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Significance

South America harbors the most 
diverse freshwater fish fauna 
worldwide; however, scientists 
have few clear answers about the 
origins of this megadiversity. 
Here, we used the most complete 
datasets of geographic 
distributions and evolutionary 
relationships of South American 
fishes to date, to track the 
influence of the geological history 
on the origins, extinctions, and 
interchanges of these fishes over 
the past 100 My. We found that 
abrupt increases of species 
origination coincided in time and 
place with major mountain uplift 
and river re-arrangement events. 
Species in Western Amazonia 
originated faster and persisted 
longer than those in other 
regions. Thus, this region acted 
as a source of dispersal to other 
regions, enhancing the 
exceptional diversity of fishes 
across the entire continent.
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Landscape dynamics are widely thought to govern the tempo and mode of continental 
radiations, yet the effects of river network rearrangements on dispersal and lineage diver-
sification remain poorly understood. We integrated an unprecedented occurrence dataset 
of 4,967 species with a newly compiled, time-calibrated phylogeny of South American 
freshwater fishes—the most species-rich continental vertebrate fauna on Earth—to 
track the evolutionary processes associated with hydrogeographic events over 100 Ma. 
Net lineage diversification was heterogeneous through time, across space, and among 
clades. Five abrupt shifts in net diversification rates occurred during the Paleogene and 
Miocene (between 30 and 7 Ma) in association with major landscape evolution events. 
Net diversification accelerated from the Miocene to the Recent (c. 20 to 0 Ma), with 
Western Amazonia having the highest rates of in situ diversification, which led to it 
being an important source of species dispersing to other regions. All regional biotic 
interchanges were associated with documented hydrogeographic events and the forma-
tion of biogeographic corridors, including the Early Miocene (c. 23 to 16 Ma) uplift of 
the Serra do Mar and Serra da Mantiqueira and the Late Miocene (c. 10 Ma) uplift of 
the Northern Andes and associated formation of the modern transcontinental Amazon 
River. The combination of high diversification rates and extensive biotic interchange 
associated with Western Amazonia yielded its extraordinary contemporary richness and 
phylogenetic endemism. Our results support the hypothesis that landscape dynamics, 
which shaped the history of drainage basin connections, strongly affected the assembly 
and diversification of basin-wide fish faunas.

biogeography | lineage diversification | phylogenetic | geological history | tropical biodiversity

Geological and climatic events are widely believed to shape the biodiversity of continental 
biotas (1–3), yet we are only beginning to understand the nuanced ways in which indi-
vidual geological and climatic events have contributed to evolutionary diversification 
(speciation minus extinction) across large spatial scales (4–7). South America harbors the 
most diverse fauna of continental freshwater fishes in the world (~5,750 species), providing 
unique opportunities to study the effects of geological history and river dynamics on 
diversification in obligate aquatic taxa (8, 9). Hydrogeographic processes, operating over 
tens of millions of years, have caused predictable changes in the geometry of river drainage 
networks, by isolating and merging portions of adjacent river basins and their connections 
to the sea, and by altering the physiochemical characteristics of water discharge (10, 11). 
Here, we evaluate the influence of major geological events on diversity patterns of obligate 
freshwater fishes of South America over the past 100 Ma, the time period over which 
hydrogeographic events shaped the origins of modern fluvial systems (4, 5, 12). We con-
ducted the most comprehensive assessment of diversification in this group to date, using 
an extensive dataset on species geographic occurrences and a newly compiled, species-dense 
phylogeny of South American freshwater fishes (13). This new synthesis afforded us the 
opportunity to link unique hydrogeographic events with the spatial and temporal diver-
sification and dispersal of individual fish clades.

The historical dynamics of South American river basins and aquatic biotas were strongly 
shaped by four prominent geophysical events (Fig. 1) (11, 14). The first was the final 
separation of South America from Africa during the Late Cretaceous (c. 100 Ma). Between 
the Late Cretaceous and Early Paleogene (c. 100 to 55 Ma), river drainage patterns of 
South America were controlled by the location of the preexisting continental uplands 
(cratons and shields), ongoing uplift of the Andean cordilleras, super greenhouse climatic 
conditions characterized by high temperatures and precipitation, and dramatically fluc-
tuating eustatic sea levels. As a result, most low-elevation coastal plains and interior struc-
tural basins were covered by nearshore marine habitats, and upland freshwater riverine 
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and riparian habitats were intermittently isolated and connected 
(4, 15). During the Paleogene (c. 55 to 33 Ma), the Proto-
Amazon-Orinoco river basin (Proto-Amazon basin, hereafter) 
drained the Sub-Andean Foreland basin, including much of north-
ern South America and the northern La Plata region (Fig. 1 A and 
B; 5, 16).

Second, intraplate compression and tectonic subduction along 
the Pacific margin during the Oligocene (c. 33 to 23 Ma) drove 
tectonic uplift of the Altiplano and Michicola Arch (c. 30 Ma) 
associated with formation of the Bolivian Orocline (17). These 
orogenic deformations intermittently isolated and connected rivers 
among the Western Amazonian, Upper Madeira, and Upper 
Paraguay sedimentary basins of the Sub-Andean Foreland, facili-
tating vicariance and biotic exchanges across their watershed 
divides (Fig. 1C; 4, 18–20). Third, tectonic reactivation and uplift 
of Serra do Mar and Serra da Mantiqueira ranges in southeastern 
Brazil during the Early Miocene (c. 23 to 16 Ma) re-routed some 
rivers from the La Plata basin directly to the Atlantic (Fig. 1D; 
21, 22–24), isolating many terrestrial and aquatic species in the 
coastal basins of the Atlantic Forest. Also, at about this time (c. 
23 to 10 Ma), the Pebas Megawetland extended over large areas 
of the modern Western Amazonia and Orinoco basins (Fig. 1D; 
5, 7, 22–26). Fourth, the uplift of the Northern Andes during the 
Late Miocene and Pliocene (c. 10 to 4.5 Ma), which profoundly 
reorganized regional river drainage networks, isolated the modern 
Amazon, Orinoco, Magdalena, and Maracaibo river basins and 
connected the modern Western and Eastern Amazon basins, 
thereby forming the modern transcontinental Amazon River 
(Fig. 1E; 16, 27).

Variation in connectivity and configuration of regional river 
networks resulting from these four major geological events 
strongly shaped diversity patterns of the Neotropical freshwater 
fish fauna (4, 12). In particular, river capture, in which a river 
drainage system is diverted from its historic bed to a neighboring 
bed, is a landscape evolution process that exerts a potent influ-
ence on diversification in obligate freshwater organisms, because 
it both severs existing and constructs new corridors of aquatic 
habitat among portions of adjacent drainage basins (18, 28). 

Because continental fishes are eco-physiologically restricted to 
freshwater habitats within drainage basins, watersheds represent 
natural dispersal barriers, as evidenced by the strong spatial con-
cordance of geographic ranges in freshwater fish species with 
basin boundaries (28, 29). By isolating and connecting popula-
tions of aquatic taxa across watershed divides, river capture exerts 
complex effects on the diversity of freshwater organisms, for 
example by elevating extinction risk through geographic-range 
contraction, promoting speciation by genetic isolation and vicar-
iance, and increasing biotic homogenization by dispersal and 
gene flow (16, 30–32).

Although the role of geological events in shaping the evolution 
of rivers and freshwater diversity has long been recognized, the 
relative contributions of particular geological events remain poorly 
understood. Insights into their contributions can be gained only 
by studying diversity patterns at appropriate spatial, temporal, 
and taxonomic scales (28, 33–36). For instance, recent studies 
identified Western Amazonia as the center of Amazon fish diversity 
(high species richness, low phylogenetic diversity (PD), and high 
phylogenetic clustering, compared to Eastern Amazonia), with 
younger fish lineages dispersing progressively eastward across 
Amazonia after the formation of the modern transcontinental river 
c. 10 Ma (37–39). However, this interpretation did not consider 
the more ancient history of Neotropical fishes in the upland 
Brazilian and Guianas Shields, the formation of the modern low-
land (< 250 m.a.s.l.) fauna in the Proto-Amazon basin, and the 
phenotypically and taxonomically modern composition of all the 
known Miocene paleo-ichthyofaunas (4, 40). Taking this deeper 
history into account, Pliocene and Pleistocene events may have 
served more as buffers against extinction than as drivers of speci-
ation in the formation of Amazonian fish species diversity (Fig. 2; 
15, 41). In fact, the most species-rich clades of Neotropical fresh-
water fishes are thought to have radiated during the Paleogene 
(c. 63 to 23 Ma) (4, 42, 43).

In the case of South American freshwater fishes, previous mac-
roevolutionary studies have been hindered by the large number 
of species (~5,750), remote sampling localities, and logistical dif-
ficulties of gathering reliable data (8). Our new data on fish 

Fig. 1. Bioregions, principle current landforms and sub-basins, and approximate chronology and location of the principal landscape evolution events that 
shaped the current drainage basins of South America and influenced the diversification of freshwater fishes. (A) Current river basins and geological formations 
mentioned in the text and the six bioregions proposed (detailed in SI Appendix). (B–E) Between 100 and 55 Ma, aquatic systems in South America were intermittently 
connected by multiple marine transgressions and regressions.Thus drainages across the continent during this time were intermittently connected by epicontinental 
seaways. During this time, the Proto-Amazon basin was the main drainage of northern South America, flowing through the sub-Andean foreland. At the same 
time, the Paraná and Paraguay basins (La Plata bioregion) represented major aquatic systems in South America (4, 5, 10, 11). Additional information about 
principal landforms controlling basin connectivity at each time interval and for each bioregion delineation appears in SI Appendix, Table S1.
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distributions, which we combine with a new, time-calibrated 
molecular phylogeny, offer powerful resources to study the role of 
geomorphological events and associated river captures in shaping 
fish diversity over longer time periods and larger spatial scales than 
has previously been attempted. In particular, we evaluate the 

prediction that the high diversity in Western Amazonia was influ-
enced by biogeographical bridges formed across different aquatic 
systems and time periods, which led to both accelerated diversi-
fication rates and a role for Western Amazonia as a principal source 
of freshwater fish species for all of South America.

Fig. 2. Changes in the rates of net lineage diversification among South American freshwater fishes. Tips represent 2,523 fish species. (A) Branch colors indicate 
net lineage diversification rate estimated by BAMM, where red indicates highest and blue lowest diversification rates. Significant shifts in diversification rates 
are shown as pale green circles on the branches. Selected representative clades of Melanorivulus,  Orestias, Ancistrini, Hypostomus, and Corydoras species 
are illustrated. The principal orders are represented by colored columns to the right of the tree tips. The timescale at the bottom is expressed in millions of 
years ago (Ma). Vertical dashed lines indicate timing of the main principal hydrogeographic events detailed in the inset legend on the left. (B) Rates-through-
time plots based on BAMM estimations, considering all bioregions together (see Material and Methods for parametrization details). The shaded areas around 
the curves correspond to 95% CIs of the estimated rates. Dashed lines indicate the time period when most of shifts in diversification rates were estimated. 
(C) Rates-through-time plots considering the species present in each bioregion separately. Rates of diversification, speciation, and extinction were estimated 
mainly within crown taxa. The five photographs: Wikipedia Commons. *Ancistrini species of genera Hopliancistrus, Guyanancistrus, Pseudolithoxus, Lasiancistrus, 
Pseudancistrus, Panaque, and Pterygoplichthys.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 U
N

IV
E

R
SI

D
A

D
 A

U
T

O
N

O
M

A
 D

E
 M

A
D

R
ID

 B
IB

L
IO

T
E

C
A

 Y
 A

R
C

H
IV

O
 o

n 
Ju

ly
 1

1,
 2

02
3 

fr
om

 I
P 

ad
dr

es
s 

15
0.

24
4.

16
0.

20
0.



4 of 10   https://doi.org/10.1073/pnas.2211974120 pnas.org

Results and Discussion

Diversity Patterns Are Associated with Landscape Evolution. 
Here, we used a new and unprecedentedly complete occurrence 
dataset of South American fishes, comprising approximately 95% 
of all fish species described for the continent, and a newly compiled 
time-calibrated molecular phylogeny of all Neotropical freshwater 
fishes (13). We calculated species density in each of level 5 sub-
basins (44; see Material and Methods) in South America from 
collection locality data (13) and estimated lineage diversification 
rates and rate shifts through time (36) based on phylogenetic 
data. Finally, we integrated occurrence and phylogenetic data 
to estimate clade ancestral areas, species dispersal events, and 
phylogenetic endemism (PE). Our approach explores associations 
between landscape evolution events (e.g., tectonics, erosion, sea-
level changes) and patterns of net lineage diversification (speciation 
minus extinction) and biogeographic dispersal (i.e., changes in 
species’ geographical ranges).

Basins were defined using a high-resolution SRTM digital ele-
vation model (44). We conducted ancestral area estimation of 
freshwater fishes using the Bayesian biogeographical inference 
model [BAYAREALIKE (45); see Material and Methods; SI 
Appendix, Table S2] implemented by software platform 
BioGeoBEARS (46, 47) to estimate geographic-range change 
events among six bioregions delineated using taxonomic and geo-
graphic criteria (SI Appendix, Biogeographical Regionalization and 
Fig. S1). Other commonly used models (DEC and DIVALIKE) 
varied in the number of dispersal events estimated, but all showed 
the same patterns of dispersal; thus, our results are robust to 
method (SI Appendix, Tables S3–S7). We interpreted the under-
lying processes revealed by these biogeographical reconstructions, 
taking into account known events of expansion, contraction, and 
connectivity of continental drainage basins. As fish dispersal is 
limited by drainage basin boundaries, it is important to recon-
struct dispersal events to understand how and when diversification 
processes occurred.

We found patterns of species density and PE were strongly 
associated with the time and place of specific landscape evolution 
events, which are interpreted to have both constrained and pro-
moted species interchanges across basins over millions of years. 
Most dispersal events among the bioregions occurred from Western 
Amazonia to the La Plata bioregions, facilitated by intermittent 
connections across the low-elevation watershed (Izozog wetlands) 
between the Upper Madeira and Upper Paraguay basins. During 
the Late Miocene, uplift of the Northern Andes and Vaupés Arch 
resulted in the Amazon River breaching the Purus Arch, connect-
ing the Western and Eastern Amazonian basins and increasing 
species interchange between these two large, low-elevation and 
species-rich bioregions. In addition, some basins along the Atlantic 
Coast have been isolated for the last 25 Ma, contributing to high 
fish endemism of this bioregion. Biogeographical corridors 
between Western Amazonia and other bioregions were fundamen-
tal in the accumulation of fish diversity across tropical South 
America. Details of these diversification events are discussed below.

Diversification Patterns. We found that the diversification of 
freshwater fishes in South America was heterogeneous through time, 
across space, and among taxonomic groups (Fig. 2). Diversification 
results based on Bayesian analysis of macroevolutionary mixtures 
[BAMM; (48) – see Material and Methods for details] for 2,523 
species revealed five rapid shifts in diversification rates—two during 
the Early Paleogene (~30 to 23 Ma) and three during the Miocene 
(~20 to 7 Ma) (Fig. 2 A and B). These changes in diversification 
were primarily driven by shifts in three clades of catfishes (the 

tribe Ancistrini and the genera Hypostomus and Corydoras), all 
armored catfishes (Loricariidae), and the most diverse family of 
South American fishes (see ref. 49  and  SI Appendix, Fig. S2). 
The most recent rapid diversification shifts were in two clades 
of small-bodied toothcarps (Cyprinodontiformes): Orestias with 
about 45 species restricted to high-elevation (>1,000 m.a.s.l.) lakes 
and rivers in the Andes (50, 51), and Melanorivulus with about 
60 species, principally distributed in rivers draining the Brazilian 
Shield, in the La Plata and Southeastern coastal Atlantic basins 
(52) (SI Appendix, Fig. S2).

Rates of diversification, especially for the species-rich clades 
Ancistrini, Hypostomus, and Corydoras, began to accelerate about 
30 Ma (Fig. 2A). At first, the rise of Michicola Arch (c. 30 Ma) 
blocked the connection between the Western Amazonia and La 
Plata bioregions (4). Subsequently, the formation of the Pebas 
Megawetland (c. 23 to 10 Ma) established a large sediment-rich 
(whitewater) floodplain-like habitat connection between the 
Western Amazonia and Orinoco basins (5, 14, 15). At this time, 
the Purus Arch blocked dispersal between Western and Eastern 
Amazonia, isolating these bioregions from c. 40 to 10 Ma (4, 5), 
with the highest peak in situ diversification rates around 30 Ma 
(Fig. 2C). Throughout most of the Paleogene and Early Neogene 
(50 to 10 Ma), the region of the Proto-Amazon basin was largely 
interconnected, but subjected to retraction and expansion of low-
land freshwater habitats caused by extensive marine transgressions 
and regressions (4, 5, 42). These dynamics likely promoted net 
diversification in obligate freshwater taxa by episodically isolating 
and merging riverine and riparian habitats (34, 42, 53, 54), lead-
ing to high contemporary evolutionary distinctiveness (the 
amount of unique evolutionary history a lineage represents), 
especially in basins located along the Amazon River and in the 
southernmost basins in the La Plata bioregion (SI Appendix, 
Fig. S3). Paleontological data corroborate the hypothesis that 
Paleogene radiations of freshwater fishes occurred in the Proto-
Amazon basin (40, 42, 54). Subsequently, the relatively rapid 
uplift of Northern Andean Cordilleras (c.11-9 Ma) caused drastic 
changes in drainage networks (55, 56). These tectonic events 
changed the direction of the Amazon River flow from northward 
to eastward and connected the Western and Eastern Amazonia 
bioregions without notably increasing rates of net diversification 
(Fig. 2C). Combined, these hydrogeological events likely resulted 
in Western Amazonia having the highest diversification rates in 
South America (Fig. 2C). Finally, high speciation rates over the 
last 10 My could have been influenced by uplift of the Serra do 
Mar and Serra da Mantiqueira ranges, which served to isolate the 
La Plata basin from some Atlantic Coast drainage basins, associ-
ated with a net diversification increase by vicariance and geodis-
persal (Fig. 2 A–C).

Routes and Timing of Dispersal. We recorded a total of 3,730 
estimated fish dispersal events across South America, mostly by 
anagenesis—that is, by geographic-range expansion decoupled 
from speciation (43). Our biogeographical analyses show 
Western and Eastern Amazonia together were the source of 
nearly half (44.8%) of all estimated dispersal events (Fig. 3B). 
Western Amazonia, especially during the Miocene, was the 
most important source of freshwater fish lineages among the six 
bioregions considered here (Fig. 3 A and B and SI Appendix, Tables 
S5–S7) (26.2% of all dispersal events; Fig. 3B and SI Appendix, 
Table S5), with the greatest number of dispersal events (34.9%) 
to the La Plata bioregion (Fig. 3A and SI Appendix, Table S7). 
The Eastern Amazonia bioregion was the next-most -common 
source (18.7%; Fig. 3B), with most of these dispersal events to the 
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Western Amazonia and Guianas bioregions (34.1% and 35.7%, 
respectively; Fig. 3A and SI Appendix, Table S7).

In addition, we estimated the relative probability of dispersal 
among bioregions through time, from 260 Ma to present, based 
on the principal hydrogeographic events that we hypothesized 
were important (Fig. 1 and SI Appendix, Table S1 for more details). 
The most important events occurred from 55 to 0 Ma (see Fig. 1 
and SI Appendix, Table S1) resulting in three important peaks in 
dispersal from the Western Amazonia to the La Plata bioregion 
(Fig. 4A): about 30 to 25 Ma, around 20 Ma, and approximately 
10 Ma. The timing and location of these dispersal peaks suggest 
a causal connection with megariver capture events among struc-
tural basins of the sub-Andean foreland (18, 26). In addition, 
dispersal from the Eastern to the Western Amazonia bioregion 
peaked between 10 and 7 Ma and was slightly greater than dis-
persal from Western to Eastern bioregions during the same period 
(Fig. 4B). The timing and location of this dispersal peak indicate 
a causal connection with the megariver capture event that formed 
the modern transcontinental Amazon River (38). Finally, dispersal 
between Western and Eastern Amazonia increased substantially 
after 5 Ma in both directions (Fig. 4B), continuing into the 

present, beginning with the dramatic increase in Amazon River 
sediment flux and várzea habitat during the Pliocene (15).

Although the history of landscape connections between the 
Western Amazonia and La Plata basins is not entirely clear, they 
likely involved multiple river capture events over millions of years 
(4, 15). The fish faunal interchange around 30 Ma between these 
bioregions (Fig. 4A) may have been enhanced by megariver cap-
ture events (>10,000 km2) in the sub-Andean foreland in the 
vicinity of the Bolivian Orocline (16, 28, 29). The abrupt decrease 
in dispersal between these bioregions coincides temporally with 
the rise of the Michicola Arch (c. 30 to 23 Ma; Fig. 4A), an impor-
tant dispersal barrier for riverine fishes (57). The beginning of the 
second peak of dispersal coincides with the origin of the Pebas 
Megawetland (c. 23 to 10 Ma; Fig. 4A), although there is no 
geological evidence that the Western Amazonia and La Plata biore-
gions were connected during this time (58). Further, even though 
the La Plata bioregion has not been permanently connected to 
Western Amazonia for at least 10 Ma, a semipermeable dispersal 
corridor between the two systems emerges, to this day, when 
intense, seasonal floods permit movement of species adapted to 
ephemeral stream and marsh environments (59). This ephemeral 

Fig. 3. (A) Proportions of biogeographical dispersal events among bioregions. Arrows indicate dispersal directions, and numbers represent percentage of the 
mean (of total 20 simulations) for all dispersal events from source to sink bioregions. Width of arrows is proportional to the number of dispersal events. (B) 
Total count means of dispersal events from source (axis x) to destination bioregions (colored legend). Percentages over each column represent the relative 
contribution of each source bioregion to total number of dispersal events. The drainage basins in white were not considered in the study for lack of adequate 
sampling effort. For more details regarding dispersal analysis results, see SI Appendix, Tables S5–S7.
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connection explains at least some of the most recent dispersal 
events (60; Fig. 4A), supporting the view that La Plata harbors 
more clades from the Amazon basin than vice versa (61–63). It 
also provides quantitative evidence that similarities in species com-
position between Amazon and the headwaters of La Plata are due 
to connections that predate the formation of the modern Amazon 
watershed (61). Other important past drainage connections are 
highlighted by our results, including an increase in the frequency 
of dispersal events from Eastern to Western Amazonia (Fig. 4B). 
This increase coincided in time with the most recent uplift of the 
Northern Andes, starting c. 10 Ma, which changed the direction 
of Amazon River flow and connected these two bioregions.

With the formation of the transcontinental Amazon River c. 
10 Ma (4, 5, 16), fishes long adapted to the highly productive 
whitewater floodplains and river channels of the sub-Andean 
foreland were able to disperse into Eastern Amazonia and colonize 
clearwater rivers of the Brazilian and Guiana Shields (Fig. 4C). 
The formation of the largest waterway in the world likewise 
allowed reciprocal dispersal of fishes from the clearwater shield 
rivers to the Western Amazonia lowlands (38). The most recent 
uplift of the Northern Andes (c. 10 Ma) created a divide between 
the upper Amazonas and Orinoco drainage systems, which 
explains the subsequent decrease in dispersal. However, this was 
a semipermeable divide, with a dispersal corridor through the 
Casiquiare channel allowing some fish species to move between 
the Upper Negro and Upper Orinoco basins (59). Previous 

studies have suggested that the lineages within the Orinoco and 
Amazon basins appear to share common ancestors more recently 
than 10 Ma (64, 65). Loricariid (66) and cichlid (67) species, 
currently distributed in both basins, are likely examples of dis-
persal between these regions.

Dispersal between the large interior La Plata and Atlantic 
Coastal basins occurred because of a new connection between the 
two regions, as a result of rift depression during most time periods, 
but intensified after 30 Ma (Fig. 4D). These connections had a 
strong impact on dispersal events, promoting diversification and 
high levels of endemism (68, 69; see also Fig. 5B). A concentra-
tion of dispersal events from the interior to the Atlantic Coast 
basin during this period is also observed in the northeastern Brazil 
region (21, 70). Some fish fossils from large rivers of the La Plata 
bioregion are found in the Tremembé Formation (21), a sedimen-
tary formation in the Ribeiro de Iguape Basin of the Atlantic 
Coast. Subsequent to the uplift of the Serra do Mar, most Atlantic 
Coast basins flowed directly to the sea, with dispersal corridors 
between these two bioregions persisting only among the basins 
located in the northeast of Brazil (21). This pattern explains the 
high number of dispersal events from the La Plata basin to the 
Atlantic Coast bioregion (from c. 20 Ma to the present). The 
scenario of Miocene connections between the La Plata and 
Atlantic Coast bioregions is supported by the presence of several 
extant species distributed on both sides of the contemporary 
watershed divide (71, 72).

Fig. 4. Principal dispersal events through time among the bioregions that acted most prominently as species sources and geological events that influenced the 
connections among drainage systems, triggering principal dispersal events across South America. We depicted, here, only dispersal events since 160 Ma, but 
older events were included in the total calculation of events. The hydrogeographic events considered follow those represented in Fig. 1. The relative number 
of dispersal events is the total number of dispersals divided by the log-number of lineages within each time bin (1 My). (A) Dispersal events between Western 
Amazonia and La Plata bioregions, (B) between Western and Eastern Amazonia, (C) Guianas and Eastern Amazonia, and (D) La Plata and Atlantic Coast. The 
timescale on the X-axis is logarithmic.
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Contemporary Species Density and PE Patterns interpreted in 
Light of Historical Events. Freshwater fish species richness per 
area (mapped as species density) showed clear latitudinal and 
longitudinal patterns across South America. As in many other 
taxa, fish species richness (corrected for the area of the basin, see 
Methods) is lower at higher latitudes and higher near the Equator 
(Fig. 5A). The species richness and endemism values of freshwater 
fishes in Western Amazonia are extremely high (Fig. 5 A and B), 
increasing in the opposite direction of the river flow (37). Marine 
transgressions since the Late Cretaceous likely reduced species 
richness near the mouths of most lowland Neotropical rivers (16). 
The decreasing pattern of diversity from west to east reflects a 
pattern reported for many terrestrial groups, for both macro- and 
microorganisms (5, 73), but differs markedly from the general 
pattern observed in rivers worldwide, described as the river 
continuum concept, in which diversity increases from headwaters 
to mouth (74).

A lengthy history of geographical isolation contributed to 
explaining the high level of PE observed in the basins of the south-
eastern Atlantic Coast (Fig. 5B). The isolation of some Atlantic 
Coast basins from La Plata basin, driven by the uplift of the Serra 
do Mar, provided stable relictual habitats and opportunities for 
vicariance across higher upland elevations. These areas have 
recently been described as historically stable refugia for diverse 
taxa in the Atlantic Forest (75, 76), which holds high levels of 
genetic diversity and endemism for several groups (21, 77, 78).

Conclusions

Advances in the biogeography of South American fishes have been 
hampered by poor sampling and a focus of study within a limited 
geographic focus, especially in the Western Amazon, Guianas 

Shield, and southeastern Brazil (34, 43, 79, 80). Here, we present 
a continental-scale study using a newly complied, synthetic phy-
logeny of the entire fauna of South American fishes and a newly 
assembled dataset of geographic distributions. We minimized 
previous sampling biases by employing a new simulation proce-
dure to estimate species presence/absence data in each sub-basin, 
following a statistical methodology that accounts for uncertainty 
and uneven sampling. These geographic distributions enable a 
more reliable evaluation of the relationships between landscape 
evolution and freshwater fish diversity. A further analytical chal-
lenge is to quantify the impact of phylogenetic uncertainty on 
estimates of rates of diversification. Here we employed the most 
comprehensive dataset on South American fish distribution and 
phylogeny available today. Still, future extensions of taxonomic 
coverage of molecular phylogenies and species geographic distri-
bution should further reduce residual uncertainty of our results.

Our study shows that substantial shifts in lineage diversification 
rates predate the Late Neogene uplifts of the northern Andes and 
were not confined to the area of the modern Amazon basin. 
Rather, a combination of biogeographic and phylogenetic evidence 
indicates that many fish lineages that are now distributed over 
much of tropical South America originated in Western Amazonia 
during the Paleogene (34, 43). Our results reinforce the view that 
landscape dynamics occurring over at least 100 My established 
the modern drainage basins that acted as semipermeable dispersal 
corridors and barriers, contributing to the assembly of modern 
basin-wide freshwater faunas (11, 15, 80). Hydrogeographic 
events caused the isolation and mixing of preexisting aquatic fau-
nas through a series of vicariance and dispersal events, resulting 
in a complex history of net diversification and dispersal among 
river basins. Western Amazonia differs from other regions in pre-
senting exceptionally high species density and PE, acting as both 

Fig. 5. (A) Species-density map for 4,967 freshwater fish species. Density was calculated as Species/(Area)b, where the value of b was calculated using the 
Species–Area relationship (Species is the total number of species in a basin, and Area is the surface area of the basin). (B) PE (mean) for each drainage basin. PE 
for 2,523 species, a combination of the PD and weighted endemism measures, identifies bioregions to which unique phylogenetic lineages are restricted. The 
drainage basins in white were not considered in the study for lack of adequate sampling effort (see Methods for details).
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a museum and a cradle of diversity (39, 81) and representing an 
important source of species for other regions of the Neotropics.

In recent decades, alarming rates of deforestation, land-use 
degradation, river damming, and water pollution in South 
America (82, 83) threaten many aquatic species, especially in 
southern portions of the Amazon basin and the Atlantic Forest 
(84, 85). As with all aspects of biodiversity, documenting the 
evolutionary and ecological processes underlying the origins and 
maintenance of South American fishes offers fundamental guid-
ance in efforts to conserve this unique diversity, the most spe-
cies-rich continental vertebrate fauna on Earth.

Materials and Methods

Occurrence and Phylogenetic Data. We compiled 306,425 occurrence records 
of 4,967 freshwater bony fish species in South America through an extensive search 
of the literature, museums, FishBase (http://www.fishbase.org/), FishNet (http://
www.fishnet2.net), Global Biodiversity Information Facility (GBIF) (http://www.
gbif.org/), SpeciesLink (http://splink.cria.org.br), and Datos de Peces de Aguas 
Continentales de Argentina (http://www.pecesargentina.com.ar/base_peces/
inicio_busq.html). We automated the process of data filtering with code that 
considered a suite of common possible errors in those databases (e.g., georefer-
encing errors, synonymies, collection year, typographic errors, exotic species). We 
removed all records of species that are exotic to South America, based on Gubiani 
et al. (86). Species names were validated following the Catalog of Fishes of the 
California Academy of Sciences (http://www.calacademy.org/scientists/projects/cat-
alog-of-fishes) and carefully revised by taxonomic specialists in Neotropical fishes. 
Occurrence records were then mapped into 490 drainage basins (the lowest level 
unit used in our analysis), as delineated by the HydroBASINS database, a subset 
of the HydroSHEDS project (level 5, hydrological data and maps based on Shuttle 
Elevation Derivatives (44), available at https://hydrosheds.org/page/hydrobasins), 
to estimate spatial patterns of species richness and diversification rates across 
South America. The HydroBASINS database provides a range of drainage basin 
resolutions, from level 1 (low) to 12 (high resolution). We chose level 5 as an 
intermediate resolution that appropriately matches the spatial scale of sampling 
effort within sub-basins. A species-density (richness per area) map was created 
(Fig. 5), controlling for the surface area effect of each basin on species richness.

We used a newly compiled, comprehensive, time-calibrated phylogeny of 
Neotropical freshwater fish taxa based on DNA sequence studies, generated by 
dozens of published papers over three decades by the ichthyological research 
community and all available at GenBank (Fig. 2A; treefile available online at ref. 
13). We assembled a supermatrix comprising 43,850 bp from 51 independently 
aligned and trimmed markers, including 5,984 terminal taxa representing 3,169 
species (51%), and 861 genera (99%) for the entire Neotropical freshwater fish 
fauna. We performed tree searches in RAxML assuming independent GTR + G 
models for partitions and a start tree with a few justifiable node constraints. After 
randomly sampling one specimen per species, we estimated divergence times 
using “Congruification,” a tool for time-scaling large trees using secondary calibra-
tions from a reference time-calibrated tree, which included 31 fossil calibrations 
from time-calibrated phylogenies of Actinopterygii (87) and Potamotrygonidae 
(53). The species phylogenetic tree (3,169 species) was compared to the species 
occurrence list (4,967 species), and the 2,523 species that were present in both 
datasets were used in all evolutionary analyses. Fossil records were not included in 
the analyses because the paucity of detailed studies of morphological characters 
of fossils, especially for Amazonian fishes, allows only the identification of coarse 
taxonomic levels. This deficiency limits potential use of Neotropical freshwater 
fossil fishes in biogeographic surveys.

Filling the Gap in Species Distributions. The mapping of species records in 
drainage basins revealed a pattern of heterogenous sampling effort across South 
America, with as much as a tenfold difference in number of occurrence records and 
fivefold difference in species richness in basins of comparable area. To mitigate 
sampling heterogeneity, we employed a novel simulation procedure to estimate 
species presence/absence given sampling effort biases, following principles of 
existing methodology that accounts for uncertainty. The approach consists of two 
iterative steps, which we repeated independently for each focal basin. We first 
calculated a completeness index for each drainage basin (level 5) (88, 89), by 

estimating the probability that the next record would add a new species to those 
recorded in the basin (the “coverage deficit” of ref. 71). If the lower 95% confi-
dence limit of the completeness index was greater than or equal to 0.75, and the 
number of unique records (i.e., unique combination of species name, geographic 
coordinates, and sampling date) was larger than 50, the sampling effort at the focal 
drainage basin was considered acceptable. However, if the completeness index 
was less than 0.75, we randomly sampled an occurrence record among all adjacent 
drainage basins, i.e., level 5 basins in the same larger catchment delineation (at 
level 4). We adopted this conservative criterion because random effects may result 
in an unstable completeness estimate in basins with small numbers of records, 
returning artificially high completeness values (89). Also, resampling from adjacent 
basins that belong to the same large basin (level 4) conservatively assumes low 
dispersal capacity and does not increase the potential species pool. The procedure 
then iterates back to step one, sampling again, with replacement, after each new 
occurrence record is inserted into the focal basin, until the completeness index 
reaches at least 0.75. We repeated this procedure 100 times for all South American 
drainage basins to account for uncertainty, thereby generating 100 matrices of spe-
cies presence/absence. Further, by working with level 5 basins, we reduced errors 
of omission and commission in the species occurrence dataset. At a finer resolution 
(i.e., level 6 basins), it is not possible to infer patterns of species density due to 
insufficient occurrence records and at a coarser resolution (i.e., level 4 basins), the 
capacity for interpretation is reduced. We excluded from analysis 20 basins that 
were poorly sampled (white basins in Fig. 5) but did not have an adjacent basin 
(i.e., an additional level 5 basin within level 4 catchment bioregion; Species records 
and richness summary per basin are available at ref. 13). By carefully evaluating 
sampling effort issues, we believe that our knowledge of this fish fauna is now 
relatively robust. Additional studies addressing this topic have also concluded that 
modern taxonomic and geographic datasets of South American fishes are now suf-
ficiently robust against the vagaries of taxonomic practice to conduct faunal-scale 
assessments of biodiversity and conservation (e.g., refs. 90–93).

Analysis of Phylogenetic Endemism. We used the pruned phylogeny (2,523 
species) to estimate the PE (94) of each drainage basin. PE uses the branch length 
and the geographic range of the extant descendants of a clade to apportion PD 
across the areas where it occurs, thereby identifying concentrations of spatially 
restricted PD (95, 96). See SI Appendix for more details.

Evolutionary Rates. Diversification, speciation, and extinction rates were esti-
mated using BAMM (48), which is considered an accurate approach among dif-
ferent evolutionary tests [see ref. 97]. However, given the known limitations of 
BAMM (SI Appendix), we also calculated diversification patterns among lineages 
using the inverse equal splits method (DR; 98), which estimates the splitting 
rate from each extant species to the tree root without a formal parametric model. 
As  BAMM and DR outcomes were highly correlated (rho > 0.5; SI Appendix, 
Fig. S4), we used rates estimated by BAMM as the main results and treated DR as 
supplementary. We performed BAMM with three runs each with 1 million Markov 
chain Monte Carlo (MCMC) generations and a sampling frequency of 1,000. 
We discarded a burn-in of 10% and confirmed that effective sample size values 
were appropriate. Results were analyzed and plotted with various functions in 
the R library BAMMtools, as follows. We derived prior settings using the function 
setBAMMpriors from BAMMtools before the analysis and modified 
the default setting to achieve convergence. The priors used were expectedNum-
berOfShifts = 1.0; lambdaInitPrior = 0.03786; lambdaShiftPrior = 0.85176; 
muInitPrior = 0.03786; with prior of the time mode being time-variable (vs. 
time-constant). The prior parameterization ensures that the prior density on rela-
tive rate changes across the tree is invariant to the scale of the tree (97). We used 
computeBayesFactors to identify the best-supported model of rate shifts 
in our data. We plotted the maximum a posteriori probability shift configuration 
(getBestShiftConfiguration), the 95% credible set of distinct rate shift 
configurations (credibleShiftSet), and a "phylorate" graph showing mean 
marginal posterior density of diversification rates (plot.bammdata) for each 
lineage (Fig. 2A). Rates-through-time plots were also generated for speciation (λ), 
extinction (µ), and net diversification (r) using “PlotRateThroughTime.”

Ancestral Range Reconstruction and Dispersal Events. We reconstructed 
the biogeographic history of freshwater fishes, considering the delimitation 
of six regions of South America that broadly correspond to regional drainage 
basins (level 2 of HydroBASINS; see details of bioregions delimitation analysis D
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in SI Appendix). To infer geographical range evolution of lineages (i.e., ancestral 
range analyses; see SI Appendix  regarding the evolution of ancestral ranges), 
we applied a dispersal-extinction-cladogenesis model (DEC), Bayesian bioge-
ographical inference (BAYAREALIKE)  (45), and maximum likelihood versions 
of dispersal-vicariance analysis (DIVALIKE) (99) implemented in BioGeoBEARS 
(46, 100), which also allows the addition of a founder-event parameter j in DEC 
models. The parameter j allows that, during cladogenesis, one of the descendants 
can jump to a new range outside that of the ancestral range without prior range 
expansion (i.e., dispersal across a barrier; 48,101). Considering that fish species 
need connections among rivers/basins for dispersal, the parameter j was not 
used in our analysis. Moreover, critiques have been raised on the use of the 
founder-event parameter j in DEC models (101).

Model comparisons, based on the Akaike Information Criterion (AIC) and the 
small-sample-corrected Akaike Information Criterion (AICc), consistently favored 
the BAYAREALIKE model SI Appendix, Table S2). All models contained parame-
ters d (rate of range expansion) and e (rate of range contraction). We analyzed 
dispersal events by taking into account biotic connectivity among all bioregions. 
Connectivity was modeled based on paleogeographic and geological events 
(Fig. 1; 4, 5, 16), incorporating time-stratified dispersal multiplier matrices in 
the model (SI Appendix, Table S1). We divided the hydrogeographic history 
of South American freshwater fishes, from 255 Ma to present, into five strata: 
255 to 33, 33 to 23, 23 to 10, 10 to 5, and 5 Ma to present, according to the 
principal hydrogeological events mentioned in Fig. 1 (see SI Appendix, Table S1 
for more details). The dispersal multiplier matrices for each of these strata allow 
estimation of the relative probability of dispersal between bioregions for each 
time stratum and are roughly scaled to represent the connectivity between the 
areas during each time stratum. We computed the absolute number of dispersal 
events through time by extracting the areas and ages of all nodes from the phy-
logenetic tree, using the Biogeographical Stochastic Mapping approach (100). As 
the number of lineages (branches) in any phylogeny tends to increase through 
time, increasing the number of dispersal events toward the present even under 
a constant dispersal rate, we calculated the relative numbers of dispersal events 
by dividing absolute numbers by the total number of all lineages within each 
time bin. However, there are extremely few branches toward the tree root, which 
causes an over-representation of (relative) dispersal toward the root. To reduce 
the impact of that bias, the number of dispersals per time bin was divided by 
the log-number of lineages (per the same time bin).

Additional description of the methodology used appears in SI Appendix.

Data, Materials, and Software Availability. Occurrence and Phylogeny data 
have been deposited in Zenodo (https://zenodo.org/badge/latestdoi/486714511).

ACKNOWLEDGMENTS. F.A.S.C. is supported by CAPES postdoctoral fellowship, 
National Institute for Science and Technology (INCT) in Ecology, Evolution and 
Biodiversity Conservation (CNPq: 465610/2014‐5; FAPEG, 201810267000023), 
and a visiting fellowship of Federal Institute for Forest, Snow and Landscape 
Research (WSL). J.S.A. acknowledges financial support from United States NSF 
awards DEB 0614334, 0741450, and 1354511. R.E.R. is partially supported by 
CNPq 306455/2014-5. A.A. is supported by funding from the Swedish Research 
Council, the Swedish Foundation for Strategic Research, and the Royal Botanic 
Gardens, Kew. R.O.W. and C.H.G. acknowledge funding from the European 
Research Council (ERC) under the European Union’s Horizon 2020 research 
and innovation program (grant agreement No 787638). V.T. is supported by 
FAPEMIG (BPD-00201-22; APQ-03695-22). M.T.P.C. is funded on a Swiss NSF 
(SNF No 197753) to C.H.G. A.F. thanks to the National Council for Scientific 
and Technological Development for granting postgraduate scholarship (CNPq 
141242/2018-3). W.J.d.G. is grateful to the National Council for Scientific 
and Technological Development (CNPq/Ministry of Science, Technology, 
Innovations and Communications) by the research productivity grants (PQ No 
305200/2018-6).

Author affiliations: aDepartment of Ecology, Graduate Program in Ecology and Evolution, 
Federal University of Goiás, Goiânia 74690-900, Brazil; bDepartment of Biology, 
University of Louisiana at Lafayette, Lafayette, LA 70503; cDepartment of Biological 
and Environmental Sciences, Gothenburg Global Biodiversity Centre, University of 
Gothenburg, Gothenburg, Sweden, SE 405 30; dRoyal Botanic Gardens, Kew, Richmond, 
UK TW9 3AE; eDepartment of Plant Sciences, University of Oxford, Oxford, UK OX1 3RB; 
fSwiss Federal Institute for Forest, Snow and Landscape Research WSL, Birmensdorf 
CH-8903, Switzerland; gFederal University of Santa Maria, Rio Grande do Sul, Porto 
Alegre 97105-900, Brazil; hPontifical Catholic University of Rio Grande do Sul, Porto 
Alegre, Santa Maria 90619-900, Brazil; iIllinois Natural History Survey, University of 
Illinois at Urbana-Champaign, IL 61820; jFederal University of Uberlândia, Minas Gerais, 
Uberlândia 38400-902, Brazil; kCentre of Biological Sciences, Department of Biology, 
Graduate Programme in Ecology of In-land Water Ecosystems, Centre of Research in 
Limnology, Ichthyology and Aquaculture (Nupélia), State University of Maringá, Maringá 
87020-900, Brazil; lState University of Mato Grosso do Sul, Mundo Novo 79804-970, 
Brazil; mDepartment of Computer Science, Technological University of Paraná, Campo 
Mourão 87302-060, Brazil; nDepartment of Systematic and Ecology, Federal University 
of Paraíba, João Pessoa 58051-900, Brazil; oDepartment of Ecology, University of 
Brasília, Brasilia 70910-900, Brazil; pDepartment of Ecology and Evolution, University of 
Connecticut, Storrs, CT 06269; and qUniversity of Colorado Museum of Natural History, 
Boulder, CO 80309

1. L. Aristide et al., Multiple factors behind early diversification of skull morphology in the continental 
radiation of New World monkeys. Evolution 72, 2697–2711 (2018).

2. M. D. Burns, B. L. Sidlauskas, Ancient and contingent body shape diversification in a hyperdiverse 
continental fish radiation. Evolution 73, 569–587 (2019).

3. B. F. Zhou et al., Phylogenomic analyses highlight innovation and introgression in the continental 
radiations of Fagaceae across the Northern Hemisphere. Nat. Commun. 13, 1–14 (2022).

4. J. G. Lundberg, “The stage for Neotropical fish diversification: A history of tropical South American 
rivers”, in Phylogeny and Classification of Neotropical Fishes, M. Malabarba et al., Eds. (Edipucrs, 
1998), pp. 13–48.

5. C. M. Hoorn et al., Amazonia through time: Andean uplift climate change, landscape evolution and 
biodiversity. Science 330, 927–31 (2010).

6. A. Antonelli et al., Amazonia is the primary source of Neotropical biodiversity. Proc. Natl. Acad. Sci. 
U.S.A. 115, 6034–6039 (2018).

7. T. C. Bicudo, V. Sacek, R. P. Almeida, J. M. Bates, C. C. Ribas, Andean tectonics and mantle dynamics 
as a pervasive influence on Amazonian ecosystem. Sci. Rep. 9, 16879 (2019).

8. R. E. Reis et al., Fish biodiversity and conservation in South America. J. Fish Biol. 89, 12–47 (2016).
9. F. C. P. Dagosta, M. C. C. de Pinna, A history of the biogeography of Amazonian fishes. Neotrop. 

Ichthyol. 16, 1–19 (2018).
10. J. S. Albert, D. R.  Schoolmaster Jr., V. Tagliacollo, S. M. Duke-Sylvester, Barrier displacement on a 

neutral landscape: Toward a theory of continental biogeography. Syst. Biol. 66, 167–182 (2017).
11. J. S. Albert, R. E. Reis, Eds., Historical Biogeography of Neotropical Freshwater Fishes (University of 

California Press, 2011).
12. J. S. Albert, H. L.  Bart Jr., R. E. Reis, "Species richness and cladal diversity" in Historical Biogeography of 

Neotropical Freshwater Fishes, J. S. Albert, R. E. Reis, Eds. (University of California Press, 2011), pp. 89–104.
13. F. A. S. Cassemiro, South American freshwater fishes dataset. Zenodo. https://zenodo.org/badge/

latestdoi/486714511. Deposited 23 May 2022.
14. N. Hubert, J.-F. Renno, Historical biogeography of South American freshwater fishes. J. Biogeogr. 33, 

1414–1436 (2006).
15. J. G. Lundberg, M. H. Sabaj-Pérez, W. M. Dahdul, O. A. Aguilera, “The Amazonian Neogene 

fish fauna” in Amazonia—Landscape and Species Evolution: A Look into the Past, C. Hoorn, F. P. 
Wesselingh, Eds. (Wiley-Blackwell, 2010), pp. 281–301.

16. J. S. Albert, P. Val, C. Hoorn, The changing course of the Amazon River in the Neogene: Center stage 
for Neotropical diversification. Neotrop. Ichthyol. 16, e180033 (2018).

17. B. K. Horton, T. N. Capaldi, N. D. Perez, The role of flat slab subduction, ridge subduction, and 
tectonic inheritance in Andean deformation. Geology 50, 1007–1012 (2022).

18. J. S. Albert, W. G. R. Crampton, The geography and ecology of diversification in Neotropical 
freshwaters. Nat. Educ. Knowl. 3, 13 (2010).

19. C. N. Garzione et al., Tectonic evolution of the Central Andean Plateau and implications for the 
growth of plateaus. Annu. Rev. Earth Planet. Sci. 45, 529–559 (2017).

20. F. Poblete et al., Towards interactive global paleogeographic maps, new reconstructions at 60, 40 
and 20 Ma. Earth Sci. Rev. 214, 103508 (2021).

21. A. C. Ribeiro, Tectonic history and the biogeography of the freshwater fishes from the coastal 
drainages of eastern Brazil: An example of faunal evolution associated with a divergent continental 
margin. Neotrop. Ichthyol. 4, 225–246 (2016).

22. C. A. Tello Saenz et al., Recognition of Cretaceous, Paleocene, and Neogene tectonic reactivation 
through apatite fission-track analysis in Precambrian areas of southeast Brazil: Association with the 
opening of the south Atlantic Ocean. J. South Am. Earth Sci. 15, 765–774 (2003).

23. D. H. de Souza, F. M. Stuart, Á. Rodés, F. N. Pupim, P. C. Hackspacher, Controls on the erosion of the 
continental margin of southeast Brazil from cosmogenic 10Be in river sediments. Geomorphology 
330, 163–176 (2019).

24. D. H. Souza, P. C. Hackspacher, B. V. Silva, M. C. Siqueira-Ribeiro, S. T. Hiruma, Temporal and spatial 
denudation trends in the continental margin of southeastern Brazil. J. South Am. Earth Sci. 105, 
102931 (2021).

25. R. Bernal et al., Could coastal plants in western Amazonia be relicts of past marine incursions? J. 
Biogeogr. 46, 1749–1759 (2019).

26. C. Hoorn, L. M. Boschman, T. Kukla, M. Sciumbata, P. Val, The Miocene wetland of western Amazonia 
and its role in Neotropical biogeography. Bot. J. Linn. 199, 25–35 (2022).

27. C. Hoorn et al., The Amazon at sea: Onset and stages of the Amazon River from a marine record, 
with special reference to Neogene plant turnover in the drainage basin. Glob. Planet. Change 153, 
51–65 (2017).

28. V. A. Tagliacollo, F. F. Roxo, S. M. Duke-Sylvester, C. Oliveira, J. S. Albert, Biogeographical signature of 
river capture events in Amazonian lowlands. J. Biogeogr. 42, 2349–2362 (2015).

29. P. Val, N. J. Lyons, N. Gasparini, J. K. Willenbring, J. S. Albert, Landscape evolution as a diversification 
driver in freshwater fishes. Front. Ecol. Evol. 9, 975 (2022).

30. C. P. Burridge, D. Craw, J. M. Waters, River capture, range expansion, and cladogenesis: The genetic 
signature of freshwater vicariance. Evolution 60, 1038–1049 (2006).

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 U
N

IV
E

R
SI

D
A

D
 A

U
T

O
N

O
M

A
 D

E
 M

A
D

R
ID

 B
IB

L
IO

T
E

C
A

 Y
 A

R
C

H
IV

O
 o

n 
Ju

ly
 1

1,
 2

02
3 

fr
om

 I
P 

ad
dr

es
s 

15
0.

24
4.

16
0.

20
0.

http://www.pnas.org/lookup/doi/10.1073/pnas.2211974120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211974120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211974120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211974120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211974120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211974120#supplementary-materials
https://zenodo.org/badge/latestdoi/486714511
https://zenodo.org/badge/latestdoi/486714511
https://zenodo.org/badge/latestdoi/486714511


10 of 10   https://doi.org/10.1073/pnas.2211974120 pnas.org

31. N. J. Lyons, P. Val, J. S. Albert, J. K. Willenbring, N. M. Gasparini, Topographic controls on divide 
migration, stream capture, and diversification in riverine life. Earth Surf. Dyn. 8, 893–912 (2020).

32. B. W. Frable, B. F. Melo, J. P. Fontenelle, C. Oliveira, B. L. Sidlauskas, Biogeographic reconstruction 
of the migratory Neotropical fish family Prochilodontidae (Teleostei: Characiformes). Zool. Scr. 51, 
348–364 (2022).

33. D. Poveda-Martínez, C. C. Sosa, K. Chacón-Vargas, V. H. García-Merchán, Historical biogeography 
of five Characidium fish species: Dispersal from the Amazon Paleobasin to Southeastern South 
America. PLoS One 11, e0164902 (2016).

34. F. C. P. Dagosta, M. Pinna, Biogeography of Amazonian fishes: Deconstructing river basins as 
biogeographic units. Neotrop. Ichthyol. 15, e170034 (2017).

35. A. T. Thomaz, L. L. Knowles, Flowing into the unknown: Inferred paleodrainages for studying the 
ichthyofauna of Brazilian coastal rivers. Neotrop. Ichthyol. 16, e180019 (2018).

36. D. L. Rabosky, Speciation rate and the diversity of fishes in freshwaters and the oceans. J. Biogeogr. 
47, 1207–1217 (2020).

37. T. Oberdorff et al., Unexpected fish diversity gradients in the Amazon Basin. Sci. Adv. 5, 1–9 (2019).
38. J. S. Albert et al., Late Neogene megariver captures and the great Amazonian biotic interchange. 

Glob. Planet. 205, 103554 (2021).
39. L. Salgueiro et al., Drivers of phylogenetic structure in Amazon freshwater fish assemblages. J. 

Biogeogr. 49, 310–323 (2022).
40. G. A. Ballen, C. Jaramillo, F. C. P. Dagosta, M. C. C. de Pinna, A fossil fish assemblage from the middle 

Miocene of the Cocinetas Basin, northern Colombia. Pap. Palaeontol. 8, e1405 (2022).
41. J. S. Albert, N. R. Lovejoy, W. G. R. Crampton, Miocene tectonism and the separation of cisand trans-

Andean river basins: Evidence from Neotropical fishes. J. South Am. Earth Sci. 21, 14–27 (2006).
42. H. López-Fernández, J. S. Albert, “Paleogene radiations” in Historical Biogeography of Neotropical 

Freshwater Dishes, J. S. Albert, R. E. Reis, Eds. (University of California Press, 2011), pp. 105–117.
43. J. S. Albert, V. A. Tagliacollo, F. Dagosta, Diversification of Neotropical freshwater fishes. Annu. Rev. 

Ecol. Evol. Syst. 51, 27–53 (2020).
44. B. Lehner, G. Grill, Global river hydrography and network routing: Baseline data and new 

approaches to study the world’s large river systems. Hydrol. Process. 27, 2171–2186 (2013).
45. M. J. Landis, N. J. Matzke, B. R. Moore, J. P. Huelsenbeck, Bayesian analysis of biogeography when 

the number of areas is large. Syst. Biol. 62, 789–804 (2013).
46. N. J. Matzke, Probabilistic historical biogeography: New models for founder event speciation, 

imperfect detection, and fossil allow improved accuracy and model-testing. Front. Biogeogr. 5, 
243–248 (2013).

47. N. J. Matzke, Model selection in historical biogeography reveals that founder-event speciation is a 
crucial process in island clades. Syst. Biol. 63, 951–970 (2014).

48. D. L. Rabosky et al., BAMMtools: An R package for the analysis of evolutionary dynamics on 
phylogenetic trees. Methods Ecol. Evol. 5, 701–707 (2014).

49. F. F. Roxo et al., Phylogenomic reappraisal of the Neotropical catfish family Loricariidae (Teleostei: 
Siluriformes) using ultraconserved elements. Mol. Phylogenet. Evol. 135, 148–165 (2019).

50. T. Takahashi, E. Moreno, A RAD-based phylogenetics for Orestias fishes from Lake Titicaca. Mol. 
Phylogenet. Evol. 93, 307–317 (2015).

51. V. Cárcamo-Tejer, I. Vila, F. Llanquín-Rosas, A. Sáez-Arteaga, C. Guerrero-Jiménez, Phylogeography of 
high Andean killifishes Orestias (Teleostei: Cyprinodontidae) in Caquena and Lauca sub-basins of the 
Altiplano (Chile): Mitochondrial and nuclear analysis of an endangered fish. PeerJ 9, e11917 (2021).

52. W. J. E. M. Costa, Phylogenetic position and taxonomic status of Anablepsoides, Atlantirivulus, 
Cynodonichthys, Laimosemion and Melanorivulus (Cyprinodontiformes: Rivulidae). Ichthyol. Explor. 
Freshw. 22, 233–249 (2011).

53. J. P. Fontenelle, F. Portella Luna Marques, M. A. Kolmann, N. R. Lovejoy, Biogeography of the 
neotropical freshwater stingrays (Myliobatiformes: Potamotrygoninae) reveals effects of continent-
scale paleogeographic change and drainage evolution. J. Biogeogr. 48, 1406–1419 (2021).

54. A. Mora et al., “Tectonic history of the Andes and Sub-Andean zones: Implications for the 
development of the Amazon drainage basin” in Amazonia, Landscape, and Species Evolution: A look 
into the past, C. M. Hoorn, F. P. Wesselingh, Eds. (John Wiley & Sons, 2010), pp. 38–60.

55. C. Montes et al., A middle to late Miocene trans-Andean Portal: Geologic record in the Tatacoa 
desert. Front. Earth Sci. 8, 587022 (2021).

56. A. Mora et al., Late Cretaceous to Cenozoic uplift of the northern Andes: Paleogeographic 
implications. Geol. Colomb. 3, 89–121 (2020).

57. J. Kley, C. R. Monaldi, J. A. Salfity, Along-strike segmentation of the Andean foreland: causes and 
consequences. Tectonophysics 301, 75–94 (1999).

58. J. Hovikoski, F. P. Wesselingh, M. Räsänen, M. Gingras, H. B. Vonhof, "Marine influence in Amazonia: 
Evidence from the Geological Record" in Amazonia: Landscape and Species Evolution (Wiley-
Blackwell Publishing Ltd., 2011), pp. 143–161.

59. K. O. Winemiller, H. López-Fernández, D. C. Taphorn, L. G. Nico, A. B. Duque, Fish assemblages of 
the Casiquiare River, a corridor and zoogeographical filter for dispersal between the Orinoco and 
Amazon basins. J. Biogeogr. 35, 1551–1563 (2008).

60. Jack M. Craig et al., Using community phylogenetics to assess phylogenetic structure in the 
Fitzcarrald region of Western Amazonia. Neotr. Ichthyol. 18, e200004 (2020).

61. T. P. Carvalho, J. S. Albert, “The Amazon-Paraguay divide” in Historical Biogeography of Neotropical 
Freshwater Fishes, J. S. Albert, R. E. Reis, Eds. (University of California Press, 2011), pp. 193–202.

62. F. F. Roxo et al., Molecular phylogeny and biogeographic history of the armored Neotropical catfish 
subfamilies hypoptopomatinae, neoplecostominae and otothyrinae (siluriformes: Loricariidae). 
PLoS One 9, e105564 (2014).

63. G. S. C. Silva, F. F. Roxo, L. E. Orrego, C. Oliveira, Description of a new catfish genus (Siluriformes, 
Loricariidae) from the Tocantins River basin in central Brazil, with comments on the historical 
zoogeography of the new taxon. ZooKeys 598, 129–157 (2016).

64. N. R. Lovejoy, M. L. G. de Araujo, Molecular systematics, biogeography and populationstructure of 
Neotropical freshwater needlefishes of the genus Potamorrhaphis. Mol. Ecol. 9, 259–268 (2000).

65. T. F. Turner, M. V. McPhee, P. Campbell, K. O. Winemiller, Phylogeography and intraspecific genetic 
variation of prochilodontid fishes endemic to rivers of northern South America. J. Fish Biol. 64, 
186–201 (2004).

66. N. K. Lujan, J. W. Armbruster, Two new genera and species of ancistrini (Siluriformes: Loricariidae) 
from the western Guiana Shield. Copeia 2, 216–225 (2011).

67. S. C. Willis et al., The Casiquiare river acts as a corridor between the Amazonas and Orinoco river 
basins: Biogeographic analysis of the genus Cichla. Mol. Ecol. 19, 1014–1030 (2010).

68. P. F. Amorim, W. J. E. M. Costa, Evolution and biogeography of Anablepsoides killifishes shaped 
by Neotropical geological events (Cyprinodontiformes, Aplocheilidae). Zool. Scr. 51, 434–446 
(2022).

69. J. M. S. Abreu, A. C. S. Saraiva, J. S. Albert, N. M. Piorski, Paleogeographic influences on freshwater 
fish distributions in northeastern Brazil. J. South Am. Earth Sci. 102, 102692 (2020).

70. C. M. Bührnheim, T. P. Carvalho, L. R. Malabarba, S. H. Weitzman, A new genus and species of 
characid fish from the Amazon basin —The recognition of a relictual lineage of characid fishes 
(Ostariophysi: Cheirodontinae: Cheirodontini). Neotr. Ichthyol. 6, 663–678 (2004).

71. P. H. F. Lucinda, Systematics and biogeography of the genus Phalloptychus Eigenmann, 1907 
(Cyprinodontiformes: Poeciliidae: Poeciliinae). Neotr. Ichthyol. 3, 372–382 (2005).

72. C. D. Ritter et al., The pitfalls of biodiversity proxies: Differences in richness patterns of birds, trees 
and understudied diversity across Amazonia. Sci. Rep. 9, 19205 (2019).

73. R. L. Vannote, G. W. Minshall, K. W. Cummins, J. R. Sedell, C. E. Cushing, The river continuum 
concept. Can. J. Fish. Aquat. Sci. 37, 130–137 (1980).

74. T. J. Porto, A. C. Carnaval, P. L. B. Rocha, Evaluating forest refugial models using species distribution 
models, model filling and inclusion: A case study with 14 Brazilian species. Divers. Distrib. 19, 
330–340 (2013).

75. M. T. C. Thomé et al., Phylogeography of endemic toads and post-Pliocene persistence of the 
Brazilian Atlantic forest. Mol. Phylogenet. Evol. 55, 1018–1031 (2010).

76. R. P. Leitão, P. A. Buckup, A new species of Characidium (Characiformes: Crenuchidae) from Coastal 
Basins of Serra do Mar, Southeastern Brazil. Copeia 1, 14–22 (2014).

77. A. C. Carnaval et al., Prediction of phylogeographic endemism in an environmentally complex 
biome. Proc. R. Soc. B. 281, 20141461 (2014).

78. V. A. Bertaco, J. Ferrer, F. R. Carvalho, L. R. Malabarba, Inventory of the freshwater fishes from a 
densely collected area in South America—a case study of the current knowledge of Neotropical fish 
diversity. Zootaxa 4138, 401–440 (2016).

79. N. R. Lovejoy, S. C. Willis, J. S. Albert, “Molecular signatures of Neogene biogeographic events” in 
Amazonia, Landscape, and Species Evolution: A look into the past, C. M. Hoorn, F. P. Wesselingh, Eds. 
(John Wiley & Sons, 2010), pp. 405–417.

80. T. F. Rangel et al., Modeling the ecology and evolution of biodiversity: Biogeographical cradles, 
museums, and graves. Science 361, eaar5452 (2018).

81. C. L. Rezende et al., From hotspot to hopespot: An opportunity for the Brazilian Atlantic Forest. 
Perspect. Ecol. Conserv. 16, 208–214 (2018).

82. I. Amigo, When will the Amazon hit a tipping point? Nature 578, 505–507 (2020).
83. J. D. Olden, Z. S. Hogan, M. J. V. Zanden, Small fish, big fish, red fish, blue fish: Size-biased 

extinction risk of the world’s freshwater and marine fishes. Global Ecol. Biogeogr. 16, 694–701 
(2007).

84. C. G. Leal et al., Integrated terrestrial-freshwater planning doubles conservation of tropical aquatic 
species. Science 370, 117–121 (2020).

85. É. A. Gubiani et al., Non-native fish species in Neotropical freshwaters: How did they arrive, and 
where did they come from? Hydrobiologia 817, 57–69 (2018).

86. L. C. Hughes et al., Comprehensive phylogeny of ray-finned fishes (Actinopterygii) based on 
transcriptomic and genomic data. Proc. Natl. Acad. Sci. U.S.A. 115, 6249–6254 (2018).

87. A. Chao, L. Jost, Coverage-based rarefaction and extrapolation: Standardizing samples by 
completeness rather than size. Ecology 93, 2533–2547 (2012).

88. A. Chao et al., Quantifying sample completeness and comparing diversities among assemblages. 
Ecol. Res. 35, 292–314 (2020).

89. M. S. Sousa-Baena, L. C. Garcia, A. T. Peterson, Completeness of digital accessibleknowledge of the 
plants of Brazil and priorities for survey and inventory. Divers. Distrib. 20, 369–381 (2014).

90. P. van der Sleen, J. S. Albert, Field Guide to the Fishes Od the Amazon, Orinoco and Guianas. 
(Princeton Field Guides, Princeton Univ. Press, Princeton, NJ, 2017), vol. 115.

91. J. L. O. Birindelli, B. L. Sidlauskas, Preface: How far has Neotropical Ichthyology progressed in twenty 
years? Neotrop. Icthyol. 16, e180128 (2018).

92. F. C. P. Dagosta, M. de Pinna, The fishes of the amazon: Distribution and biogeographical patterns, 
with a comprehensive list of species. Bull. Am. Mus. Nat. Hist. 431, 1–163 (2019).

93. V. A. Tagliacollo, F. S. P. Dagosta, M. de Pinna, R. E. Reis, J. S. Albert, Assessing extinction risk 
from geographic distribution data in Neotropical freshwater fishes. Neotrop. Icthyol. 19, 1–26 
(2021).

94. D. Rosauer, S. W. Laffan, M. D. Crisp, S. C. Donnellan, L. G. Cook, Phylogenetic endemism: A new 
approach for identifying geographical concentrations of evolutionary history. Mol. Ecol. 18, 
4061–4072 (2009).

95. D. P. Faith, C. A. M. Reid, J. Hunter, Integrating phylogenetic diversity, complementarity, and 
endemism for conservation assessment. Conserv. Biol. 18, 255–261 (2004).

96. M. W. Cadotte, T. Jonathan Davies, Rarest of the rare: Advances in combining evolutionary 
distinctiveness and scarcity to inform conservation at biogeographical scales. Divers. Distrib. 16, 
376–385 (2010).

97. P. O. Title, D. L. Rabosky, Tip rates, phylogenies and diversification: What are we estimating, and how 
good are the estimates? Methods Ecol. Evol. 10, 821–834 (2019).

98. W. Jetz, G. H. Thomas, J. B. Joy, K. Hartmann, A. O. Mooers, The global diversity of birds in space and 
time. Nature 491, 444–448 (2012).

99. F. Ronquist, Dispersal-vicariance analysis: A new approach to the quantification of historical 
biogeography. Syst. Biol. 46, 195–203 (1997).

100. J. Dupin et al., Bayesian estimation of the global biogeographical history of the Solanaceae. J. 
Biogeogr. 44, 887–899 (2017).

101. R. H. Ree, I. Sanmartín, Conceptual and statistical problems with the DEC+J model of founder-event 
speciation and its comparison with DEC via model selection. J. Biogeogr. 45, 741–749 (2018), 
10.1111/jbi.13173.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 U
N

IV
E

R
SI

D
A

D
 A

U
T

O
N

O
M

A
 D

E
 M

A
D

R
ID

 B
IB

L
IO

T
E

C
A

 Y
 A

R
C

H
IV

O
 o

n 
Ju

ly
 1

1,
 2

02
3 

fr
om

 I
P 

ad
dr

es
s 

15
0.

24
4.

16
0.

20
0.

http://doi.org/10.1111/jbi.13173

	Landscape dynamics and diversification of the megadiverse South American freshwater fish fauna
	Significance
	Results and Discussion
	Diversity Patterns Are Associated with Landscape Evolution.
	Diversification Patterns.
	Routes and Timing of Dispersal.
	Contemporary Species Density and PE Patterns interpreted in Light of Historical Events.

	Conclusions
	Materials and Methods
	Occurrence and Phylogenetic Data.
	Filling the Gap in Species Distributions.
	Analysis of Phylogenetic Endemism.
	Evolutionary Rates.
	Ancestral Range Reconstruction and Dispersal Events.

	Data, Materials, and Software Availability
	ACKNOWLEDGMENTS
	Supporting Information
	Anchor 25



