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Abstract The cichlid Geophagus sveni, native to
the Tocantins-Araguaia basin, was introduced into the
floodplain of the upper Parana River and has achieved
great adaptive success, with high abundances there.
In order to test whether the enemy release hypothesis
is happening in the species invasion process, we col-
lected 29 individuals in the Tocantins River (native
range) and 29 in the Parani River (non-native range)
to compare their parasite fauna. In the Tocantins
River, 17 fish were parasitized by at least one para-
sitic species, totaling eight species, comprising 54
individuals in total, while in the non-native fish from
the Parana River, we found only one representative
of a parasitic species. We found differences in the
weight-length relationship, where individuals from
the Parand River showed a greater investment in
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weight compared to individuals from the Tocantins
River. Furthermore, we observed a significant posi-
tive relationship between weight and abundance of
parasites in native fish. Our results indicate that the
hypothesis of enemy release may be occurring in G.
sveni, as the quantitative difference in endoparasites
between sites shows that hosts from the Parana River
obtained a competitive advantage when arriving at
the site.

Keywords Geophagus sveni - Parana River -
Tocantins River - Biological invasions -
Endoparasites

Introduction

When fish species are introduced to a new environ-
ment, there is a possibility that their parasites will
follow (see Taraschewski 2006). If the parasites
accompany their host, there are four possibilities of
parasite-host association in cases of species introduc-
tion, and they will not always be able to adapt suc-
cessfully to their new environment (Salgado-Mal-
donado and Pineda-Lépez 2003; Rahel and Olden
2008). The success or failure of parasites in a new
environment is determined by various factors such as
the parasite’s biological traits (specificity, life cycle,
and transmission) and the ecological traits of the
host (Font 2003). Furthermore, the success rates of
parasites are influenced by various biotic and abiotic
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factors such as the presence or absence of natural
enemies, competition with local species for resources,
and the climatic conditions of the region and habitat
(Vignon and Sasal 2010; Blakeslee et al. 2013).

The enemy release hypothesis explains why non-
native species typically exhibit lower parasite inten-
sity and prevalence compared to native species that
share the same habitat, as they tend to lose their para-
sites during the invasion process (Torchin et al. 2003;
Goedknegt et al. 2015; Sarabeev et al. 2017; Tierney
et al. 2020). The hypothesis is based on the idea that
natural enemies, such as parasites, play a critical role
in controlling the populations of their host species.
These enemies are often specialized to a few host spe-
cies in their local environment. As a result, when spe-
cies are introduced to a new area, they typically do
not bring their natural enemies with them, leading to
a situation where the pressure from natural enemies
on the invasive species may be significantly lower
than that experienced by native species in the area.
This is because the natural enemies in the new area
are not adapted to infect the invasive species and are
instead specialized to local species (Keane and Craw-
ley 2002; Richardson and Pysek 2007).

Parasites can pose a threat to their hosts, consider-
ing that they can interfere in various ways, directly or
indirectly, with the life of the fish they parasitize. It
is known that, naturally, parasites require a very high
energy demand from their hosts (Sures 2008), which
results in a lower energy rate to escape predators
and, consequently, survive (Timi and Poulin 2020).
In addition, many parasites have the ability to cause
behavioral changes and affect growth and nutritional
status, and can intervene in the success of intra and
interspecific competitions (Minchella and Scott 1991;
Iyaji and Eyo 2008; Overstreet 2021). These and
other factors, resulting from the action of parasites,
directly alter the abundance and diversity of organ-
isms in the environment (Lacerda et al. 2012).

The upper Parana River floodplain is a diverse but
highly invaded aquatic ecosystem in Brazil (Smith
et al. 2005; Ota et al. 2018; Bueno et al. 2021), where
several non-native species coexist with phylogeneti-
cally related native species. The species Geophagus
sveni Lucinda, Lucena & Assis, 2010, (Cichlidae),
native to the Tocantins-Araguaia sub-basin, is also
considered non-native in this environment (Moretto
et al. 2008; Lucinda et al. 2010; Gois et al. 2015; Ota
et al. 2018; Oliveira and Graca 2020), having its first
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record in the floodplain in the early 2000s, when it
was still erroneously identified as G. proximus (Vid-
otto and Carvalho 2007; Moretto et al. 2008; Ximenes
et al. 2021). Its arrival was through fishkeeping and
was facilitated by the reservoirs located upstream
of the floodplain, which served as a source of prop-
agules (i.e., stepping stones to invasion). In addition,
the high-water transparency, the main variable that
explains the abundance of G. sveni, facilitated its dis-
semination (Graga and Pavanelli 2007; Moretto et al.
2008; Gois et al. 2015; Thomaz et al. 2015).

Despite being a well-established species in the
floodplain, the parasitic fauna of G. sveni has not been
given due consideration when examining the mecha-
nisms and impacts of its invasion. It is noteworthy
that parasites are regarded as a critical response vari-
able for assessing ecosystem health, and disregarding
them can lead to the loss of over 70% of biological
information (Galli et al. 2005; Lymbery et al. 2014;
Ortega et al. 2015a, b). In line with the enemy release
hypothesis, the absence of parasites and other natu-
ral enemies may give certain non-native species a
competitive advantage, aiding in their demographic
expansion and boosting their likelihood of successful
invasion (Torchin et al. 2003; Torchin and Mitchell
2004; Torchin and Lafferty 2009).

Thus, we evaluated the endoparasite fauna of G.
sveni populations from the Tocantins River sub-basin
and the upper Paranid River floodplain in order to
compare them. Considering that G. sveni is a well-
established species in the invaded environment, we
hypothesize that this success is associated with the
process of enemy release, which leads to improved
condition of individuals in these locations. Thus, we
expect to find differences in endoparasite composition
between populations collected in the Tocantins and
Parana rivers, with a higher prevalence of these endo-
parasites in individuals found in the basin of origin.
Furthermore, it is expected that body condition of
individuals found in the Parana River will be greater
than that of individuals found in the Tocantins River.

Material and methods

Study area

The Tocantins River originates in the state of Goias,
in the central region of Brazil, and flows northward
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through different sedimentary basins for 2,500 km,
passing through the states of Tocantins, Maranhdo
and Para (Santos et al. 2004) (Fig. 1). The ichthyo-
fauna is closely related to the Amazon basin, espe-
cially in the lower course (Goulding et al. 2003), but
the Tocantins River basin is notable for containing a
high degree of endemism and high diversity (Santos
et al. 2004; Lucinda et al. 2007; Abell et al. 2008;
Bertaco and Carvalho 2010; Carvalho et al. 2010)
(Fig. 1).

The Parané River is the main river forming the
La Plata Basin and the second largest in length
in South America, with approximately 3,089 km

(Agostinho et al. 1999). In the upper part, above
the Itaipu Hydroelectric Plant, lies the floodplain of
the upper Parana River, and is considered the last
remaining stretch of this river (230 km in length)
within Brazil (Fig. 1). This floodplain is located on
the west bank of the river, composed of different
biotopes (microhabitats) such as floodplain lakes,
channels, and rivers with distinct degrees of con-
nectivity. In addition, the ichthyofauna of the region
presents high diversity, being composed of more
than 211 recorded species (Gubiani et al. 2007; Ota
et al. 2018).
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Fig. 1 a The upper Parana River floodplain and (b) Tocantins-Araguaia Hydrographic Basin; (¥) collection points. From Jaime Luiz
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Collection, processing and identification of fish and
parasites

Fish were captured with 2.4; 3; 4; 5; 6; 7; 8; 10; 12;
14 and 16 cm nets between non-adjacent nodes, 10-m
trawl nets with 2 mm mesh thickness and rods with
4/0 and 7/0 cm hooks. The nets and hooks remained
at each sampling point for a period of 24 h, being
searched at dawn (08:00) at dusk (16:00) and at night
(22:00). The collected hosts were anesthetized, euth-
anized, and taxonomically identified. Then, stand-
ard length (cm) and total weight (g) were measured.
The hosts were sacrificed by medullary sectioning,
in accordance with the Ethics Committee on Animal
Use (CEUA No. 1420221018) of the State University
of Maringé. A total of 29 specimens of G. sveni were
collected in the Tocantins River in the city of Porto
Nacional (10°42'25.9" S 48°25'14.0" W), where it is
native, in 2018, and 29 specimens in the Parani River
in the city of Porto Rico (22°45°S and 53°16’W) in
2018 and 2019.

The fish were gutted and the gastrointestinal tract
was analyzed with the aid of the optical stereomicro-
scope to search for the parasites. Parasite collection,
preservation and preparation procedures were carried
out according to Eiras et al. (2000) and parasite iden-
tification was based on the works of Yamaguti (1961),
Travassos et al. (1969), Moravec (1998) and Vicente
and Pinto (1999), as well as the use of identification
keys, reference guides and updated articles in the
area.

Data analysis

To compare the parasite fauna of G. sveni individu-
als from the Tocantins River and the Parani River
we used the metrics of prevalence, mean intensity
and mean abundance of parasite infection accord-
ing to Bush et al. (1997). Prevalence is the number
of hosts infected by a given parasite species, divided
by the number of hosts analyzed and multiplied by
100 (result expressed as a percentage %). The mean
abundance represents the total number of parasites
of a given species divided by the total number of fish
examined. Finally, the average intensity of infestation
is the total number of parasites observed of a given
species, divided by the number of hosts infected with
this same parasite species.

@ Springer

Since the presence of parasites in the fish can affect
the investment of individuals in size, we evaluated the
length—weight relationship between the sampled sites
using an ANCOVA. For this, we used weight as a
response variable, length as a predictor variable and
sampled sites (i.e., Rio Tocantins and Rio Parand) as
a covariate. Before performing the analyses, we tested
the assumption of parallelism (homogeneous slope
between sites) by evaluating the interaction between
locations and length (Garcia-Berthou and Moreno-
Amich 1993). The absence of interaction between the
variables allows the comparison of average weights in
a given size between sampled sites.

To assess whether the abundance of parasites
affects the weight of G. sveni individuals and whether
there is a difference in the weight of individuals
between the sampled sites, we used a generalized
linear model (GLM) with Gaussian distribution. For
this purpose, weight was used as a response variable,
and parasite abundance and sampled sites as predictor
variables. Statistical procedures were performed in R
software version 4.0.4 (R Core Team 2021) with the
packages vegan (Oksanen et al. 2019), ggpubr (Kas-
sambara 2020) and ggplot2 (Wickham 2016).

Results

Twenty-nine fish were collected at each site, total-
ing 58 individuals of Geophagus sveni analyzed.
Of these, 17 were parasitized in the Tocantins River
and only one in the Parani River (Table 1). In total,
54 endoparasite specimens were collected from the
Tocantins River and one specimen from the Parana
River. Most parasites were represented by adult stages
and only one genus in larval stage (Raphidascaris)
was found in both collection sites. Consequently, the
parasitological indices of prevalence, mean inten-
sity and mean abundance were much higher for the
hosts collected in the Tocantins River (Table 1). The
parasites of the phyla Nematoda and Acanthocephala
stand out because 51.7% and 17.22% of the fish were
parasitized by these groups, respectively.

Individuals of Geophagus sveni collected in the
Tocantins River had higher mean weight and length
(92.07+42.86 g and 14.38+2.37 cm) than individu-
als collected in the Parana River (85.7+45.42 g and
13.2+2.67 cm). The assumption of parallelism was
met for the ANCOVA analysis, where the interaction
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Table 1 Species of parasites and their parasitological indices found in the host Geophagus sveni in the Tocantins (native range) and

Parana (non-native range) rivers

Parasites Prevalence (%)

Mean intensity (+SD) Mean abundance (+ SD)

Tocantins River Parana River

Tocantins River Parana River Tocantins River Parana River

Acanthocephala

Neoechinorhynchus sp. 10.34 0

Acanthocephala sp.1 3.44 0

Acanthocephala sp.2 3.44 0
Cestoda

Proteocephalidae sp. (cyst) 6.89 0
Nematoda

Raphidascaris sp.1 (larvae) 3.44 0

Raphidascaris sp.2 (larvae) 0 3.44

Nematoda sp.1 17.24 0

Nematoda sp.2 27.58 0

Nematoda sp.3 3.44 0

2.33+0.54 0 0.24+0.73 0

1 0 0.03+0.18 0

1 0 0.03+0.18 0

1 0 0.06+0.25 0

1 0 0.03+0.18

0 1 0 0.03+0.18
3.6+1.34 0 0.62+1.47 0
2.62+1.8 0 0.72+1.46 0

1 0 0.03+0.18 0

between location and standard length did not show
a significant effect (i.e., both locations show the
same variation in the proportion between weight and
length). On the other hand, the single effect of stand-
ard length and location showed significant effects.
The significant positive effect of standard length
on weight is already an expected result, since in the
weight-length relationship, larger individuals have
greater weight. The significant effect of the sampling
site shows that, for a given size, individuals of G.
sveni from Parana have greater weight, compared to
individuals from the Tocantins River (i.e., they have a
greater investment in growth) (Table 2, Fig. 2).

The results of the GLM showed that the abundance
of parasites has a significant negative effect on the
weight of individuals of G. sveni, that is, the greater
the abundance of parasites, the lower the weight of

Table 2 Summary of the analysis of covariance (ANCOVA)
of the weight-length relationship of Geophagus sveni between
individuals collected in Tocantins (native range) and Parana
(non-native range) rivers

Df F P-value
Standard length 1 291.381 0.000%*
Site sampling 1 5.185 0.027*
Standard length x Site 1 0.955 0.333

sampling

*Statistically significant correlations (P <0.05) are indicate in
boldface type

the individual (Table 3). On the other hand, the loca-
tion did not show a significant effect, which can be
explained by the presence of individuals of greater
standard length in the Tocantins River, as mentioned
above.

Discussion

The results presented suggest that the enemy release
hypothesis is occurring in Geophagus sveni. The
difference in parasitological indices, especially the
prevalence of endoparasites, recorded between sites,
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Fig. 2 Weight-length relationship of Geophagus sveni
between individuals collected in Tocantins (i.e., native range)
and Parana (non-native range) rivers. The gray areas represent
the standard error
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Table 3 Result of the generalized linear model (GLM) with
Gaussian distribution to explain whether the abundance of
parasites affected the weight of Geophagus sveni individuals
and whether there is a difference in the weight of individuals
between the sampled locations

Estimate Std. Error ¢value P value

Intercept 85.209 8.098 10.522  0.000*
Parasite abundance  -9.107 2.978 -3.059 0.003*

Sampling site 22.886 12.272 1.865 0.067

R-squared: 0.158, D.f.: 52; F-statistic: 4.887; p-value: 0.011

*Statistically significant correlations (P<0.05) are indicate in
boldface type

demonstrates that the hosts from the Parand River
may have obtained a competitive advantage upon
arrival at the site due to the absence of endoparasites.
The low species richness in G. sveni at the invaded
site was already recorded by Lehun et al. (2020),
since only Ascocotyle sp. and Raphidascaris (Spren-
tascaris) sp. were found in this host, suggesting that
endoparasite species may have been lost in the inva-
sion process. It is important to consider that G. sveni
was introduced by the aquarium trade, likely the
introduction propagule were treated against parasites
(Harms 1996). Another possibility is that the dis-
persal jump that G. sveni perceived, by chance, only
included a small group of individuals that did not
have parasites or were less infected.

According to Gendron et al. (2012), studies on the
enemy release hypothesis have typically quantified
the phenomenon by comparing levels of species para-
sitism between native and introduced areas (such as
in studies by Torchin et al. 2001; Kvach and Stepien
2008; Blakeslee et al. 2009). These studies suggest
that differences in parasitism may be influenced by
a range of factors, including local habitat character-
istics, community structure, and other environmental
variables (Colautti et al. 2004). The duration of the
enemy release phenomenon is another factor that may
impact its level of impact. As time passes, new asso-
ciations may form between parasites and hosts in the
invaded range, resulting in a gradual recruitment of
parasites by introduced hosts (Cornell and Hawkins
1993; Krakau et al. 2006). Therefore, the release of
parasites in this study may be a transient and tem-
porary situation. Additionally, Roche et al. (2010)
note that a decrease in the number of parasite species
could lead to reduced competition among different

@ Springer

parasite species within individual hosts, resulting in
higher abundances of the remaining parasite species.

Introduced species may indeed accumulate para-
sites, but the number of taxa recruited within the
period that is assessed may be less than half the
number found in their native range (Torchin and
Mitchell 2004; Kvach and Skéra 2007). Follow-
ing this hypothesis, introduced species are expected
to accumulate native parasites over time: the longer
the invader is established, the more native parasites
it should acquire (Blaustein et al. 1983; Torchin and
Lafferty 2009). Torchin et al. (2001) report that the
rate of accumulation of a parasite species can occur
every hundred years in introduced populations of
Carcinus maenas. However, Gendron et al. (2012)
provides additional empirical evidence in support of
the release release hypothesis by demonstrating that
Neogobius melanostomus, while experiencing a loss
of its parasites, this reduction in parasitism rate in a
non-native species may be short-lived.

The parasites found in this study are intestinal
and the decrease in the richness of endoparasites of
G. sveni in the Parana River can be explained by the
fact that they have complex life cycles, making them
dependent on more than one host to finish it and,
consequently, reproduce. It may be that, intermedi-
ate and definitive hosts do not occur in the new envi-
ronment (Kvach and Stepien 2008), moreover, native
parasites do not share a coevolutive history with the
introduced host, being considered unsuitable to com-
plete their cycle. We assume that helminth species are
less aggregated in communities in an invasive popula-
tion because the host individual has an approximately
equal negative effect on any parasite species, due
to the fact that native parasites do not have specific
adaptations to the new host.

The results indicated that the weight-length rela-
tionship of fish from the Tocantins River was sig-
nificantly lower than that from the Parana River. The
abundance of parasitic species found in native fish
reinforces that the absence of parasites in the intro-
duced location benefited non-native fish and that they
managed to overcome one of the biotic barriers in the
invasion. High water transparency (as is the case in
the Parand River) may also have played an impor-
tant role in G. sveni physiology and/or fitness in its
introduced range, as this cichlid tends to be visually
oriented during food acquisition and in the processes
surrounding its reproductive cycle (Moretto et al.
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2008; Gois et al. 2015). This abiotic characteristic of
the place also favored the colonization of other inva-
sive fish, such as the Cichla kelberi, which obtained
advantages in the search for food and reproductive
partners (Espinola et al. 2010).

The absence or drastic decrease of parasites, causes
the hosts to be able to direct energy to another factor
that favors them (Robar et al. 2011), especially during
the process of sojourn and establishment to the new
environment. We found that the individuals collected
in the Parand River showed higher investment in
weight, compared to individuals from the Tocantins
River, possibly, this may be a result of the adaptive
success of the species. Gois et al. (2015) in a study
conducted in the Parana River, suggest that there may
be a niche overlap between G. sveni and Satanoperca
pappaterra (native cichlid of the region), given the
phylogenetic and morphological proximity of the spe-
cies, in addition to the similarity in the diet, therefore,
it is likely that the two species show similar behav-
iors in resource acquisition, causing strong competi-
tive interactions to develop under such a scenario.
Furthermore, it was observed that the strong com-
petitive interactions between G. sveni and S. pappa-
terra, indicate that the invasive species may exhibit a
more effective foraging strategy relative to the native,
which resulted in a lack of niche packing (change in
resource use to avoid competition) by S. pappaterra.
One of the assumptions of the enemy release hypoth-
esis holds that, if proven, the host may benefit from
the situation by reaching larger sizes, both in length
and population density, when compared to individu-
als present in the native area (Ondrackova et al. 2010;
Torchin et al. 2001).

The data presented in this paper correspond to the
first study to test an ecological theory of invasion
(sensu Keane and Crawley 2002) for G. sveni, com-
paring its endoparasitic fauna in two locations, native
and introduced, in Brazil. The results obtained from
the study provide potential explanation for the suc-
cess and abundance of species founded by the Parana
River, due to the low prevalence of parasites, consid-
ered natural enemies.
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