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Abstract Clarifying the intricate history of unrec-

orded fish invasions represents an important step in

understanding the invasion process. Here, we eluci-

date the invasion of a Neotropical river basin in

Southeastern Brazil by a very efficient predator, the

white piranha (Serrasalmus brandtii). We used a

temporal series of population dynamics data

(2008–2016) and analyses of mitochondrial DNA

sequences (COI, 16S, and control region) of speci-

mens from the entire native (São Francisco River

Basin, Southeastern Brazil) and invaded (Jequitin-

honha River Basin, JRB) ranges. We detected low

genetic diversity (h = 0.5835) and strong genetic

structure in the invasive range (Fst = 0.9141), despite

high genetic diversity (h = 0.8900) and low genetic

structure (Fst from 0.0740 to 0.1348) in the native

range. High genetic structure in the invaded range was

associated with a hydroelectric dam that prevented the

admixture of two independent introductory acts into

the JRB (downstream and upstream of the Irapé Dam).

The rapid invasion capability of Serrasalmus brandtii,

with few propagules, indicates that the species should

be included in ecological risk assessments for restock-

ing efforts of other commercially or ecologically

important fish species and dam construction in Brazil.

The combination of genetic and population dynamic

datasets enabled the reconstruction of a top predator

fish invasion in the Neotropics and shed light on

ecological factors that influenced its invasion success.

Keywords Biological invasion � DNA � Invasive
success � Reservoirs � Dam � Jequitinhonha River
Basin

Introduction

Biological invasions are considered the main driver of

recent extinctions (Blackburn et al. 2019) and a
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primary threat to freshwater ecosystems (Reid et al.

2019), but also offer a great opportunity to investigate

the role of top predators in regulating biodiversity

(Pringle et al. 2019). Invasive species can also cause

negative economic impacts (Bajer et al. 2016; Gal-

lardo et al. 2016) due to habitat degradation and

massive loss of ecosystem services (D’Antonio et al.

2001; Walsh et al. 2016). The economic losses caused

by the introduction of non-native fish alone was

estimated to be more than $1 billion per year in the

United States (Pimentel 2007).

Clarifying the intricate history of unrecorded fish

invasions is an important step in understanding and

managing the invasion process (Colautti and Lau

2006). Notably, when the introduction is uninten-

tional, little information is often available regarding

the origin of the introduced species, date of introduc-

tion, invasion route, vector types, number of indepen-

dent introductions, and secondary spread pathways.

Moreover, intentional introductory acts, such as

restocking programs, may lead to the accidental

introduction of undesired species because other non-

native species may be accidentally carried along

without being detected. In Europe, at least 18% of non-

native fish species were accidentally introduced

(Holčı́k 1991).

The lack of data regarding biological invasions

such as the initial propagule size, proper taxonomic

identification, and population dynamics, hampers

management and mitigation of ecological impacts.

Comparing early and late invasion stages allows the

understating of ecological changes caused by invasive

species and factors that might influence the invasive

success. For example, Carol et al. (2009) collected

data on growth and diet for the European catfish

(Silurus glanis) in the Iberian Peninsula and compared

three populations corresponding to the earliest intro-

ductions ([ 30 years ago) with two recently intro-

duced populations in reservoirs. Their results

indicated that the total length and age of the catfish

belonging to recent introductions consisted of smaller

and younger catfish with significantly higher condition

and size-specific growth rates compared to older (as

well as native) populations. Feiner et al. (2013)

evaluated the role of life history shifts such as age,

length at maturity, gonadosomatic index, and growth

for the successful invasion of white perch (Morone

americana) across three reservoirs, with introduction

time ranging from 1 to 21 years since initial detection.

They detected an increased growth and higher mean

reproductive investment within fish from the newly

introduced population.

Molecular tools can be valuable to reconstruct the

invasion history (Kalinowski et al. 2010; Kinziger

et al. 2014; Cristescu 2015) and its outcomes, such as

assessment of propagule pressure and hybridization

with native species. In the Neotropics, the use of

mitochondrial and microsatellite DNA markers made

possible the genetic characterization of the invasion of

a fish predator, the Amazonian peacock bass (Cichla

spp.), into multiple watersheds in Southeastern of

Brazil (Oliveira et al. 2006; de Carvalho et al. 2009,

Carvalho et al. 2014). A low propagule pressure,

leading to reduced genetic diversity in the invaded

range, did not hinder the peacock bass from success-

fully invading this region (Carvalho et al. 2014). In the

Jequitinhonha River Basin (JRB) in eastern Brazil,

molecular studies detected a previously overlooked

hybrid swarm between the native fish Prochilodus

hartii and introduced Prochilodus spp. from neigh-

boring river basins (Sales et al. 2018). The Irapé Dam

(a hydroelectric dam in the Middle JRB) seems to

work as a barrier to the hybrid spread because

populations upstream of the dam had higher propor-

tions of pure native species when compared to

downstream sites (Sales et al. 2018).

The invasion process may be facilitated when it

takes place in severely modified habitats that possess

lower biotic resistance, altered native population

assemblages, and increased niche availability (Shea

and Chesson 2002; Herbold and Moyle 1986), such as

found in river impoundments (Havel et al. 2005;

Johnson et al. 2008). Vacant niches can be particularly

well explored by introduced species with broad diet

requirements (Korsu et al. 2012). Moreover, the

establishment probability of non-native freshwater

fish might be improved when an introduced species is

native to a neighboring basin, as the introduced range

might have similar ecological conditions (Kinziger

et al. 2014). Biological features such as plasticity in

resource use, prolonged reproductive period, and

parental care can also enhance invasive potential

(Carvalho et al. 2014; Estoup et al. 2016).

The fish Serrasalmus brandtii (commonly known

as white piranha or pirambeba) was first registered in

the JRB in 2006, downstream from Irapé Dam, a

hydroelectric reservoir built between 2002 and 2006

(Andrade et al. 2018). The development of a DNA
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barcode library for the JRB fish fauna enabled Pugedo

et al. (2016) to identify the invasive white piranha as S.

brandtii, a species native to the neighboring São

Francisco River Basin (SFRB). White piranhas have a

large diet breadth (Pompeu 1999; de Trindade and

Jucá-Chagas 2008), but they feed especially on fish

fins (i.e. pterygophagous), and an increase in their

number has been associated to higher proportions of

mutilated netted fish in the JRB (Andrade et al. 2018).

Species of the Serrasalmus genus are renowned

predators that alter trophic dynamics (Alves et al.

2017). In addition, they may attack fishermen, swim-

mers, and bathers, thus posing a threat to human health

(Mol 2006; Haddad and Sazima 2010). Considering

their potential harm to humans, low commercial value,

and predatory feeding behavior, the white piranha was

probably introduced accidentally into the JRB; this

introduction was not documented.

In this study we carried out an eight-year population

monitoring of the white piranha upstream (lentic

environment) and downstream (lotic environment)

from Irapé Dam reservoir in the Middle JRB. We were

able to monitor the piranha’s invasion into the Irapé

reservoir since its first detection in 2009, only 3 years

after the river’s closure. Thus, the early detection of

piranha introduction allowed us to assess the invasive

population dynamics and to test the hypothesis that

reservoirs facilitate biological invasions. We predicted

that the signal of recent introduction into the reservoir

would result in rapid population growth composed of

smaller (younger) specimens. This population growth

would be the result of higher investment in reproduc-

tion as the species occupy vacant niches in a severely

modified lentic reservoir habitat. On the other hand,

within the downstream site, which represents an older

invasive stage, we expect less investment in repro-

duction and lower population growth due to a less

impacted lotic environment.

Using three mitochondrial genes, we assessed the

population structure from both the native (SFRB) and

invaded (JRB) ranges aiming at the molecular iden-

tification of introduced piranhas, identification of the

number of introductory acts, assessment of the

propagule pressure and detection of source popula-

tion(s). We would reject the single introductory act

hypothesis of piranhas into the JRB if a strong genetic

structure between the downstream and upstream Irapé

Dam sample sites was detected. In this scenario, the

dam may not be allowing gene flow, and the genetic

admixture of distinct genetic pools resulting from the

different native source propagules introduced

upstream and downstream of the dam. Moreover, by

comparing the genetic diversity and population struc-

ture of the entire native and invasive ranges as proxies

for propagule pressure and introductory routes,

respectively, we were able to reconstruct the invasion

dynamics of the piranha into the entire Jequitinhonha

River Basin.

Materials and methods

Sampling for molecular analyses

We collected 130 S. brandtii specimens between

January 2006 and July 2016 from three sites in the

Upper São Francisco River (USF; n = 41), four in the

Middle São Francisco River (MSF; n = 54), and two

in the Lower São Francisco River (LSF; n = 35),

representing the entire native range of the species

(Fig. 1a; Table S1—Supplementary material). For the

JRB, we sampled 71 individuals from three sites

upstream of Irapé Dam (UID; n = 30) and nine

downstream from Irapé Dam (DID; n = 41) in the

main Jequitinhonha River and its tributaries. The

invasive specimens were collected between May 2012

and January 2016 across the recorded occurrence area

(Fig. 1a; Table S1—Supplementary material).

DNA extraction, amplification, and sequencing

We extracted DNA from fin clips and muscle tissue,

previously fixed in ethanol 100% and stored at

- 4 �C, using a saline extraction method adapted

from Aljanabi and Martinez (1997). We amplified a

fragment of the COI (cytochrome c oxidase subunit 1)

gene using the FishF1 and FishR1 primers (Ward et al.

2005) and the 16S rDNA using the H-2609 and L-1987

primers (Palumbi et al. 1991) from 10 S. brandtii

specimens (eight native and two non-native). A

fragment of the mitochondrial control region (CR)

was amplified using the SbrandtiiCR_F (50 CCATC-
CAATTCACTTTCACAAG 30) and SbrandtiiCR_R

(50 AAAACCACTCGTTGATTACGC 30) primers

designed in this study, from 201 specimens (130

native and 71 invasive).

Polymerase Chain Reactions (PCRs) were per-

formed in a thermal cycler (Veriti� 96—Well Thermal
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Cycler, Applied Biosystems) using 10.0 ll of a

solution composed of 7.0 ll of ultrapure water,

0.3 ll of dNTP (10 mM), 1.0 ll of a 109 Buffer

containing MgCL2, 0.25 ll of each primer (10 lM),

0.2 ll of Taq DNA polymerase (5 U/ll) and 1.0 ll of
template DNA. PCR conditions consisted of an initial

denaturation for 5 min at 94 �C followed by 35 cycles

of denaturation for 1 min at 94 �C, primers annealing

for 1 min at 54 �C (COI), 55 �C (16S) or 59 �C (CR),

extension for 1 min at 72 �C, and one final extension

step for 7 min at 72 �C.
The resulting amplicons were sequenced bidirec-

tionally using a commercial BigDye� Terminator v3.1

Cycle Sequencing Kit in an automated DNA sequen-

cer ABI 3500 (Applied Biosystems). Each DNA

sequence was deposited in GenBank under accession

numbers MK728330-MK728530 (CR), MK728531-

MK728540 (16S) and MK738113-MK738122 (COI).

COI and 16S data analysis

White piranhas introduced into the JRB were initially

identified at the genus level as Serrasalmus sp. and

later as S. brandtii (Pugedo et al. 2016). Considering

the complex taxonomy and systematics of piranhas,

the difficulty of species identification within the group

(Freeman et al. 2007), we decide to perform a

molecular identification of introduced specimens.

This was done using the COI and 16S markers by

including samples from the putative native basin and

other Serrasalminae species. We included COI

sequences of S. brandtii (Accession numbers [AN]:

HM405230 and HM405231), S. maculatus (AN:

JN989229 and JN989230), S. marginatus (AN:

JN989232 and JN989233), Pygocentrus nattereri

(AN: AP012000 and NC_015840), and P. piraya

(AN: HM405211 and HQ600848). We also included

16S sequences of S. brandtii (AN: DQ384720 and

Fig. 1 Study area map (a) and control region haplotype

network (b) for S. brandtii. Light blue lines indicate rivers.

The area in light grey represents the São Francisco River Basin

(SFRB) and the dark grey shows the Jequitinhonha River Basin

(JRB). In the native range: green circles = Upper SFRB, blue

circles = Medium SFRB, and purple circles = Lower SFRB. In

the invaded range: red circles = Upstream of Irapé Dam (UID)

and yellow circles = Downstream from Irapé Dam (DID)
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DQ384721), S. maculatus (AN: DQ384738 and

HQ171285), S. marginatus (AN: DQ384742 and

DQ384743), P. nattereri (AN: AY788074 and

NC_015840), and P. piraya (AN: DQ384718 and

DQ384719).

We assembled the consensus haplotype sequences

(contigs) using DNA Baser 4.16 software (Heracle

BioSoft) and aligned the contigs using the ClustalW

method (Thompson et al. 1994) implemented in

MEGA 6.0 (Tamura et al. 2013), followed by manual

conference and edition. The best-fit model of evolu-

tion was identified based on Bayesian Information

Criterion (BIC) scores in MEGA 6.0. For each marker,

we built a Neighbor-joining tree with 1000 replica-

tions and estimated the genetic distance between

species using MEGA 6.0.

Control region data analysis

We used the CR to assess genetic diversity, as a proxy

of the propagule pressure, and the genetic structure of

the native and invaded range. We compared haplo-

types between the native and introduced populations

to identify the most likely source population of the

white piranha introduction into the JRB.

The nucleotide and haplotype diversities were

estimated using the DnaSP 5.10.1 (Librado and Rozas

2009). Genetic structure was estimated by comparing

the USF, MSF, and LSF sections in the native range to

the UID and DID from the invaded range (JRB).

Genetic structure was inferred using the pairwise

Fixation Index (Fst) estimated in Arlequin 3.11

software (Excoffier et al. 2005). We also conducted

a Bayesian analysis of population structure in the

BAPS 6.0 program (Corander et al. 2008), without

prior geographical information, to estimate the most

probable number of genetic clusters. We used a

maximum population number (k) of 11, which

considered the nine native and the two invaded

(upstream and downstream from Irapé dam) sample

sites. A median-joining (Bandelt et al. 1999) haplo-

type network of the CR haplotypes was built using

PopART 1.7 (Leigh and Bryant 2015).

Fish monitoring data

We assessed white piranha abundance from fish

assemblage data from the Irapé Dam fish monitoring

program. We used data from two sites in the UID

segment, located in the reservoir (IR2 and IR3) and

one site from DID (IR4). Fish samplings were done

quarterly (February, May, August, and November)

from 2008 to 2013 and in 2016. The remaining years,

2014 and 2015, had two and three fish samplings,

respectively. Fish were captured with gillnets placed

randomly overnight (stretched size meshes = 2.6, 3, 4,

5, 6, 7, 8, 10, 12, 14, and 16 cm). In the UID sites, we

sampled the littoral zone of the Irapé Dam reservoir

(IR2: 16� 430 47.7900 S, 42� 340 38.8700 W; IR3: 16� 420
49.4300 S, 42� 380 19.9500 W), while in the DID site the

gillnets were settled in the tailrace and spillway plunge

area (IR4: 16� 440 26.1100 S, 42� 340 9.3500 W). For each

site we calculated the white piranha mean annual

capture per unit effort (CPUE) as the mean number of

individuals captured in 100 m2 nets using the R-Studio

version 1.1.442 (R Development Core Team 2016).

Fish that had not been mutilated by other white

piranhas had their standard length measured and were

compared to the size at first maturity in their native

range (Honorato-Sampaio et al. 2009). We calculated

the proportion of white piranhas matching immature

(standard length B 131 mm) and adult (standard

length C 145 mm) sizes from each site. We did not

consider individuals whose standard length was

between 132 and 144 mm as they might be adult

males or immature females.

Results

Molecular taxonomy

After trimming the COI sequences, an alignment of

652 base pairs (bp) was obtained. Five haplotypes

were detected when considering both the native and

invaded ranges. The trimmed 16S sequence alignment

consisted of 525 bp. As expected, all detected 16S and

COI haplotypes from the native and invasive ranges

clustered with the S. brandtii GenBank sequences

(Fig. 2b).

The COI and 16S markers clearly differentiated all

five Serrasalminae species (Fig. 2; Tables 1, 2). The

mean genetic distance between specimens collected in

the invaded (JRB) and native (SFRB) ranges was low

(0.24/0.02%, COI and 16S, respectively).
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Table 2 16S pairwise mean genetic distance (%) between Serrasalminae species and native (São Francisco River Basin) and

invasive (Jequitinhonha River Basin) populations

Groups 1 2 3 4 5 6 7

1. Native 0.05

2. Invasive 0.02 0.00

3. S. brandtii 0.17 0.19 0.00

4. S. maculatus 1.08 1.06 1.25 0.19

5. S. marginatus 1.18 1.15 1.35 1.25 0.00

6. Pygocentrus nattereri 0.79 0.77 0.96 0.86 0.38 0.00

7. Pygocentrus piraya 0.79 0.77 0.96 0.86 0.77 0.38 0.00

The mean genetic divergence within each group is highlighted in bold

Fig. 2 COI (a) and 16S (b) Neighbor-joining trees. The

sequences obtained in this study from invasive specimens are

tagged with a circle, while the sequences from native specimens

are tagged with a diamond. Sequences downloaded from the

GenBank database are shown with their respective accession

number in parentheses

Table 1 COI pairwise mean genetic distance (%) between Serrasalminae species and native (São Francisco River Basin) and

invasive (Jequitinhonha River Basin) populations

Groups 1 2 3 4 5 6 7

1. Native 0.14

2. Invasive 0.24 0.38

3. S. brandtii 0.14 0.28 0.19

4. S. maculatus 3.77 3.89 3.79 0.00

5. S. marginatus 4.39 4.39 4.39 5.21 0.19

6. Pygocentrus nattereri 5.16 5.31 5.10 5.72 3.99 0.00

7. Pygocentrus piraya 5.26 5.42 5.21 5.82 3.89 2.40 0.19

The mean genetic divergence within each group is highlighted in bold
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Genetic diversity and structure

After manual inspection and trimming ambiguous

ends, an alignment of 640 bp was obtained for the CR

for 201 white piranhas. We detected a total of 34

haplotypes with 28 variable sites including both native

and invaded ranges (Table S2—Supplementary

Material).

Within the native range, we recovered 32 haplo-

types, with haplotype diversity (h) of 0.890. When

comparing the three sections of the SFRB (upper,

middle, and lower), the genetic diversity remained

high, ranging from h = 0.8073 in the USF (13

haplotypes) to h = 0.9050 in the MSF (16 haplotypes)

(Fig. 1b; Table 3). Values of nucleotide diversity (p)
were very similar across the native range. Within the

invaded range, we recovered a h of 0.5835 and p of

0.0057, with a total of four haplotypes. Both the UID

and DID segments in the JRB presented low genetic

diversity: h = 0.0667 and p = 0.0005 with two hap-

lotypes, and h = 0.3020 and p = 0.0014 with three

haplotypes, respectively (Fig. 1b; Table 3).

Pairwise Fst ranged from 0.07 to 0.13 in the native

range (Table 4). In the invaded range, high genetic

differentiation was recovered when comparing

upstream and downstream Irapé segments (Fst =

0.91). The only haplotype shared between both

invaded segments, which is also the most abundant

haplotype in UID, was only detected in the DID during

the last sampling campaign (January 2016) at a site

immediately downstream from Irapé dam. High

genetic differentiation was detected between invaded

and native segments (Fst ranged between 0.55 and

0.76; Table 4).

The BAPS output resulted in six genetic clusters

across SFRB and JRB (Fig. 3). Each invaded segment

presented two genetic clusters. The dominant cluster

in the DID segment was exclusive to this region, while

the other was shared with UID, USF, and MSF. The

shared cluster between both invaded regions was the

dominant in UID, while the second less abundant

cluster was found in specimens from all native

sections (Fig. 3).

Fish monitoring data

Fish monitoring was carried out between 2008 and

2016, before and after the first detection of the white

piranha in the hydroelectric reservoir and in one

sample site downstream of the dam where piranhas

had been previously detected. We collected 309 S.

brandtii from site IR2, 257 from IR3 (both in the

reservoir), and 40 from IR4 (downstream from Irapé

dam). The first capture in the reservoir happened in

Table 3 Number of samples, haplotypes, haplotype diversity

(h), and nucleotide diversity (p) by basin segment and

haplotype diversity by population of S. brandtii recovered

from the invaded (JRB = Jequitinhonha River Basin) and

native (SFRB = São Francisco River Basin) ranges based on

the control region

River Basin Segment No. Samples No. Haplotypes Hd p Hd p

SFRB USF 41 13 0.8073 0.0044 0.8900 0.0041

MSF 54 16 0.9050 0.0038

LSF 35 14 0.8235 0.0031

JRB UID 30 2 0.0667 0.0005 0.5835 0.0057

DID 41 3 0.3020 0.0014

USF upper SFRB, MSF middle SFRB, LSF lower SFRB, UID upstream of Irapé Dam, DID downstream from Irapé Dam

Table 4 Pairwise genetic differentiation indices (Fst) between

invaded and native basin segments

USF MSF LSF UID DID

USF – 0.0000 0.0270 0.0000 0.0000

MSF 0.1348 – 0.0000 0.0000 0.0000

LSF 0.0740 0.0745 – 0.0000 0.0000

UID 0.5862 0.7019 0.7582 – 0.0000

DID 0.5501 0.5913 0.6229 0.9141 –

Pairwise Fst values are placed below the diagonal, and their

respective significance p values above diagonal

USF upper São Francisco River Basin (SFRB), MSF middle

SFRB, LSF lower SFRB, UID upstream of Irapé Dam, DID

downstream from Irapé Dam
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November 2009 for IR3 and November 2010 for IR2.

An increase in the mean annual capture as well as a

variation between the smallest to the largest captures

was observed in subsequent years (Figs. 4, 5).

Although the very first record for this species in the

JRB dates back to 2006 downstream from Irapé Dam

(i.e. IR4), it was only captured again at this site in

2012. Captures remained frequent after that, but with

the mean number of fish captured at site IR4 lower

than at sites IR2 and IR3 (Fig. 4). Higher proportions

of fish matching immature sizes were recorded in both

UID sites when compared to the DID site (IR2:

immature = 0.53, adult = 0.45; IR3: imma-

ture = 0.49, adult = 0.43; and IR4: immature = 0.22,

adult = 0.75) (Fig. 5).

Discussion

We tracked the white piranha invasion in the JRB via a

long-term population monitoring in the invaded range

and genetically characterized the invasion process by

thoroughly sampling the native (SFRB) and invaded

(JRB) basins. A DNA barcode gap was observed

Fig. 3 BAPS output without geographical information for k = 11. Each specimen is represented by a vertical line and the colors

represent the distinct genetic clusters

Fig. 4 S. brandtii mean

annual capture in three sites

in the invaded range: lentic

environment sites IR2 and

IR3 from the Irapé Dam

reservoir and one lotic

environment, site IR4,

downstream from Irapé

Dam. Error bar whisker

plots limit the capture range

for that particular year

(upper = maximum,

lower = minimum)
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within the Serrassalminae subfamily, which enabled

the identification of introduced piranhas as S. brandtii

in the two JRB invasive populations using data from

two mitochondrial regions (COI and 16S). For the

JRB, we detected a low propagule pressure using the

hypervariable mitochondrial control region that sug-

gests a great invasive potential of the white piranha

assuming a small number of founders.

The introduction of the white piranha into the JRB

was first recorded in 2006, downstream from Irapé

Dam (Andrade et al. 2018).We detected this species in

the Irapé Reservoir during monitoring in 2009, only

3 years after the construction of the Irapé hydroelec-

tric dam (Andrade et al. 2018). Our long-term

monitoring before and during the invasion provides

valuable information regarding population dynamics.

The population monitoring at the two sites within the

reservoir (UID) followed similar population trends,

whether in number of individuals or in size structure.

Downstream from Irapé Dam (DID), the presence of S.

brandtii took longer to be detected since the monitor-

ing started in 2008, and fewer individuals, mainly

adults, were captured. Differences in captured num-

bers between DID and UID sites may be due to S.

brandtii fast colonization and pre-adaptation to lentic

environments, since native populations are reported to

be more abundant in floodplain lakes when compared

to riverine habitats (Pompeu 1999; Honorato-Sampaio

et al. 2009). Pre-adaptation in its natural area (Silva

et al. 2006) may explain fast population growth in

manmade reservoirs. Additionally, S. brandtii has a

broad dietary plasticity and ontogenetic variation in its

feeding habits (Pompeu 1999; Oliveira et al. 2004; de

Trindade and Jucá-Chagas 2008) which enables it to

explore multiple trophic niches while reducing

intraspecific competition. Moreover, piranhas explore

a unique niche since they are the only pterygophagous

fish species in the JRB, which exhibit a mutilating

feeding behaviour (Andrade et al. 2018).

The greater abundance of smaller (younger) fish in

the reservoir may be related to the more recent

introduction of the white piranha at this site and to the

hydrologic alterations promoted by damming (Agos-

tinho et al. 2009). This is consistent with the strong

association between invasive species success and

newly built impoundments that results in increased

niche availability and a high disturbance regime

typical of most reservoirs (Johnson et al. 2008).

Therefore, at an early invasive stage the white piranha

invasive population may be reproducing faster to

Fig. 5 Density plots for the

size structure of S. brandtii

populations in each site. IR2

and IR3 denote the sampling

sites located in the reservoir,

and IR4, immediately

downstream from Irapé

Dam. Dotted vertical lines

match the size at first

maturity for males (black)

and females (red)
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colonize and occupy vacant niches in the reservoir

environment. On the other hand, individuals from the

older invasion downstream from the Irapé Dam

(Fig. 5—IR4) presented a lower number of young

specimens reflecting an older and stable invasion

stage. Similar population trends were reported for the

invasive populations of the European catfish (Silurus

glanis) (Carol et al. 2009) and white perch (Morone

americana) (Feiner et al. 2013), showing that life

history plasticity confers an important advantage to

invasive species and allow them to adapt for success-

ful transitions throughout the invasion process.

A strong genetic structure was detected between the

invaded range sites UID and DID (Fst = 0.9141)

shown by the lack of shared haplotypes until the last

fish sampling, when the dominant haplotype in UID

was first detected in the site located downstream from

the dam (DID). This supports the hypothesis that the

Irapé Reservoir was colonized by white piranhas

belonging to a secondary introductory act from its

native range, not piranhas previously introduced

downstream from Irapé Dam. Artificial dams have

been reported as barriers to gene flow (de Almeida

et al. 2003; Pamponet et al. 2008; Khedkar et al. 2014)

and isolation caused by the Irapé Dam allowed the

detection of multiple introductory acts. However, in

January 2016 the dominant haplotype in the upstream

population was detected for the first time downstream

from Irapé Dam. It is unclear if the species was able to

ultimately overcome the barrier or if human-mediated

translocation of individuals promoted this admixture.

We predict that the genetic signature of two distinct

introductory acts in the JRB should decrease due to the

recently detected upstream to downstream gene flow.

Amoderate genetic differentiation (Fst ranged from

7.4 to 13.48%) was observed for S. brandtii among the

native range (SFRB) segments. Considering the

sedentary habit of this species and the broad sampled

range, the widespread distribution of some haplotypes

was not expected for S. brandtii. Non-migratory fishes

often exhibit an isolation by distance (IBD) pattern of

genetic differentiation (Leuzzi et al. 2004; Sofia et al.

2006; Pamponet et al. 2008; but see Brauer et al. 2018

for a comparison of IBD versus dentrically-driven

differentiation). A recent study suggested that mtDNA

datasets are often not suitable to test for IBD, and that

multilocus markers such as microsatellites and SNPs

are more appropriate to test hypotheses of spatial

population genetic structure (Teske et al. 2018).

However, Hubert et al. (2007) found evidence for

genetic structure even at a small geographical scale for

the black piranha S. rhombeus in the Upper Amazon

Basin using intron length polymorphism and mito-

chondrial DNA sequences. On the other hand, Fran-

tine-Silva et al. (2015) detected relatively low levels of

genetic structure in four sedentary species in the Upper

Paraná River Basin and argued that periodic floods

enabled the transit of individuals between localities.

The periodic floods may have enabled the connectivity

of S. brandtii populations from geographically distant

localities, such as the lower and upper SFRB with

shared haplotypes separated by more than 1400 km.

The white piranha is prone to colonize floodplain lakes

(Pompeu 1999) and could have used them as stepping

stones to disperse across long distances.

The lack of strong population structure in the native

range did not allow a precise identification of the

propagule source. The two haplotypes detected at the

invaded range site UID were also detected from the

native range sites USF and MSF, while the other two

haplotypes detected at invaded range site DID could

not be found in the native range (Fig. 1). The BAPS

clustering analysis detected similar clusters between

the site UID and both the USF and MSF native sites,

but the most representative cluster recovered for the

DID site did not match any other cluster from the

native range. Therefore, after a thorough analysis of

the entire native range (Fig. 1), we could trace the

introductory route of the secondary introduction act in

the UID as belonging to the MSF or USF, but the

propagule source of the primary and older introduction

of white piranha could not be traced.

The great genetic diversity reduction in JRB when

compared to SFRB, allied to our first recording of few

piranha specimens before the rapid population estab-

lishment, strongly suggests low propagule pressure

and a short lagging period of invasion. Recurrent gene

flow due to repeated introductions will prevent loss of

genetic diversity in invasive populations (Dlugosch

and Parker 2008), but low propagule pressure results

in reduced genetic diversity as observed for the

piranha introduction into the JRB. Reduced genetic

diversity has been reported extensively for invasive

species (Tsutsui et al. 2000; Hagenblad et al. 2015)

and is usually related to low propagule pressure. For

example, Carvalho et al. (2014) detected reduced

genetic diversity for invasive populations of peacock

bass (Cichla kelberi and C. piquiti) from Southeastern
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Brazilian river systems compared to native popula-

tions from the Amazon Basin, indicating low propag-

ule pressure. On the other hand, high propagule

pressure was considered the reason for no reduction in

the genetic diversity of an introduced population of

European smelt (Osmerus eperlanus) in a Norwegian

lake (Hagenlund et al. 2015).

Although we suggest that at least two independent

introductory acts were responsible for the piranha

introduction into the JRB, we speculate that its

introduction may have occurred accidentally or pos-

sibly accompanied restocking actions with fingerlings

of other species. For instance, the restocking of the

commercially important fish Prochilodus hartti is

likely to have been responsible for the hybrid swarm

effect observed in the Jequitinhonha after the intro-

duction of several other Prochilodus species native to

neighboring basins, such as the São Francisco Basin

(Sales et al. 2018). Given that restocking actions are

conducted by hydroelectric companies due to Brazil-

ian environmental law obligations, we recommend

stronger regulations and enforcement for restocking to

avoid the accidental introduction of highly invasive

species. We suggest that every restocking should be

preceded by the molecular identification of breeders to

avoid the introduction of non-native or hybrid species,

and the use of eDNAmetabarcoding (Sales et al. 2019)

to check for the presence of hitchhiking species during

large scale captive breeding efforts for restocking, and

removing the obligation to restock from Brazilian

environmental law. We also recommend the inclusion

of S. brandtii in the ecological risk assessment for dam

construction and restocking of other commercially or

ecologically important fish species in Brazil.

The invasive success of piranhas into the JRB was

not influenced by the lack of genetic diversity, but

population dynamics confirms theoretical predictions

that reservoirs facilitate biological invasions. This is

consistent with a scenario where the white piranha

rapidly colonized the reservoir, after a short lag phase,

reaching a plateau in only 4 years following the first

detection. The hydroelectric dam not only facilitated

the invasion of the piranha by strongly altering the

upstream environment, but also enabled the charac-

terization of a population’s invasive dynamics due to a

secondary introductory act in a Neotropical river

basin. Our combination of genetic and population

dynamics tools enabled the reconstruction of a top

predator fish invasion in the Neotropics and shed light

on to the ecological factors that influenced its invasion

success.
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