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Abstract We investigated the distributional patterns

of shallow-water fish and their environmental corre-

lates along a broad spatial scale encompassing estu-

arine and freshwater ecosystems. Marine-vagrant

species were restricted to the sites under the influence

of salinity intrusion, whereas estuarine-related and

freshwater guilds were found along the entire estua-

rine–freshwater gradient. Primary- and secondary-

freshwater fish guilds had the most widespread spatial

distribution and comprised a major fraction of the total

abundance and species richness. Abiotic factors cor-

related with fish abundance and composition along

two main environmental axes, one related with

variation in salinity, water transparency, and sediment

granulometry and the other with the slope gradient.

Species richness was significantly higher at the natural

channel linking the estuarine- and freshwater-ecosys-

tem, which probably was due to: (a) a steeper slope

that favored the confluence of fish from the littoral

(\2 m) and limnetic ([2 m) zones and (b) the

sporadic inflow of saltwater that carried into this

region several marine-related species. Although estu-

arine–freshwater ecotones are known to support few

species, mainly salinity tolerant, our results suggest

that habitat features and seasonal fish movement

associated with salinity intrusion could lead to more

diverse fish assemblages in this transitional zone.

Keywords Ecotone � Dam � Fish guilds �
Neotropical fishes � Patos–Mirim lagoon complex

Introduction

Estuaries are characterized by transitional communi-

ties containing freshwater, estuarine, and marine taxa,

usually dominated by species with extreme physio-

logical tolerances (Rundle et al., 1998). These estua-

rine-related species can have high biomass and sustain

commercially important artisanal and coastal fisheries

(Day et al., 1989; Blaber, 2000). It is usually assumed

that abiotic factors (e.g., salinity, temperature, turbid-

ity, dissolved oxygen, and depth) may define commu-

nity structure in these variable systems, whereas biotic

interactions may refine species distributional patterns

within that structure (Sanders, 1968; Menge & Olson,

1990; Martino & Able, 2003). Among abiotic factors,

variation in salinity is frequently recognized as the

primary factor influencing species distributional

patterns in estuaries (Day et al., 1989; Martino &

Able, 2003; Vega-Cendejas & Santillana, 2004).
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The distribution of fish species along estuarine–

freshwater gradients and the factors that govern its

dynamics have been mainly investigated at warm-

temperate and tropical estuaries (Winemiller & Leslie,

1992; Jung & Houde, 2003; Martino & Able, 2003;

Akin et al., 2005; Sosa-López et al., 2007).

Prior studies on fish distribution along marine–

estuarine and freshwater ecosystems in warm-temper-

ate estuaries of North America and Europe show that

marine and estuarine-dependent fish guilds have a

greater influence on species richness and abundance

patterns than freshwater species (Jung & Houde, 2003;

Martino & Able, 2003; Akin et al., 2005). Akin et al.

(2005), for instance, showed that 88.1% of the 42

species distributed along a salinity gradient (5–40 ppt)

on the northwestern Turkish coast of the Mediterra-

nean were marine or estuarine-dependent fish and only

7.1% were freshwater fish. A different pattern would

be expected in estuaries located in the Neotropical

zoogeographic region, whose rivers, streams, and

ponds are home to the largest freshwater fish fauna in

the world (Blaber, 2000; Barletta et al., 2003, 2005;

Buckup et al., 2007; Helfman et al., 2009). A cross-

system comparison carried out by Vieira & Musick

(1994) suggest that estuaries of western Atlantic are

more diverse than warm-temperate ones probably

because of the greater number of estuarine-opportunist

fishes, such as freshwater species, found in tropical

estuaries. Other studies showed that primary- and

secondary-division freshwater fish can be flushed in

great number into a subtropical estuary of the

Neotropics during heavy rainfall episodes (Garcia

et al., 2003a, 2004). In this context, we hypothesized

that primary- and secondary-division freshwater fish

guilds would be the most diverse fish guilds along an

estuarine–freshwater ecosystem in the Neotropics.

Currently, little published information on large-scale

fish distribution along estuarine–freshwater ecosys-

tems in the Neotropics are available to evaluate this

hypothesis (Winemiller & Leslie, 1992; Jaureguizar

et al., 2003; Garcı́a et al., 2010). As pointed out by

Martino & Able (2003) most studies are restricted to

oligohaline–polyhaline salinity gradients and do not

encompass a complete environmental gradient from

estuarine to freshwater conditions.

In order to evaluate our hypothesis, we investigated

the abundance and diversity patterns of shallow-water

fish assemblages along a broad (*300 km) environ-

mental gradient from estuarine to freshwater in a

subtropical coastal lagoon complex in the Neotropics.

This complex is formed by the confluence of two

important bodies of water: Patos Lagoon, which is

considered the largest ‘‘choked’’ coastal lagoon (sensu

Kjerfve, 1986) in the world, and Mirim Lake, the

second largest lake in Brazil. We also analyzed the

relationships between fish abundance and abiotic

factors to investigate the relative importance of

physicochemical variables (e.g., salinity, temperature,

and water transparency) and structural characteristics

of the habitat (substrate granulometry and organic

matter content, slope, and depth) in structuring fish

assemblages along the estuarine–freshwater gradient.

Materials and methods

Study area and data collection

Situated in extreme southern Brazil, the Patos–Mirim

lagoon complex (PMLC) is formed by the confluence

of two large aquatic systems: the Patos Lagoon

(10,360 km2) and Mirim Lake (3,750 km2), with a

drainage basin of 263,876 km2 (Seeliger et al., 1997).

In the past, the brackish waters from Patos Lagoon

estuary could reach Mirim Lake through a 75-km long

natural channel (locally known as ‘‘São Gonçalo’’).

This salinity intrusion used to damage inundated rice

crops in the region. In order to prevent such episodes, a

subsurface dam of concrete (245 m long) was built

across the channel in 1977 to block denser brackish

waters. A lock was also built adjacent to the dam, in

the east bank of the channel, to allow the passage of

fishing boats and amateur sailboats along the São

Gonçalo natural channel. This lock is 17 m wide and

extends for 120 m along the channel and operates four

times during the day, with each operation lasting for

approximately 25 min. After the São Gonçalo dam

was built, Mirim Lake waters remained fresh all the

time, with an estimated mean overflow into Patos

Lagoon of 700 m3/s (CLM, 1970; Machado, 2007;

Hirata et al., 2010).

Our study area encompasses the shallow-water

regions (\2 m) along the PMLC, with sampling sites

in the estuarine zone of Patos Lagoon (E1–E2), São

Gonçalo natural channel (C1–C2), and Mirim Lake

(L1–L2–L3). These study regions are hereafter

referred as estuary, natural channel, and freshwater

lake, respectively. In total, there were seven sampling
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sites along a spatial axis of approximately 326 km

(Fig. 1).

Fish were collected monthly during March 2004

and February 2005 using a beach seine net (9 m wide

and 2.4 m high; 13 mm mesh) with a pocket of 5 mm

mesh in its rear portion. A total of five beach seine

hauls were conducted in each of the seven sampling

sites per month, with each haul considered as a sample.

Following the sampling, fish were fixed in 10%

formaldehyde and subsequently identified at the

species level and each individual was measured for

total length (TL) in millimeters (mm) and weighted in

grams (g) at the Ichthyology Laboratory of the Rio

Grande Federal University. If the number of individ-

uals of a given species in a sample was greater than 50,

we randomly picked 50 specimens for measuring. The

other individuals of the same species in that sample

were counted and added to the total. Species were

identified according to Figueiredo & Menezes (1978,

1980), Menezes & Figueiredo (1980), Reis et al.

(2003), and Buckup et al. (2007). At the same time as

the fish were collected, salinity and temperature were

measured using an YSI multiparameter probe (model

30–50 FT), the water transparency was measured (in

cm) using a Secchi disk, and the maximum depth (cm)

was recorded at each site.

To characterize the structural heterogeneity and

complexity of the habitat, we measured the substrate

granulometry and beach slope of each of the seven

sampling sites. This characterization was conducted

seasonally between 2009 and 2010. For the granul-

ometry analysis, 60 g of sediment samples were

collected using a 50-mm diameter PVC pipe at each

site. The sediment samples were transported in coolers

on ice and preserved in a freezer in the laboratory. The

organic matter content of the sediment was determined

by burning 5 g of the material in a muffle furnace at

550�C for 8 h. The amount of organic matter present

in each sample was estimated as the difference

between the initial and final mass.

For the granulometry analysis, the samples were

dried in an oven at 60�C and then quartered and

(A) (B)

Fig. 1 PMLC (A) showing the location of the sampling sites in estuarine zone of Patos Lagoon (E1–E2), São Gonçalo’s natural

channel (C1–C2) and Mirim Lake (L1–L2–L3) (B)
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weighted. A total of 50 g of each dry sample was sifted

on intervals of 1/2 phi according to the Wentworth

classification to separate the coarse sediments (fine,

medium, and coarse sand) from the finer sediment

fractions (silt and clay, which were separated from

each other) (Wentworth, 1922). The coarse and finer

fraction of the sediment added up to 100% in each

sample.

Although the substrate granulometry characteriza-

tion was carried out approximately 4 to 5 years apart

from the fish sampling, we assumed no major differ-

ences in granulometry composition among these years

in this study site. Prior sedimentological surveys in

Patos Lagoon corroborate this assumption (Calliari

et al., 1977; Calliari, 1997). For instance, Calliari and

collaborators analyzed the sediment composition

along a depth profile in the upper portion of Patos

Lagoon estuary in 1977 and found that sand (which

correspond to coarse sediment in the current work) is

the dominant fraction in the shallower waters, whereas

the proportion of silt and clay (which correspond to

fine sediment in the current work) increases with the

depth. A map of the distribution of bottom sediment in

this entire region published in 1997 also revealed a

similar pattern (Calliari, 1997).

The slope at each site at each season was obtained

from a topographic profile measured using a centime-

ter-scale ruler (Raseira, 2003). Depth measurements

were taken at every 5 m from the swash zone to

the maximum depth of collection at each site. We

computed a slope index (Sind) based on the maximum

depth/maximum perpendicular distance from the

shoreline ratio. We used this ratio to classify sampling

sites into three groups: beaches with low (\1.5),

intermediate (5–10), and high ([10) slope.

Data analysis

Species composition, abundance and diversity

patterns

The species composition and patterns of dominance

were analyzed based on the frequency of occurrence

(%F) and relative abundance (catch per unit effort;

%CPUE) of each species (Garcia et al., 2004). Species

with %F values equal to or greater than the average

value of all species were considered frequent. Species

with %F values smaller than the average value were

rare. The same procedure was employed for the

%CPUE values, resulting in higher abundant

(%CPUE C average %CPUE) and lower abundant

species (%CPUE \ average %CPUE). Finally, based

on these criteria, the species were placed into four

groups: (1) higher abundant and frequent, (2) higher

abundant and rare, (3) lower abundant and frequent

and (4) lower abundant and rare (Garcia et al., 2006).

This classification was used to identify the dominant

species. Thus, we considered species as dominant

when the species was within first, second, and third

categories in at least one of the sites (see Table 1).

These criteria resulted in 31 dominant species, which

were used in subsequent analysis (see below).

The MDS (non-metric multidimensional scaling)

ordination technique was used to evaluate the simi-

larity in species composition from a presence/absence

matrix including all of the species and another matrix

including the relative abundance of the dominant

species. The relative-abundance data were square-root

transformed, and the similarity matrix was calculated

using the Bray–Curtis algorithm in the PRIMER

statistical software package version 6.1.9 (Clarke &

Gorley, 2006).

In some of the abundance analyses, the fish species

were grouped into the following ecological guilds

following Garcia et al. (2001, 2003b): (a) estuarine

resident, fish that occur throughout the year and

reproduce in the estuary; (b) estuarine-dependent,

marine- or freshwater-spawning fish that occur in large

numbers in the estuary at certain times of the year;

(c) marine vagrant, fish coming from the marine

environment that rarely occur in the estuary; (d) sec-

ondary freshwater, fish that are restricted to freshwater

and occasionally occur in the estuary; and (e) primary

freshwater, inhabitants of the limnic and fluvial

environments that rarely occur in the estuary.

In the present study, however, the species Platanich-

thys platana and Jenynsia multidentata were considered

as secondary-freshwater guild and not as estuarine

residents as originally classified by Garcia et al. (2001,

2003b). This is because the current study was not

restricted to the estuarine portion of the PMLC as prior

studies (Garcia et al., 2001; 2003b), but instead, it also

includes individuals of these species occurring in the

freshwater reaches of this lagoon complex. In this

context, we believe that ‘‘secondary-freshwater guild’’

is a more precise classification for these two species.

Two components of diversity were analyzed sep-

arately: observed species richness (S) and evenness.
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Table 1 Number of individuals and minimum–maximum

(min–max), average, and standard deviation (S.D.) of total

length (TL) (mm) of fish species caught in the three study

systems (estuary, channel, freshwater lake) grouped in the

following guilds: (1) estuarine dependent, estuarine resident,

marine vagrant, secondary freshwater, and primary freshwater

Spcode Regions TL (mm)

Estuary Channel Freshwater lake Minimum Maximum Average S.D.

Estuarine dependent

Brevoortia pectinata* Bpec1 1,501 2 – 20 105 36.4 15.7

Lycengraulis grossidens* Lgro1 123 1,358 88 17 201 42.5 21.3

Mugil curema* Mcur1 1,462 327 – 21 128 46.8 15.5

M. liza* Mliz1 10,067 289 – 21 336 38.4 15.6

M. gaimardianus Mgar1 20 – – 30 87 61.8 15.5

Micropogonias furnieri* Mfur1 82 4 – 13 174 54.3 39.9

Paralichthys orbignyanus Porb1 1 – – 46 46 46.0 –

Estuarine resident

Atherinella brasiliensis* Abra2 286 – – 8 131 48.1 21.3

Odonthestes argentinensis* Oarg2 1,182 – – 17 131 34.5 11.4

Ramnogaster arcuata Rarc2 52 – – 23 54 41.3 6.2

Syngnathus folletti Sfol2 1 – – 75 75 75.0 –

Ctenogobius shufeldti* Cshu2 29 44 16 12 108 41.5 17.9

Marine vagrant

Harengula clupeola Hclu3 8 – 49 70 58.3 7.1

Anchoa marinii Amar3 11 – – 52 60 57.0 2.4

Urophycis brasiliensis Ubra3 – 2 – 68 144 106.0 53.7

Trachinotus falcatus Tfal3 3 – – 15 68 32.7 30.6

Trachinotus marginatus Tmar3 1 – – 31 31 31.0 –

Centropomus undecimalis Cund3 1 – – 48 48 48.0 –

Eucinostomus argenteus Earg3 23 – – 20 80 34.9 14.1

Eucinostomus lefroyi Elef3 5 – – 37 51 42.6 5.2

Eucinostomus melanopterus* Emel3 396 – – 15 72 32.9 11.8

Ctenogobius stigmaticus Csti3 2 – – 50 57 53.5 5.0

Citharichthys spilopterus Cspi3 1 – – 26 26 26.0 –

Gobionellus oceanicus Goce3 4 – – 34 105 78.5 31.1

Secondary freshwater

Odontesthes humensis* Ohum4 – 4 68 19 188 80.1 36.5

O. mirinensis* Omir4 1 59 1,400 11 223 68.6 26.5

O. perugiae Oper4 – – 5 140 287 201.2 77.5

O. retropinnis Pret4 – 2 0 179 228 203.5 34.6

Platanichthys platana* Ppla4 52 2,871 465 17 99 41.7 12.7

Jenynsia multidentata* Jmul4 157 47 150 10 67 34.1 11.3

Cichlasoma portalegrense Cpor4 – 1 – 125 125 125.0 –

Crenicichla punctata* Cpun4 – 43 1 115 128 142.6 33.9

C. lepidota Clep4 – 10 – 70 351 144.8 50.3

Geophagus brasiliensis* Gbra4 4 70 – 17 238 109.4 38.7

Gymnogeophagus gymnogenys* Ggym4 – 20 7 21 167 89.6 35.0
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The evenness (i.e., the distribution of the total

abundance among the species) was calculated by the

modified (E5) Hill index (1973):

E5 ¼ ð1=Ds� 1Þ
eH0 � 1

;

where D is the Simpson Index and H0 is the Shannon

Index. This index assumes its maximum value when

all the species in a sample are equally abundant and

decreases toward zero as the difference in relative

abundance between the species increases (Ludwig &

Reynolds, 1988). We applied an arcsine transforma-

tion to the evenness data before the ANOVA test

(Sokal & Rohlf, 1995).

The differences in the observed species richness

(S) and evenness (E5) between seasons and sampling

sites were examined using a two-way ANOVA. The

assumptions of homogeneity of the variance and

normality were evaluated using Cochran’s test and

the Kolmogorov–Smirnov test, respectively (Sokal &

Rohlf, 1995). The post hoc Tukey test was employed

to determine which averages were significantly

Table 1 continued

Spcode Regions TL (mm)

Estuary Channel Freshwater lake Minimum Maximum Average S.D.

Primary freshwater

Astyanax eigenmanniorum* Aeig5 1 54 30 26 103 59.1 18.6

A. fasciatus* Afas5 – 474 569 39 150 97.2 13.7

A. jacuhiensis* Ajac5 – 56 43 31 122 69.1 14.6

A. spp. Aspp5 – 1 1 24 79 51.5 38.9

Bryconamericus iheringii* Bihe5 1 415 212 20 91 48.5 11.8

Charax stenopterus* Cste5 – 156 1 44 125 88.7 14.9

Cheirodon ibicuhiensis* Cibi5 – 5,025 40 16 56 33.4 5.9

C. interruptus Cint5 4 30 1 22 41 31.0 3.8

Cyanocharax alburnus* Calb5 1 12995 832 12 84 39.8 10.5

Hyphessobrycon anisitsi Hani5 1 – 1 44 81 62.5 26.2

H. luetkenii* Hlue5 – 776 18 20 75 45.9 7.4

Macropsobrycon uruguayanae Muru5 – – 4 29 33 30.5 1.7

Oligosarcus jenynsii* Ojen5 2 193 7 34 246 88.0 32.4

O. robustus* Orob5 – 69 15 56 252 122.6 35.0

Pseudocorynopoma doriae Pdor5 – 11 – 34 117 69.7 21.3

Characidium spp. Cspp5 – 1 – 50 50 50.0 –

Cyphocarax voga* Cvog5 – 131 477 52 230 131.0 21.9

Hoplias malabaricus Hmal5 – 29 – 115 264 211.4 30.0

Brachyhypopomus spp. Bspp5 – 1 – 130 130 130.0 –

Corydoras paleatus* Cpal5 – 64 102 23 75 56.4 9.7

Pimelodella australis Paus5 – 40 3 35 101 57.0 13.9

Loricariichthys anus* Lanu5 – 29 – 23 202 109.8 62.1

Rineloricaria cadeae Rcad5 – 38 – 65 189 119.3 33.9

R. longicauda* Rlon5 – 18 13 47 161 98.2 32.1

Parapimelodus nigribarbis Pnig5 – 1 35 78 128 111.4 9.0

Pimelodus maculatus Pmac5 – 4 3 95 180 149.3 30.9

Microglanis cottoides Mcot5 – 1 – 50 50 50.0 –

Homodiaetus anisitsi* Hani5 – 58 14 23 42 32.7 4.1

No of individual 15,485 25,823 4,621

Species codes (Spcode) for each fish were based on the contraction of its scientific name and the number code of its guild (1–4).

Dominant species (see ‘‘Materials and methods’’ section) are denoted by an asterisk

112 Hydrobiologia (2012) 696:107–122

123



different from each other. The seasons of the year were

defined as follows: summer (January, February, and

March), autumn (April, May, and June), winter (July,

August, and September) and spring (October, Novem-

ber, and December).

Relationships between fish abundance and abiotic

factors

A two-way ANOVA was used to test for significant

differences in salinity [log10 (x ? 1)], water temper-

ature and depth among months and sites. When a

significant main effect was observed, pairwise com-

parisons of means were performed using Tukey post

hoc procedure. The water transparency (Secchi disk)

data did not meet the ANOVA assumptions, so the

differences in water transparency among months and

sites were tested using Kruskal–Wallis non-parametric

test (Sokal & Rohlf, 1995; Conover, 1999).

Canonical correspondence analysis (CCA) was

used to evaluate the relationships between abiotic

factors including percentage of fine sediment, per-

centage of coarse sediment, organic matter, slope,

depth of the haul, salinity, water temperature, and

water transparency, and abundance of the dominant

fish species (31 species). CCA analysis was performed

using the software CANOCO for Windows 4.5.

In the CCA module, the unimodal method was used

with biplot scaling, focusing on the inter-specific

distance scale. We used the criterion proposed by Leps

& Smilauer (2003) to choose between unimodal and

linear ordination methods. According to this criterion

when the gradient length, which measures the species

turnover in the community composition, is larger than

four (4), the unimodal method is more appropriate

than the linear. The linear method would not be

suitable because the data are too heterogeneous and

too many species would deviate from the assumed

model of linear response (Leps & Smilauer, 2003).

The environmental factors were expressed as stan-

dardized scores (= (observed value - mean)/standard

deviation), whereas fish abundance was expressed as

log10 (CPUE ? 1). The forward selection procedure

was used to determine significant (a = 0.05) environ-

mental variables explaining the observed variation

in the species matrix. For those factors that were

significantly correlated with each axis, a series of

permutations were performed to determine which

factors better explained the variation in the fish

assemblage. The Monte Carlo permutation test (with

9999 permutations) was used to test the significance

(P \ 0.05) of the contribution of each factor to each of

the CCA axes (ter Braak & Verdonschot, 1995).

Results

Spatiotemporal variation in physicochemical

factors

The salinity varied from 0 to 29 ppt, but values above

zero occurred only in the estuary (E1 and E2) and in

the northern portion of the natural channel (C1), which

is downstream of the São Gonçalo’s dam lock and has

a free connection with the estuarine region of Patos

Lagoon. With respect to seasonal variation, salinity

was higher during the summer months (January and

February) than during October (P \ 0.05) (Fig. 2a).

The water temperature varied from 10�C (July) to

31.2�C (January) and differed significantly among

months (P \ 0.05), with high values in the summer

and low values in the winter. There were no significant

differences among sites (P [ 0.05) (Fig. 2b). The

water transparency (Secchi depth) ranged from 8 to

100 cm. There were no significant differences among

monthly Secchi disk depth (P [ 0.05). However,

water transparency of the estuary (E1 = 62.45 cm)

and the natural channel (C1 = 27 cm and C2 =

27.5 cm) differed significantly (P \ 0.05) (Fig. 2c).

Water depth of sites varied from 10 to 130 cm, with no

significant differences among months (P [ 0.05). The

average depth values were significantly higher (P \
0.05) at the sites of natural channel (*99 cm) than at

the other collection sites (*50 cm) (Fig. 2d).

Species abundance and diversity

along the freshwater–estuarine gradient

A total of 45,929 individual fish, representing 11

orders and 25 families were collected. These were

identified to 63 species, excluding those identified

only to the level of the family Clupeidae, and some

unidentified species of the genus Odontesthes

(Table 1). Most of these 63 species were freshwater

fish (61.9%), belonging to primary- (44.4%) and

secondary-freshwater (17.4%) ecological guilds. The

marine-vagrant, estuarine-dependent, and estuarine-
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resident guilds comprised 19.0, 11.1, and 7.9% of the

collected fish species, respectively (Table 1).

The following ten species summed up nearly 90%

of the total catch: the mullets Mugil liza and Mugil

curema, the freshwater characids Cyanocharax

alburnus, Cheirodon ibicuhiensis, Astyanax fasciatus,

the sardines Brevoortia pectinata and P. platana, the

silversides Odontesthes mirinensis and Odontesthes

argentinensis, and the anchovy Lycengraulis

grossidens.

The non-metric multidimensional analyses (MDS)

based on the species composition (presence/absence)

and abundance (%CPUE) of dominant species matri-

ces resulted in similar patterns. Both MDS analyses

supported two main groups, one dominated by estu-

arine samples (E1 and E2) and the other, the

(a)

(b)

(c)

(d)

Fig. 2 Spatiotemporal

variation in average (?95%

confidence intervals) values

of salinity (a), water

temperature (b), water

transparency (c) and depth

(d) in the estuarine zone of

Patos Lagoon (E1–E2),

São Gonçalo Channel

(C1–C2) and Mirim Lake

(L1–L2–L3)
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freshwater sites of natural channel region (C1 and C2)

and freshwater lake (L1, L2, L3) (Fig. 3). The only

exception was the occurrence of a single channel

sample (C1) in the estuarine group. This sample came

from the sampling site at the northern end of the

natural channel, which is located downstream the São

Gonçalo’s dam lock and has a free connection with the

estuarine region of Patos Lagoon. It was collected in

February and showed a typically estuarine ichthyofa-

una due to the inflow of saline water into the natural

channel during January and February 2005. Excepting

this, the samples were formed by two subgroups;

channel and freshwater lake (Fig. 3).

According to the percentage similarity analysis

(SIMPER), the estuarine group presented an average

similarity of 28.45% in species composition, and the

species that contributed the most to this group were

M. liza, M. curema, B. pectinata, and O. argentinensis.

The freshwater group formed by those species found

in the natural channel and freshwater lake regions

showed an average similarity of 19.57%. Cyanocha-

rax alburnus, O. mirinensis, A. fasciatus, P. platana,

C. ibicuhiensis, and Bryconamericus iheringii were

the species that contributed most to this similarity.

A strong substitution of ecological guilds occurred

between the estuarine zone (estuary and northern

portion of the channel) and the limnic zone (southern

portion of the channel and freshwater lake) (Fig. 4),

coinciding with the decrease in salinity along the
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Fig. 3 MDS ordination of

fish samples based on

abundance of dominant

species collected in the

estuarine zone of Patos

Lagoon (E1, E2), São

Gonçalo Channel (C1, C2),

and Mirim Lake (L1, L2,

L3). Data values were

square-root transformed and

Bray–Curtis similarity were

used. The solid line
indicates the two main

groups formed (estuary vs.

freshwater samples),

whereas the dotted line
indicates the two sub-groups

(Channel vs. Lake) within

the freshwater group
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Fig. 4 Frequency of occurrence (%F) and relative abundance

(%CPUE) of estuarine resident (ESTRES), estuarine dependent

(ESTDEP), marine vagrant (MARVAG), and secondary fresh-

water (2ndFRESH), and primary freshwater (1stFRESH) in the

estuarine zone of Patos Lagoon (E1–E2), São Gonçalo Channel

(C1–C2) and Mirim Lake (L1–L2–L3)
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gradient (Fig. 2a). This substitution was gradual in

terms of %F (Fig. 4a), but was more abrupt in terms of

abundance (Fig. 4b). The marine-vagrant guild was

restricted to the sites under influence of salinity

intrusion (E1, E2, C1), whereas the other ecological

guilds occurred along the entire estuarine–freshwater

gradient. Both freshwater guilds, in particular, had the

most widespread distribution, occurring across all

sampling sites (from E1 to L3) (Fig. 4a). In terms of

relative abundance, the estuarine-dependent guild was

dominant in the estuarine region (with a mean of

85%), the primary-freshwater guild was dominant in

the natural channel region (mean of 80%), and the

primary- and secondary-freshwater guilds were dom-

inant in the freshwater lake region (mean 51 and 45%,

respectively).

Table 2 shows the ANOVA results concerning the

variation in observed species richness and evenness

among collection sites and seasons. For species rich-

ness, there was a significant interaction between sites

and season (P \ 0.01) (Table 2). In general, species

richness was significantly higher on average at the

natural channel sites (C1 and C2) than at the other sites

(P \ 0.00001) and significantly lower on average

during the winter than during the summer and spring

(P \ 0.0318). More specifically, the highest average

Fig. 5 Average values

(? standard error) of species

richness (S) across sampling

sites (E1, E2 estuarine zone

of Patos Lagoon; C1, C2 São

Gonçalo Channel; L1, L2,

L3 Mirim lake) and seasons

(filled triangle summer,

empty circle autumn,

filled square winter,

filled square spring)

Table 2 ANOVA results

of species richness and

evenness (E5 ratio method

of Hill) parameters in

relation to site locations

(E1, E2: estuarine zone of

Patos Lagoon; C1, C2:

Sao Goncalo Channel; L1,

L2, L3: Mirim Lake) and

seasons

Significant values

(p \ 0.05) are denoted in

bold

Source DF SS MS F P

Richness—S

Sites locations (SL) 6 1299.98 216.66 26.11 0.00

Seasons (S) 3 164.70 54.90 6.62 0.00

SL 9 S 18 344.21 19.12 2.30 0.01

Residual 56 464.66 8.30

Evenness—E5

Sites locations (SL) 6 0.54 0.09 2.99 0.01

Seasons (S) 3 0.05 0.01 0.55 0.65

SL 9 S 18 0.19 0.01 0.36 0.99

Residual 56 1.70 0.03
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values in species richness were observed during autumn

and spring at C1 and during summer, autumn, and spring

at C2 (Fig. 5). Evenness differed significantly only

among sites. The site C1 exhibited lower evenness

compared to E2 and L3 but did not differ significantly

from the other sites (Tukey test; P [ 0.05).

Relationships between fish abundance and abiotic

factors

The results of the CCA are shown in Table 3. The total

inertia was 2.995, of which 37% (1.115) was explained

by the analysis. The first CCA axis had an eigenvalue of

0.661 and explained 22.1 and 59.3% of the species data

and the species–environment relation variance. The

second axis had an eigenvalue of 0.251, and the first

and second axes combined accounted for 30.5 and

81.8% of the species data and the species–environment

relation variance. The relationships between the dom-

inant species and the environmental variables repre-

sented by these two axes were statistically significant

(P \ 0.05) according to the Monte Carlo permutation

test. The depth and the percentage of coarse sediment

did not contribute significantly to the model (FS test;

P [ 0.05) and were excluded from the analysis.

In general, the CCA analysis revealed that the

relationship between fish abundance and abiotic factors

occurred mainly across two contrasting environmental

gradients (salinity-water transparency and the %fine

sediment-organic matter) associated with axis 1, and

also along a slope gradient represented by axis 2

(Fig. 6). Considering the axis 1, it can be observed that

estuarine samples were strongly correlated with higher

water transparency and salinity values, whereas samples

from the natural channel were associated with higher

percentages of fine sediment and organic matter. The

slope gradient represented by axis 2, in contrast,

depicted mainly differences between samples from the

freshwater lake and the natural channel. The former

were strongly correlated with lower slope values,

whereas the latter with higher slope values (Fig. 6).

Species belonging to the estuarine-dependent and

estuarine-resident guilds, which were abundant in the

estuary, were associated with higher values along the

salinity gradient, whereas primary- and secondary-

freshwater species were found at the opposite far end

of this gradient. Odonthestes argentinensis exhibited

the strongest correlation with water transparency. The

distributions of G. brasiliensis and C. punctata were

closely related to slope, and those of Loricariichthys

anus, Oligosarcus jenynsii, Charax stenopterus, C.

ibicuhiensis, and Hyphessobrycon luetkenii were

closely related to fine-grained sediment.

Discussion

Species abundance and diversity

across the estuarine–freshwater gradient

Primary- and secondary-freshwater fish guilds com-

prised a major fraction of the total abundance and

Table 3 Results of CCA

performed on the relative

abundance (CPUE) of the

dominant fish species in the

PMLC

Axes 1 2 3 4

Correlation of environmental variables

Water transparency (Secchi) 0.6100 -0.0815 0.1802 0.1333

Temperature 0.1817 0.1825 -0.5908 -0.1423

Salinity 0.8123 0.2572 0.0000 -0.0672

Slope -0.4628 0.6897 0.1216 0.0828

% fine granulometry -0.6133 0.3974 0.1708 -0.0547

% organic matter -0.3244 0.2351 0.0234 0.3630

Eigenvalues 0.661 0.251 0.073 0.067

Species–environment correlations 0.880 0.850 0.680 0.673

Cumulative percentage relation

Of species data 22.1 30.5 32.9 35.2

Of species–environment relation 59.3 81.8 88.4 94.4

Sum of all eigenvalues 2.995

Sum of all canonical eigenvalues 1.115

Hydrobiologia (2012) 696:107–122 117

123



species richness along the studied gradient, not only in

the limnic zone of the gradient (C2, L1–L3), but also

in one of the sampling sites (C1) under the sporadic

influence of salinity intrusion. Moreover, nine species

of freshwater fish were also recorded, although in very

low numbers, in those estuarine sites (E1, E2) located

in the lower reaches of the estuary, where brackish

water conditions are prevalent throughout the year.

Previous studies on the inter-annual abundance of

freshwater fishes in this estuary have shown that

freshwater fish significantly increase their abundance

and species richness in the estuarine zone during

periods of higher freshwater discharge, usually asso-

ciated with excessive rainfall triggered by strong El

Niño events (Garcia et al., 2003a, 2004). Fish

sampling in the current work was carried under the

influence of the weak 2004–2005 El Niño event (Lyon

& Barnston, 2005). Therefore, the abundance and

diversity of freshwater fishes that we observed in the

estuarine zone could be considered higher than normal

(non-El Niño) conditions, but lower when compared

with conditions influenced by strong El Niño events

(Garcia et al., 2004).

Regardless El Niño events, several freshwater fish

can also be carried into this estuary during prolonged

above-average rainfall episodes associated with local

(e.g., topography) and regional (e.g., cold fronts,

anomalies of sea surface temperatures off the coast of

southern Brazil) factors (Rao & Hada, 1990; Diaz

et al., 1998; Kane, 1999). For instance, Garcia et al.

(2003a) showed that the excessive rainfall in years

between 2000 and 2001, which was not triggered by El

Niño event, carried characid species into the estuary,

particularly Astyanax eigenmaniorum and O. jenynsii.

In addition, they showed that the occurrence of

freshwater species from secondary-freshwater fami-

lies, such as poeciliids and cichlids, which are tolerant

to low salinity, are less correlated with hydrological

conditions, and seemed to occur through active

migration from nearby freshwater habitats draining

into this area.

The conspicuous contribution of freshwater fish to

the abundance and species richness patterns revealed

in the current study seem to reflect the fact that this

subtropical estuary is located within the Neotropical

zoogeographic region, which has the richest freshwa-

ter ichthyofauna in the world (Buckup et al., 2007;

Helfman et al., 2009). A similar pattern has also been

reported on prior studies conducted in the Neotropics

on fish distributions along large scale estuarine–

freshwater gradients in tropical (e.g., Winemiller &

Leslie, 1992) and subtropical (e.g., Castro et al., 2009;

Garcı́a et al., 2010) latitudes. In contrast, freshwater

fish comprised a minor part of fish diversity in

temperate estuaries of Southern Africa and Western

Australia (Potter et al., 1990), North America (Jung &

Houde, 2003; Martino & Able, 2003) and Europe

(Akin et al., 2005), which are located within zoogeo-

graphic provinces comparatively poorer in freshwater

fish species. Future large-scale studies encompassing

(a)

(b)

Fig. 6 CCA ordination plot. a sample sites (black filled circle
estuarine zone of Patos Lagoon, grey filled circle São Gonçalo

Channel, empty circle Mirim Lake) and environmental variables

(% fine granulometry, % organic matter, slope, salinity, water

temperature, and water transparency). Each point represents a

single sample site and date (five beach seine hauls at the location

for a given month). b Association of fish species with each axis

is represented by its score (plotted) and correlation between

environmental variables and axes are represented by the length

and angle of arrows. Refereed to Table 1 for species and guild

codes

118 Hydrobiologia (2012) 696:107–122

123



distinct zoogeographical regions and employing stan-

dardized fish sampling protocol would be necessary in

order to further evaluate the hypothesis that primary-

and secondary-freshwater fish have a greater contri-

bution on species composition and abundance along

estuarine–freshwater gradients in the Neotropics when

compared to other zoogeographic regions.

Our study also revealed that the highest species

richness occurred during warmer months in the São

Gonçalo natural channel that connects the Patos

Lagoon estuary and the Mirim Lake. Two mechanisms

seem to explain this pattern. First, the natural channel

has a very narrow and steep shoreline (\2 m) reaching

deeper waters ([3 m) only 1–2 m away from the

shore, compared to the studied sites of the estuary and

the freshwater lake where the distance from shore to

deeper waters was[10 m. Consequently, the depth of

the beach seine hauls employed during fish collection

was significantly higher in this area (P \ 0.05). This

proximity between shoreline and deeper waters could

favor the mixture of fish assemblages from the littoral

and limnetic zones of the natural channel. In general,

fish faunas of littoral and limnetic zones have distinct

fish species compositions (Vieira & Musick, 1994;

Lowe-McConnell, 1999; Garcia et al., 2006; Souza

et al., 2008). For example, in lakes adjacent to the

present study area, Garcia et al. (2006) observed

that smaller species (e.g., C. alburnus, J. multidentata,

B. iheringii) predominate in the littoral zone, whereas

larger species (e.g., Cyphocharax voga, A. fasciatus,

O. jenynsii, O. mirinensis) predominate in the limnetic

zone. Second, the natural channel is subject to the

sporadic inflow of saltwater during the year, usually in

warmer months, especially at its northern reaches (site

C1), which is nearer to the estuary. During these

salinity intrusions, it is common to catch in this region

several estuarine-dependent species (e.g., the sardine

B. pectinata, the anchovy L. grossidens, the mullets M.

liza and M. curema, the Whitemouth croaker Micro-

pogonias furnieri). Hence, this natural channel can

harbor freshwater and marine fish species alternately

during the year. Moreover, an occurrence of a

subsurface dam built in 1977 in the natural channel

(approximately 7.5 km south of site C1) could favor

the concentration and retention of freshwater and

marine and estuarine-related fish fauna in this region.

This could also have influenced the higher species

richness observed in the natural channel. Therefore,

the species richness in the natural channel seemed to

be the result of a combination of factors related to

bathymetry (i.e., the confluence of littoral and limnetic

taxocenoses due to a steeper slope) and fish movement

associated with salinity intrusion (i.e., the confluence

of guilds with different degrees of salinity tolerance

originated from marine/estuarine and limnic environ-

ments). Therefore, although estuarine–freshwater

ecotones are known to support few species, mainly

salinity tolerant (Day et al. 1989), our results suggest

that a steeper slope favoring the confluence of fish

from the littoral (\2 m) and limnetic ([2 m) zones

and seasonal fish movement associated with salinity

intrusion could lead to more diverse fish assemblages

in our studied transitional zone.

As pointed out by Burns et al. (2006), a subsurface

dam seems to disfavor movement of estuarine-related

shallow-water fish along the natural channel toward

Mirim Lake. Our findings revealed that ecological fish

guilds showed a gradual substitution along the gradi-

ent in terms of %F suggesting that the dam is not a

complete barrier for estuarine-related fish movement.

For instance, water from upstream and downstream

the dam can mix during the daily operation of the

dam’s lock, which allows the passage of fishing boats

and amateur sailboats along the São Gonçalo natural

channel. Therefore, these lock operations could favor

the movement of estuarine-related fish between both

regions. However, such estuarine-related fish move-

ment during lock operation seemed to be very

restricted, since we observed an abrupt difference in

the abundance of these fish guilds between the

sampling sites located north (C1) and south (C2) of

the dam.

It is also worth noting that water flows from Mirim

Lake into Patos Lagoon during most of the year (CLM,

1970; Machado, 2007; Hirata et al., 2010), overflow-

ing in these occasions the subsurface dam in the

natural channel. Hence, in contrast to the estuarine-

related fish, the movement of freshwater fish over

the subsurface dam can occur much more often and

independently of the lock operation. This could be one

of the reasons why primary-freshwater fish were

numerically dominant in the sampling site located

north of the dam (C1). Another reason is the fact that

this region remained fresh during almost the

12 months of the fish sampling, with the exception

of a salinity intrusion observed on February 2005.

It seems reasonable to assume that the abundance of

the ecological guilds would shift more gradually
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between the Patos Lagoon estuary and the Mirim Lake

in the absence of this subsurface dam. Other studies on

species distributions across large-scale estuarine–

freshwater gradients not interrupted by dams seem to

corroborate this assumption. For example, when

analyzing fish assemblages from the adjacent marine

area to the limnic zone of Patos Lagoon, Raseira

(2003) observed that the abundance of estuarine-

related species was gradually replaced by freshwater

species. Likewise, Garcı́a et al. (2010) observed that

marine species gradually replaced the freshwater

ichthyofauna along a marine–freshwater gradient in

the La Plata River (Argentine), with no conspicuous

transitional area (ecotone) in terms of fish abundance.

Relationships between fish abundance

and abiotic factors

In general, salinity, slope, substrate granulometry

(percentage of fine sediment), and water transparency

were the factors that best explained the variability in

the abundance of dominant fish species in the study

area. With a few exceptions, the salinity gradient

segregated our five fish guilds into two groups: One

associated with the brackish estuarine waters, which

was composed of estuarine-dependent, estuarine-res-

ident, and marine-vagrant fish guilds, and other

restricted to the limnic region, which was composed

of primary- and secondary-freshwater species. Previ-

ous studies highlighted the predominant role of

salinity in structuring estuarine fish assemblages

(Martino & Able, 2003; Akin et al., 2005; Barletta

et al., 2005). However, as discussed earlier, the

marked segregation of guilds along the salinity

gradient in the present study was probably strength-

ened by the presence of a subsurface dam in the middle

portion of the gradient, which partially impaired the

free movement of water and fish between the estuary

and the limnic region upstream.

The importance of physicochemical factors (e.g.,

salinity, temperature) has been extensively investi-

gated in previous studies (Martino & Able, 2003,

Akin et al., 2005). Our results suggest the structuring

role of sediment granulometry on structuring fish

assemblages along estuarine–freshwater gradients.

We found that the abundance of many species of the

primary- and secondary-freshwater guilds was asso-

ciated with the predominance of fine sediment (silt and

clay) and with higher percentages of organic matter in

the substrate. Some of the most abundant species in

these guilds (e.g., L. anus, Geophagus brasiliensis,

Gymnogeophagus gymnogenys, Corydoras paleatus,

and Rineloricaria longicauda) exhibit morpho-ana-

tomical adaptations, such as inferior mouth, sensory

barbels, taste buds, to feed on epifaunal and infaunal

prey, which are usually abundant in sediment with

higher content of fine particles and organic matter of

this region (Bemvenuti, 1997).

In summary, our study revealed that primary- and

secondary-freshwater fish makes a significant contri-

bution to abundance and species richness patterns

along the estuarine–freshwater gradient of a subtrop-

ical estuary emptying in the Western Atlantic. Marine-

vagrant species were restricted to sites under the

influence of salinity intrusion, whereas estuarine-

related and freshwater guilds were found along the

entire estuarine–freshwater gradient. Primary- and

secondary-freshwater fish, in particular, had the most

widespread spatial distribution along the gradient. The

abundance of ecological fish guilds along the gradient

shifted more abruptly than expected due to the

presence of a human interference (dam). Species

richness was higher at the middle portion of the

gradient, where a 75 km-long natural channel con-

nects the brackish waters of Patos Lagoon estuary with

the fresh waters of Mirim Lake. The unexpected

higher species richness in this region probably results

from two mechanisms: the confluence of littoral and

limnetic fish species due to a steeper slope and to the

mixture of marine/estuarine and freshwater guilds at

different periods along the year that could be more

concentrated in this region due to the presence of a

dam. Abiotic factors seemed to structure fish abun-

dance and composition across two main environmen-

tal CCA axes, one related with salinity, water

transparency, and sediment granulometry (higher

content of silt, clay and organic matter) and the other

with habitat slope.
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