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The present study comprises the first systematic analysis of the limits of upstream
movement by some fish species that use the estuarine area of the Patos Lagoon
basin in southern Brazil. The Sinos River sampling program included 86 sites, sampled
from 1998 to 2014, covering lowland stretches and headwater streams. The Guaiba
sampling program was conducted from February 2011 to March 2013 and comprised
59 independent samples. Six fish species using estuarine areas occur in the upper Patos
basin, 250-500 km from the Patos Lagoon outlet to the Atlantic Ocean. Parapimelodus
nigribarbis specimens ranged from 11.3 to 18.9 cm (median = 13.3 cm) in length,
i.e., were adults (Sinos, n = 459; Guaiba, n = 149). The species was captured almost
500 km from the Patos outlet, as far as 180 km upstream in the Sinos main channel.
In Guaiba Lake, the species was captured mainly in autumn, although it was more
abundant in winter and spring in the Sinos River. Lycengraulis grossidens was captured
in the Sinos Basin, restricted to the lower stretches in spring and summer months
(n = 7). In Guaiba Lake (n = 134) the species occurred throughout the lake and
year-round, and was ten times more abundant in spring. Most specimens were adult
(8.2—26.9 cm, median = 20.0 cm). Most Micropogonias furnieri individuals (n = 63) were
juveniles (10.7-33.4 cm, median = 14.2 cm). The species was not captured in the Sinos
Basin. In Guaiba Lake M. furnieri occurred predominantly in the southernmost part
(downstream) and was more abundant (>10x) in winter. Genidens genidens (n = 27)
was captured only in summer in the southern part of Guaiba Lake (closest to the
outlet). Most individuals were adults (24.5-34.0 cm, median = 27.8 cm). Genidens
barbus (n = 7) was restricted to spring and summer months and was captured only
in southern (near-outlet) parts of Guaiba Lake, comprising mainly large juveniles and
adults (31.5-68.0 cm, median = 37.9). Mugil liza (n = 13) appeared in spring in relatively
low abundances but was widespread throughout Guaiba Lake during the summer. The
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species was not captured in the Sinos sampling program. The size profile comprised
specimens nearing maturity (34.3-45.5 c¢cm, median = 38.9 cm). Finally, we suggest
possible biological cycles for these species that combine these new distribution data

with published information.

Keywords: estuarine fish, ecosystem connectivity, amphidromous, anadromous, catadromous, potadromous

INTRODUCTION

The study of fish migration patterns, due to their complexity, has
been a challenge for centuries. Difficult to follow, fish can move
among marine areas, estuaries and fresh waters to reproduce,
locate nursery grounds or feed. These migrations, which may
include entire populations or only parts of them, can transfer
huge amounts of biomass and energy between ecosystems, and
have important ecological, economic and social implications
(Chapman et al., 2012b; Metcalfe and Craig, 2012).

The coastal landscape of southern Brazil is an interesting
example. As a consequence of disrupted research programs, a
full understanding of the biological cycles of migratory fish
along the Patos Lagoon system suffers from several lacunae,
especially concerning the upstream distribution limits and
seasonal movement cycles of migratory species. The present
study analyzed the distribution patterns of six fish species,
from the upper Patos Basin (Guaiba Lake and Sinos Basin)
to the Patos Lagoon outlet to the Atlantic Ocean, covering
distances of 250-500 km: Lycengraulis grossidens (Engraulididae),
Mugil liza (Mugilidae), Micropogonias furnieri (Sciaenidae),
Parapimelodus nigribarbis (Pimelodidae), Genidens genidens and
Genidens barbus (Aridae).

The Atlantic sabretooth anchovy L. grossidens occurs from
Belize to southern Argentina (Golfo San Matias; Mai and Vieira,
2013). The species is eurytopic, with records from fresh waters
to the coastal shelf (Whitehead et al., 1988; Barletta et al., 2010),
and can reproduce in both fresh and brackish water (Mai and
Vieira, 2013). Reproduction is reported for spring and summer
months in the southern part of its range. L. grossidens has been
classified as a freshwater resident, anadromous, marine migrant,
estuarine resident, catadromous, or semi-catadromous (see Mai
and Vieira, 2013 for review) and most recently as facultatively
amphidromous (Mai et al., 2014).

The gray mullet M. liza is a typical catadromous fish, widely
distributed along the western Atlantic coast of South America
(Menezes et al, 2010). Its life cycle comprises reproductive
migrations each autumn from Argentina and southern Brazil, to
spawn between northern Santa Catarina and Parand (Lemos et al.,
2014). Along the species” distribution range, the Patos Lagoon is
the main nursery habitat and an inland fishery ground (Vieira,
1991; Vieira and Scalabrin, 1991; Lemos et al., 2014).

The whitemouth croaker M. furnieri occurs in the western
Atlantic Ocean, from the Caribbean Sea to the northern
Argentine coast (Isaac, 1988). In southern Brazil, this croaker
can be found from the marine surf zone and continental shelf to
the upper (freshwater) zone of the Patos Lagoon, with a spring-
summer migration to reproduce in brackish waters (Muelbert

and Weiss, 1991), using estuaries as nursery grounds (Costa et al.,
2014) in a pattern of anadromy.

The mandi catfish P. nigribarbis is restricted to the Patos
Lagoon basin (Lucena et al., 1992) and is recorded year-round
in the estuarine (Vieira and Castello, 1997; Garcia et al., 2003)
and freshwater areas of Patos Lagoon (Bertaco and Becker, 2000).
The species shows higher gonadosomatic indexes (GSI) in spring
and summer (Fontoura et al., 2018). Based on monthly samples
with gill nets and beach seines in limnetic zones, Bertaco and
Becker (2000) identified that the species was more abundant in
spring and summer, proposing a seasonal species movement from
nearshore to deeper water in Guaiba Lake, with the fish occupying
nearshore areas in spring and summer and deeper water in
autumn and winter (potamodromy; Chapman et al, 2012b).
Garcia et al. (2003), sampling with beach seines, also inferred an
increased abundance in spring and summer in the Patos estuary.
Nevertheless, the presence of larvae recorded for estuarine
areas (Muelbert and Weiss, 1991) and the upstream seasonal
cycles of abundance also suggests possible semi-anadromy (sensu
Chapman et al., 2012b).

The white sea catfish G. barbus occurs on the coasts and
estuaries of South America, from Bahia in northeastern Brazil
to San Blds on the central Argentine coast (Velasco et al,
2007). The life cycle of the species has been described for
the Patos Lagoon (Reis, 1986; Haimovici, 1997). This catfish
migrates from coastal waters to estuarine areas at the end
of winter for reproduction, seeking oligohaline waters for
spawning (anadromy). The males mouth-breed the eggs and
juveniles for about 2 months. From December on, catches
in the estuaries rapidly decrease, suggesting a return to
coastal waters.

The guri sea catfish G. genidens ranges from Ceard in
northeastern Brazil to the central Atlantic coast of Argentina
(Acero and Bentancur, 2010). The species’ life cycle in Patos
Lagoon is poorly known but may be similar to that of G. barbus.

The present study aimed to contribute to the understanding
of the biological cycles of L. grossidens, M. liza, M. furnieri,
P. nigribarbis, G. genidens and G. barbus. We present the first
systematic records of upstream distribution limits for these fish
species using the Patos Lagoon estuary, combining new data
with available information to describe consensus information and
aspects that are still in need of attention.

MATERIALS AND METHODS

The Patos Lagoon (<8 m deep) is 250 km long and 60 km
wide (~10,000 km?), dominated by fresh to oligohaline waters
(Figure 1). The estuarine area is generally limited to the
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FIGURE 1 | Areas sampled in the Patos Lagoon basin, comprising 86 sampling sites visited seasonally in the Sinos Basin (1998 through 2014); and 59 sampling
sites, each sampled once in Guaiba Lake (2011 through 2013). See text for details of sampling methods. Vector maps from FEPAM open database
(http://www.fepam.rs.gov.br/biblioteca/geo/bases_geo.asp). Satellite compositions from Bing Satellite Aerial, Open source plugin, QGIS. 22J UTM coordinates.
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southern 10%, although the upper limit of the saline waters
shifts seasonally. Guaiba Lake on the northwestern edge of the
Patos Lagoon is 50 km long and 19 km wide (~500 km?),
and most of the lake is shallower than 3 m. A deltaic system
on its northwestern upstream border is formed by incoming
rivers (Jacui, Cai, Sinos and Gravatai). The Sinos River basin,
210 km long and up to 600 m asl, is a small part of
the area where fish move to and from the Patos Lagoon
estuary. The artisanal fishery, organic pollution and other
widespread environmental impacts of a large metropolitan area
(over 4 million inhabitants) are the main pressures on the
fish populations. A general overview and assessment of the

conservation status of the Patos Lagoon system were provided by
Fontoura et al. (2016).

The Sinos River sampling program comprised 86 sites that
were sampled monthly during several projects from 1998 through
2014, extending from lowland stretches to the headwaters
(Figure 1). In the Sinos River main channel, fish were captured
by 1-h electrofishing by boat and a 7.5 kW (750 V) unpulsed
direct-current generator along both banks, and with a set of 7
gill nets set out for approximately 16 h from early afternoon to
the next morning (all nets were 20 m long with mesh sizes 15, 20,
25, 30, 35, 40, and 50 mm, adjacent knots; the 15-25 mm gillnets
measured 1.5 m high and the 30-50 mm gillnets were 2.0 m high).
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In the smaller tributaries, fish were captured by 1-h electrofishing
(2 kW, 750 V, unpulsed direct current).

The Guaiba sampling program extended from February 2011
to March 2013 and comprised 59 sampling sites, each sampled
only once. Although samples were not replicated at the same
site along Guaiba Lake, the sampling program was designed to
allow wide sampling coverage, comprising combinations in space
(upstream, downstream, shallow and deep water) and time (year,
season) (Figure 1). Fish were captured using surface and bottom
gillnets (60 m long), each comprising a set of 12 different mesh
sizes (5-m panels, 1.5 m high, mesh sizes of 15, 20, 25, 30, 35, 40,
45, 50, 55, 60, 65, and 70 mm, adjacent knots). Fishing time was
approximately 20 h, from early afternoon to the next morning.
Fish from the Guaiba sampling program were measured (total
length) to the nearest millimeter. Additional distribution records
were obtained from public databases of museum records'.

RESULTS

Six fish species recorded for the estuarine area of the Patos
Basin are also present in the limnetic areas sampled (Guaiba
Lake and the Sinos River Basin), over distances of 250-500 km
from the Patos Lagoon outlet to the Atlantic Ocean: L. grossidens
(Engraulidae), M. liza (Mugilidae), M. furnieri (Sciaenidae),
P. nigribarbis (Pimelodidae), G. genidens and G. barbus (Aridae).
Of these, only P. nigribarbis and L. grossidens were captured in
the Sinos Basin (Figure 2). Information on fish size profiles is
available for the Guaiba Lake samples (Figure 3), where all the
species were detected.

The mandi catfish P. nigribarbis had the widest distributional
range, up to almost 500 km from the Patos outlet, 180 km
upstream in the Sinos River basin (n = 459, Figure 2). In the
Sinos River main channel, this catfish was present year-round, in
higher abundance (>10x) in winter and spring. In Guaiba Lake
(n = 149), the species was captured in autumn in deeper water,
except for a few specimens collected in summer (Figure 4). The
size profile of P. nigribarbis included fish in the range of 11.3 to
18.9 cm (median = 13.3 cm), i.e., adults. Museum records extend
as far as 588 km upstream (from the Patos outlet to the Atlantic
Ocean) in the Taquari Basin (Museu de Ciéncias e Tecnologia da
PUCRS, MCT 38912) or 694 km in the upper Jacui River (Museu
de Ciéncias e Tecnologia da PUCRS, MCT 23770).

In the Sinos River Basin, the Atlantic sabretooth anchovy
L. grossidens was limited to the lower stretches in spring and
summer months, in relatively low abundances (n = 7). In Guaiba
Lake, L. grossidens occurred throughout the lake and year-round,
although it was tenfold more abundant in spring (n = 134,
Figure 5). The size profile comprised mainly adult specimens
(8.2-26.9 cm, median = 20.0 cm). Museum records extend as far
as 400 km upstream (from the Patos outlet to the Atlantic Ocean)
in the Taquari Basin (Museu de Ciéncias e Tecnologia da PUCRS,
MCP 19468).

Mainly juveniles of the whitemouth croaker M. furnieri were
captured (10.7-33.4 cm, median = 14.2 cm). Croakers were
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FIGURE 2 | Spatial and seasonal relative abundances of Parapimelodus
nigribarbis (n = 459) and Lycengraulis grossidens (n = 7) in the Sinos River
basin, southern Brazil. Bubble area proportional to number of captures per
site. Fish photographs from Timm, C.D. available at Fishbase.com. Vector
map background from FEPAM open database
(http://www.fepam.rs.gov.br/biblioteca/geo/bases_geo.asp). 22J UTM
coordinates.

caught in all seasons in the southernmost portion of Guaiba
Lake (n = 63), although they were more abundant (>10x)
during winter months (Figure 6). Museum records of M. furnieri
in the northern limnetic distribution comprised individuals
captured in summer (n = 3, MCP 3700, UFRGS 1056 and 8481),
autumn (n = 4, MCP 25583, 2583, 16334 and 27439) and winter
(n =3, MCP 28043, 28045 and 28044), with no recorded capture
in spring.

The guri sea catfish G. genidens (n = 27, Figure 7) was captured
only in summer, downstream from the middle Guaiba Lake
and increasing in relative abundance toward the Patos Lagoon,
although there is one museum record upstream in northern
Guaiba Lake in November (UFRGS 5819). The size profile
comprises adult individuals (24.5-34.0 cm, median = 27.8 cm).

The few individuals of the white sea catfish G. barbus (n = 7
Figure 8) were sampled in spring and summer months, only in
downstream areas of Guaiba Lake, and comprised mainly large
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FIGURE 3 | Boxplot of the size profiles (total length, cm) of Parapimelodus nigribarbis, Lycengraulis grossidens, Micropogonias furnieri, Genidens genidens,
Genidens barbus and Mugil liza sampled in Guaiba Lake, southern Brazil.

juveniles and adults (31.5-68.0 cm, median = 37.9 cm). One
museum record documents the species in northern Guaiba Lake
in October (MCP 3763).

Finally, the gray mullet M. liza (n = 13, Figure 9) appeared in
spring and was widespread in the entire Guaiba Lake during the
summer, although with no captures in the Sinos River sampling
program. The size profile comprised specimens at the borderline
of maturity (34.3-45.5 cm, median = 38.9 cm). Museum data for
the species in Guaiba Lake record its presence between November
(UFRGS 17771) and March (MCP 14702), with no records in the
tributary rivers.

DISCUSSION

The mandji catfish P. nigribarbis feeds on plankton, using filiform
and closely spaced gill rakers (Almeida et al., 2013). Marques
et al. (2007) found that females measuring 8 cm (total length)
and above had developing ovaries, and estimated the size at first
maturity as 13.7 cm. In estuarine areas, P. nigribarbis larvae
were identified in spring and summer plankton surveys by
Muelbert and Weiss (1991).

In monthly samples taken with beach seines in the southern
part of Guaiba Lake, Lucena et al. (1994) failed to identify any
clear temporal pattern for the species. On the other hand, Bertaco
and Becker (2000) observed a seasonal pattern of abundance,
although with marked year-to-year variability. According to
these authors, the species was present year-round but was
more abundant in spring and summer. Bertaco and Becker
(2000) proposed a seasonal species movement (potamodromy;
Chapman et al., 2012b) from shallow to deeper water in Guaiba
Lake, with the fish occupying nearshore areas in spring and
summer and deeper water in autumn and winter.

In analyzing reproductive patterns in Guaiba Lake from gillnet
captures, Fontoura et al. (2018) found increased GSI values in
spring and summer. Nevertheless, the mean GSI values were
far below the maximum GSIs recorded, suggesting that the
species migrates outside the sampling areas (depth > 1.5 m)
for spawning.

Based on the available information, the life cycle of
P. nigribarbis is still obscure. Apparently the species reproduces
both in estuarine lentic areas (Muelbert and Weiss, 1991) and
far upstream in lotic reaches, as evidenced by the occurrence
of larvae in the Jacui River (November 2017; Santo Amaro
Dam; 29.947°S; 51.893°W; D.A. Antonetti and D.R. Tataje,
personal communication).

The evolution of the coastal plain of Rio Grande do Sul
provides an interesting natural experiment concerning the
evolution of species occupancy (Figure 10). The coastal plain is
about 600 km long, wide and flat, and has undergone a cycle of
oceanic transgressions and regressions during the Pleistocene and
Holocene, which gave rise to a complex lagoon system (Rosa et al.,
2017). The so-called Barrier I was formed 325 ka ago as a sandy
dune system during the first recorded oceanic transgression.
Barrier IT was formed at 230 ka and Barrier III at 125 ka. Barriers
I and III now delimit a plain area (with Barrier II between)
connecting the northern Patos Lagoon to the Barros Lagoon
(Figure 10). This flat area, drained by the Capivari River (between
Barriers I and II) experienced cycles of expansion and retraction
of the northern boundary of the Patos Lagoon, reflecting sea-level
fluctuations (rises of 9 m at 230 ka, 8 m at 125 ka, and 3 m at 8 ka;
Rosa et al.,, 2017).

The southern boundary of Barros Lagoon lies at an altitude
of about 18-25 m a.s.l. (Figure 10), high enough to keep the
Barros Lagoon separated from the Patos Lagoon in the last 230 ka,
although potentially connected by a lagoon spill. Nowadays,
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FIGURE 4 | Spatial and seasonal relative abundance of P. nigribarbis in
Guaiba Lake, southern Brazil. Bubble area proportional to number of captures
per site (n = 149 individuals). Fish photograph from Timm, C.D. available at
Fishbase.com. Vector map background from FEPAM open database
(http://www.fepam.rs.gov.br/biblioteca/geo/bases_geo.asp). 22J UTM
coordinates.

Barros Lagoon is isolated, receiving only very small tributaries
from the Serra Geral coastal mountain range. The ancient
connection with the Capivari River has been completely modified
by extensive land use for rice farming, including a network of
irrigation channels and water pumping from Barros to rice fields.
Nevertheless, before human occupancy, there was probably a
connection to the Capivari basin during winter months, when the
lagoon level was higher, and a probable isolation in summer, with
increased evaporation and reduced rainfall.

Among the species examined here, only P. nigribarbis has
been recorded in Barros Lagoon (Museu de Zoologia da
Universidade Estadual de Londrina, MZUEL 8426; Museu de
Ciéncias e Tecnologia da PUCRS, MCT 000013907), suggesting
that the species is able to reproduce in isolated lakes with no
brackish water or any movement to a river channel (landlocked
population). In this regard, the high abundance in spring
at both ends of its distribution, the Sinos River and the
estuary, and spring upstream distribution records in the Taquari
and Sinos rivers, all suggest no clear pattern of upstream-
downstream movements. On the other hand, Oldani et al. (2007)
recorded Parapimelodus valenciennis as a dominant species
passing through the Borland fishpass at Salto Grande Dam on

Lycengraulis grossidens
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FIGURE 5 | Spatial and seasonal relative abundance of L. grossidens in
Guaiba Lake, southern Brazil. Bubble area proportional to number of captures
per site (n = 134 individuals). Fish photograph from Timm, C.D. available at
Fishbase.com. Vector map background from FEPAM open database
(http://www.fepam.rs.gov.br/biblioteca/geo/bases_geo.asp). 22J UTM
coordinates.

the Uruguay River, which suggests some degree of upstream-
downstream movement for this congener of P. nigribarbis.

At this time, the original suggestion by Bertaco and Becker
(2000), of movements from shallow to deeper water, is certainly
possible. The information gaps indicate the need for additional
sampling programs to reach a full understanding of P. nigribarbis
biology, including larval surveys and a program of seasonal
sampling with both seines and gillnets along the full gradient
of the Patos Lagoon, from a large tributary (including marginal
lagoons) to the estuarine region. In addition, otolith lifetime
transects of Sr:Ca and Ba:Ca could be very informative to
identify any movement from fresh to more-saline waters
(Chapman et al., 2012b). Although P. nigribarbis could be found
from estuarine waters to far upstream in seasonal patterns of
abundance, with the sampling gear used, the species cannot
be classified as diadromous and is apparently an opportunistic
potamodromous planktivorous fish that reproduces throughout
its distributional range.

A recent review of the Atlantic sabretooth anchovy
L. grossidens biology was presented by Mai and Vieira
(2013). Reproduction of the species is reported for spring
and summer months, and the size at first maturity is estimated
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Lake, southern Brazil. Bubble area proportional to number of captures per site
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Fishbase.com. Vector map background from FEPAM open database
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in the 8.0-13.3 cm range (total length) (Mai and Vieira,
2013). The species shows a marked shift in feeding habits,
changing at ~10 cm from planktivorous to ichthyophagous
(Fontoura et al., 2015).

Lycengraulis grossidens is eurytopic in fresh to coastal waters
(Whitehead et al., 1988; Barletta et al., 2010) and was classified
as facultatively amphidromous by Mai et al. (2014). Although
described as an estuarine reproducer, the species is presumed
to spawn in fresh water because larvae (reported as Lycengraulis
olidus) have been found immediately downstream from the Salto
Grande Dam on the Uruguay River, roughly 370 km upstream
from the Uruguay-Parand Delta (Fuentes et al., 2016).

By analyzing the Sr:Ca and Ba:Ca ratios, Mai et al. (2014)
identified at least four distinct patterns of habitat use for
L. grossidens: freshwater residents, estuarine/marine residents,
and two distinct diadromous/nomadic types. Nevertheless, even
the so-called freshwater stocks are not completely isolated.
Oldani et al. (2007) reported L. grossidens as a dominant species
in the Borland fishpass system at the Salto Grande Dam on
the Uruguay River, although they provided no information on
the direction of the movements. Unfortunately, live-time Sr:Ca
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FIGURE 7 | Spatial and seasonal relative abundance of G. genidens in Guaiba
Lake, southern Brazil. Bubble area proportional to number of captures per site
(n = 27 individuals). Fish photograph from Timm, C.D. available at
Fishbase.com. Vector map background from FEPAM open database
(http://www.fepam.rs.gov.br/biblioteca/geo/bases_geo.asp). 22J UTM
coordinates.

and Ba:Ca ratios for L. grossidens in the Uruguay River were
reported for only one specimen by Mai et al. (2014). They
found a marked change in the Sr:Ca and Ba:Ca ratios measured
before and after the first annulus. Younger fish showed higher
ratios of Ba:Ca and Sr:Ca, typical of freshwater development; but
after the first annulus, the Ba:Ca and Sr:Ca values became more
similar, suggesting a possible movement between habitats or an
ontogenetic shift in ion absorption-deposition.

Mitochondrial DNA analysis (control region, 1017 bp) of
fish from estuarine areas in southern Brazil (Patos Lagoon
and Mampituba River), the La Plata estuary and a landlocked
population in the Uruguay River (Mai et al,, 2016) revealed
increased haplotype diversity in estuarine samples. Although
most fish from the Uruguay River grouped together with all
estuarine L. grossidens, Mai et al. (2016) found a clade of
low diversity and exclusive haplotypes in the Uruguay River
samples, a clade segregated from estuarine samples (except
for one individual) and closer to the outgroup (Lycengraulis
poeyi). According to Mai et al. (2016), the haplotype structure
suggests that the Uruguay population is an ancestral lineage and
the phylogenetic history is compatible with a north-to-south
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FIGURE 8 | Spatial and seasonal relative abundance of G. barbus in Guaiba
Lake, southern Brazil. Bubble area proportional to number of captures per site
(7 individuals). Fish photograph from Sverlij, S. available at Fishbase.com.
Vector map background from FEPAM open database
(http://www.fepam.rs.gov.br/biblioteca/geo/bases_geo.asp). 22J UTM
coordinates.
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FIGURE 9 | Spatial and seasonal relative abundance of M. liza in Guaiba
Lake, southern Brazil. Bubble area proportional to number of captures per site
(13 individuals). Fish photograph from Timm, C.D. available at Fishbase.com.
Vector map background from FEPAM open database
(http://www.fepam.rs.gov.br/biblioteca/geo/bases_geo.asp). 22J UTM
coordinates.

continental colonization route from the Amazon to the Parana-
Uruguay basins. In this respect, the transition to estuary and
coastal regions would be a new evolutionary event.

Nevertheless, a broader interpretation of the distribution
pattern of the species could go in another direction. Considering
the coastal lagoons of Rio Grande do Sul, L. grossidens is not
present in Barros Lagoon, although presumed to be present (as
P. nigribarbis) in regard to the ancient Barros-Patos connection.
The species is also absent from other isolated coastal lagoons
(L.H. R. Rodrigues, personal communication) that were formed
in the last oceanic regression around 5-8 ka ago, although
present in lagoons with some connection to the sea. Therefore,
the question arises of why the species disappeared from closed
coastal lagoons where it was presumed to be present some time
ago (hundreds or thousands of years), but is still present as a
landlocked population in the Uruguay River?

One hypothesis is that the species is able to reproduce
successfully in fresh water, a hypothesis supported by the
presence of larvae immediately downstream from Salto Grande
Dam (we assume that larvae will not migrate > 300 km upstream
from estuarine areas, swimming against strong river currents).
This hypothesis was suggested long ago, during a sampling

program in the Fortaleza Lagoon (30.130°S, 50.234°W) in 1992,
when specimens of L. grossidens only 4.0 cm long were found
upstream from a small dam (~1 m high) that obstructed the
route from estuarine areas only 10 km downstream. Although
a 1-m leap is easy for many fish species, this is probably not
the case for L. grossidens individuals only 4 cm long, as they are
proportionally very long and fragile.

A possible hypothesis is that in freshwater conditions, eggs
and larvae are under increased stress, with consequently reduced
viability. This hypothesis could explain why the species is
now absent from isolated coastal lagoons, although it had the
opportunity to colonize them within the last few thousand years.
This hypothesis also explains the lower haplotype diversity in
the Uruguay River in comparison with estuarine samples, a
result of possible selective pressures. In this regard, the exclusive
haplotypes in the Uruguay River could be the result of strong
selection pressures, making some haplotypes frequent that in
estuarine areas are rare and therefore are not collected. This
hypothesis also agrees with the higher haplotype diversity in
estuarine areas.

However, why did Mai et al. (2016) conclude exactly the
opposite, inferring that the Uruguay River stock is an ancestral
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lineage after applying several tools for genetic analysis? This
could be because these authors interpreted their data as
populations in Hardy-Weinberg equilibrium, which is probably
not true for the Uruguay stock. If we are correct, the Uruguay
population above Salto Dam could be suffering from selective
pressures, especially on the egg and larval stages, and could
become extinct in the near future, as in the isolated coastal
lagoons of Rio Grande do Sul. The extinction process could last
from hundreds to thousands of years, but is a plausible scenario.
Concerning the data analyzed in the present study,
L. grossidens was restricted to lower stretches of the Sinos
River in spring and summer months, while present year-round
throughout the lake in Guaiba Lake, although tenfold more
abundant in spring, indicating seasonal movement. Although we
used gillnets exclusively, Lucena et al. (1994) used beach seine
nets (5-mm mesh) in monthly samples, with larger catches in
autumn and spring, and caught several individuals as small as
4 cm in April 1990. These tiny specimens either hatched in fresh
water or migrated > 200 km from estuarine waters.
Nevertheless, as for P. nigribarbis, these information gaps
require further investigation, and programs to sample plankton
from the upper Patos basin to the estuarine region should be
developed in the future. Although this complex species continues
to defy our understanding, it seems that L. grossidens is a
partial migrator sensu Chapman et al. (2012a), and also has

a very versatile lifestyle (life-history polymorphism), with part
of the population migrating from fresh water to estuaries for
spawning (semi-catadromy), some remaining in fresh water (with
no identified movement pattern), and some moving from marine
environments to brackish waters for spawning (semi-anadromy)
(Chapman et al., 2012b; Mai and Vieira, 2013, Mai et al., 2014).
However, as the movements involve reproduction, it seems more
appropriate to classify the species as facultatively diadromous
instead of facultatively amphidromous sensu Mai et al. (2014).

The whitemouth croaker M. furnieri is classified as an
estuarine-dependent species and can be found from the upper
limnetic part of the Patos Lagoon to the adjacent marine surf zone
and shelf, using estuaries as nursery grounds (Costa et al., 2014).
Size at sexual maturity is in the range of 18-20 cm (Castello,
1986), with a spring-summer migration to reproduce in saline
waters (Muelbert and Weiss, 1991).

Costa et al. (2015) modeled the spatial and temporal
distribution patterns of the species in the estuarine area of
the Patos Lagoon. Maps of the presumed distribution were
presented for different size classes and season of the year.
Although the authors studied a limited area, comprising roughly
the southernmost 10% of the lagoon (estuary), there was a clear
spatial distribution pattern, with small individuals in both the
30-90 mm and 90-160 mm ranges expanding their distribution
northward to less-saline waters in winter and spring.
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Records from museum specimens for M. furnieri in the core
of the Patos Lagoon are sparse (MCP 9121-9124, 9141), except
for the north (Guaiba) and south (estuary) ends. Dated samples
(n = 10) from the northern limnetic distribution comprised
individuals captured in summer (n = 3, MCP 3700, UFRGS 1056
and 8481), autumn (n = 4, MCP 25583, 2583, 16334 and 27439)
and winter (n = 3, MCP 28043, 28045 and 28044), with no catches
recorded in spring. Lucena et al. (1994), from monthly samples
taken with a beach seine in southern Guaiba Lake, recorded only
two captures of M. furnieri in autumn. In a more-recent sampling
program, using surface and bottom gillnets (adjacent knots: 35,
40, 45, 50, 55, 60 and 65 mm), Ceni et al. (2016) captured
M. furnieri in the northern Patos Lagoon in the size range of 10—
55 cm (total length). The species was present year-round and was
3-4-fold more abundant from August to October. Summarizing
the available information, M. furnieri is well distributed along
the Patos Lagoon and Guaiba Lake, although with no recorded
occurrence in tributary rivers forming the Guaiba Delta. Even
though it is present year-round in both limnetic (lagoon and
lake) and estuarine areas, there is a pattern of spring and summer
migration to reproduce in more-saline waters.

The available data add new evidence to clarify the general
pattern for the spatial and temporal distribution of M. furnieri.
First, the species does not move toward the rivers forming
the Patos Basin, as no specimens were caught in the extensive
Sinos River sampling program, in agreement with its absence
from museum collections. Unfortunately, the smallest mesh size
used by Ceni et al. (2016) was 35 mm (adjacent knots), and
direct comparison of the species size profile with the present
samples (taken using mesh sizes from 15 mm) is not possible.
Nevertheless, it is clear that M. furnieri could be present in the
northern Patos Lagoon and Guaiba Lake during all months of the
year, from juveniles to adults, although mostly juveniles occur
in southern Guaiba Lake in winter. The anadromous migration
pattern could be more complex, with possible partial migration.
Movement from coastal waters to the estuary for spawning is
well established (Muelbert and Weiss, 1991), but the seasonal
estuarine pattern proposed by Costa et al. (2015) is more complex
than described, as the species could spread far beyond into fresh
waters. A general pattern of higher winter abundance in northern
fresh waters prior to a spring spawning in the estuary suggests
a more-complex migration pattern. Also, the presence of adult
M. furnieri in the northern Patos Lagoon year-round (Ceni et al.,
2016) suggests a more intricate pattern of habitat occupation
(life-style polymorphism), with adult individuals not returning to
the sea after reproducing, and perhaps spending their entire lives
in fresh to brackish waters. Analysis of the Sr:Ca and Ba:Ca ratios
is needed to resolve these questions, and a full understanding of
M. furnieri life history is still to come.

Three species of marine catfishes have historically been
recorded in Patos Lagoon: G. barbus, G. genidens and Genidens
planifrons (Chao et al, 1985; Reis, 1986), although only
G. barbus and G. genidens were captured in Guaiba Lake in
the present study. According to Brazilian regulations (Portaria
MMA 445/2014) G. barbus is considered Endangered (EN) and
G. planifrons Critically Endangered (CR), with captures and trade
forbidden (RS State Law No. 5 797, 2014).

Ceni et al. (2016), describing the artisanal fishery in the
northern Patos Lagoon, reported that G. barbus had a 25-fold
larger captured biomass than G. genidens. In the present study,
both species were captured in small numbers in the southern
Guaiba Lake, although G. genidens was far more abundant
(G. genidens, n = 27; G. barbus, n = 7). The biomasses for the
two species were quite similar (~ 6 kg), suggesting that the
artisanal fishery targets G. barbus in the northern Patos Lagoon
by selecting larger gillnet mesh sizes.

Genidens barbus is a typical anadromous species, migrating
from coastal to estuarine waters for spawning, where the males
mouth-breed eggs and juveniles (Reis, 1986; Haimovici, 1997).
Nevertheless, the seasonal patterns of occurrence of Genidens
catfishes in the northern Patos Lagoon and Guaiba Lake are still
obscure, with contradictory information. Milani and Fontoura
(2007), monitoring fishery landings of marine catfish (Genidens,
but with no species identification) identified captures during all
months of the year, but with no clear pattern in the 2002 survey,
although they reported higher landings from May through
September in 2004. This contradictory result was explained by a
moderate El Nino in 2003-2004, which caused higher rainfall in
southern Brazil and may have affected the Genidens reproductive
and migratory cycles.

Ceni et al. (2016), monitoring an artisanal fishery in the
northern Patos Lagoon, also observed that both G. barbus and
G. genidens were present during all months of the year, with
higher abundances from August through January. This cycle
agrees with the descriptions by Reis (1986) and Haimovici
(1997), but conflicts with the higher abundances in May
through September reported by Milani and Fontoura (2007) in
2004 landings.

In the present study, G. genidens was captured only in
summer (mainly January and some in February) in the southern
Guaiba Lake, whereas G. barbus was captured in spring and
summer (beginning of December through January). Both species
were captured in the downstream areas of Guaiba Lake,
and none in the Sinos River. By checking museum records,
more upstream movements for both species were identified,
with recorded occurrences in the northern Guaiba Lake in
October and November (G. barbus, MCP 3763; G. genidens,
UFRGS 5819).

The low captures of both species are not sufficient to
establish a clear cycle of occurrence, but one must note that
some specimens were caught in the far-upstream part of the
range just when the described reproductive cycle would predict
movement to coastal waters (Reis, 1986; Haimovici, 1997). The
available data and the landings reported by Milani and Fontoura
(2007) suggest that the migratory cycles of Genidens species
could be much more complex than previously described, with
remarkable plasticity in the way that individuals respond to
environmental factors. Although both species could be classified
as anadromous, they show complex movement patterns that may
include partial migration.

The life cycle of the gray mullet M. liza comprises reproductive
migrations each autumn from Argentina and southern Brazil to
spawn between northern Santa Catarina and Parand (Lemos et al.,
2014), with juveniles migrating to estuarine areas to grow, in a
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typical catadromous strategy (Vieira, 1991; Vieira and Scalabrin,
1991; Lemos et al., 2014).

The present data show that M. liza was present throughout
Guaiba Lake during spring and summer, although not caught
in the Sinos River. Occurrence data from museum specimens
record its presence from November (UFRGS 17771) to March
(MCP 14702) in Lake Guaiba, with no records in tributary rivers.
Interestingly, the species was present in the Diluvio River, a small
and very eutrophic channeled river receiving Porto Alegre city
drainage and untreated domestic sewage. The reason that M. liza
(with the introduced cf. Oreochromis niloticus) is attracted to
these heavily polluted waters is unknown, but probably related
to organic-rich sediments (cf. YouTube videos of M. liza caught
in the Dilavio River)?:3.

Milani and Fontoura (2007) reported captures of M. liza in
the northern Patos Lagoon during all months of the year, but
with a marked increase from October through February, mainly
during the fishery closed season (November 1 to January 31 in
the northern Patos Lagoon). On the other hand, in a more recent
survey, Ceni et al. (2016) did not record captures during the
closed season. The mullet was captured by the artisanal fleet from
February to October and was 5-6 times more abundant from
August through October (280 individuals 10,000 m~2 day~!).
If one compares scientific captures with a set of mesh sizes,
including smaller mesh sizes than are usually used by the artisanal
fishery, M. liza showed increased captures from February to
April, probably mainly sub-adults. In this regard, this mullet is
present year-round in fresh waters, mainly lentic ones, with lower
abundances of adults during the autumn and winter when most
adults are moving to coastal waters for spawning. Although this
general cycle has been described previously, the upstream limits
of the mullet in the Patos Lagoon are now better documented.

? https://www.youtube.com/watch?v=W25yUE7BdZc
? https://www.youtube.com/watch?v=txMejbrZDtQ
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