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Abstract The South American silver croaker is a
popular fish that has recently received substantial
attention from scientists, mainly due to its importance
as source of animal protein and as a key fisheries
species. However, little is known about the conditions
that explain its historical and current spatial distribu-
tion, both in its native habitat and where it is a
successful invasive species. The aim of the present
study was to explore the ecological information
available for this species, to then critically examine
ecological theories related to the conditions underpin-
ning its success. To this end, an exhaustive literature
search was conducted with the immediate aim of
investigating whether the success of South American
silver croaker was driven by species-climate or
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species—human interactions. The non-native popula-
tions were found to occupy climate niche spaces
different from those observed in their native ranges. In
addition, it was clear that humans played a role in
facilitating the large-scale dispersion of silver croaker,
and assisted as agents of impact driving the observed
current and, probably, the future spatial distribution,
which we can predict from our data and from the
pattern of propagule pressure. Overall, the current
biogeography of this species illustrates how the
construction of dams, along with the introduction
and stocking of non-native species, overfishing and
other human activities can alter fish populations and
assemblages. Such processes can reduce native
species, increase the abundance and distribution of
invasive species, as well as cause changes in life-
history traits and genetic variability, all with long-term
socioeconomic consequences.
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Introduction

The South American silver croaker [Plagioscion
squamosissimus (Heckel 1840), Sciaenidae—Fig. 1]
1s native to the Amazon Basin, and is considered an
aggressive carnivore species, preferably eating other
fish, including other piscivores (Hahn et al. 1997;
Carolsfeld et al. 2003; Meérona et al. 2010; Pereira
et al. 2015; Bezerra et al. 2017). The sliver croaker
undergoes short-distance migrations, has a reproduc-
tive cycle with peaks occurring during warmer
months, and displays no parental care of the offspring
(Suzuki et al. 2005; Graga and Pavanelli 2007).
Currently, it is widely distributed throughout South
America, and can be found in the river basins of the
Amazon, Orinoco, Parana, Paraguay, Sdo Francisco
and Guyana (Agostinho and Juilio Jr 1996; Hahn et al.
1997; Casatti 2003; Cella-Ribeiro et al. 2017). The
silver croaker’s native distribution is the result of its
natural historical biogeography, in which the colo-
nization of freshwater habitats occurred during a
marine transgression through western Venezuela that
developed about 20 million years ago. After these
initial events the members of the Plagioscion genus
experienced a rapid diversification in freshwater
ecosystems (Boeger and Kritsky 2003). Plagioscion
squamosissimus emerged after the establishment of
the modern Amazon River (Cooke et al. 2012), where
the large-scale hydrochemical and ecological gradi-
ents appear to have acted as ecological barriers,
maintaining population discontinuities even in the
face of gene flow. Due to this adaptive divergence, P.
squamosissimus can be abundant in habitats with wide
variation in hydrology, sediment composition, geo-
chemistry and optical characteristics (Cooke et al.
2012).

Tolerance of distinct local conditions is a primary
factor facilitating the expansion of species to new
habitats and regions and, when associated with
climate, life history, and human activity, can deter-
mine the global distribution patterns of the species
(e.g. Moyle and Light 1996; Leibold et al. 2004;
Holyoak et al. 2005; Moyle and Marchetti 2006;
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Zwiener et al. 2018). Non-native species that were
translocated by human activities outside of their
natural historical limits can occupy areas with climates
different from those observed in their native ranges
(Broennimann et al. 2007; Guo et al. 2013), but
adaptations to their native range can affect their
invasive potential in the new region. Thus, species are
more likely to successfully invade locations with
abiotic conditions similar to those in their native range
(Zenni et al. 2014; Skora et al. 2015).

It is widely accepted that characteristics such as
reproductive strategy, growth rate, trophic level and
migratory patterns are major aspects in the life-
histories of fish (e.g. Winemiller 1991; Skoéra et al.
2015; Winemiller et al. 2015; Vitule et al. 2017). Such
characteristics may vary according to water temper-
ature and to differences in climate (Stenseth and
Mysterud 2002; Carim et al. 2017), and are usually
related to success in invasion events (Vitule et al.
2016, 2017). For example, at low latitudes, the long
photoperiods, high water temperature, and availability
of food resources are reflected by faster growth, a
continuous annual reproductive period, shorter length
at first maturation, and more energy allocated to
reproduction, thus allowing the existence of fish with
smaller size classes (Vazzoler 1996; Schultz and
Conover 1997; McBride et al. 2015). However, our
knowledge of life-history traits and their relationship
to environmental factors remain unknown for many
Neotropical fishes, including the South American
silver croaker. Such information is of utmost impor-
tance when considering fish invasions given that
similarity in life-history traits drives naturalization
patterns (Zenni et al. 2014; Skoéra et al. 2015; Vitule
et al. 2016). However, invasive range expansions can
lead to a fish species occupying climate niche spaces
very different from those observed in their native
ranges (Broennimann et al. 2007; Guo et al. 2013).
This is promoted by specific mechanisms as pheno-
typic plasticity, which results from trait evolution and
phylogenetic conservatism (Agosta and Klemens
2008). As the evolutionary history can promote
phenotypic plasticity, the organismal traits relevant
can evolve to suit other locations with different
environmental conditions (Janzen 1985). In other
words, the invasions of silver croaker, in particular,
have had a broad success in South America, primarily
because of the inheritance of traits from its Amazonian
evolutionary history.
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Fig. 1 Specimens of Plagioscion squamosissimus recorded in
some of the 20 freshwater ecoregions: one exemplar of the
Madeira River, Amazonas, Brazil, FEOW-321 (a); artisanal
fishing in Mamoré River, Amazon Bolivian, FEOW-318 (b-d);
artisanal fishing in Tocantins River Basin, Brazil, FEOW-324

In addition to the contribution of life-history traits
to the naturalization process and invasion success, the
number of individuals introduced, and the number of
source populations may also be powerful predictors of
successful invasions (Lockwood et al. 2009; Zenni and
Simberloff 2013). Propagule pressure, the number of
individuals released in the non-native environment, is
the main and consistent correlate of species establish-
ment success (Lockwood et al. 2007, 2009; Cassey
et al. 2018). Human activity is a good proxy that has
also served to facilitate invasions of non-native fish by

(e); exemplar from Upper Parand River basin and deposited in
fish collection (voucher number: LPB 3493), FEOW-344 (f);
nocturnal fishing, Tocantins River Basin, Brazil, FEOW-324
(g); fishing on the banks of Rosana Reservoir, Paranapanema
River, Southeastern Brazil, FEOW-344 (h)

increasing the translocation of species and the propag-
ule pressure (Hampe and Petit 2005; Leprieur et al.
2008; Caplat et al. 2013). Therefore, we expect that the
native and non-native distributions of South American
silver croaker will provide evidence that human
activity is responsible for the magnitude of the
propagule pressure and will therefore affect the
success of this species’ establishment.

The South American silver croaker is an important
species in Brazilian freshwater commercial fisheries
(Petrere Jr 1978; Hahn et al. 1997; Carolsfeld et al.
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2003). For this reason, it was introduced into reser-
voirs in northeastern Brazil in the 1940s with the dual
goals of filling the available lentic environments and
improving the quality of the fish supply in the region
(e.g. Fontenele and Peixoto 1978; Hahn et al. 1997).
Because of the high levels of production recorded in
the Northeastern region, the first juveniles were
introduced into reservoirs in the Brazilian Southeast
and South (Agostinho and Jalio Jr 1996; Hahn et al.
1997; Bialetzki et al. 2004; Bennemann et al. 2006;
Hoeinghaus et al. 2009) during a restocking program
funded by the Energy Company of Sdo Paulo State in
1974 (Torloni et al. 1993a, b). This also included other
fish species as Triphorteus angulatus, Hoplias lac-
erdea, Astronotus ocelatus, Cyprinus carpio, Ore-
ochromis niloticus, as well as the macrocrustaceans
Macrobrachium amazonicum and Macrobrachium
Jjelskii that were introduced as prey for these fish. In
reservoirs where the South American silver croaker
was introduced and later became established, such as
those populations found in the Parana and Parana-
panema rivers basins in South Brazil, populations have
contributed significantly to commercial and sport
fisheries, often to the detriment of many commercial
and high value native species (Carolsfeld et al. 2003;
Hoeinghaus et al. 2009). In the Itaipu Reservoir, the
main reservoir for hydropower generation in South
America, where it was probably introduced in 1972,
silver croaker reached high abundances and became
one of the main species in local fish production, with a
yield of 243 tons by 1990 (e.g. Agostinho et al. 1994;
Agostinho and Judlio Jr 1996; Hoeinghaus et al. 2009).
In the Paranapanema River basin, the South American
silver croaker was recorded for the first time in 1992.
By 2001 it already experienced a considerable
increase in abundance and achieved a broad distribu-
tion (Bennemann et al. 2006).

The present study provides an overview of the
literature concerning the biology, ecology and bio-
geography of the South American silver croaker, an
important Neotropical fish species in South America.
The primary objective was to explore data acquired
from an exhaustive literature review in order to: (1)
identify prior studies concerning native and non-
native populations in different ecoregions in South
America; (2) identify the life-history traits related to
its distribution; (3) identify the main factors related to
the success of silver croaker as an invader, based on
evidence of species-climate and species-human
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interactions; (4) assess the impacts of non-native
populations on fishing management and conservation;
(5) suggest potential studies and strategies for the
management of non-native populations and, more
generally, for the conservation of the native fish fauna
in remotes areas in megadiverse countries hosting high
species richness located in hotspots of biodiversity.

Methods
Literature search and study selection

The methodology for the systematic review included
separate steps for the identification, screening, and
eligibility of the literature used, and included the
creation of a checklist summarizing the information
found in each paper identified during the literature
search (Moher et al. 2009). The review was organized
through an adapted Prisma flow diagram (Fig. S1).
The systematic review began with a literature search,
which aimed to identify previous records of P.
squamosissimus in South America (Table S1 in
Supplementary Material), covering all studies, both
published and unpublished, between 1905 and 2017.
The studies included scientific articles, books, regis-
ters, museum documents, monographs, dissertations,
theses, technical reports, and conference papers. The
majority of the studies were acquired using “Pla-
gioscion squamosissimus” as the keyword search term
in the following electronic databases: Biodiversity
Heritage Library (BHL), CrossRef, Encyclopedia of
Life (EOL), Google Scholar, Global Biodiversity
Information Facility (GBIF), ResearchGate, Scopus,
Web of Science and ScienceDirect. Other studies were
obtained directly from the authors. The studies were
written in English, French, German, Portuguese and
Spanish. According our exclusion criteria in the
adapted Prisma flow diagram, 39 articles were
excluded due to the lack of contribution for our
empirical analyses, or they were papers on another
species where silver croaker was just cited as example,
and/or studies on market research in which this species
was found in fish shops (Fig. S1).

A scientometric approach was used to identify prior
studies concerning native and non-native populations
in the different ecoregions of South America, and to
determine whether the human population density of
the region affects the number of studies conducted. For
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this purpose, studies describing native populations
were defined as those studies for which the study area
was located in the native region of the species, with the
species occurring as a result of natural processes. Non-
native populations were considered those occurring
outside of the known native range of the South
American silver croaker, as result of extralimital
introductions, even within the original country (e.g.
Vitule et al. 2014; Dagaetal. 2015; Liu et al. 2017). To
determine the distribution of P. squamosissimus in
South America, the occurrence of native and non-
native populations was compiled from the Freshwater
Ecoregions of the World (FEOW http://www.feow.
org/). The areas occupied by native and introduced
populations of the South American silver croaker were
quantified by determining the geographic locality of
each scientific study. Studies that covered regions with
both native and non-native populations were denoted
as “general”. To obtain better information from these
“general” papers, we counted each observation from
within these papers separately, resulting in data
number not equal to the number of papers (Frehse et al.
2016). Climate characteristics, e.g. precipitation,
temperature and latitude, were obtained for each
FEOW (Abell et al. 2008) where South American
silver croaker was reported. The human population
density was obtained from the Gridded Population of
the World Version 3 platform (CIESIN—CIAT—
SEDAC: http://sedac.ciesin.columbia.edu/gpw).

In addition, each study was classified according to
its research focus (distribution, ecology, ethno-ichthy-
ology, feeding, fishing census, genetic, ichthyo-arche-
ology, larval biology, length—weight relationship,
morphology, morphometry, parasitology, population
biology, register, reproductive biology, taxonomy,
toxicology, trophic ecology), status of the population
as synonymous to type of origin (native and non-
native) (Simberloff and Vitule 2014; Paolucci et al.
2013), and type of habitat (dike, estuary, lake,
reservoir, river channel and tributary).

Some individual studies, for example, those related
to the ethno-ichthyology, feeding, genetic, ichthyo-
archeology, morphology, morphometry, parasitology,
register taxonomy and toxicology, were excluded
from the abundance estimation because of their
limited sample size. The data from articles in which
the keywords “abundance”, “number of individuals”,
“specimens”, and “catch per unit effort (CPUE)”
were found in the Materials and methods sections,

were used to calculate the residuals of linear regres-
sions from the relationship of abundance of individ-
uals and number of samplings, in order to standardize
non-random samples within the study area. The
abundance of individuals, juveniles and adults, were
used as proxies for invasion success, since all ages of
life stages of the South American silver croakers
increase the chances of establishment, persistence,
naturalization, and invasion. For example, success in
the process of colonization and invasion is probably
due to the high dispersion of eggs, refuges for larvae, a
short early life stage (Vazzoler 1996; Bialetzki et al.
2004), carnivory by juvenile and adult stages (Lasso-
Alcala et al. 1998; Bezerra et al. 2017), and certain
reproductive strategies, such as partial spawning,
small eggs and high fertility (Vazzoler 1996; Barbosa
et al. 2012).

Our hypotheses to explain the distributions of South
American silver croaker are that (1) the invasion
success will be primarily affected by human activity
(Leprieur et al. 2008; Lima Jr et al. 2018), and that, (2)
climate changes and human activity together affect the
success of species establishment shown from the
plasticity of life history traits.

Influence of climate and humans on invasion success

Invasion success was used to test if climate and/or
humans affect the range of South American silver
croaker. We expect that invasion success will be
primarily affected by human activity (Leprieur et al.
2008; Lima Jr et al. 2018). With respect to the
influence of climate, we suggest that non-native
species were able to occupy areas with climates
different from those observed in their native ranges
(Broennimann et al. 2007; Guo et al. 2013); the null
hypothesis assumes that the invaded regions will have
climate conditions similar to those in their native
range (Zenni et al. 2014), and excludes the idea that
invasion success is influenced solely by propagule
pressure originating from the human translocations.

Influence of climate and humans on life history traits

Climate is an important component of a species
ecological niche, determining conditions where the
species occurs when it has reached equilibrium
(Peterson et al. 2011). It can define potential areas of
distribution for species and represents an important
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tool for assessments of the impacts of climate change
and biological invasions (Peterson et al. 2011; Gal-
lardo et al. 2017). At the same time, we expect that this
is not the only factor determining the distribution
pattern of invasive species, especially in the estab-
lishment stage. Propagule pressure is one of the major
factors in the establishment of introduced species
(Lockwood et al. 2005; Colautti et al. 2006; Vitule
et al. 2009). For instance, Cassey et al. (2018) pointed
out that propagule pressure is the strongest and
generally most consistent determinant of non-native
species establishment. Therefore, we need evidence to
support a clear policy and management target aiming
to curb invasions by reducing propagule pressure. As
the propagule pressure is a result of human acts, we
expect that human activity will affect the success of
species establishment of South American silver
croaker, as evidenced by variations in quantitative
life history traits as they adapt to new regions outside
of their native distributions. Native species displaced
to new ecoregions and exposed to changes in climate,
tend to have the increase in their range correlated with
broad environmental niches and large population
sizes, especially if the species is a generalist with
high invasion potential (Lawler et al. 2013; Bellard
et al. 2014; Bezerra et al. 2017; Zwiener et al. 2018).

Statistical analyses

Relationships between the values of response vari-
ables (abundance, allometric coefficient, size at first
maturity SFM, sex ratio, somatic gonadal relationship)
and precipitation, temperature, latitude and status
were evaluated through a Linear Mixed Models
(LMM) analysis, using the Gaussian distribution.
The models were fitted using the function /mer (Bates
2007) in R software (R Development Core Team
2016).

The use of abundance as a response variable was
based on extracted residuals of the linear relationships
between the number of individuals and the number of
samplings to control for differences in sampling effort.
The allometric coefficient f (beta) is a constant
obtained from the W-L function (Weight = f
Length”®) used to quantify the type of growth (Gold-
man et al. 1990). Size at first maturity (SFM) is a proxy
for the mean size at first sexual maturation in males
and females, determined as the size at which 50% of
the individuals are sexually mature (Vazzoler 1981).
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Sex ratio represents the female/male ratio. Somatic
gonadal relationship (SGR) represents the mean value
of the relationship between gonad weight (Wg) and
total weight (Wt) for each individual (SGR = Wg/
Wt x 100). SFM, sex ratio, and the somatic gonadal
relationship are considered important factors in the
reproductive cycle of teleost fish (Vazzoler 1996),
therefore they were considered in our analyses.

Maximum precipitation (mm) and minimum tem-
perature (°C) were obtained from FEOW (2018) and
used because of their greater standard deviations, to
express the large variation in climate to which the
populations of South American silver croaker were
subjected. Latitude was transformed into a decimal
coordinate to test the effect of latitudinal variation on
population structure.

Status (native and non-native) assumes the role of
the independent variable indicating the influence of
human management in the distribution. The FEOW
were used as a random effect. These were assigned a
categorical variable with 11 levels, and were charac-
terized by a lack of independence among sampling
units. Because freshwater species composition, pop-
ulation dynamics, and environmental conditions
within a given ecoregion are more similar to each
other than to those of surrounding ecoregions, popu-
lations of the same species in the same freshwater
ecoregion tend to have similar structure.

Different statistical models were evaluated using
the Corrected Akaike Information Criterion (AICc);
AlICc is an estimator of the relative quality of
statistical models of a data set in cases where the
sample size is small (Ward 2008; Lee and Ghosh
2009). The model with the lowest value of AICc was
considered to be the best (most parsimonious) predic-
tive model and used in further analyses. Confidence
intervals (95%) were calculated for the model aver-
aged coefficients (Zuur et al. 2009). Variables were
defined as contributing significantly to the predictive
model if their confidence intervals did not overlap
zero. The variation in the data explained by random
variables was assessed as significant if 95% confi-
dence intervals for the estimated intercept overlapped
the mean intercept. If the variation accounted for by
these random variables was low, the random effects
model was simplified to a Linear Regression Model
(LRM) (Zuur et al. 2009).
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Results

Studies of the South American silver croaker were
spread over climatic niches (tropical and subtropical),
and in different freshwater ecoregions (Fig. 2a).
Native populations were found in fourteen ecoregions
located in the northern and northwestern parts of South
America, while non-native populations were found in
six ecoregions located in the northeastern, southern
and southeastern parts of Brazil. The most studied
ecoregions were the Upper Parand (34% of the
studies), Amazonas Lowlands (12% of the studies)
and Tocantins—Araguaia (11% of the studies)
(Fig. 2a). The majority of studies of both native and
non-native populations of South American silver
croaker took place in ecoregions containing large
numbers of reservoirs (including freshwater weirs)
(Fig. 2b). Non-native populations only occupied river
channels influenced by reservoirs (Fig. 2a).

75.0°W

0.0°

15.0°S

45.0°W

Our results show that the human population density
of aregion affected the number of investigations of the
South American silver croaker. A higher number of
individual studies were recorded in regions with high
concentrations of people (+ 1000 person per Km?)
(Fig. 2a). Additional evidence of human influence is
indicated by the chronological scale (Table 1).
Although studies of native populations of South
American silver croaker began in the 1950’s and the
first studies assessing non-native populations were not
published until much later in 1976 (Fig. 3 and
Table 1), the number of publications concerned with
non-native populations of South American silver
croaker overtook the number of publications on native
populations in the middle 1990’s (Fig. 3). From 1950
to the present, the research areas with higher publica-
tion numbers were population biology (23%), distri-
bution patterns (21%), feeding habits (15%), and
reproductive biology (9%) (Table 1). The increase in
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Fig. 2 Distribution of native (blue) and non-native (red)
populations of P. squamosissimus according to the freshwater
ecoregions in South America (a), and number of surveys per
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population biology studies was associated with studies
of the non-native populations.

Coefficient confidence intervals that do not encom-
pass zero suggest consistent and significant relation-
ships among response variables across climates and
humans. For example, abundance was inversely
associated with temperature (Table 2). Abundance,
allometric coefficient, SFM and sex ratio were
inversely associated with status showing that intro-
duction effort and life history traits varied with the
human effect. SGR was positively correlated with
latitude, precipitation and status, showing again that
life history traits varied across climate and with degree
of human activity (Table 2). Marginal R? and condi-
tional R? values were low (always < 0.37; Table 1),
except for SGR, which had a conditional R? value of
0.75, indicating that this last variable varied the most
across the FEOW (Table 2).

Analyses of biological attributes revealed a varia-
tion in growth parameters, including different types of
allometry and isometry for the different ecoregions
occupied by native and non-native populations
(Table 3). The variation of SFM values in the native
region is smaller than in non-native populations. With
respect to the sex ratio, the proportion of females was
higher than that of males, except for the non-native

90 +
80 1
70 A
60 A
50 1
40 1
30 1
20 1
10 +

Surveys

— T T T
1920 1940 1960 1980

—o— Native ==@=Non-Native

0 y d
1900 2000 2020

Fig. 3 Temporal variation in the number of studies related to
the native (blue) and non-native (red) populations of P. squamo-
sissimus in South America

population in Upper Parana ecoregion (Table 3). The
SGR was higher for the non-native population in
Northeastern Caatinga and Coastal Drainages (1.63),
and lowest in the native range in the Amazon Estuary
and Coastal Drainages (0.01) (Table 3). A continuous
reproductive period was reported for the Orinoco
Llanos ecoregion, while continuous reproductive
periods with peaks were seen for native regions in
the Amazonas Lowlands, Mamore-Madre de Dios
Piedmont, Madeira Brazilian Shield, Xingu, Ama-
zonas Estuary and Coastal Drainages and Tocantins—
Araguaia ecoregions (Table 3). A  seasonal

Table 1 Number of studies
of the native and non-native

Research lines

Number of studies

Year of the first study

populations of P. Native ~ Non-native  Both  Total

squamosissimus, listed by

different research areas, Register 5 6 4 15 1911

status and year of the first Distribution 18 13 4 35 1912

study in South America Taxonomy 4 4 1915
Feeding 3 18 4 25 1950
Morphometry 2 1 3 1973
Population biology 18 21 39 1976
Larval biology 1 2 1983
Reproductive biology 7 9 16 1986
Trophic ecology 1 1 6 1991
Genetic 2 2 4 1994
Parasitology 2 2 1 5 1995
Toxicology 5 5 1995
Length—weight relationship 3 1 4 1997
Fishing census 1 1 2 1998
Morphology 1 1 1998
Ecology 2 3 5 2000
Ethno-ichthyology 1 1 2002
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reproductive period was seen in the non-native
populations of the Upper Parana. With respect to diet,
the South American silver croaker was predominantly
carnivorous in the adult phase, feeding primarily on
fish and shrimp in most of the ecoregions (Table 3).

Discussion

With our complete set of results, the current human-
altered biogeography and the degree of invasiveness
of the South American silver croaker was revised,
suggesting that climate, life history and human
activity all facilitate the dispersion and establishment
of this fish in the recipient regions, including many
extralimital introductions into Brazil. This kind of
introduction—into the same country—is ignored by
many of the general papers and reviews about invasive
species globally (e.g. Leprieur et al. 2008; Dawson
et al. 2017). Extralimital introductions must also be
treated as a paramount issue, particularly if they are
more frequent than other alien introductions. The
study of biological invasions is further neglected by
the lack of recognition or distinction between translo-
cated and alien species.

The climate, as a component of determination of the
ecological niche distribution at the larger scale
(Peterson et al. 2011), shows that this species is
successful in tropical and subtropical climates.
Humans, as facilitators of the dispersion process, have
an indirect role by altering habitat and constructing
reservoirs, and a direct role by promoting introduc-
tions and the pressure associated with massive num-
bers of propagules (Colautti et al. 2006; Lockwood
et al. 2007; Vitule et al. 2009; Zwiener et al. 2018;
Frehse et al. 2016; Cassey et al. 2018). Here, we
highlight the fact that non-native populations of South
American silver croaker occupied river channels only
where reservoirs had an influence. The plasticity of
life history characteristics facilitates the establish-
ment, allows the species’ exploration of distant
habitats, and underpins its ability to deal with climate
changes (Peterson et al. 2011; Gallardo et al. 2017;
Zwiener et al. 2018).

The distribution of the South American silver
croaker in freshwater ecoregions

The patterns of distribution of the South American
silver croaker were influenced by life-history (A), the
climate (C), and human (D) drivers, as indicated by the
black arrows in (Fig. 4). The current distribution in
different ecoregions in South America confirms the
idea that this species can also occupy subtropical
climate niches, beyond the tropical climate niches in
its native ranges (Box B in the Fig. 4). The local
occupancy data showed that habitat conditions were
similar for both native and non-native populations,
indicating that they responded similarly to different
climate conditions in equatorial and subtropical
regions. This implies that using the climate variables
in the native range to predict the potential invasive
range of a non-native species may be misleading (e.g.
Vellend et al. 2007; Zenni et al. 2014). It is clear that
other parameters related to habitat alterations need to
be considered when analyzing the potential establish-
ment of non-native species in a new region, e.g. the
propagule pressure, which is directly related to
humans by translocation and stocking, or indirectly
related by habitat modifications, e.g. pollution and
dam construction (Colautti et al. 2006; Lockwood
et al. 2007; Vitule et al. 2009; Daga et al. 2015;
Zwiener et al. 2018).

Life-history strategies versus climate conditions

Life-history traits are fundamental to the rapid spread
and successful colonization of South American silver
croaker, especially in reservoirs, as demonstrated by
the biological attributes of variation in growth, SFM,
sex ratio, and reproductive period in the native and
non-native ranges. The reproductive tactics of South
American silver croaker underwent gradual changes
during the first 6 years in the Itaipu Reservoir, as a
result of the biotic and abiotic conditions in the new
environment (e.g. Carnelés and Benedito-Cecilio
2002; Zwiener et al. 2018). This highlights the idea
that reservoirs facilitate the establishment and spread
of organisms pre-adapted to lentic conditions (Johnson
et al. 2008; Lima Jr et al. 2018).

In accordance with this line of thinking, we added
the property plasticity of growth (Box A in Fig. 4) as
an attribute of successful adaptation. Isometry and
different types of allometry were seen in ecoregions
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Fig. 4 Flow diagram to explain the patterns of distribution of
the silver croaker. The factors that influence distribution are
indicated by black arrows: life-history (Box A), climate
(Box C), and human drivers (Box D). The types of distributions,
native and non-native, are indicated in Box B. The implemen-
tation of management practices and population control (Box E)
measures to each anthropic action (Box D) are indicated by the
grey arrow. The dashed grey arrows show the process of
introduction of silver croaker: the translocation of individuals to

within the native and non-native ranges. The plasticity
of fish growth can display considerable intraspecific
variation in response to differences in such factors as
temperature and food supply (Weatherley 1990).
During long photoperiods, high water temperatures
and the availability of food are reflected in a higher
growth rate, continuous reproductive period, shorter
length at first maturation, and more energy allocated to
reproduction, promoting the prevalence of smaller size
classes (Vazzoler 1996; Schultz and Conover 1997,
McBride et al. 2015). Seasonality, especially winter,
affects the structure of trophic chains. During winter,
the growth of fishes is slower, but individuals reach the
largest size classes, the reproductive period is sea-
sonal, and the species reaches the length of first
maturation later than in tropical ecosystems where the
South American silver croaker is native (see also
Conover 1990; Conover et al. 1997; McBride et al.
2015 for related rationales).

The differences in allometric growth among pop-
ulations were more related to the size of energy
reserves and the somatic growth rate than to repro-
ductive investment. This was suggested by the non-
significant correlations of fecundity with both the
length and the weight of South American silver
croakers (Box A in Fig. 4; see also Braga 1997).

@ Springer

new localities that do not belong to their natural geographic
distribution (1), form non-native populations (2), which are
evident in areas of subtropical climate (3). In the new regions of
geographic distribution, the introduced populations begin to
compete with species in the local community, where they suffer
biotic resistance by or cause the replacement of native
freshwater fishes (4) that are the main examples of ecological
changes (Box F)

Weight relative to fecundity does not correlate with
increases in total body mass acquired during growth
(Braga 1997). This can be considered as an adaptation
to conserve energetic investment for fecundity while
there is an increase in body mass (Gennari Filho and
Braga 1996).

Feeding patterns display ontogenetic variation
between juveniles and adults. For example, juveniles
showed a more diverse diet, whilst adults feed
predominantly on fish and shrimp (Neves et al.
2015). Carnivorous diet patterns were conserved,
despite climate differences in the ecoregions of South
America (Table 2). South American silver croaker
showed a preference for lentic sites with favorable
conditions for piscivory (Chacon and Silva 1971;
Hoeinghaus et al. 2009; Agostinho et al. 2016) in the
adult phase (Hahn et al. 1997; Stefani and Rocha
2009; Neves et al. 2015; Froese and Pauly 2017). Its
feeding tactics are different from that of other
carnivores that are restricted to reservoirs where the
transparency affects feeding tactics, because it is not
visual predator and, therefore, can also occur in turbid
waters (Cella-Ribeiro et al. 2017). This observation
supports the idea that interactions and indirect effects
across ecological levels could be influencing the
ability to explore reservoirs (Braga et al. 2017). The
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reproduction of the South American silver croaker
occurs preferentially in tributaries (Carnelés and
Benedito-Cecilio 2002; Oliveira et al. 2005), because
seasonal variations in water level have a direct
influence on water characteristics (e.g. transparency),
habitat availability (mainly in the riverine zone), and
food resources (Santos et al. 2010), which favor the
early life stages. Eggs, larvae, and juveniles of South
American silver croakers find refuge against predators
within turbid water and among the aquatic vegetation
found in tributaries (Bialetzki et al. 2004; Bennemann
et al. 2006).

Ecological changes affecting the fish community

The species distribution is influenced by the biotic
interactions and the local abiotic conditions (Boucher
1985). With respect to the latter, the South American
silver croaker is known to favor lentic habitats.
However, little is known about how biotic interactions
affect its distribution. In general, the intensity of
interactions is related to how susceptible communities
are to invasions (Bruno et al. 2003). Competition can
serve as an example of biotic resistance by native
communities to invasion (Box Fin the Fig. 4). Diverse
assemblages should use resources more completely
and leave little niche space for potential new arrivals
(Levine and D’ Antonio 1999). Therefore, local com-
munities with a greater diversity of native species are
likely to be more resistant to invasion, especially
communities with a higher number of native species
functionally similar to the invader (Skora et al. 2015).
On other hand, the introduction of non-native species
is considered to be one of the major agents of
processes that cause changes in ecosystem structure,
e.g. biotic homogenization (Rahel 2002; Clavero and
Garcia-Berthou 2006; Olden 2016; Bezerra et al.
2017). Some studies have shown that non-native
species have massively disrupted local assemblages in
the Upper Parand ecoregion (e.g. Pelicice and
Agostinho 2009; Pelicice et al. 2014; Vitule et al.
2012; Daga et al. 2015). Generally, the widespread
colonization of introduced species changes the com-
positional dissimilarity of communities over time and
space through their high capacity for dispersal, wide
tolerance range and opportunism, and the replacement
of native species (e.g. Hoeinghaus et al. 2009; Vitule
etal. 2012, 2014; Agostinho et al. 2016). For example,
it has been reported that the South American silver

croaker replaced the native Pimellodus maculatus,
because of the specific autoecology of the native
species, and the loss of longitudinal connectivity
promoted by the development of reservoirs (Petesse
and Petrere Jr. 2012). There were still other indications
that South American silver croaker preys intensively
on young Hypophathalmus edentatus, the main
species captured in the fishery of the Itaipu Reservoir
(Agostinho et al. 1994; Agostinho and Jilio Jr. 1996;
Hahn et al. 1997).

In addition, the introduction of South American
silver croaker has a further important impact on
subtropical hydrographic basins because of its pisciv-
orous feeding habit (Hahn et al. 1997; Bennemann
et al. 2006). More specifically, the piscivorous feeding
habit of P. squamosissimus acts as a mechanism
leading to its success in establishment and mainte-
nance as an invasive species in new environments
(Pereira et al. 2015). The invasion process depends
directly on interactions with the recipient community
and on opportunities for the occupation of niches and
on indirect effects in the network of interactions
according to the ecological levels (Braga et al. 2017).
Thus, it is important to know what effects the invasive
species have on other species. Invasions of piscivorous
fish demonstrate how translocated species promote
biotic homogenization (e.g. Clavero and Garcia-
Berthou 2006; Vitule et al. 2012; Daga et al. 2015;
Bezerraetal. 2017; Liuetal. 2017), especially through
the extirpation of functionally diverse freshwater fish
species (Matsuzaki et al. 2013), and by reducing the
abundance of native species, both of which exacerbate
the loss of biodiversity (Barros et al. 2012). For
example, Liu et al. (2017) found that unregulated
translocations, primarily due to aquaculture practices,
contributed more to the homogenization of China’s
freshwater fish fauna than non-native species intro-
duced from another country. This is a growing
concern, particularly in regions considered to be
hotspots of biodiversity, such as the Neotropics, a
region with the highest taxonomic and functional
richness of freshwater fishes (Toussaint et al. 2016),
features which are often underestimated and already
facing high risk (Vitule et al. 2009, 2016, 2017).
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Anthropogenic action driving the South American
silver croaker distribution

Humans have facilitated the dispersion of the South
American silver croaker through actions such as: (1)
facilitating the translocation of subpopulations from
their native ecoregions to ecoregions where the
species did not previously occur; (2) transforming
pristine rivers in expansive lacustrine zones into
reservoirs (e.g. Pelicice and Agostinho 2009; Hoeing-
haus et al. 2009; Vitule et al. 2012; Gois et al. 2015;
Agostinho et al. 2016); (3) expanding aquaculture
based largely on the production of non-native species
with high invasive potential, especially in hydroelec-
tric reservoirs (Lima Jr. et al. 2018). We observed that
South American silver croaker invasions occurred
primarily in sites influenced by human activity, such
as in ecoregions with numerous reservoirs, where this
species dominates.

It is commonly agreed that the introduction of non-
native species in aquatic ecosystems has been favored
by proximity to large urban centers, with a high
density of humans and a high level of economic
activity (e.g. McKinney 2006; Leprieur et al. 2008;
Frehse et al. 2016; Dawson et al. 2017). For example,
the peacock-bass Cichla kelberi, another species
native to the Amazon Basin, has been introduced into
several reservoirs in the metropolitan regions of
southeastern and southern Brazil, in order to enhance
sport fishing (Espinola et al. 2010; Daga et al. 2016).
In a study of C. kelberi’s ability to invade reservoirs of
the Upper Parana River basin, the authors observed
that reservoirs located close to large urban centers had
higher probability of invasion (Espinola et al. 2010).
Our results were consistent with previous studies, and
we reinforce the idea that the biogeography of fish
invasions matches the geography of human impacts at
large spatial scales (Leprieur et al. 2008).

The predominance of South American silver
croaker in reservoirs (including freshwater weirs),
can be related to the suitability of conditions in this
type of aquatic environment for non-native species.
Reservoirs provide new habitats with initially few
colonizer species and with changes in environmental
conditions, such as an increase in water temperature
and transparency (Henry 2014). The large variation in
productivity and water transparency serve as ecolog-
ical filters promoting invasions across large geo-
graphic areas, through either predator abundance or

@ Springer

propagule pressure (Bajer et al. 2015). Despite the fact
that propagule pressure favors alien species establish-
ment, it is still ignored as a hypothesis in studies on the
importance of ecological filters (Cassey et al. 2018).
Ecological filters promoting high propagule pressure
must be considered as part of research studies and
potential management actions, because they make it
difficult to control intermittent colonization (sensus
Lockwood et al. 2005, 2009; Frehse et al. 2016). This
is an important example of how we need evidence to
underpin clear policy and management targets for
slowing invasion rates by reducing propagule pres-
sures globally (Cassey et al. 2018).

Reservoir construction favors the extreme prolifer-
ation of some populations, which can then serve as
food resources for colonizing piscivores (e.g. Havel
et al. 2005; Agostinho et al. 2008; Johnson et al. 2008;
Pelicice et al. 2014). The introduction of non-native
species adapted to reservoir conditions has resulted in
large fishery yields of species such as H. edentatus,
Odontesthes bonariensis, P. squamosissimus and
Pterodorus granulosus in reservoirs in the south of
Brazil (e.g. Hoeinghaus et al. 2009; Agostinho et al.
2016; Santa-Fé and Gubiani 2016). Moreover, the
disruption of the dendritic architecture of rivers and
associated streams caused by dam construction may
also facilitate colonization by non-native species
(Havel et al. 2005; Johnson et al. 2008; Hoeinghaus
et al. 2009; Agostinho et al. 2016), thereby promoting
the process of biotic homogenization (Clavero and
Hermoso 2011; Vitule et al. 2012; Daga et al. 2015).

Human activities favor the introduction of species
into reservoirs, which are ideal environments for non-
native fish species (Gido and Brown 1999; Havel et al.
2005; Pelicice and Agostinho 2009; Espinola et al.
2010; Gois et al. 2015; Liew et al. 2016). However,
other human activities are not direct “facilitators,”
and may be discussed separately. These include sport
fishing (Ribeiro et al. 2017) and aquaculture (mainly
fish farming in cages) (Vitule et al. 2014; Azevedo-
Santos et al. 2015; Daga et al. 2016), as well as
mercury contamination (Mendes et al. 2016) and
pollution, which have direct impacts on native species.

Vectors of introduction—nhistorical evidences
Panarari-Antunes et al. (2012) and Diamante et al.

(2017) presented a brief history of the introduction of
South American silver croaker in Brazil: “In 1949,
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specimens of the South American silver croaker were
captured in lakes in Nazaré (Nazaré PI, Brazil) and in
Feitoria (Oeiras PI, Brazil) and transported to the
Pisciculture Station of Lima Campos, Ceard, Brazil
(Fontenele and Peixoto 1978). In 1952, the first
juveniles were distributed into the dams of the state
of Ceara by the ‘Departamento Nacional de Obras
Contra as Secas (DNOCS)’. Since results were
satisfactory, the Electric Energy Company of Sio
Paulo (CESP) brought specimens of the South Amer-
ican silver croaker from the northeastern dams to the
state of Sdo Paulo, between 1966 and 1973 (Torloni
et al. 1993b), with the first successful introduction
occurring in the Limoeiro Reservoir on the Pardo
River, from where specimens of the South American
silver croaker reached the Grande River and then
colonized the Parana River in 1972 (Machado 1974)”.
By surveying gray literature, the only source of
knowledge of the historical pathway of introductions,
we offer important details to our understanding of how
the subpopulations were displaced, how long ago this
took place and where they were established.

It is clear that intentional introductions have been
an important factor in the dispersion of this species.
However, the consequences of segregated popula-
tions, caused by human facilitated dispersion, are
poorly studied. However the tools of molecular
biology may provide answers to questions of the
genetic diversity of invasive and native populations.
Genetic data indicate low genetic variability in the
South American silver croaker populations introduced
into the Upper Parana River basin, suggesting that they
probably originated from a common ancestor (Pa-
narari-Antunes et al. 2012). This is in keeping with the
historical records that show that the populations
established in the Parana River basin were derived
from a native population from the Parnaiba River
basin (Panarari-Antunes et al. 2012). It also provides
evidence that introductions can affect the maintenance
of genetic variability in recently established popula-
tions (Salmenkova 2008), and can lead to genetic
homogenization (see Olden et al. 2004). In the
meantime, life-history traits may overcome the effects
of low genetic diversity (Schlaepfer et al. 2005),
providing explanations for the success of South
American silver croaker.

Fishing

The South American silver croaker is of great
importance for commercial and recreational fisheries,
depending on the region. For example, in northern
Brazil, it accounts for approximately five per cent of
the total inland fishery production (Cintra et al. 2014).
In the Amazon region, where Brachyplatystoma
vaillantii (Valenciennes 1840) is the target species,
South American silver croaker is considered part of
the bycatch (Pinheiro and Frédou 2004). In southeast-
ern Brazil, on the other hand, South American silver
croaker is one of the most important non-native
species in the artisanal fishery (Torloni et al. 1993b;
Agostinho et al. 1995, 2016; Hoeinghaus et al. 2009),
even though it replaces commercially and culturally
superior native species (higher trophic-position migra-
tory, e.g. Pseudoplatystoma corruscans and Salminus
brasiliensis); this has resulted in a severe decrease in
the ecological efficiency of fisheries production, and
has led to an increase in indirect energy costs and low
market values (Hoeinghaus et al. 2009). Projects that
seek to intensify the potential of sport fishing using
extralimital release of target species could be consid-
ered examples of eco-vandalism, because they cause
habitat degradation and promote multiple negative
effects in the native ichthyofauna (Vitule et al. 2014;
Ribeiro et al. 2017).

Cage net aquaculture

The increased use of fish for human consumption has
led to a considerable increase in the introduction of
commercial fish species (Azevedo-Santos et al.
2011, 2015) and, consequently, in the farming of fish
in cages, an important vector for new introductions
(Azevedo-Santos et al. 2011; Lima Jr. et al. 2018).
Cage net aquaculture is thought to negatively affect
South American silver croaker populations. There are
reports of changes in abundance, in intensity of
feeding, in size (length) and in parasitism of wild
fauna associated with the presence of cages (Demetrio
et al. 2012; Ramos et al. 2013). The consumption of
decapods was higher in the stretch of river with cages.
This increase was caused by the number of food pellets
and amount detritus outside the cages, which attracted
large numbers of organisms, including macrocrus-
taceans (Demetrio et al. 2012).

@ Springer



708

Rev Fish Biol Fisheries (2018) 28:693-714

Farming in cages has increased the rate of infection
with parasites by attracting several organisms that
facilitate parasitism, including mollusks, fish and
piscivorous birds, that are definitive and intermediate
hosts in the life cycle such parasites as the metacer-
cariae Austrodiplostomum compactum, an important
eye parasite of South American silver croaker (Ramos
et al. 2013). However, the use of South American
silver croaker as a target species for farming in cages
has not been the subject of detailed studies in the
literature, although substantial records confirm that
this species can adapt very well to life in cages, shows
good growth and good feeding (Mojica 2011). The
cultivation of South American silver croaker in cages
can involve a high risk, especially when considering
the possibility of escape as another vector for intro-
duction and as a source of predation that could affect
the trophic web, and, therefore, we believe should not
be conducted outside of the South American silver
croaker’s original environment. It presents social and
economic consequences similar to the implications
described for Arapaima gigas (Miranda-Chumacero
et al. 2012), of invasive subpopulations modifying
local fishery catches as they replace fish that are
culturally typical targets of the local fishery.

Contaminants

A comparison of species exposed to contamination by
dichlorodiphenyltrichloroethane (DDT), frequently
used in the Amazon region for malaria control,
indicates that South American silver croaker had the
highest average concentrations of DDT; this is an
important concern since the South American silver
croaker is at the top of the food web and feeds on
smaller fish (Mendes et al. 2016).

In addition, a few studies identified local situations
that formed the basis for an evaluation of the level of
mercury pollution in relation to South American silver
croaker in Amazonas Estuary and Coastal Drainages
(Porvari 1995), Amazonas Lowlands (Silva et al.
2009, 2013) and Upper Parana (Wunderlich et al.
2015) ecoregions. Higher levels of mercury (Hg)
contamination in predatory fish and in specific envi-
ronmental compartments in the Amazonian region
were directly related to human occupation, where
riparian vegetation was replaced by agricultural and
bare soil surfaces (Silva et al. 2009). Wunderlich et al.
(2015), while studying toxic contaminants in fresh
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South American silver croaker, suggest that females
contain higher concentrations than males, because the
accumulation of lipids promotes a high accumulation
potential for hydrophobic contaminants during
spawning.

Studies related to the South American silver
croaker in Neotropical region

The construction of dams and the subsequent invasion
of South American silver croaker contributed to the
advance in research into the biology and ecology of
this species. The increase in the number of population
biology studies on non-native populations from the
middle 1990’s (Fig. 4 and Table 1) was probably a
result of the increased interest in evaluating and
sampling the reservoirs located near areas of greater
human population density and research centers. This
was the case in the Volta Grande and Itaipu reservoirs
and adjacent regions within the Upper Parana ecore-
gion. Although the South American silver croaker had
been introduced before impoundments in the Upper
Parand Basin (Torloni et al. 1993b), many studies have
since confirmed the successful establishment of South
American silver croaker in this large basin (e.g.
Benedito-Cecilio et al. 1997; Hoeinghaus et al. 2009;
Agostinho et al. 2016).

Implications from invasive species management

From the dataset presented here, we verify that the
distribution patterns of the South American silver
croaker serve to illustrate the processes associated
with human interference in freshwater ecosystems, as
indicated by dashed gray arrows in Fig. 4. Non-native
populations of the South American silver croaker were
important indicators of biotic homogenization, in
particular by causing the replacement of native fish
(e.g. Petesse and Petrere Jr 2012; Vitule et al. 2012;
Daga et al. 2015). Therefore, the presence and
establishment of non-native populations can be con-
sidered as an important metric of impact, as a factor
that can predict changes in the local fish community.
Previously, biotic homogenization was considered to
be a more useful metric for the evaluation of
environmental quality when diversity is unaffected,
or when diversity tends to increase as a consequence of
the introduction of more environmentally tolerant
species (Petesse and Petrere Jr. 2012).
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Management practices and population control
measures for non-native fishes are necessary and
urgent (Box E in Fig. 4), and should be aimed at
reducing the establishment rate, spread and impact of
non-native species (e.g. Ribeiro et al. 2017; Daga et al.
2016). In Brazil, hydroelectric companies are respon-
sible for biomanipulation in reservoirs, and are
currently changing their activities because of constant
failures in stocking programs. For example, a recent
tendency has been to encourage stocking using native
species (Agostinho et al. 2004, 2010). This is one way
in which solutions can be found to help with the
conservation of fishery resources affected by invasive
fishes. Because the South American silver croaker is
originally from northern Brazil, has self-sustaining
populations along virtually the entire Upper Parana
basin, and has become an important fish species in all
fisheries in the region (Petrere Jr et al. 2002), we
recommend constant monitoring at reservoirs in order
to better predict the need for controls on non-native
populations.

The monitoring of dispersal must be implemented
for invasive fishes and for their pathogens. An invasive
fish species, when introduced into a new environment,
may lose its parasites, leading to an attenuation of the
parasite load in the invaded environment. This might
be a factor determining the success of the invasion
(Colautti et al. 2004; Lacerda et al. 2012; Heger and
Jeschke 2014), depending on the ecological traits of
the parasites. For example, generalist parasites are
resistant to changes in the environment, and are,
therefore, better competitors and have a greater chance
of successful introduction than specialist parasites
(Roy et al. 2011; Clavero 2013; Braga et al. 2017).
Studies of the spread of infections between popula-
tions provide a strong basis for the development and
application of management strategies, including
heightened surveillance systems and early warning
systems to prevent the occurrence of an outbreak of
fish diseases (Al-Shorbaji et al. 2016).

With respect to fisheries, while non-native popula-
tions are at this point considered challengers to fishing
in southeastern Brazil, the native Amazon populations
of South American silver croaker are subject to
overfishing as part of bycatch (Pinheiro and Frédou
2004). Studies on the decline of South American silver
croaker in its natural range due to overfishing are
scarce. Data of the effects of fishing intensity on

abundance as estimated through data on fish landings
are essential to quantify this impact.

The South American silver croaker is one of the
species most affected by mercury and DDT pollution
in the Amazon basin, since it is at the top of the food
chain, it acquires greater concentrations of these
substances. According to Wunderlich et al. (2015 this
species can be used as a bioindicator and as pollution
biomarkers in monitoring programs in tropical and
subtropical freshwater reservoirs.

Conclusion and onward

We have shown that South American silver croaker
can be a powerful model to help us understand how the
construction of reservoirs, the introduction of non-
native species, fishing pressure, and other human
activities, have substantial effects on fish populations
by reducing native species, promoting the abundance
of invasive species and leading to changes in life-
history traits and genetic variability.

Human actions facilitate the translocation of
species and cause severe changes in the environment,
but the final successful establishment of the invading
species is determined, in part, by the characteristics of
the species. We highlight the consensus opinion that
knowledge of the biological attributes of a species is
necessary to assess whether the conditions in the
invaded environment are within the species’ limits.
Individuals with higher propagule pressure should be
more successful in their establishment; we show that
reservoirs are the major source of propagules for the
non-native South American silver croaker.

Future studies need to take into account the fact that
basins and sub-basins with large numbers of reservoirs
and other human infrastructure, may also have higher
propagule pressure. However, non-native sites within
physiological limits of the invaders can have fish with
different attributes than the fish in the invader’s native
environment, and interactions of the invaders and the
native species can affect the success of native species.
Local communities with higher native diversity are
more resistant to invasion, explaining differences in
the success of invasions between dams and reservoirs
and other aquatic habitats.
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