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Abstract Peacock basses (Cichla spp.) are native to

the Amazon basin but introduced to different parts of

the world. Almost thirty years ago, Cichla kelberi was

introduced in an impoundment of the São João River, a

coastal system in southeastern Brazil. Recently, this

cichlid invaded the estuarine section of the basin. This

study aims to analyze spatial and temporal variations

in catch of C. kelberi and fish assemblage structure

along the estuarine stretch of this river and how abiotic

variables affect their distribution. Sampling was

performed in four segments downstream of the dam.

Principal component analysis revealed that abiotic

variables displayed temporal and spatial variation, in

part due to the salinity gradient, that were more

pronounced in the dry season. Cichla kelberi occurred

in all segments, but mainly in shallow and vegetated

habitats of the middle course and barely in the most

downstream. Eighty-one fish species were recorded,

nine of which were non-native, representing 33.4% of

total catch. A redundancy analysis indicated that the

fish assemblages showed marked spatial variation,

mostly related to the salinity gradient. The lowermost

segment of the river was dominated by marine species,

the only locality where non-native species summed

less than 40% of the catches. In the upstream

segments, higher oxygen levels and lower tempera-

tures influenced the occurrence of most species.

Higher salinity of the estuary seems to limit the spread

of C. kelberi, but the invader may reach adjacent

basins in years of exceptional floods. The eurihalinity

and piscivory of C. kelberi partly explain its invasive

success.
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Introduction

Habitat loss and biological invasions are major threats

to global biodiversity (Mack et al. 2000; Simberloff

et al. 2013). In freshwater ecosystems, habitat loss and

degradation (e.g., pollution, channelization and regu-

lation) are usually followed by species invasions

(Agostinho et al. 2005, 2008; Pelicice et al. 2017). For

example, several non-native fish species have been

introduced in reservoirs to compensate for the nega-

tive impacts of damming on fisheries (i.e., decline of

commercially important species; see Hoeinghaus et al.

2009), causing additive or multiplicative effects on

fish diversity. In fact, reservoirs have facilitated the

invasion and further establishment of non-native

species, working as sources for their dispersal towards

adjacent areas (Havel et al. 2005; Johnson et al. 2008;

Petesse and Petrere Jr 2012). In addition, fish assem-

blages in impounded rivers are impoverished, so they

are more susceptible to invasions (Petesse and Petrere

Jr 2012; Vitule et al. 2012; Daga et al. 2015; Pelicice

et al. 2018).

In South America, species of peacock basses (genus

Cichla) have been introduced into several reservoirs

outside their native range, i.e., tributaries of the

Amazon system (Agostinho et al. 2007; Franco et al.

2018). Once established in the reservoir, these vora-

cious predators are able to successfully invade adja-

cent areas, such as riverine sections downstream from

the dam (Poff et al. 2007; Agostinho et al. 2008;

Espı́nola et al. 2010). However, no study has evaluated

the invasion of Cichla in estuarine ecosystems. The

lower course of coastal rivers in eastern South

America is generally characterized by meandering

channels that flow into the estuary, subjected to daily

variations in salinity due to the tidal cycle. However,

several coastal rivers, particularly in southeastern

Brazil, experienced drastic alterations during the

twentieth century, mostly related to damming, exca-

vation of secondary narrow channels, channelization

and bank clearing to drain floodplains and to replace

the original Atlantic Forest with pasture for livestock

ranching (Sofiati 2010; Marçal et al. 2017). These

alterations may affect the native fish fauna and create

opportunity for invasions. This aspect of invasion

biology has been less investigated, although Cichla

species have been introduced in rivers and impound-

ments close to estuaries.

The yellow peacock bass Cichla kelberi (Kullander

and Ferreira 2006) is currently introduced in several

non-Amazonian reservoirs and rivers. This species

was introduced decades ago in the Juturnaı́ba Reser-

voir, São João River, a costal system in southeastern

Brazil. However, this fish was recently recorded in the

estuarine section located downstream, and no study

has investigated C. kelberi populations and the

structure of fish assemblages in this recently invaded

area. In this study, we sampled fish assemblages along

the estuarine course of the São João River to inves-

tigate whether the non-native C. kelberi succeed in

invading assemblages irrespective of the increasing

salinity gradient imposed by the tidal cycle and flow

regulation. Our main goals were to analyze spatial and

temporal variations in total catch of C. kelberi and fish

assemblage structure, and their relationship with

abiotic conditions. We hypothesized that the estuarine

conditions mainly related to gradients in water salinity

would explain fish assemblage composition and

restrain the distribution of the C. kelberi to riverine

reaches that resemble its native range (Winemiller

2001; Pelicice et al. 2015), i.e., natural channels that

are structurally complex, freshwater and with high

temperatures.

Materials and methods

Study area

The São João River basin covers approximately

2190 km2 of Atlantic rainforest (22� 300–22� 410 S

and 41� 590–42� 200 W), in the Rio de Janeiro State,

Brazil. The area is moderately occupied by forestry

and livestock farming. The river originates at 800 m of

elevation and runs about 120 km west, flowing into the

Atlantic Ocean; in the lower reach, it runs along a

sinuous mangrove-dominated estuary (Fig. 1). Annual

mean air temperature range between 22 and 24 �C,

and maximum annual precipitation reaches 1000 mm.

Rainfall is concentrated between October and March

(warm months, hereafter rainy season), and lower

precipitation between April to September (cold

months, hereafter dry season) (Alvares et al. 2013).

During the study, peaks of rainfall and river flow

occurred respectively in January and February 2016,

with the lowest values in April 2016 (Online Resource

1).
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The Juturnaı́ba Reservoir is located about 40 km

upstream from the river mouth, where several low

order tributaries of the São João River formerly

drained into a wetland known as Juturnaı́ba lagoon.

The reservoir was constructed between 1978 and

1984, inundated an area of 43 km2 and since then

supplies fresh water to nearly 600,000 inhabitants of

the nearby coastal municipalities. Other hydraulic

modifications of the main channel and tributaries

involved channelization and loss of meandering

courses along the stretch (ca. 25 km) below the dam,

which includes the estuarine area. In this downstream

segment, most of the natural riparian forest was

cleared and replaced by pasture with non-native

grasses; forest remnants are still found in some areas,

especially in the remaining meanders of the river,

which run parallel and maintain hydrological connec-

tivity with the channelized main course (Fig. 1).

Sampling and laboratory procedures

Fish assemblages were sampled downstream from the

dam in four segments along the São João River

(Fig. 1). These segments show different degrees of

Fig. 1 Location of the São João River basin, Rio de Janeiro

State, Brazil, and the four 10 km long segments downstream

Juturnaı́ba Reservoir (S1: channelized segment, just below the

dam, S2: meandering segment, on the abandoned channel, S3:

channelized segment on the longest channelized stretch, and S4:

meandering segment along the mangrove area)
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hydrological alteration, influenced by dam operation

and tidal cycle. They also cover the entire river section

between the dam and the ocean, representing a strong

salinity gradient. ‘‘Segment 1’’ (S1; about 15 km long)

is the straight channel of the São João River, extending

from the dam to the confluence of the uppermost

abandoned meander; this area is under greater influ-

ence of flow regulation. Downstream from Segment 1,

the São João River splits in two branches, where

segments 2 and 3 run parallel. ‘‘Segment 2’’ (S2) is

about 15 km long and encompasses the longest

abandoned meandering channel, which is deep,

densely colonized by aquatic macrophytes and cov-

ered by forests. ‘‘Segment 3’’ (S3) is about 10 km long

and consists of the channelized section, with banks

dominated by grasses and shallow areas colonized by

the widgeon grass Ruppia maritima. ‘‘Segment 4’’

(S4) is the lowermost stretch, about 10 km long, and

runs sinuously along a mangrove area subjected to

higher marine influence.

Fish sampling and measurement of abiotic vari-

ables were performed at three fixed equidistant sites in

each segment between August 2014 and November

2016, divided in two campaigns: the first one (from

August 2014 to August 2015) designed to catch the

piscivorous fish, and the second one (from January to

November 2016) designed to sample fish assemblages.

In the first campaign, we monthly sampled piscivorous

fish with standardized angling effort, which consisted

of two anglers using line and hook with artificial baits

for one hour at each sampling site. We used this

methodology because some piscivorous are poorly

captured by traditional sampling techniques, particu-

larly Cichla species. In the second campaign, fish

assemblages were sampled bimonthly under neap tides

with different gears: gillnets (mesh sizes: 15, 20, 25,

30, 35, 40, 45, 60, and 80 mm between opposing

knots), trammel nets (mesh sizes: 35 and 110 mm),

cast nets (mesh sizes: 10, 20 and 25 mm), seines (mesh

size: 5 mm), sieves and dip nets. Sampling effort was

standardized among sites and dates. Trammel and gill

nets were set between 16:00 and 08:00 and checked at

21:00. Fish abundance (catch) was expressed as the

number of individuals captured corrected by sampling

effort (catch per unit effort, CPUE). On each sampling

occasion, we recorded the following abiotic variables:

salinity, conductivity, dissolved oxygen, and water

temperature with a multi-parameter probe (YSI

Pro2030), pH (pH 1–14 MerckTM test strips), water

transparency (Secchi disk), and depth (a scaled rope).

Captured specimens were stored in ice in the field,

immersed in a 10% formalin solution and later

transferred to a 70% alcohol solution. In the labora-

tory, total length (TL, to the nearest mm) of each

specimen was measured; identification of the speci-

mens employed taxonomic guides and keys (e.g.,

Figueiredo and Menezes 1978, 1980, 2000; Menezes

and Figueiredo 1980, 1985; Kullander and Ferreira

2006). Native and non-native species were identified

(Eschmeyer and Fricke 2016). Voucher specimens

were deposited in the Fish Collection of the Instituto

de Biodiversidade e Sustentabilidade, Universidade

Federal do Rio de Janeiro (NUPEM/UFRJ).

Statistical analyses

Data on conductivity, dissolved oxygen, depth, salin-

ity and CPUE of C. kelberi were log10 transformed

prior to analyses [log10 (x ? 0.01) for salinity and

log10 (x ? 1) for CPUE]. We ran a principal compo-

nent analyses (PCA) to summarize the temporal and

spatial variation in abiotic variables (first campaign:

12 sampling sites in 12 monthly surveys; second

campaign: 12 sampling sites in six bimonthly sur-

veys). Only PCA eigenvalues higher than those

produced by a broken-stick model, available in the

‘‘PCAsignificance’’ function of the ‘‘BiodiversityR’’

package (Kindt and Coe 2005) in R (R Core Team

2020), were retained for interpretation (Jackson 1993).

Two (multiple) zero-inflated negative binomial

regressions (NBR), using the ‘‘zeroinfl’’ function in

package ‘‘pscl’’ (Jackman 2020) in R, were employed

to assess the variation of CPUE of C. kelberi in the first

campaign among seasons (rainy and dry seasons) and

segments (P1 to P4) and to test for the role of abiotic

variables. For this analysis, conductivity was removed

because it was strongly correlated to salinity

(r = 0.97); the rest of predictors did not show

collinearity (all Variance inflation factors\ 1.8).

NBR were used because conventional generalized

linear models with Poisson errors showed overdisper-

sion, and a zero-inflation NBR was preferable to these

models and also a conventional NBR (Akaike

weight = 0.95), following R scripts provided by

Magellan and Garcı́a-Berthou (2015).

A redundancy analysis (RDA) was applied to

explore the relationship between the fish species catch
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matrix and abiotic variables. Since the use of seines

was unfeasible at some sites, species uniquely caught

with this gear were excluded from analyses (13.8% of

the species recorded). A Hellinger transformation was

used for the species catch matrix, since it provides low

weights to species with low counts and many zeros

(Legendre and Gallagher 2001). A forward model

selection was performed with function ‘‘ordiR2step’’

(200 permutations; Blanchet et al. 2008) in ‘vegan’

(Oksanen et al. 2019), in order to select a parsimonious

RDA model with the highest adjusted R2. All ordina-

tion analyses were carried out with the ‘vegan’

package in R.

Results

Limnological features

Salinity and conductivity varied markedly among the

four segments and related negatively with the distance

to river mouth. Segments 1, 2 and 3 were generally

freshwater (\ 0.5 ppt), but Segments 2 and 3 were

sometimes oligohaline; Segment 4 varied more

strongly from freshwater to polyhaline conditions,

i.e., mixohaline/brackish waters (Table 1). Brackish

waters (up to 30.1 ppt) were recorded in Segment 4

especially during the dry season, whereas salinity

levels dropped to half during the rainy season (Table 1;

Fig. 2). Temperature was lower in the dry season (22

to 25.6 �C) compared to the rainy season (25.2 to

29.8 �C). In general, the channelized segments (S1

and S3) were shallower than the meandering segments

(S2 and S4) (Table 1).

The first two axes of the PCA were significant

(broken-stick model) and explained most of the

variation (51.3%) in water properties, which varied

particularly between the two seasons (Fig. 2). Samples

from the dry season presented higher PC1 and PC2

scores and were associated to higher values of Secchi

depth, water depth, oxygen concentration, pH and

lower values of temperature. Spatial variation was less

clear and depended on season: Segment 1 presented

less variability than the others; Segment 3 had higher

Secchi depth and water depth in the dry season; and

Segment 4 had the highest pH, salinity, and oxygen

concentration in the dry season but low in the rainy

season (Fig. 2).

Catches of piscivorous fish

Three piscivorous species were recorded in the first

campaign, the marine/estuarine Centropomus paral-

lelus and the freshwater Hoplias malabaricus and

Cichla kelberi. The latter was the most captured,

representing 73.3% of the catches of piscivorous fishes

(Fig. 3), whereas the others were recorded in low

numbers, with higher catches in the rainy season.

Cichla kelberi catches by angling varied significantly

among segments (NBR, P\ 0.001) and seasons

(P = 0.002), but with no significant segment 9 sea-

son interaction (P = 0.987). Most C. kelberi speci-

mens (58% of 162) were captured in Segment 3,

whereas no individual was recorded in Segment 4 by

angling. Most catches of C. kelberi were at shallow

sites of the channelized vegetated course (Segment 3)

with grass-dominated riverbanks (Fig. 3, Online

Resource 2). The multiple zero-inflated NBR

explained 60% of the total variation in catches

(Table 2). Among the abiotic predictors, only salinity

was significantly related to peacock bass catches

(P = 0.001) (Table 2). C. kelberi catches by angling

were highest in Segment 3, where they increased with

salinity, and null in the estuarine Segment 4 (Online

Resource 2).

Fish assemblages

A total of 2,551 fish specimens belonging to 80

species, 36 families and 18 orders were captured in the

second campaign (Online Resource 3). Most speci-

mens (54.7% of total catch) belonged to the families

Callichthyidae, Cichlidae, Serrasalmidae, Carangidae

and Mugilidae. Twelve species were recorded in all

four segments, four non-native species, including C.

kelberi. Total species richness ranged from 25 to 62

species, with highest richness in Segment 4, mostly

influenced by the presence of marine fishes (Fig. 4);

freshwater species richness was low in this segment.

We observed low variation in non-native richness

among segments (Fig. 4). Total catches ranged

between 281 and 957, with higher values in Segment

3 (Fig. 4), dominated by native and non-native

freshwater fishes. The vast majority of C. kelberi

catches (76%) occurred in Segment 3, but only four

peacock basses were captured there by sampling gears

other than line and hook.
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Non-native species dominated segments 1 to 3

(Fig. 5a–c), where Hoplosternum littorale and Metyn-

nis lippincottianus presented the highest relative

catches. Considering the nine most common species,

non-native species accounted for 42, 55 and 50% of

total catch in segments 1, 2 and 3, respectively. The

main freshwater species in these segments were

Trachelyopterus striatulus, Geophagus brasiliensis

and Hoplias malabaricus. Marine species prevailed in

Segment 4 (Fig. 5d), although the non-native H.

littorale was among the main species (Online

Resource 3).

The first two axes of the RDA explained 8% of the

variation in species composition (Fig. 6). The

‘‘ordiR2step’’ function selected salinity and dissolved

oxygen as the best predictors of the composition and

catch of the assemblages (permutation tests,

P\ 0.05). Sampling sites at Segment 4, characterized

Table 1 Summary of abiotic variables (mean ± standard deviation) recorded at four segments along the São João River, from

August 2014 to November 2016

Season Segment Temp. (�C) pH DO (mg/L) Sal. (ppt) Conductivity

(lS/cm)

Secchi depth (m) Depth (m)

Rainy

1 26.9 ± 1.7 7.1 ± 0.8 6.1 ± 1.2 0.0 ± 0.0 64.7 ± 80.6 1.2 ± 0.5 2.5 ± 0.8

2 27.9 ± 1.9 6.8 ± 1.2 5.5 ± 1.9 0.3 ± 0.7 546.5 ± 1558.1 1.1 ± 0.5 3.5 ± 1.4

3 27.6 ± 1.6 6.5 ± 1.4 5.1 ± 2.2 1.0 ± 2.4 1744.3 ± 4308.4 1.4 ± 0.7 3.0 ± 1.4

4 27.4 ± 1.6 7.2 ± 1.1 5.3 ± 2.2 4.9 ± 4.6 8220.3 ± 8746.9 1.1 ± 0.6 3.9 ± 1.4

Dry

1 23.7 ± 1.7 7.0 ± 0.4 7.3 ± 1.6 0.0 ± 0.0 36.6 ± 7.6 1.8 ± 0.7 2.6 ± 0.9

2 24.0 ± 1.5 7.0 ± 0.6 8.4 ± 4.9 0.7 ± 1.5 911.0 ± 1932.1 2.1 ± 1.0 3.8 ± 2.0

3 24.0 ± 1.5 6.9 ± 0.4 7.4 ± 3.2 1.1 ± 2.3 1427.6 ± 3196.2 1.6 ± 0.6 2.5 ± 1.2

4 24.2 ± 1.4 7.2 ± 0.5 7.4 ± 1.7 11.9 ± 9.6 16,194.6 ± 13,861.8 1.3 ± 0.6 4.1 ± 1.9

Temp. Water temperature, DO dissolved oxygen, Sal. Salinity, Secchi depth Secchi disk transparency

Fig. 2 Principal Component Analysis of the abiotic variables

recorded at four segments of the São João River during the first

campaign (August 2014 to August 2015) and the second

campaign (January to November 2016). 95% data ellipses for

the rainy (October to March) and dry (April to September)

seasons are shown (symbols in blue and red, respectively).

Different symbols for the four segments are also used
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by higher salinity and temperature, had higher relative

catch of estuarine species such as Genidens genidens,

Lycengraulis grossidens and Anchovia clupeoides

(Fig. 6). Higher catches of three non-native species

(H. littorale, M. lippincottianus and C. kelberi) and the

native G. brasiliensis occurred in Segment 3 and 2,

which had lower salinity and temperature and higher

dissolved oxygen.

Fig. 3 Seasonal variation in angling catches of piscivorous

fishes in São João River, southeastern Brazil, between August

2014 and August 2015 (first campaign). Catches of Hoplias

malabaricus, Cichla kelberi and Centropomus parallelus in the

rainy (A) and dry (B) seasons

Table 2 Zero-inflated negative binomial regression model relating the catch per unit effort of the peacock bass Cicha kelberi with

abiotic variables in São João River, Southeastern Brazil. Salinity, dissolved oxygen, and (water) depth were log-transformed

Coefficient estimate Standard error z value P

Intercept - 2.594 5.67 - 0.46 0.647

Temperature 0.072 0.092 0.78 0.438

pH 0.008 0.471 0.02 0.986

Secchi - 0.347 0.462 - 0.75 0.452

Salinity 0.927 0.306 3.03 0.002

Dissolved oxygen 2.805 2.931 0.96 0.339

Depth 1.185 2.096 0.57 0.572

log(theta) - 0.662 0.385 - 1.72 0.086

n = 77. Explained variation: McFadden R2 = 0.60

Fig. 4 Fish species richness (a) and catches (b) along the São João River (segments 1 to 4), Southeastern Brazil, between January and

November 2016 (second campaign)
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Discussion

Cichla. kelberi was barely captured in the estuarine

Segment 4, with higher levels of salinity during the dry

season, when the influence of seawater upstream

increases and saline intrusion reaches upper sites of

the São João River. Peacock basses have historically

invaded lentic environments (e.g. reservoirs), but our

results revealed that this fish successfully invaded the

lotic stretch below Juturnaı́ba Dam, which includes an

estuarine area. As expected, water salinity restricted

the spread of C. kelberi to the lowermost stretch of the

estuary and affected the structure of fish assemblages

in respect to species origin (marine or freshwater;

Online Resource 1). Moreover, our results showed that

the invader and fish assemblages experience marked

spatial and temporal variation, mostly associated to

climatic seasonality, flow regulation and influence of

the tides. Among the nine non-native species recorded

in the São João River, C. kelberi is the only essentially

piscivorous. By considering its voracious habits (e.g.

Pelicice et al. 2015) that includes high rates of

cannibalism (Mendonça et al. 2018), its presence

may negatively affect fish diversity in the estuary.

Future studies must investigate if the non-native

predator affected assemblage structure, especially

because other studies have reported strong predatory

effects in reservoirs (Pelicice and Agostinho 2009).

Environmental influences on Cichla kelberi

distribution and catch

The non-native C. kelberi successfully invaded the

area downstream Juturnaı́ba and reached the estuarine

stretch under greatest influence of salinity. The highest

catches of C. kelberi in Segment 3 were associated

with lower depth, a consequence of erosional pro-

cesses in the channelized course, enhanced by defor-

ested banks, tidal regime and reduced river flow. In its

native range, Cichla species inhabit structured lentic

environments with clear waters (Winemiller 2001),

but in the São João River, the highest catches of the

peacock bass occurred in the shallow and vegetated

waters of lotic environments subjected to different

human impacts and abiotic pressures. In reservoirs

from the Upper Paraná River Basin, the occurrence of

Fig. 5 Species that comprised 90% of the total catch in Segment 1 (a), Segment 2 (b), Segment 3 (c), and Segment 4 (d) in the São João

River, southeastern Brazil, between January and November 2016 (second campaign)
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C. kelberi was associated with transparent waters and

higher water temperatures (Espı́nola et al. 2010). We

suspect that transparency was not limiting factor in our

studied system, since it ranged between 0.2 to 5.4 m

and on average was[ 1.0 m in each segment. The

higher water transparency may facilitate the success of

Cichla species (Espı́nola et al. 2010), because they are

visual piscivores, and their foraging rates should

benefit from greater Secchi depth (Winemiller 2001).

Although present in the estuary, the catch of C.

kelberi in Segment 4 was negligible (restricted to only

two individuals). In coastal environments, salinity is

the most relevant abiotic factor limiting the perma-

nence and spread of many native and non-native

freshwater fishes (Schofield et al. 2011; Vitule et al.

2013). For freshwater invaders, salinity represents an

abiotic filter to the invasion process (Freire et al. 2008;

Beatty and Morgan 2013; Ricciardi et al. 2013;

Gutierre et al. 2014). However, cichlids are notably

euryhaline; as fishes from the secondary freshwater

division (sensu Myers 1937), they share an evolution-

ary history of marine ancestry, which may play a role

in their dispersion in the study area. Among other non-

native cichlids, catches were extremely low (Cichla-

soma orientale) or mostly restricted to one segment

(Oreochromis niloticus). Compared to these species

and the other six non-natives which belong to the

primary freshwater division, C. kelberi seems to be the

most tolerant to salinity and therefore, able to cope

with salinity for some period. Gutierre et al. (2017)

named as ‘‘salt bridges’’ the strategy of using saline or

brackish waters for limited time to invade new

Fig. 6 Redundancy

analysis (RDA) of the fish

assemblage of the São João

River between January and

November 2016 (second

campaign). A forward

modeling procedure

selected salinity and

dissolved oxygen as

predictors. Different

symbols for the site scores of

the four segments are used
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freshwater areas. There are few studies addressing

experimentally salt tolerance in cichlids (but see

Gutierre et al. 2017), but similarly to C. kelberi in the

São João River, Oreochromis niloticus has success-

fully established in areas under salinity influence of

South (São Francisco River; Brito and Magalhães

2017) and North America (coastal Mississippi water-

sheds; Peterson et al. 2004). Cichla kelberi may find

environmental constraints to colonize Segment 4, but

it may explore the area during periods of decreased

salinity (i.e., rainy season, higher river flow). In

estuaries with multiple drainage systems, such as the

São João River, it may create a window of opportunity

to reach and invade adjacent drainages.

Environmental influences on fish distribution

We observed a clear environmental gradient along the

river, affected mainly by seasonality and dam regula-

tion. Lower depth and higher water transparency

characterized samples of the dry season, an expected

consequence of water storage in the reservoir and thus

decreased flow downstream (Alber 2002). Besides the

effect of seasonality, the most downstream site, which

is under direct marine influence, was segregated due to

higher values of salinity. The major influence of

salinity occurred in samplings in the dry season,

mostly in Segment 4 and to a lesser extent in Segment

3. Even though characterized as a freshwater environ-

ment, the channelized Segment 3 is under greater

influence of saline intrusion during the dry season,

because flow is reduced. During the wet season,

however, high rainfall prevents a major intrusion of

the salt wedge even in the lowermost segment,

decreasing the salinity gradient along the river.

These dynamic limnological conditions affected

the spatial and temporal distribution of fish diversity.

From the dam to the river mouth, zonation of fish

species along the São João River was mainly influ-

enced by salinity, due to the replacement of freshwater

fishes by marine species. Especially in estuarine

systems, salinity is the main factor affecting the

distribution and composition of fish (Blaber 2000;

Elliot et al. 2007), which creates turnover patterns

along the salinity gradient (Garcia et al. 2010). Fishes

living in estuaries must be able to cope with wide

salinity fluctuations, being such capacity highly vari-

able among species (Blaber 2000). Therefore, species

with wide distribution in estuaries are typically those

that tolerate wide variations in salinity (Elliot et al.

2007).

Fish zonation was less evident during the rainy

season (Online Resource 1). The increased freshwater

inflow decreased the longitudinal gradient of salinity

and allowed the dispersion of freshwater species to the

segment close to the sea. Hoplosternum littorale and

G. brasiliensis, which belong respectively to families

of the primary and secondary freshwater divisions

(sensu Myers 1937), were relatively abundant in

Segment 4. Despite the low catch, C. kelberi reached

the proximities of the river mouth in the rainy season.

Therefore, the greater amounts of freshwater dis-

charges during the tropical rainy season may aid the

dispersal of freshwater non-native species, such as the

peacock bass, to adjacent basins that are connected by

artificial channels, such as the Ostras and Una Rivers

in the study area. Similar records of downstream

expansion of freshwater species in estuaries following

freshwater masses are reported elsewhere. For exam-

ple, in the Patos Lagoon estuary, southern Brazil,

extraordinary high freshwater flows associated to

ENSO events reduce strongly the conspicuous salinity

gradient of the system, allowing freshwater species to

reach the estuary mouth (Garcia et al. 2004).

Catches of invasive species

The estuarine stretch of the São João River presented a

relatively high species richness (80), in spite of river

regulation, channelization, deforestation and the

occurrence of non-native species. Tropical and sub-

tropical estuaries are characterized by high species

diversity, c.a. 100–200 species (Barletta et al. 2005;

Andrade-Tubino et al. 2008; Neves et al. 2010).

However, in terms of numerical representativeness,

non-native species were important, corresponding to

33.4% of the total catch. Half of this amount was

recorded in the channelized Segment 3. This segment

was characterized by low salinity and dissolved

oxygen, and higher catches of the non-natives M.

lippincottianus and C. kelberi. In general, habitats

disturbed by human activities are more vulnerable to

non-native species (Moyle and Light 1996; Pelicice

et al. 2018). In this sense, channelization and reduced

flow seems to play a major role in the success of non-

native species (Corbacho and Sanchéz 2001), mainly

for C. kelberi, which is pre-adapted to semi-lentic to

lentic environments. A similar result was found below
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a dam in the São Francisco River, Northeastern Brazil,

where the decrease flow facilitated the establishment

of invaders such as O. niloticus, Astronotus ocellatus,

Cichla spp. and M. lippiconttianus (Assis et al. 2017).

Considering that most non-native species recorded in

the São João River were absent in the few studies

previously carried out in the basin (Bizerril 1995;

Jaramillo-Villa 2010; Mendonça et al. 2018), it seems

reasonable to suppose that these introductions

occurred in the last 20 years. In the survey conducted

by Bizerril (1995), which included the stretch of São

João River below the dam, no invasive species was

recorded. In the Juturnaı́ba Reservoir, the first records

of C. kelberi, O. niloticus and C. gariepinus date back

12 years (Mendonça et al. 2018). New introductions

are ongoing in the basin, considering that two species

(Nannostomus cf. beckfordi and Aequidens sp.) were

recorded by Jaramillo-Villa (2010) in the riverine

stretch upstream from Juturnaı́ba, although they were

absent in the downstream area (this study).

The diversity and catch of non-native fish species,

together with the wide distribution of the piscivorous

C. kelberi and its higher catches in shallow vegetated

habitats, represent additional threats to the native

fishes of the São João River. These threats, together

with damming, river channelization and deforestation,

have caused systemic and considerable damage to the

São João River ecosystem. While threats are increas-

ingly unabated, information gathered herein might be

useful to guide policies toward the conservation of

native fishes in the São João River basin. Furthermore,

non-native cichlids such as C. kelberi are sufficiently

robust to survive and disperse across shallow meso-

haline habitats where tides prevent high flows and

currents to reach adjacent basins (Gutierre et al. 2014).

Our results indicate that Cichla species are powerful

invaders, able to colonize distinct ecosystems ranging

from reservoirs to estuarine areas but are strongly

influenced by salinity.
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