both populations showed similar characteristics in the second time-
period: higher frequency of older individuals and lower values of mean age and length
at first maturity (coupled with a higher proportion of mature individuals). According to
Rodrigues ef al. (2018), studying the same time scale analyzed here, both piranhas shared
the same habitats (spatially aggregated) in first and second time-periods, resulted from
the high and rapid spread of the non-native species in the floodplain. This cooccurrence
pattern (individuals of both species at the same site) might have resulted in unavoidable
competition because the abundance of the non-native species was increased. In this
sense, a higher frequency of older individuals in the second period could indicate a
longer reproductive lifespan. Reznick ef al. (2006) found in their study that guppies
species that evolved with predators and under high mortality have matured at earlier
ages, presenting longer lifespans. This longer lifespan refers to a longer reproductive
lifespan, which is the component of the life history that can make a direct contribution to
individuals fitness (Reznick e al., 2006). Therefore, when confronting an environment
with stressful conditions (eg., a possible competition), both piranhas species could have
developed physiological responses that would reflect in longer reproductive lifespan,
resulting in increased fitness and population.

In relation to the mortality rates, the non-native species did not show an advantage
over the native species, since its mortality rates were not always lower than the native
one. For both piranhas, the decrease in mortality rate in the second time-period may be
particularly related to the persistence of older individuals in the population. Thus, with
higher frequency of older individuals, mortality decreased, since this estimate is based
only on individuals that are totally recruited in the population (Ricker, 1975). However,
the increase in the mortality rate for the native species in the last time-period resembles
the mortality observed in the first time-period, as well as the age structure. Unfortunately,
the total mortality rate for S. maculatus in the upper Parani River floodplain was not
previously estimated, limiting comparisons. We expect, however, that the native species
may be recovering its population at this floodplain after the temporal confrontation
following the massive entrance of the non-native species. This situation was suggested
by Agostinho, Jilio Jr. (2002) and observed by Rodrigues ef al. (2018), reinforcing that
both species may continue to coexist at the floodplain, but with the native one in much
lower abundances than the non-native species.
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Furthermore, the decrease in age and length at first maturity for both piranhas in
the second time-period is probably an additional evidence of physiological strategies
that species developed in response to stressful conditions reflecting in improved
reproduction effort. Early-life reproductions favor the success of species by increasing
population size and colonization rate, and decreasing the temporal life-cycle (Ramirez-
Garcia et al., 2018). These triggered physiological responses may have guaranteed
recruitment and survival for both native and non-native species in the face of local and
regional competition, as it was suggested by Gomiero ef al. (2009) for Cichla kelberi
Kullander & Ferreira, 2006 in invaded environments. The physiological responses
ensured the population increase for the two piranhas, as clearly noticed in the third
time-period. However, the abundance of immature individuals of non-native species
was substantially higher than that of the native species, which could contribute to its
population growth and geographic range expansion. This could be a reflection of
the longer reproductive period with continuous releases of oocytes by S. marginatus
(guaranteeing more descendants; Melo et al., 2017) and its higher reproductive
activity in lotic environments stated by Agostinho (2003), as already mentioned above.
Additionally, the abundance of immature individuals of the native species, in the third
time-period, was similar to that observed in the first time-period, even at smaller size
populations. This evidence indicates a better reproductive performance of the species
in this period.

Therefore, more than using linear models to make abroad generalization about which
factors had significant influences on the abundance of species, our study innovates by
comparing over a long time series variations in population and reproductive attributes
of congeneric species and suggesting, even with detailed limitations throughout the
text, a likely ecological mechanism after a period of invasion. Both piranha species
developed physiological responses over the years in front of stressful conditions
during their cooccurrence in the upper Parand River floodplain, reflecting in their
population and reproductive attributes. Besides the substantial decrease in abundance
of the native species and the increase of the non-native species, both populations
had considerable variations in their parameters towards increase in the population,
especially the native species (S. maculatus), suggesting direct effects of stressful
conditions on growth, mortality, and size-structure of population. Thus, we believe
that these shifts and physiological responses in population attributes for both species
prevented competitive exclusion and are still allowing their coexistence in the upper
Parani River floodplain.
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