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Distribution of freshwater fish from the
Southern Neotropics reveals three new
areas of endemism and show diffuse
limits among freshwater ecoregions

José Bessonart!, “Marcelo Loureiro?!, “José Carlos Guerrero? and
Claudia Szumik3

Ecoregions and areas of endemism are central concepts in biogeography. Based on
collection records and the Endemic Analyses implemented with NDM/VNDM
method we analyzed fish areas of endemism in the junction of three freshwater
ecoregions related to the Rio de la Plata estuary (Lower Parana, Lower Uruguay,
Laguna dos Patos) in Southern Neotropical region. Using two grid cell sizes,
results obtained showed the same general patterns. Areas of endemism recovered
were mainly associated either to Lower Uruguay or to Laguna dos Patos. In both
ecoregions nested areas of endemism were identified within larger patterns of
endemism. Noteworthy, one area recovered occurred across Lower Uruguay and
Laguna dos Patos limits. Our results also suggest a revision of the Lower Uruguay
and Lower Parana ecoregion limits, and highlight the relevance of the Rio de la
Plata estuary as a barrier and corridor for freshwater fishes in the area.

Keywords: Endemisms, Freshwater Fish, Laguna dos Patos, Lower Parana, Lower
Uruguay.
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Fish areas of endemism in Southern Neotropics

Las ecorregiones y dreas de endemismo son conceptos centrales en biogeografia.
Basados en registros de colecciones y el andlisis de endemismo implementado en
NDM/VNDM, analizamos édreas de endemismo de peces en el sur de la region
Neotropical, en la conjuncién de tres ecorregiones de agua dulce relacionadas
al estuario del Rio de la Plata (Bajo Parand, Bajo Uruguay, Laguna de los Patos).
Usando dos tamafios de grilla, los resultados obtenidos mostraron los mismos
patrones generales. Las dreas de endemismo obtenidas estuvieron principalmente
asociadas tanto a la ecorregién Bajo Uruguay como a la Laguna de los Patos. En los
dos casos, fueron identificadas dreas de endemismo anidadas dentro de los grandes
patrones de endemismo. Ademis, se destacé un drea que atraveso los limites de ambas
ecorregiones. Nuestros resultados también sugieren que es necesaria una revision de
los limites entre Bajo Uruguay y Bajo Parana y resaltan la relevancia del estuario del
Rio de la Plata como barrera y corredor para los peces de agua dulce de esta region.

Palabras clave: Bajo Parani, Bajo Uruguay, Endemismos, Laguna de los Patos,
Peces de agua dulce.

INTRODUCTION

Distribution of organisms is the result of their ecological and evolutionary history, acting
complementarily to generate biogeographic patterns (Wiens, Donoghue, 2004). Areas
of endemism are among the most evident biogeographic patterns and one of the main
focuses in biogeographic research and debates (Platnick, 1991; Harold, Mooi, 1994;
Hovenkamp, 1997; Szumik er al., 2019). Areas of endemism are defined based on the
congruent distribution of at least two taxa that do not occur anywhere else (Platnick,
1991; Linder, 2001), which are presumed to have originated by the same historical and/
or ecological factors (Morrone, Crisci, 1995). This concept also leads to consider areas of
endemism as biologically relevant from the conservation point of view (Moritz, 2002;
Richardson, Whittaker, 2010). Areas of endemism occur in a nested pattern (Morrone,
2008), where smaller areas are included in larger ones, which emphasize their importance
in conservation policies, since large areas are the focus of international agencies while
smaller ones have to or should be the focus of conservation policies at the national levels.

Ecoregions, originally created for silviculture purposes (Loucks, 1962), are relatively
large and finite areas, smaller than a biome, where environmental conditions and species
assemblages are relatively homogeneous compared to the heterogeneity that occurs in
a larger area (Olson ef al., 2001). Abell et al. (2008) defined a freshwater ecoregion as a
large area that includes one or more freshwater system, with a natural and distinctive
assemblage of communities and species. Therefore, ecoregions are spatial units that
contain within and also compose an area of endemism per se.

Freshwater fishes are a suitable group to study areas of endemism and ecoregions due
to their relatively lower dispersal capabilities conditioned by the dendritic systems of the
hydrographic basins (Moyle et al., 2003). In particular the Neotropical ichthyofauna,
that is one of the richest biogeographic regions with 20% of total fish diversity of the
world (Lévéque et al., 2007) and numerous endemic families (Malabarba, Malabarba,
2020). The high Neotropical fish diversity is mainly associated to tropical ecoregions
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of the so called Amazon-Orinoco-Guiana core, whereas higher endemicity levels
are associated to the peripheral ecoregions (Albert ef al., 2011, 2020). Among these,
ecoregions associated to La Plata basin present relatively high levels of diversity while
Atlantic coastal ecoregions present higher levels of endemicity (Albert er al., 2011, 2020).

According to Abell ez al. (2008), there are three ecoregions associated with the Rio de
la Plata estuary: “Lower Parana” (LP-345), “Lower Uruguay” (LU-332), and “Laguna
dos Patos” (P=334) (Fig. 1). Whereas the Parand and Uruguay rivers outflow directly to
Rio de la Plata, the boundary between LP and P ecoregions corresponds to the external
limit of the estuary, an imaginary line that joins Punta del Este (Uruguay) and Punta
Rasa (Argentina); estuary that acts as a cyclic barrier to freshwater species. In a short time
scale, depending on the discharge of the Parand and Uruguay rivers, the freshwater-
saltwater front moves seasonally in a W-E direction (Framifian, Brown, 1996). At larger
time scales, depending on the sea levels fluctuations related to glacial cycles, marine
transgressions may have generated strong barriers to freshwater species dispersal through
the Miocene, in extreme events such as the formation of Paranean Sea (Lundberg e
al., 1998), to more recent and subtle events in the Holocene (Martinez, Rojas, 2013).
On the other hand, marine regressions associated to the Last Glacial Maximum, with
extreme events such as a lowering of 149 m in sea level (Lambeck er al., 2003), may
have provoked a strong retraction of the Rio de la Plata estuary with the concomitant
effect that the Parand River emptied close to the Atlantic Ocean (Violante, Parker, 2004;
Ayup-Zouain, 2006). This could have opened a corridor for dispersion of freshwater
organisms between the Parand and Uruguay rivers and Atlantic coastal drainages, such
as the Laguna dos Patos ecoregion. The presence of some species typical of LP and LU
ecoregions in the small Atlantic coastal drainages in Uruguay (Loureiro, Garcia, 2006;
Loureiro ef al., 2016a), considered as part of the Laguna dos Patos ecoregion, supports
this hypothesis, and also cast a doubt over the nature of current ecoregions limits. The
phylogeographic structure of Cuesterodon decemmaculatus (Jenyns, 1842), a Poecilid
widely distributed in the area, also showed this pattern (Ramos-Fregonezi ef al., 2017).
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FIGURE 1 | Freshwater Ecoregions (Abell et al., 2008) associated to the Rio de la Plata estuary.
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Within this biogeographic context, we took advantage of a dense sampling effort
made in the territory of Uruguay and the databases of the national collections, built
along more than 50 years (Loureiro ef al., 2016b), to address questions about areas of
endemism, and their relation to freshwater ecoregions and their limits. The territory of
Uruguay presents more than 250 fish species (Loureiro ef al., 2013), distributed in the
convergence of the three freshwater ecoregions mentioned. Our working hypothesis
was that the low vagility of freshwater fishes favors that the historical processes that
generate endemic areas are related to the basins limits. The prediction is that in case of
recovering areas of endemism they should coincide with basin limits and by extension
with the ecoregion’s limits.

MATERIAL AND METHODS

The study area comprehends the continental territory of Uruguay, between parallels
30°S and 35°S, and meridians 53°W and 58.5°W. In this area, LU is represented
by the eastern tributaries of middle and low Uruguay River basin, LP by northern
tributaries of Rio de la Plata estuary, and P by small coastal Atlantic Ocean drainages
and southern Laguna Merin basin (Fig. 1). Fish records were obtained from the
National Fish collection of Facultad de Ciencias, Montevideo (ZVCP). From a total
of approximately 14,000 records, we filtered those taxa with problematic taxonomy
and redundant records. The final matrix consisted of 4,335 geo-referenced records
that correspond to 165 species, 76 genera, 30 families, and 9 orders (Tab. S1, Fig. S2;
https://doi.org/10.6084/m9.figshare.14535561.v1). Information on species distributions
and endemicity in the region were obtained from: Ferraris (2003), Lima ef al. (2003),
Lépez ef al. (2005), Malabarba et al. (2012), Almirén ef al. (2015), Bertaco et al. (2016),
Loureiro ef al. (2016a, 2018), Turcati et al. (2018). The species names were checked
according to Fricke e al. (2021).

Analysis of areas of endemism were carried out using NDM/VNDM (Goloboff,
2016), and was performed using two grid cells, 45 x 45 km and 59 x 59 km respectively.
When numerous areas were obtained, a loose consensus rule was performed (see
Aagesen e¢f al., 2013). The procedure of NDM/VNDM to identify areas of endemism
is based on the evaluation of the congruence of the distribution ranges of species
(Szumik, Goloboff, 2004). The adjustment of the species to the area is quantitatively
measured through the Endemicity Index (EI), whose values vary between 0 and 1,
where 1 indicates a perfect congruence of the species distribution to the area evaluated
(Casagranda et al., 2009).

RESULTS

Analyses with 59 x 59 km grid cell size resulted in 40 preliminary Areas of Endemism
that after applying a tight consensus of 50 % (Aagesen ef al., 2013) were reduced to 22
Consensus Areas (CA, Tab. 1; Fig. $3) whose EI values ranged between 2.3 and 11.8.
The results are presented according to correspondent ecoregions.
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TABLE 1 | Consensus Areas of Endemism (CA) obtained with a 59 X 59 Km grid cells, and their correspondent Endemic Indexes (EI),

diagnostic species (DS), freshwater systems included (FS) and ecoregion occupied (ER); species endemic to Lower Uruguay (black bold);

species endemic to Laguna dos Patos (*); species present in upper Negro, Tacuari and Yaguaron rivers (¥*).
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Ageneiosus militaris, Aphyocharax anisitsi, Apistogramma commbrae,
Auchenipterus osteomystax, Austrolebias alexandri, A. bellottii, A.
nigripinnis, Corydoras undulatus, Cynopotamus argenteus, Cyphocharax
platanus, Galeocharax humeralis, Gymnogeophagus australis,
Hoplosternum littorale, Leporinus striatus, Lepthoplosternum pectorale,
Odontostilbe pequira, Pimelodus absconditus, Parastegophilus maculatus,
Rineloricaria parva

Acestrorhynchus pantaneiro, Aphyocharax anisitsi, Apistogramma
commbrae, Corydoras undulatus, Cynopotamus argenteus, Eigenmannia
trilineata, Hoplosternum littorale, Lepthoplosternum pectorale,
Odontostilbe pequira, Steindachnerina brevipinna

Aphyocharax anisitsi, Austrolebias alexandri, A. bellottii, A. nigripinnis,
Corydoras undulatus, Cynopotamus argenteus, Cyphocharax platanus,
Gymnogeophagus australis, Hoplosternum littorale, Leporinus striatus,
Odontostilbe pequira, Pimelodus absconditus, Parastegophilus maculatus,
Rineloricaria parva, Serrapinnus calliurus

Apareiodon affinis, Bryconamericus poi, Crenicichla minuano, C.
missioneira, Diapoma uruguayense, Gymnogeophagus meridionalis,
Bryconamericus straminneus, Pimelodella gracilis, Trachelyopterus
teaguei

Bryconamericus poi, Catathyridium sp., Characidium aff. zebra,
Crenicichla missioneira, Hemiancistrus cf. votouro, Jenynsia onca,
Rhamdella longiuscula, Trachelyopterus teaguei

Apareiodon affinis, Bryconamericus poi, B. straminneus, Crenicichla
minuano, C. missioneira, Diapoma uruguayense, Gymnogeophagus
meridionalis, Pimelodella gracilis, Trachelyopterus teaguei

Apareiodon affinis, Catathyridium sp, Characidium aff. zebra, Crenicichla
missioneira, Cyphocharax saladensis, Diapoma uruguayense,
Loricariichthys melanocheilus, Pimelodella gracilis

Eigenmannia virescens, Hypostomus roseopunctatus, H. uruguayensis,
Odontesthes perugiae

Acestrorhynchus pantaneiro, Aphyocharax anisitsi, Apistogramma
commbrae, Characidium aff. zebra, Steindachnerina brevipinna,
Trachelyopterus albicrux

Astyanax lacustris, Gymnogeophagus balzanii, Hyphessobrycon eques,
Leporinus lacustris, Moenkhausia cf. dichroura, Serrapinnus kriegi

Gymnogeophagus aff. setequedas, G. peliochelynion, G.
pseudolabiatus, Hemiancistrus cf. votouro, Hisonotus ringueleti,
Hyphessobrycon eques, Leporinus amae, Leporinus lacustris,
Moenkhausia cf. dichroura, Schizodon nasutus, Serrapinnus kriegi

Gymnogeophagus aff. setequedas, G. peliochelynion, G.
pseudolabiatus, Hemiancistrus cf. votouro, Hisonotus ringueleti,
Leporinus amae, Moenkhausia cf. dichroura, Schizodon nasutus

Gymnogeophagus peliochelynion, Hemiancistrus cf. votouro,
Odontostilbe sp.

Ancistrus taunayi, Bryconamericus straminneus, Crenicichla scottii,
Diapoma terofali, Ectrepopterus uruguayensis, Gymnogeophagus
mekinos, G. terrapurpura, Hoplias lacerdae, Hypostomus aspilogaster
Ancistrus taunayi, Bryconamericus straminneus, Cichlasoma dimerus,
Diapoma terofali, Gymnogeophagus meridionalis, Heterocheirodon yatai,
Iheringichthys labrosus, Pachyurus bonariensis, Paraloricaria vetula,
Parapimelodus valenciennis, Pimelodus maculatus

Ancistrus taunayi, Diapoma terofali, Ectrepopterus uruguayensis,
Heterocheirodon yatai, Hoplias lacerdae, Pimelodus maculatus

Austrolebias nigripinnis, Cyphocharax platanus, Luciopimelodus pati,
Pygocentrus nattereri, Salminus brasiliensis, Serrasalmus maculatus

Hyphessobrycon boulengert, Jenynsia lineata, Platanichthys platana

Uruguay River basin

Uruguay River basin

Uruguay River basin

Uruguay River basin

Uruguay River basin

Uruguay River basin

Uruguay River basin

Uruguay and Negro rivers

Uruguay, Cuareim and upper
Negro rivers

Middle Uruguay and Lower
Cuareim rivers

Middle Uruguay, and Cuareim
and Arapey basins

Cuareim and Arapey basins

Cuareim, Arapey, and Queguay
basins

Uruguay basin and Rio de la Plata
affluents

Uruguay basin and Rio de la Plata
affluents

Uruguay basin and Rio de la Plata
affluents

Uruguay River and Rio de la Plata
affluents

Lower Uruguay River, Rio de la

Plata affluents, and Laguna Merin
basin
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TABLE 1 | (Continued)

IS N S R NN

Uruguay River basin, Rio de la
18 2.3-2.5 Characidium tenue, Diapoma alburnum, Hypostomus aspilogaster Plata affluents, Laguna Merin LU-LP-P
basin

Ancistrus brevipinnis*, Austrolebias charrua*, A. cheradophilus*, A.
gymnoventris*, A. luteoflammulatus*, A. reicherti*, A. wolterstorffi*,
Characidium orientale*, Crenicichla punctata*®, Cynopoecilus
melanotaenia*, Diapoma speculiferum*, Geophagus iporangensis,

7 11.5-11.8 Gymnogeophagus gymnogenys*, G. labiatus, Hemiancistrus punctulatus,
Heterocheirodon jacuiensis*, Hisonotus armatus*, H. taimensis*,
Mimagoniates inequalis, Oligosarcus robustus, Otocinclus flexilis*,
Otothyris rostrata, Pimelodus pintado*, Rhamdella eriarcha*, Rineloricaria
strigilata*

Austrolebias charrua*, A. cheradophilus*, A. ggmnoventris*, A.

luteoflammulatus™, A. prognathus*, A. viarius*, A. wolterstorffi*, Southern Laguna Merin basin
Cynopoecilus melanotaenia*, Heptapterus sympterygium, Otothyris and Atlantic coastal drainages
rostrata, Pimelodus pintado*

Austrolebias juanlangi**, A. quirogai**, A. reicherti*, Cichlasoma

portalegrense*, Diapoma speculiferum*, Geophagus iporangensis, Northern Laguna Merin basin
Heterocheirodon jacuiensis*, Hisonotus armatus*, Oligosarcus robustus, and upper Negro River
Pimelodus pintado*

Laguna Merin basin and Atlantic
coastal drainages

21 7.7-7.9

19 B5=5),7/ P-LU

Lower Uruguay (LU) ecoregion. Thirteen CA included grid cells exclusively from
LU and showed eight different patterns (Tab. 1; Fig. S3):

1. Uruguay River and lower sections of its main effluents; diagnostic taxa included
species typical of large rivers and effluents, and adjacent permanent and seasonal
wetlands; one endemic is to LU, the rest are also found in LP (Tab. 1, CA 0, 3, 9; Fig.
2A).

2. Uruguay and Negro rivers; diagnostic taxa included species typical of large rivers;
one is endemic to LU (Tab. 1, CA 17).

3. Low Uruguay River basin; diagnostic taxa included species typical of large rivers
and species from smaller streams; seven are endemic to this ecoregion, and the rest are
also found in LP (Tab. 1, CA 2, 6, 8, 13; Figs. 2B,C).

4. Uruguay, Cuareim, and upper Negro rivers; diagnostic taxa included species
typical of rivers and adjacent wetlands; all of them are also present in LP (Tab. 1, CA
10).

5. Middle Uruguay River and lower Cuareim River basin; diagnostic taxa included
species typical of streams and adjacent wetlands; one is endemic to LU and P (Tab. 1,
CA 11; Fig. 3A).

6. Middle Uruguay, Cuareim, and Arapey river basins; diagnostic taxa included
species typical of medium to small size streams and adjacent wetlands; six are endemic
to LU and two are endemic to the Cuareim River basin (Tab. 1, CA 16).

7. Cuareim and Arapey river basins; diagnostic taxa included species typical of
medium and small size streams; six are endemic to LU and two are endemic to the
Cuareim River basin (Tab. 1, CA 1).

8. Cuareim, Arapey, and Queguay river basins; diagnostic taxa included species
typical of middle and small streams; two are endemic of LU (Tab. 1, CA 4; Fig. 3B).
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FIGURE 2 | Consensus Areas of Endemism obtained with the 59 x 59 km grid cell, representative of the Lower Uruguay ecoregion; A. CA 0;
B.CA6;C.CA2.
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FIGURE 3 | Consensus Areas of Endemism representative of the Lower Uruguay ecoregion; A. CA 11 (59 x 59 km grid cell); B. CA 4 (59 x 59
km grid cell); C. CA 8 (45 x 45 km grid cell).

Lower Uruguay (LU) — Lower Parana (LP) ecoregions. Four CA included grid
cells from LU and LP ecoregions (Tab. 1) and showed two different patterns:

1. All correspondent basins; diagnostic taxa included species of large and medium size
streams, and adjacent permanent and seasonal wetlands; three are endemic to LU (Tab.
1, CA 5, 12, 15; Fig. 4A).
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2. Lower sections effluents; diagnostic taxa included species typical of large rivers and
inner estuary (including large migratory species) and adjacent seasonal wetlands; all are
present in lower La Plata basin (Tab. 1, CA 20; Fig. 4B).

Lower Uruguay (LU) — Lower Parana (LP) - Patos (P). Two CA included grid
cells from the three ecoregions (Tab. 1).

1. Lower Uruguay River, coastal Rio de la Plata effluents, and the whole Laguna
Merin basin; diagnostic taxa included two widespread euryhaline species and one
commonly found in wetlands of Patos and lower La Plata basin (Tab. 1, CA 14; Fig. 4C).

2. Most of the grid cells; diagnostic taxa included species typical of large and small
streams; all of them are endemic to the LU and P (Tab. 1, CA 18).

Laguna dos Patos (P) ecoregion. Two CA included grid cells from P (Tab. 1).
1. The whole Laguna Merin basin and Atlantic coastal drainages; diagnostic taxa
included species both from streams, and permanent and seasonal wetlands; at least 19
species are endemic to P (Tab. 1, CA 7; Fig. 5A).

2. Southern Laguna Merin basin (Cebollati river basin) and Atlantic coastal lagoons;
most diagnostic taxa included species typical of permanent and seasonal wetlands; all
are endemic to P and three to southern Laguna Merin basin (Tab. 1, CA 21; Fig. 5B).

Patos (P) — Lower Uruguay (LU) ecoregions. Northern Laguna Merin basin and
upper Negro River basin; diagnostic taxa included species from streams and species
from permanent and temporary wetlands; most species are endemic of P and two annual
fish species are distributed in upper Tacuari (P), Yaguarén (P), and Negro river (LU)
basins (Tab. 1, CA 19; Fig. 6A).

o =)
& &

Atlantic Ocean Atlantic Ocean

Atlantic Ocean

Rio de la Plata Rio de la Plata Rio de la Plata

0255 100 150Km 0255 100 150Km 0255 100 150Km
[ [ R [ S S
© o o
(3] (? (]
[ o o o (4. o (42 o o
& 3 £ & S £ ® > g

FIGURE 4 | Consensus Areas of Endemism obtained with the 59 x 59 km grid cell which included more than one ecoregion; A. CA 12 (LU +
LP); B. CA 20 (LU + LP); C. CA 14 (LU + LP + P).
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FIGURE 5 | Consensus Areas of Endemism representative of the Laguna dos Patos ecoregion; A. CA 7
(59 x 59 km grid cell); B. (59 x 59 km grid cell); C. CA 10 (45 x 45 km grid cell); D. CA 12 (45 km x 45 grid
cell).

Analyses with 45 x 45 km grid cell identified 30 preliminary areas of endemism,
which, after applying a loose consensus of 50% were reduced to 19 CA (Tab. 2; Fig.
S$4) with EI values varied between 1.9 and 9.3. Most areas and diagnostic taxa recovered
were highly coincident and redundant with those obtained with the 59 km grid cells
(Tabs. 1-2). For this reason, only areas obtained exclusively with 45 km grid cell will

be fully described.
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Lower Uruguay (LU) ecoregion. Eight CA included cells from LU. One
corresponded exclusively to the Cuareim river basin; diagnostic taxa included species
typical of streams; all of them are endemic to LU, two endemic to the Cuareim River
basin (Tab. 2, CA 8; Fig. 3C).

Laguna dos Patos (P) ecoregion. Seven CA included grid cells from LP. One
corresponded to most of the Laguna Merin basin; diagnostic taxa included species only
found in rivers and streams, most of them are endemic to P (Tab. 2, CA 10; Fig. 5C).
One corresponded to northern Laguna Merin basin; diagnostic taxa included species
both typical of streams, and permanent and seasonal wetlands; all are endemic to P, one
endemic to this section of Laguna Merin basin (Tab. 2, CA 12; Fig. 5D).

Laguna dos Patos — Lower Uruguay (P — LU) ecoregions. One CA recovered
included grid cells both from the upper Negro (LU), Tacuari (P), Yaguarén (P) river
basins; diagnostic taxa are two annual species inhabitants of seasonal wetlands; both
endemic of this area (Tab. 2, CA 14; Fig. 6B).
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FIGURE 6 | Consensus Areas of Endemism that included Laguna dos Patos and Lower Uruguay ecoregions grid cells; A. CA 19 (59 x 59 km
grid cell); B. CA 14 (45 x 45 km grid cell).
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TABLE 2 | Consensus Areas of Endemism (CA) obtained with a 45 x 45 km grid cells, and their correspondent Endemic Indexes (EI),

diagnostic species (DS), freshwater systems included (FS) and ecoregion occupied (ER); species endemic to Lower Uruguay (black bold);

species endemic to Laguna dos Patos (*); species present in upper Negro, Tacuari and Yaguaron rivers (¥*).
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Ageneiosus militaris, Auchenipterus osteomystax, Austrolebias
alexandri, A. bellottii, Corydoras undulatus, Cynopotamus argenteus,
Gymnogeophagus australis, Leporinus striatus, Lepthoplosternum
pectorale, Odontostilbe pequira, Pimelodus absconditus, Parastegophilus
maculatus, Rineloricaria parva

Austrolebias bellottii, Cynopotamus argenteus, Hoplosternum littorale,
Leporinus striatus, Odontostilbe pequira, Parastegophilusmaculatus

Ageneiosus militaris, Aphyocharax anisitsi, Auchenipterus osteomystax,
Austrolebias bellottii, Cynopotamus argenteus, Gymnogeophagus australis,
Leporinus striatus, Lepthoplosternum pectorale, Odontostilbe pequira,
Pimelodus absconditus, Parastegophilus maculatus

Ageneiosus militaris, Apistogramma commbrae, Auchenipterus
osteomystax, Galeocharax humeralis, Gymnogeophagus australis,
Lepthoplosternum pectorale, Pimelodus absconditus

Acestrorhynchus pantaneiro, Steindachnerina brevipinna, Trachelyopterus
albicrux

Gymnogeophagus aff. setequedas, G. pseudolabiatus, Hisonotus
ringueleti, Hyphessobrycon eques, Leporinus lacustris, Moenkhausia cf.
dichroura, Schizodon nasutus, Serrapinnuskriegi

Astyanax lacustris, Corydoras hastatus, Gymnogeophagus balzanii,
Hyphessobrycon eques, Leporinus lacustris, Serrapinnus kriegi

Gymnogeophagus aff. setequedas, G. pseudolabiatus, Hisonotus
ringueleti, Leporinus amae

Austrolebias nigripinnis, Cyphocharax platanus, Luciopimelodus pati,
Pygocentrus nattereri, Serrasalmus maculatus

Megaleporinus obtusidens, Luciopimelodus pati, Salminus brasiliensis,
Serrasalmus maculatus

Ancistrus taunayi, Diapoma terofali, Ectrepopterus uruguayensis

Ancistrus brevipinnis*, Austrolebias charrua*, A. cheradophilus*, A.
luteoflammulatus™, A. wolterstorffi*, Characidium orientale*, Crenicichla
punctata*, Cynopoecilus melanotaenia*, Diapoma speculiferum?*,
Gymnogeophagus gymnogenys*, G. labiatus, Hemiancistrus cf. punctulatus,
Hisonotus armatus*, H. taimensis*, Mimagoniates inequalis, Oligosarcus
robustus, Otocinclus flexilis* Pimelodus pintado* Rhamdella eriarcha*,
Rineloricaria strigilata®

Ancistrus brevipinnis*, Characidium orientale*, Crenicichla punctata*,
Diapoma speculiferum*, Gymnogeophagus gymnogenys*, G. labiatus,
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Gymnogeophagus gymnogenys*, G. labiatus, Hisonotus taimensis*,
Mimagoniates inequalis, Otocinclus flexilis*, Otothyris rostrata, Pimelodus
pintado*

Austrolebias charrua*, A. ggmnoventris*, A. luteoflammulatus*, A.
prognathus*, A. viarius*, A. wolterstorffi*, Cynopoecilus melanotaenia*,
Heptapterus sympterygium, Otothyris rostrata

Austrolebias aff. quirogai*, A. gymnoventris*, A. viarius*, Otothyris
rostrata

Austrolebias charrua*, A. cheradophilus*, A. wolterstorffi*, Geophagus
iporangensis, Hisonotus armatus™, H. taimensis* Mimagoniates inequalis,
Otocinclus flexilis*, Pimelodus pintado*

Austrolebias reicherti*, Cichlasoma portalegrense*, Geophagus
iporangensis, Hisonotus armatus*, Pimelodus pintado*

Austrolebias juanlangi**, A. quirogai**
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DISCUSSION

Some of the results of this study support the prediction of the hypothesis; most AE
recovered were included within Abell er al. (2008) ecoregions limits, either in the
Lower Uruguay or in the Laguna dos Patos ecoregions. However, some areas obtained
challenged this view and occur across ecoregions and basins boundaries, either
completely or partially. This implies the existence of historical processes that may have
connected ecoregions and/or common ecological factors. This also suggests that the
current ecoregion limits should be revised.

An important point to keep in mind is that due to the nature of our data base, restricted
to political limits, not all areas recovered are necessarily AE according to Platnick’s
(1991) definition, since most species that diagnosed them have wider distribution
ranges. Nonetheless, the results obtained here highlight the usefulness of the method
to recover AE at low spatial scales and to discover distribution patterns that also could
be interpreted beyond the concept of AE, for example the identification of different
assemblages in a community ecology context. This was evident with the results obtained
in Lower Uruguay, where the analyses discriminated areas diagnosed by species typical
from large rivers (59 km CA 0, 3, 9) from those of the tributaries (59 km CA 2, 6, 8),
which suggest the action of ecological filters, physical (river flow, slope), geological,
or biological (trophic web size). This was also observed in the discrimination of areas
diagnosed by stream species (45 km CA 10) from areas diagnosed by permanent and
seasonal wetlands species (45 km CA 1) in the Patos ecoregion, where filters seem to be
more associated to the hydrological cycle.

Our analyses also showed that the indicator species of the Lower Uruguay ecoregion,
at least in the area analyzed here, are almost exclusively distributed in the effluents (59
km CA 2, 6, 8, 13), and not in the Uruguay River main channel and adjacent wetlands,
inhabited by species also common in Lower Parana (Lopez et al., 2005; Almirén e al.,
2015). The distribution of some freshwater decapods (Collins ef al., 2011), is congruent
with our findings and suggest that common historical and ecological factor are acting
on the freshwater communities.

Within the Lower Uruguay ecoregion we also found nested areas that correspond
to the limit between the lower and the Middle Uruguay River basin (59 km CA 1, 16;
45 km CA 7, 8, 16), which is defined by the Salto falls (Zaniboni Filho, Schulz, 2003),
currently flooded by the Salto dam. One of them was diagnosed by four species widely
distributed in wetlands or vegetated coastal habitats of most of La Plata basin (45 km CA
16), which are not found in the Uruguay River southern to the Salto Falls (Miquelarena
et al., 2008; Serra et al., 2018). Noteworthy, this pattern is shared with Aegla singularis
Ringuelet, 1948, a species of freshwater decapod endemic to the Upper and Middle
Uruguay River basin (Tumini et al., 2019).

The other area suggests that the Cuareim river basin could be considered as an
AE at a global scale (45 km CA 8). Although there is evidence that Gymnogeophagus
pseudolabiatus Malabarba, Malabarba & Reis, 2015, is also distributed in Rio Grande
do Sul, it is restricted to this basin (Malabarba et al., 2015). The recent description
of the trichomycterid Scleronema teiniagua Ferrer & Malabarba, 2020 (not included in
our analyses), endemic to the Cuareim River basin (Ferrer, Malabarba, 2020), supports
this statement and highlights the importance of generating conservation strategies to
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protect its freshwater environments. Which historical and/or ecological factors may
have generated this basin as an Area of Endemism are unknown.

Lower Parana, which in our analysis was represented by the small basins from the
northern bank of the Rio de la Plata estuary, was only recovered as an AE together
with grid cells from Lower Uruguay (59 km CA 5, 12, 15, 20). Similar to some areas
found in Lower Uruguay, one pattern involved grid cells associated to the Uruguay
River main channel or adjacent coastal areas and Rio de la Plata coast (59 km CA 20).
This area was diagnosed by highly mobile and migratory species, commonly found in
large rivers of the La Plata basin (Zaniboni Filho, Schulz, 2003; Almirén e al., 2015;
Serra ef al., 2019), and one annual fish species, that is commonly found in wetlands
associated to the floodplains of both ecoregions (Costa, 2006). In spite of not being
included as diagnostic in our analyses, the distribution of the annual fish Austrolebias
bellottii (Steindchaner, 1881), widely distributed in Lower Parana and Lower Uruguay
(Garcia et al., 2012) coincides with this pattern.

However, the AE that included the Rio de la Plata effluent basins and the whole
Lower Uruguay, was defined by species that are widely distributed in most effluents of
the Uruguay river basin and absent from the rest of Lower Parana ecoregion. Ancistrus
taunayi Miranda Ribeiro, 1918, is considered endemic of the Lower Uruguay ecoregion
(Bertaco et al., 2016), Ectrepopterus uruguayensis (Fowler, 1943) is restricted to Lower
Uruguay and Rio de la Plata effluents (Malabarba er al., 2012), and Gymnogeophagus
terrapurpura Loureiro, Zarucki, Malabarba & Gonzilez-Bergonzoni, 2016 and Crenicichla
scotti (Eigenmann, 1907) are restricted to the Lower Uruguay, Rio de la Plata northern
effluents, and some Atlantic coastal drainages (Loureiro ef al., 2016a).

The more remarkable characteristic of the Rio de la Plata drainages is its lower species
richness, where species commonly found in the rest of the area analyzed are absent
or rare. Some of them are indeed widely distributed in the rest of Lower Uruguay
and Laguna dos Patos ecoregions (Bertaco ef al., 2016). Whereas others are relatively
common in different environments of Lower Uruguay (Reis ef al., 1990; Reis, Pereira,
2000; Almirén ef al., 2007; Mariguela ef al., 2013; Burress et al., 2018; Bono et al., 2019).

The Rio de la Plata estuary receives the discharges from the Parani and Uruguay
rivers, with the consequent arrival of many species typical from Lower Parana, that
occasionally end up in the lower section of the Uruguay River and in Rio de la Plata
estuary (Garcfa et al., 2010). Also, the most common large and medium size migratory
species of the whole La Plata basin can be found in the coast of the estuary and in the
mouth of streams and rivers, though with no evidence that they remain or breed there.
On the other hand, Rio de la Plata shares exclusively two endemic species with Lower
Uruguay (G. terrapurpura and E. uruguayensis) and none with Lower Parana. According
to Bertora ef al. (2018) and Paracampo ef al. (2015), coastal drainages in the southern bank
of Rio de la Plata have also reduced species richness. However, their species composition
lack the endemic species of Lower Uruguay. These findings supports the idea that the
estuary acts as a barrier to some freshwater species, influenced by the sea levels variations
that have been occurred from the late Miocene to the Holocene (Lundberg ef al., 1998;
Martinez, del Rio, 2005; Brea, Zucol, 2011; Martinez, Rojas, 2013). In this scenario,
estuarine and marine environments may have reached the Lower Parand, Uruguay, and
Negro rivers creating a barrier against dispersion and colonization. The small area of the
basins that flow to Rio de la Plata is also a possible cause of their low species richness.
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These results suggest a reevaluation of the northern Rio de la Plata estuary basins
as part of the Lower Parana ecoregion and a consideration to be included in Lower
Uruguay. Furthermore, the physical landscape (geologic and geomorphologic) of Rio
de la Plata drainages is more similar to adjacent Lower Uruguay than to Lower Parana
(Brea, Zucol, 2011). Additionally, hydrological analyses have shown that the northern
coast of Rio de la Plata is more influenced by the Uruguay River discharge than by
the Parana River discharge, which mainly moves along the southern Rio de la Plata
along the Argentinean coast (Piedra-Cueva, Fossati, 2007). Our results also suggest that
the eastern limit of this area goes beyond the current external limit of the estuary and
highlights the importance of the cyclic nature of this barrier to freshwater fishes.

Isolation is one of the main processes that favors endemicity (Dias ef al., 2014) and
Laguna dos Patos and other Atlantic coastal ecoregions high endemicity levels among
Neotropical freshwater ecoregions (Albert ef al, 2011) and the nested areas we found
in this analysis, are a good example of this. In this context, strong patterns of endemism
were recovered in Laguna Merin southwestern basin (Laguna dos Patos) (59 km CA
7; 45 km CA 0, 10, 13), which were diagnosed by different combinations of up to 21
species widely distributed in the ecoregion (Costa, 2006; Bertaco ef al., 2016; Loureiro
et al., 2018). However, our results also indicate a nested area of endemism in the
southern half of Laguna Merin basin and Atlantic coastal basins (59 km CA 21; 45 km
CA 1). Diagnostic species include four threatened annual fish (Loureiro, Bessonart,
2017; Rosa, Lima, 2008): Austrolebias cheradophilus (Vaz-Ferreira, Sierra de Soriano &
Scaglia de Paulete, 1965) (northern limit Yaguarén river basin), A. luteoflammulatus
(Vaz-Ferreira, Sierra de Soriano & Scaglia de Paulete, 1965) (northern limit Tacuari
river basin), A. viarius (Vaz-Ferreira, Sierra de Soriano & Scaglia de Paulete, 1965)
and A. prognathus (Amato, 1986) (northern limit Cebollati River basin) Although
three of these species are also recorded in Rio Grande do Sul (Volcan ef al., 2010;
Lanes et al., 2014), these records fall within the grid cells used in this study. These
findings suggest that the southern Laguna Merin basin can be considered an AE at
global scale. This AE includes large wetlands associated to the southern Laguna Merin
and Atlantic coastal lagoons basins, currently isolated from Laguna Merin, which
support the hypothesis that they may have been connected among each other at low
sea level periods.

Our analyses also recovered one AE that trespasses the limits of two ecoregions, the
Lower Uruguay and Laguna dos Patos (45 km CA 14). This area involves the upper
Negro River basin (LU) and the upper Yaguarén and Tacuari rivers (P), a flat area
with large wetlands and a smooth basin divide. Diagnostic annual fish species are also
present also in Rio Grande do Sul (Brazil) (Volcan er al., 2011, 2014), however these
records are still included in the grid cells defined by our analysis. This distribution
pattern was mentioned by Loureiro ef al. (2011), and included three other annual fish
species that present a wider distribution. Annual fishes are supposed to present low
vagility and thus restricted distribution. The hypothesis to explain their presence in two
different basin (and ecoregions) involves geomorphologic events such as river drainage
rearrangements (Loureiro ef al., 2011), and indicates that this area may have functioned
as biogeographic corridor as previously suggested (Loureiro ef al., 2016c, 2018). These
results are supported by the phylogeographic pattern of Crnesterodon decemmaculatus
(Ramos-Fregonezi ef al., 2017; Souza et al., 2020).
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In this article we analyzed the distribution patterns of freshwater fishes within the
political limits of Uruguay, an area of confluence of three freshwater ecoregions. In
spite of this limitation, our results corroborated the identity of two of them, Lower
Uruguay and Laguna dos Patos, and also challenged the pertinence of considering the
northern Rio de la Plata affluents as part of the Lower Parana ecoregion. Through
the results and analysis of existing literature we showed that the limits of the areas
obtained are influenced by a mixture of historical and ecological factors. In this context,
these results agree with Dagosta, de Pinna (2018) suggestion to be cautious to take for
granted hydrographic basins as biogeographic units.

This article supports what Simé er al. (2014) pointed out about Uruguayan territory
as a biogeographic crossroads for various taxonomic groups. We also showed the utility
of the AE not only to recover areas if endemism in freshwater fishes but also to identify
different groupings of species associated to different habitats. In this sense AE identified
three areas that may be considered as areas of endemism at a global scale that have to be
considered in global, regional, and local conservation plans.
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