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The relationships between fish composition, connectivity and morphometry of 103 lagoons in nine
freshwater ecoregions (FEOW) between 2-83° S and 37-64° S were evaluated in order to detect possible
congruence between the gradient of species richness and similarities of assemblage composition. Most
lagoons included in the study were <2 km?, with a maximum of 3975 km? in surface area. Combined
surface area of all lagoons included in the study was 5411 km?. Number of species varied locally from
one to 76. A multiple regression revealed that latitude, attributes of morphometry and connectivity, and
sampling effort explained a large amount of variability in species richness. Lagoon area was a good
predictor of species richness except in low latitude ecoregions, where lagoons are typically small-sized
and not affected by marine immigrants, and where non-native fish species accounted for a significant
portion of species richness. Relationships between species and area in small-sized lagoons (<2 km?)
is highly similar to the expected number in each ecoregion, with systems located between 18-:27° S
and 30-15° S attaining higher levels of species richness. Similarities in species composition within
the primary, secondary and peripheral or marine divisions revealed strong continental biogeographic
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patterns only for species less tolerant or intolerant to salinity. Further support for the FEOW scheme in
the eastern border of South America is therefore provided, and now includes ecotonal systems inhabited
simultaneously by freshwater and marine species of fishes.

© 2016 The Fisheries Society of the British Isles
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INTRODUCTION

The sequence of lagoons in eastern South America resembles a ‘pearl necklace’ along
the Atlantic coast from a historical and geomorphological perspective. Just like natural
pearls need a considerable amount of time to be formed by biogenic activity, South
American coastal lagoons were formed during the last 120000 to 2500 years by pro-
cesses of erosion and riverine and sea-derived sedimentation, associated with several
events of marine transgression and regression (Delaney, 1962; Suguio et al., 1985; Bar-
reto et al., 2002; Lima et al., 2013).

Lagoons of the eastern South American coastal plains have a high environmental het-
erogeneity, even along relatively small spatial scales (Schéfer, 1992; Esteves, 2011a).
Closely-located water bodies may differ highly in terms of morphometry and physi-
cal and chemical attributes due to geomorphological differences of the drainage basins
of which they are a part (Caliman et al., 2010). In addition, coastal lagoons formed
by watercourses or supplied by groundwater are predominantly fresh water, whereas
those subjected to seawater intrusion are more brackish or hypersaline (Caliman et al.,
2010). The trade-off between marine and freshwater sources determines the salt con-
tent, which in turn can act as an environmental filter for different species of fishes with
variable degrees of tolerance to salt water. As coastal lagoons are ecotones between
continental and coastal waters, their fish fauna composition is derived from a mix-
ture of freshwater and marine or estuarine species (Malabarba & Isaia, 1992; Aradjo
& Azevedo, 2001; Garcia et al., 2003; Di Dario et al., 2013). The fish assemblage in
each individual lagoon is also influenced by a series of factors in addition to the biogeo-
graphic history of the region. Large-scale or global features that might influence the fish
composition of coastal lagoons are, for instance, the climate conditions associated with
different latitudes and El Nifio and La Nifia southern oscillations (Garcia et al., 2003).
Some relevant local-scale features that act on the species pool of different lagoons are,
e.g. differences in morphometry, variations in hydrological connectivity, microclimate,
nutrient level, biotic interactions and anthropogenic perturbations (Burns et al., 2006;
Di Dario et al., 2013; Guimaraes et al., 2014).

Coastal lagoons are often highly productive systems and have provided goods for
human societies in several parts of the world (Kjerfve, 1994). In South America,
sandy coasts were inhabited by oyster and shell human-gathering populations about
8000 years ago. Archaeological information also indicates that native inhabitants
actively promoted sandbar openings a long time before European colonization in
order to increase fish capture (Dean, 1995; Esteves, 2011b). Most impacts which
those systems are now subjected to, such as dewatering for irrigation, eutrophication
by point and diffuse sources, damming, drainage and landscape cover modification,
introduction of exotic species and predatory fisheries, are related with the exponential
growth of human population in the coastal regions (Burns et al., 2006; Menezes et al.,
2012).
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The fish composition in coastal lagoons of eastern South America has been sci-
entifically investigated since the first European expeditions in the 19th century (Di
Dario et al., 2013). To this day, however, most studies are locally restricted, i.e. they
include only one or just a few lagoons (e.g. Vieira & Musick, 1994; Loebman et al.,
2008; Artioli et al., 2009; Menezes et al., 2012). Aratjo & Azevedo (2001), on the
other hand, summarized general patterns of fish assemblage composition in coastal
marine zones, bays, estuaries and four coastal lagoons between 22° and 32° S in South
America. In that study, the ecosystem area was proposed as the best predictor of local
species number, supporting the classical hypothesis of the species—area relationship,
in which larger areas harbour more species than smaller ones (Gleason, 1922; Rosen-
zweig, 1995; Amarasinghe & Welcomme, 2002). Guimaries et al. (2014), however,
found that connectivity acts complementarily to area in predicting species richness,
extending the patterns described for lacustrine systems to coastal lagoons (Bouvier
et al., 2009).

Abell et al. (2008) proposed a biogeographic scheme of 426 freshwater ecoregions
(FEOW) that together cover nearly all non-marine regions of the world (FEOW). Each
FEOW is ‘a large area encompassing one or more freshwater systems with a distinct
assemblage of natural freshwater communities and species’ (Abell et al., 2008). That
scheme has been widely reported in the literature (e.g. Camelier & Zanata, 2014). A
close examination of the FEOW framework on coastal lagoons is still lacking, however,
probably due to underrepresentation of species from these ecosystems in most fish
collections.

The present study focused on the composition of fish species in coastal lagoons across
nine FEOW in eastern South America, from tropical to temperate latitudes (between
2-83° S and 37-64° S). It was tested if latitude, attributes of morphometry and connec-
tivity, and sampling effort predict the fish species richness. It was also expected that (1)
fish species richness is primarily driven by latitude, ecosystem area, and the distance
to the nearest water body, but the degree of connection with sea and sampling effort
may modify that relationship, and that (2) despite being inhabited by species of both
marine and freshwater origins, coastal lagoons within the same FEOW are more simi-
lar in their fish composition, at least when only continental species (i.e. freshwater) are
considered.

MATERIALS AND METHODS

Data on fish assemblages were available for 103 lagoons in nine FEOW along the eastern
South American coast. FEOW delimitation and codes (IDs) are based on Abell ef al. (2008).
In a gradient from low (2-83° S) to higher (37-64° S) latitudes, the lagoons are included in the
following FEOW: ID325 Parnaiba (n =7), ID326 Northeastern Caatinga and Coastal Drainages
(n=15), ID328 Northeastern Mata Atlantica (n=15), ID329 Paraiba do Sul (n=14), ID352
Fluminense (n = 3), ID335 Tramandai-Mampituba (n =38), ID334 Laguna dos Patos (n=19),
ID345 Lower Parana (n = 1) and ID347 Bonaerensean drainages (n=1) (Table S1, Supporting
Information). The number of lagoons in each FEOW partially reflects their abundance in
the ecoregion. For example, several lagoons are located in the 700km x 120km coastal
plain between Santa Marta Cape and Chui Stream in southern Brazil. Man-made reservoirs
were excluded, since they are relatively young compared to natural lagoons. Small-sized
temporary ponds were included in the analyses due to their relevance as habitats for endemic
species and to their seasonal (or perennial) connection to larger water bodies, including
the sea.
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COASTAL LAGOONS: GEOLOGICAL ASPECTS

The study area (Fig. 1) includes at least four of the six megadomes (cratons) formed within
the context of the formation of South America (Proterozoic eon, 2 x 10° years) and the sep-
aration of South America and Africa during the end of the mid-Cretaceous (125—110x 10°
years). During the Cenozoic (65X 10° years to present), a series of tectonic and geomorpho-
logical events (sedimentation, erosion and weathering) changed the topography to the one seen
today. This geological history created most of the current water courses of the main crystalline
shield and coastal river basins, especially the large-scale patterns (Almeida et al., 2000; Mar-
tin et al., 2003; Ribeiro, 2006). Subsequent changes occurred due to reactivation of fault lines
inside older deformation belts [Ribeira Fold Belt and Rio Paraiba Shear Zone, Araguai Belt,
Ceara Belt, Dom Feliciano Belt, as shown in Suguio & Martin (1996)].

Lagoons included in this study belong to the South Atlantic tectono-sedimentary domain,
mainly created and regulated by fluvial sediment budgets, and quaternary fluvial-coastal-oceanic
processes and tectonics. Exceptions are those lagoons of the lowest latitudes (ID325 Parnaiba),
which belong to the Equatorial Atlantic domain and are characterized by small isolated ponds
created by erosion processes and filled by drainage, largely controlled by seasonal weather and
nearby forests (Suguio et al., 1985).

Due to the generally shallow slope of the eastern South America coast, the distance to the
sea was assumed as a potential predictor of marine water intrusions even for lagoons which are
relatively distant or lacking connection with sea. The ID335 Tramandai-Mampituba differs from
all the other FEOW included in the study due to its narrow coastal plain (width <20 km), whose
development is limited by the escarpments of the Serra Geral plateau (Angulo et al., 2006).

SHAPE, SIZE AND CONNECTIVITY DATA

Size, perimeter and shape (morphometry) for the 103 lagoons were measured in recent (2014)
satellite images (Landsat 8, spatial resolution of 30 m). Lagoons were mapped with the isocluster
module of unsupervised image classification in ArcGIS 10.2 (Esri, 2013). The small area of
some lagoons hampered their visualization in Landsat 8 images, therefore those lagoons were
mapped using high resolution (<5 m) images available in Google Earth. After the 103 lagoons
were mapped, the Vector-based Landscape Analysis Tools (V-LATE 2.0 beta; Lang & Tiede,
2003) for ArcGIS was used to calculate the distance between each lagoon and the nearest water
body, and between each lagoon and the sea. Six variables, namely area (km?), perimeter (km),
shape [y=0-282 P (\/A)‘1 , where P is perimeter and A is area], the degree of connection with
sea (0, 0-5 and 1 represent none, temporary and permanently connected), and the nearest distance
to a continental water body (m) and to the coastline (km) were obtained in ArcGIS 10.2 (Table
S1 and Fig. S1, Supporting Information). The theoretical variation of shape is between 0, if
the border of the lagoon represents a perfect circle, and infinite, for infinitely narrow and long
shapes (Farina, 2006).

FISH COMPOSITION DATA AND TAXONOMY

Fish information for the lagoons included in this study derives from c. 20 years of studies
conducted by several research institutions in Brazil, Uruguay and Argentina. Sampling varied
significantly due to local features such as area, depth and habitat heterogeneity, and also the
goals of the original research projects. Water depth was typically <3 m. Specimens were
usually collected with standardized effort using seines (0-5cmmesh size) and gillnets of
different mesh sizes including, in some cases, multi-mesh standardized nets. In vegetated
areas, sieves and fyke nets were also employed. Specimens were usually collected in 1-2 year
studies, but in some larger lagoons, such as Imboassica, Rocha, Blanca and Mar Chiquita,
sampling was carried out regularly over the last 15 years. Therefore, fishing effort employed
was scored from 1 (1year) to 4 (>10years of seasonal sampling) for each lagoon (Table
S1, Supporting Information). Endemic species were defined as those whose natural distribu-
tions are restricted only to one FEOW. Exotic species were defined as those whose natural
geographic distribution does not include the FEOW where they were captured. Distribu-
tional data and nomenclature of species were checked using Eschmeyer’s Catalog of Fishes
(www.calacademy.org/research/ichthyology/catalog). There is an ongoing debate whether one
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FiG. 1. (a) South American freshwater ecoregions (FEOWs) of Abell et al. (2008) and location of the 103 lagoons
included in this study: (b) ID325 Parnaiba (n=7), (c) ID326 Northeastern Caatinga and Coastal Drainages
(n=15), (d) ID328 Northeastern Mata Atlantica (n=15), (e) ID329 Paraiba do Sul (n = 14), (f) ID352 Flu-
minense (n=3), (g) ID335 Tramandai-Mampituba (n = 38), (h) ID334 Laguna dos Patos (n = 19), (i) ID345
Lower Parana (n=1) and (j) ID347 Bonaerensean drainages (n=1).
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or two species of the coastal clupeid Sardinella inhabits the eastern border of South America
(e.g. Whitehead, 1985), but growing evidence indicates that a single species, Sardinella aurita
Valenciennes 1847, should be recognized in the region to the detriment of the apparently junior
synonym Sardinella brasiliensis (Steindachner 1879) (Mabragafia et al., 2012). That taxonomic
view is therefore adopted in this paper.

Voucher specimens are deposited in the fish collections of the Campus Reis Veloso, Universi-
dade Federal do Piaui (CZDP, Brazil), Universidade Federal da Paraiba (UFPB, Brazil), Instituto
Nacional da Mata Atlantica (formerly Museu de Biologia Mello Leitao; MBML, Brazil), Nicleo
em Ecologia e Desenvolvimento Socioambiental de Macaé, Universidade Federal do Rio de
Janeiro (NPM, Brazil), Universidade Federal do Rio Grande do Sul (UFRGS, Brazil), Museu de
Ciéncias e Tecnologia da Pontificia Universidade Catdlica do Rio Grande do Sul (MCT-PUCRS,
Brazil), Universidade Federal do Rio Grande (FURG, Brazil), Centro Universitario Regional
Este (CURE-ICT, Maldonado, Uruguay), Facultad de Ciencias, UdelaR (ZVC-P, Uruguay) and
Instituto de Investigaciones Marinas y Costeras (UNMdP, Argentina).

DATA ANALYSES

A multiple regression analysis was applied in order to explore the possible relationships
between species richness (response variable), latitude, size, shape and connectivity of the
lagoons with the nearest water body and sea, and sampling effort employed (predictor vari-
ables). A correlation matrix between the predictor variables indicated that only perimeter and
area were strongly correlated (r =0-95, P <0-01). Therefore, perimeter was not included in the
multiple regression. The contribution of each predictor variable was inferred by the respective
f value. To assess the relative importance of connection with sea and sampling effort to
predict fish species richness, partial correlations were also performed. Multi-collinearity among
predictor variables was evaluated through the variance inflation factor (F;), whose values <10
were considered of weak influence on parameter variance (Myers, 1990). All variables were
log,, x+ 1 transformed and standardized prior to analysis. Considering the lack of standardized
fish sampling effort among lagoons, even though multiple gears were always used and sampling
effort was scored, the analyses were restricted to a qualitative approach (Jackson & Harvey,
1997). Therefore, all the analyses used the site-species matrix containing presence or absence
species data of 103 lagoons (Appendix).

Simple regressions were used to evaluate the effect of area (predictor variable) on species rich-
ness (response variable) within FEOWs. Considering that most lagoons measured <2 km? in area
and that sampling effort and degree of connection with the sea were more similar within them,
an ANCOVA was performed to explore more deeply the effect of the FEOWS (predictor cate-
gorical variable) on species richness (response variable) after controlling the effect of the area
(predictor variable) within small-sized lagoons. Composition of fish assemblages was evaluated
by non-metric multidimensional scaling (NMDS) using the Jaccard similarity index applied to
the matrix of species presence or absence. To account for responses due to different origins and
tolerance to salinity on the ordination, species matrix was split into sub-sets of species belonging
to families regarded as of the primary, secondary and peripheral or marine divisions following
Myers (1938). The purpose of the NMDS was to find the most parsimonious set of dimensions
that could account for the location of the lagoons, so that their proximity on the ordination dia-
gram would represent a greater similarity in the fish assemblage composition. Three FEOW
(ID352 Fluminense, ID345 Lower Parana and ID347 Bonaerensean drainages) were excluded
from the simple regression analyses and ANCOVA due to the low number of lagoons (n < 3).
Regressions and ANCOVA were performed using Statistica (StatSoft, 2007), and NMDS were
performed using PC-Ord 4.10 (McCune & Mefford, 1999) softwares. The assumption of nor-
mality of residuals (Shapiro-Wilk test) was reached in the multiple and simple regressions and
ANCOVA. P <0-05 was considered as the significance level.

RESULTS

The coastal lagoons included in this study were highly variable in area, ranging
from just a few m? to 3975km? (Mirim Lagoon, ID334 Laguna dos Patos). Small
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lagoons of <2 km?, however, comprised 73% of the studied systems and occurred in
all FEOW. Large lagoons, on the other hand, are located mostly on ID352 Fluminense,
ID335 Tramandai-Mampituba and ID334 Laguna dos Patos. These large-sized lagoons
follow an orthogonal (Preta, Carapebus, D329 Paraiba do Sul; Cabitnas, Imboassica,
ID352 Fluminense) or parallel (Mirim, Mangueira, do Peixe, ID334 Laguna dos Patos)
orientation relative to the coastal sea line (Table I and Table S1 and Fig. S1, Supporting
Information).

Coastal lagoons of the ID352 Fluminense ecoregional unit have larger values of area,
perimeter and shape, and are also located near the coast, markedly differing from those
of the ID325 Parnaiba, with lower values of morphometry and with an average distance
of 2-5 km from the sea (Fig. S1, Supporting Information). Lagoons of the ID328 North-
eastern Mata Atlantica, ID329 Paraiba do Sul, ID352 Fluminense and ID334 Laguna
dos Patos, varied greatly considering the set of morphometric variables and degree of
connection with sea, some of them being (mainly the largest ones) subjected to sandbar
openings (Table I and Table S1, Supporting Information).

A total of 271 species of fishes was recorded when all lagoons were considered
(Appendix). A large amount of variability in species richness was explained by six
of the seven predictor variables (multiple linear regression, F; g5 =25-59, rﬁ 4 =0-03,
P <0-01) (Table II). Lagoons of higher latitudes, located near the coast and temporarily
or permanently connected with the sea attained in general high values of species rich-
ness. The recorded species are representative of 23 orders and 66 families of Teleostei
and five orders and five families of Chondrichthyes. Fourteen species were considered
as exotic and 16 are endemic to a particular ecoregion: five loricariids [four species of
Rineloricaria and Hisonotus taimensis (Buckup 1981)], three cichlids (Crenicichla and
Gymnogeophagus), four atherinopsids (Odontesthes), the hypopomid Brachyhypopo-
mus janeiroensis (Costa & Campos-da-Paz 1992), the pimelodid Pimelodus pintado
Azpelicueta, Lundberg & Loureiro 2008, the pseudopimelodid Microglanis cibelae
Malabarba & Mabhler 1998, and the rivulid Atlantirivulus jurubatibensis (Costa 2008).

Connection with the sea accounted for most noise in the species-area curve
[Fig. 2(a)]. Lagoons temporarily (Imboassica, Carapebus, do Peixe and Rocha) or
permanently (Tramandai and Mar Chiquita) connected with the sea had the highest
values of species richness. Significantly linear and logarithmic relationships between
fish species and area were described in FEOWSs with lagoons with surface area <2 km?
[Fig. 2(d), (e)] and >2km? [Fig. 2(f), (g)]. Exceptions were Parnaiba [Fig. 2(b)]
and Northeastern Caatinga and Coastal Drainages [Fig. 2(c)] ecoregions, where area
failed to predict species richness. At Tramandai-Mampituba and Laguna dos Patos
ecoregions, tendencies of stabilization in species number were reached at c. 35 species
[Fig. 2(f), (g)]. The southernmost Mar Chiquita coastal lagoon had the largest number
of species exclusively recorded in a single lagoon (22), a condition that might reflect
its permanent connection to the sea and its location in a different (compared with
more northern lagoons) biogeographic marine province (Briggs & Bowen, 2012)
(Appendix).

A non-significant interaction term was obtained by testing the effect of area
on species richness within small lagoons across FEOWs (ANCOVA, Fs¢, =195,
P>0-05). Assuming the parallelism among these relationships, the ANCOVA for
homogeneous slopes evidenced that, despite the fact that species richness increased
positively and linearly with the area of the small-sized lagoons (which were more
similar in sampling effort), species richness is variable across FEOWs (ANCOVA,
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TaBLE II. Results of the multiple linear regression (n = 103) between species richness and lati-

tude, morphometric and connectivity variables and sampling effort in coastal lagoons. Variance

inflation factor (Fy), regression coefficient + S.E., t-test for the adjusted coefficient, coefficients
of the standardized multiple regression (f) of each predictor variable

Fy  Coefficient + s.E. t P p

Intercept -394 +0-45 -8:69 <0-01

Latitude (Lat.) 1-29 0-93 +0-23 4.06 <001 028
Area (Area) 1-67 0-37+0-12 3295 <0-01 023
Shape (Shape) 1-74 1-72 +0-66 2-60 0-01 021
Distance to the sea (Dis.Sea) 1-95 1-11+0-22 4.97 <001 042
Distance to the next lagoon (Dist.Next.) 1-20 —-0-37+0-26 —-146 >0-05 —-0-10
Connection with sea (Con.Sea) 1-30 2-52+0-80 314 <001 022
Sampling effort (Eff.) 220 2-89+0-71 404 <001 036

Multiple 7% = 0-653
Adjusted > =0-628
Partial correlation coefficients (ordinal predictor variables):
Correlation between species richness and Con.Sea
Controlling for Eff., Area, Shape, Dist.Next., Dist.Sea and Lat. =038 <0-01
Controlling for Area, Shape, Dist.Next., Dist.Sea and Lat. =036 <001
Correlation between species richness and Eff.
Controlling for Con.Sea, Area, Shape, Dist.Next., Dist.Sea and Lat. =0-30 <0-01
Controlling for Area, Shape, Dist.Next., Dist.Sea and Lat. =026 <0-05

Fg66=9-96, P<0-01) (Table III). By comparing the adjusted means among FEOWs,
species richness in lagoons of the subtropical ID335 Tramandai-Mampituba ecoregion
were significantly higher than in the northernmost tropical (ID325 Parnaiba and ID326
Northeastern Caatinga and Coastal Drainages) and southernmost subtropical (ID334
Laguna dos Patos) FEOWs (Table I and Fig. 3).

Of the 271 species recorded, 142 belonged to the peripheral or marine division,
96 to the primary freshwater division and 33 to the secondary freshwater division.
Families with higher number of species were the Characidae (38 species), Cichli-
dae (22 species), Carangidae (17 species), Atherinopsidae and Loricariidae (each
with 13 species), Sciaenidae (10 species) and Gobiidae (nine species), Engrauli-
dae (eight species) and Clupeidae, Gerreidae and Paralichthyidae (each with seven
species). Within the 27 families with only one species recorded, 70% are regarded
as belonging to the peripheral or marine division, 19% to the primary division
(Acestrorhynchidae, Aspredinidae, Clariidae, Trichomycteridae and Hypopomidae)
and 11% to the secondary division (Cyprinidae, Synbranchidae and Anablepi-
dae) (Appendix). Ninety-seven species were reported only in one lagoon and six
species occurred in >40 lagoons, and consequently, in more than one FEOW. Among
those widely distributed species from the primary division are the trahira Hoplias
aff. malabaricus (Bloch 1794), the characids Hyphessobrycon luetkenii (Boulenger
1887), Oligosarcus jenynsii (Glinther 1864) and the curimatid Cyphocharax voga
(Hensel 1870). Those from the secondary division are Geophagus brasiliensis (Quoy
& Gaimard 1824) and the one-sided livebearer Jenynsia multidentata (Jenyns 1842).
Among the species of the peripheral or marine division, the sardine Platanichthys
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FiG. 2. Effect of area on species richness in the (a) 103 coastal lagoons included in the study and within tropical
(b) ID325 Parnaiba, (c) ID326 Northeastern Caatinga and Coastal Drainages, (d) ID328 Northeastern Mata
Atlantica and (e) ID329 Paraiba do Sul (e), and subtropical (f) ID335 Tramandai-Mampituba and (g) ID334

small lagoons (<2km?); O, lagoons permanently connected with the sea; @, lagoons sporadically con-
nected with the sea. Only FEOWSs with data available for more than three lagoons are included. Scale of the
x-axis varies across the scatterplots. The significant regressions were fitted by: (a) y = 0-72x — 0-16x? +0-92
(> =0-48, P <0-01), (d) y = 0-63x + 3-24 (2 =0-91, P=0-01), (¢) y = 0-79x + 0-01 (+2 = 0-42, P = 0-01), ()

y=0-57x = 021x% + 1-12 (¥ =0-42, P < 0-01) and (g) y = 0-67x — 0-13x*> + 0-92 (¥ =071, P < 0-01).
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TaBLE III. Results of the ANCOVA (n =73) for homogeneous slopes, which evaluated the rela-
tionship between species richness and area of small-sized lagoons (<2 km?). Only freshwater
ecoregions (FEOW) with more than three coastal lagoons are included

SS d.f. MS F P-value
Intercept 22-09 1 22-09 552-09 <001
Area (log km?+1) 0-37 1 0-37 9-20 <001
FEOW 1-52 5 0-31 7-60 0-01
Error 2-64 66 0-04

platana (Regan 1917) (six ecoregions), the engraulid Lycengraulis grossidens (Spix
& Agassiz 1829) (five ecoregions) and the silverside Atherinella brasiliensis (Quoy &
Gaimard 1825) (five ecoregions), were recorded in 20—37 lagoons.

The ordination of lagoons based on the presence or absence of species of the periph-
eral or marine division showed a lack of geographic clustering even within closely
located systems in the same FEOW [Fig. 4(a)]. When lagoons were ordinated based
only on species of the secondary division, units belonging to the same and to adjacent
FEOW were closer, indicating more similarities in species composition. This is the case
of the lagoons of the D328 Northeastern Mata Atlantica, ID329 Paraiba do Sul and
ID352 Fluminense (mostly negative NMDS scores), and those located in the ID335
and the northernmost lagoons of ID334 (Mirim, Mangueira, do Peixe and das Flores).
The high incidence of non-native cichlids in the ID325 Parnaiba and ID326 Northeast-
ern Caatinga and Coastal Drainages, both in north-eastern Brazil, however, accounted
for the absence of spatial patterns of similarity of lagoons within and between these
FEOWs [Fig. 4(b)]. Higher similarities among fish assemblages were detected within
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FiG. 3. Variation in species richness (adjusted mean +95% c.1.) in freshwater ecoregions (FEOWs) examined.
Different uppercase letters indicate significant differences (P <0-05) in species richness in small sized
lagoons between FEOWs, after controlling the effect of area. Only FEOWs with data available for more
than three lagoons are included.
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FiG. 4. Ordination of the 103 lagoons along the non-metric multi-dimensional scaling (NMDS) axes, according
to similarity in composition of species of the (a) peripheral or marine, (b) secondary and (c) primary fresh-
water divisions. Colours refer to the following freshwater ecoregions (FEOW) (see Table S1, Supporting
Information): M, ID325 Parnaiba; [, ID326 Northeastern Caatinga and Coastal Drainages; &, ID328 North-
eastern Mata Atlantica; [0, ID329 Paraiba do Sul; @, ID352 Fluminense; B, ID 335 Tramandai-Mampituba;
M, ID334 Laguna dos Patos; B, ID345 Lower Parana; B, ID347 Bonaerensean drainages. The number of
lagoons and stress were (a) 62 and 0-17, (b) 98 and 0-14, and (c) 99 and 0-15.

and between neighbouring FEOW when lagoons were ordinated based on species of
the primary division. The ordination of the lagoons evidenced a transversal gap on
the two-dimensional space formed by the axes 2 and 3 of the NMDS, which could be
viewed as a transition between latitudinal zones. Lagoons belonging to tropical and
subtropical FEOWs were placed above and below the line respectively, suggesting a
high degree of similarity in fish assemblage composition, primarily driven by FEOW
and secondarily by latitudinal gradient [Fig. 4(c)].

DISCUSSION

The present study revealed patterns of species richness and composition in fish
assemblages of coastal lagoons, and adds evidence to the view that the number of
species found in a given location results from processes acting at both local and
larger regional scales (Kelso & Minns, 1996). In South America, lagoons associated
with floodplains or along the eastern coast are mostly regarded as recent landscape
elements. The relatively ‘young’ (in geological terms) origin of those systems might
explain the absence of a substantial number of species adapted to lacustrine environ-
ments as seen in other parts of the world, including South America (Mandrak, 1995).
Another consequence is that those coastal lagoons, which lie at the interface between
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land and sea, have a singular, but non-exclusive faunal composition of continental and
marine origins.

The 103 lagoons studied here do not totally represent the thousands of coastal water
bodies along the Atlantic coast of South America, but they cover a wide latitudinal
range (35°). The metrics related to latitude, morphometry, connectivity with the sea
and sampling effort accounted for almost 65% of the variability in species number,
suggesting that the hydrographic structure connecting the lagoons and the adjoining
sea are sources for immigrants in coastal lagoons. In addition, size of lagoon is directly
related to the amount of water discharge received by lentic environments on flat land-
scapes at the sea level (Schéfer, 1992). It is expected that lagoons connected to complex
networks of streams, channels and pools, such as those located in the subtropical lower
latitudes, attain larger sizes and harbour a biota mostly composed of riverine immi-
grants, in addition to lacustrine species less intolerant to salinity (e.g. species of the
Cichlidae and Anablepidae). Water and fishes may wander between the continental
waters and the sea, depending on the water balance or on the nature of the connec-
tion between those compartments (Briggs, 1984). Therefore, coastal lagoons resemble
estuaries in that transitional and dual aspect. Another interesting feature is that, in El
Nifio years, which are characterized by intense rainfall in subtropical South America,
the typical estuarine environment of the Patos Lagoon (Fig. 1) is literally ‘flooded’
by water of continental origin, with the consequence that several freshwater species
disperse towards the mouth of the lagoon (Garcia et al., 2003).

The classic species and area relationship was recovered among fish species and
lagoons included in this study. An admittedly unbalanced sampling design limited
regression fitting to only six of the nine FEOW, but results for the small-sized lagoons
suggest that, after controlling for the effect of area, species richness is comparatively
lower in the northern (ID325 Parnaiba, ID326 Northeastern Caatinga and Coastal
Drainages) and southernmost (ID334 Laguna dos Patos) FEOWs. The range in coastal
lagoon area in each FEOW was almost inversely related to the latitudinal gradient.
Between 22° S and 30° S, however, the Atlantic forest hills and terraces reach the
coastal area, a situation that restricts the occurrence of coastal lagoons to a narrow
flatland of <20km. The several isolated hydrographic basins of that region might
explain the relative importance of species of the primary division and the higher
endemism of those coastal lagoons, as is the case in several lagoons of the ID335
Tramandai-Mampituba (Appendix).

Several species of the peripheral or marine division use coastal lagoons connected
with the sea for rearing and feeding, a situation that might explain the pattern of
occurrence of those species in these systems. Species-level datasets, however, were
zero-inflated due to the high occurrence of many occasional species across narrow and
broad geographic gradients. Ordination of the 103 coastal lagoons based on their fish
species composition suggests that different processes underlie the colonization and
establishment of individuals in those systems, which are relatively recent elements of
the landscape. In the case of species of the peripheral or marine division, stochastic
events such as the attraction of coastal marine fishes inhabiting the near shore by the
more brackish waters of the lagoons, might explain the lack of a spatial arrangement.

Marine biogeographic patterns (e.g. Spalding et al., 2007; Di Dario et al., 2011;
Briggs & Bowen, 2012) might explain the co-occurrence of some species of fishes
of the peripheral or marine division in coastal lagoons. For example, all species
exclusively recorded in Mar Chiquita, Argentina, including five elasmobranchs and
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the plownose chimaera Callorhinchus callorynchus (L. 1758) are more common in the
relatively colder waters of the south-western Atlantic (Bruno et al., 2013). In addition,
several species recorded in coastal lagoons such as Mar Chiquita (ID347), Mirim
(ID334) and Carapebus (ID329) are also present in estuaries, suggesting that these
lagoons can act as transient corridors for fishes in early life-history stages, i.e. between
the offshore spawning ground and the lacustrine and riverine nursery ground (Di Dario
etal.,2011; Bruno et al., 2014; Mai et al., 2014). This is almost certainly the case with
the Carangidae, Sciaenidae and Centropomidae (Vieira & Musick, 1994; Bruno et al.,
2014), which may enter coastal lagoons while searching for food and shelter from
predation. Other species, such as mullets (Mugilidae) enter coastal lagoons as juveniles
and return to the sea before sexual maturity or as adults (Vieira, 1991; Gonzdlez Castro
etal., 2011). A few species of the peripheral or marine division, however, such as
P. platana, L. grossidens and A. brasiliensis, are widely distributed and relatively
abundant in coastal lagoons, where they spend their whole life cycle (Di Dario et al.,
2013; Mai et al., 2014) (Appendix).

Coastal lagoons are permanent habitats for several species of the primary and
secondary divisions. The species composition, when only those divisions are con-
sidered, varied more substantially on a geographic (north—south) gradient, and less
within each FEOW. That situation indicates a more straightforward correlation with
continental biogeographic patterns and processes in each FEOW. Species of those
divisions are also presumably more affected by variations in salinity, which may
act as a barrier to their dispersal among different continental water bodies (Briggs,
1984). The intrusion of higher quantities of salt water into coastal lagoons, in a
global warming and sea-level rise scenario, will presumably have a strong impact
on the pattern of distribution and abundance of those species, especially in coastal
lagoons that lack complex drainage networks, such as those in ID325 Parnaiba,
ID326 Northeastern Caatinga and Coastal Drainages, and 1D329 Paraiba do Sul. In
addition, even though secondary productivity is often higher in saline and hypersaline
systems (Kjerfve, 1994), species richness generally declines as salinity increases
and only a few species are able to maintain sustainable populations in those waters
(Melack et al., 1997). Summing up, the FEOW framework is mostly supported by
patterns of fish species richness and composition in coastal lagoons of eastern South
America, indicating that this framework might be extrapolated to other types of
continental aquatic habitats and should be incorporated in macro-ecological studies
(Hortal et al., 2014).

Another question that bears on the future of the lagoons included in this study and
their species diversity is the fact that most of them are still unprotected and have
been subjected to several well-documented anthropogenic impacts, some of which
are: urban development (IDs326, 328 and 352), artificial sandbar opening (IDs329
and 352), water diversion to rice fields (ID334), and eutrophication by aquaculture
(ID326) or by domestic sewage (IDs326, 335, 334 and 352). Lagoons Suruaca and
Sucuri (ID328) are located in the tablelands, between the Espirito Santo and Bahia
states, where the mild relief facilitated human deforestation and introduction of
cattle and eucalyptus (Sarmento-Soares & Martins-Pinheiro, 2013, 2014). In the
past, the Suruaca Lagoon drained an immense wetland of c¢. 174 000 ha, which is
now reduced to a quarter of its original area. The Sucuri Lagoon, in turn, is drained
by forested streams, which are characterized by dark acid waters rich in humic
substances and organic debris. Man-made channels interconnecting the complex of
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coastal lagoons were historically used for human transportation. The second longest
artificial channel of the world is the Campos-Macaé channel, a 106 km water corridor
excavated mostly by slaves in the colonial period, connecting several lagoons in the
FEOWs 329 and 352 (Esteves, 2011b). Sadly, drastic modifications of landscape
features such as those are not restricted to past centuries. In the 1970s, a conjoint
initiative of the Brazilian and Uruguayan Governments resulted in the closure of a
natural channel of 75 km connecting the Mirim and Patos Lagoons in FEOW ID334.
That action, which would supposedly improve rice field crops in the wetlands of
the Mirim Lagoon by preventing the intrusion of sea water, resulted in the extirpa-
tion of several marine and estuarine fishes from the species pool of those systems
(Burns et al., 2006).

The incidence of non-native species is negatively related with local species richness,
and that might be relevant since invasive species are a major cause of local extinc-
tions (Rocha et al., 2014). The recently reported occurrence of the exotic common
carp Cyprinus carpio L. 1758 in the World Reserve of Biosphere, Mar Chiquita lagoon
(ID347, Gonzalez Castro et al., 2015), for instance, is considered as a major threat to
local biodiversity. The frequency in which species are introduced to coastal lagoons,
as well as the type and identity of the species, seem to be more related to the par-
ticular way a lagoon is mostly frequently used by the local population (basically, for
fishing purposes). Ecologically dubious initiatives of the Brazilian Government aimed
at an enhancement of fisheries production in the relatively poor freshwater bodies in
north-eastern Brazil, for example, resulted in the introduction of several exotic species,
including the peackock bass Cichla ocellaris Bloch & Schneider 1801, originally from
the Amazon basin, and the Nile tilapia Oreochromis niloticus (L. 1758). In fact, a reduc-
tion in fish species richness of the coastal lagoons can be linked to the introduction of C.
ocellaris, at least in ID326 (Menezes et al., 2012). Interestingly, the number of invasive
species is lower in lagoons south to FEOW ID326 (north-eastern Brazil). It is possi-
ble that the naturally higher species richness of those lagoons prevent the dispersal
or establishment of invasive species. It is also possible that species introduced in the
northern portion of Brazil, which are mostly of African and Asiatic origins, are less
able to cope with the lower winter temperatures in the subtropical systems of FEOWs
IDs335 to 347.

The natural conditions of the eastern coast of South America have been drastically
modified by anthropogenic activities, especially in the last decades. As a consequence,
the future of all lagoons in eastern South America, not only those included in this study,
is highly uncertain. Results presented here indicate that coastal lagoons are peculiar
ecotones that harbour a unique combination of species. Therefore, those ecosystems
should be explicitly included in future strategies aimed at the conservation of fish diver-
sity in the neotropical region.
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Supporting Information

Supporting Information may be found in the online version of this paper:
FiG. S1. Relationships between attributes of morphometry of the 103 coastal lagoons
across the nine freshwater ecoregions (FEOW) included in this study.
TaBLE S1. The 103 coastal lagoons included in this study and respective freshwater
ecoregions (FEOW), geographic position, ordinal scores of connection with sea (0;
0-5; 1) and sampling effort (1-4).
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