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Principal landforms controlling basin connectivity at each time interval. We relied on 1-22
to define the 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. We defined, for each time interval, the possible connections among the six
regions defined by the regionalization analysis (see below), as shown in Table S1.

Biogeographical Regionalization. To better understand the evolutionary history of freshwater
fishes, South America was classified into six biogeographical regions (bioregions, hereafter). The
biogeographical regionalization process starts from 490 present-day drainage basins, at level 5,
according to the HydroBASINS database (https://www.hydrosheds.org/page/hydrobasins). To
classify these drainage basins into biogeographical regions we used the approach proposed by
23. Considering the uncertainty in the current distribution of freshwater fishes across the 490
basins, we used 100 potential presence/absence matrices (see main text) to calculate 100
pairwise “taxonomic” dissimilarity matrices (using G. G. Simpson’s presence/absence
similarity/dissimilarity index; 24, 25). We chose not to use new methods (i.e., 42) because the
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index explicitly assumes that species absences a known quantity but absences, and especially
double absences, are rarely reliable in biodiversity surveys. As explained in the main text, several
sub-basins were poorly sampled, which led us to calculate the completeness index and employ a
simulation procedure to estimate species presence/absence given the lack of adequate sample
effort.

We also used phylogenetic distance among species to calculate dissimilarity matrices among
basins. Then, we reduced the dimensionality of these dissimilarity matrices using NMDS. Visual
inspection of the map of the first three NMDS axes (averages among 100 taxonomic NMDS), as
shown in the rasterized RGB plot of Fig. S1, highlights conspicuous bioregions, which are similar
in large-scale pattern, whether using taxonomic or phylogenetic similarities.

Finally, from the taxonomic dissimilarity matrices, we used K-means to cluster the 490 basins into
six biogeographical regions (bioregions) for freshwater fishes (view main text, Fig 3). K-means
clustering was repeated 100 times, applied to the 100 alternative species presence/absence
matrices but generated similar clusters of basins.

Range Evolution. When running the six models using BioGeoBEARS (see Material and
Methods), we set the parameter “max_range_size”, which limits the maximum number of areas
any species can occupy, to six to match the observed pattern of the maximum number of areas
occupied by the freshwater fishes in our phylogeny. Additionally, we included the null range
parameter, which allows ranges to consist of zero (0) areas, a transitional state needed for the
correct computation of the log likelihood (InL) of DEC models in BioGeoBEARS. Comparison of
biogeographic models in BioGeoBEARS using AlCc indicated a best fit for the BAYAREALIKE
model (Table S2), which was used to all further analyses. In BAYAREALIKE, following the
assumptions of the Bayesian BayArea program (26), both subset speciation (s) and vicariance (v)
are given 0 weight, and widespread sympatry is allowed (unlike DEC).

Evolutionary Distinctiveness. We estimated the uniqueness of a species using the evolutionary
distinctiveness measure (ED; 27) (Fig. S3). To calculate ED, the total phylogenetic diversity (PD)
of a clade was split equally among its members, which estimates how much branch length, on
average, is unique to each species. The ED of a species is the sum of these values for all
branches from which the species is descended, to the root of the phylogeny. We calculated the
average of ED by summing the branch length of all species and dividing by the total of species in
each basin.

BAMM analysis. We are aware of potential limitations regarding BAMM, which has been
criticized for estimating unrealistic extinction rates (28, 29). However, BAMM'’s proponents
responded that this criticism was based on spurious premises (30). Briefly, the criticism relied on
the priors used by the software, but we adjusted the priors using the latest version of BAMM
package (see http://bamm-project.org), in which the prior was computed analytically for the
compound Poisson process model, thus there was no need to simulate the prior distribution of the
number of shifts, becoming the analysis more robust. Other problems cited by that study can be
applied to most macroevolutionary methods (e.g., estimation of extinct clades) and in this sense
BAMM was not considered better or worse than similar software (30). Lastly, one of the
advantages of BAMM and similar methods (31-35) is that lineages can differ in their rates of
speciation and extinction, that is, the rates can vary among lineages and though time. Thus,
BAMM allows us to describe multiple processes that explain rates of diversification on different
parts of the tree.

Analysis of Phylogenetic Endemism. We conducted a phylogenetic endemism analysis (PE;
36) as a relative measure of endemism that apportions each unit of phylogenetic diversity (PD)
across the areas where it occurs. This measure identifies concentrations of taxa with spatially
restricted PD (37, 38). PEA uses the branch length and the geographic range of the extant
descendants of each branch on a phylogeny to sum the proportion of the geographic range of
each unit of PD found in an area (each of the 490 basins). This analysis considers the geographic
range of each species (39) and identifies concentrations of spatially restricted species. A time-



calibrated phylogenetic tree for a dataset of 2,523 freshwater fish species was used to calculate
phylogenetic endemism as:
L,
PE = Z—
R.

cec
where C is a phylogenetic clade spanned by minimal branches to link all taxa within one basin,

and c is any branch between two nodes within C; L. is the length of branch c; and Rc is the range
occupied by branch c, defined in numbers of grid cells (36).
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Fig. S1. RGB interpolation of the three axes of NMDS (Red axis: minimum = -0.276, maximum =
0.262; Green axis: minimum = -0.278, maximum = 0.263; Blue axis: minimum = -0.286, maximum
= 0.269) based on 100 species presence/absence matrices (taxonomic similarity) and a
phylogenetic matrix (phylogenetic similarity).
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Fig. S2. Current distribution (presence and absence) of the clades that showed rapid shifts in
diversification rates, as shown in Figure 2 in the main text.




Fig. S3. Average of Evolutionary Distinctiveness (ED) per basin. ED is the proportion of the
branch lengths shared with other species along the evolutionary tree and shows the amount of
unique evolutionary history a lineage represents. Thus, on the map, if a species is found in a
unique basin without sharing its distribution with other species, that basin will present a high ED
average value. Otherwise, if a basin presents only new species (recent speciation), or has many
species, the ED average value will be lower. Data for 2,523 species with phylogenetic data in 490
basins. Basins in white are data deficient.
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Fig. S4. Correlation between the speciation rates produced by the DR statistic and BAMM
analysis.



Table S1. Paleogeographic model used for the time-stratified biogeographic analyses implemented in our range evolution models
(BAYAREALIKE; DEC DIVALIKE — implemented in BioGeoBEARS package; see below). The model is built on connectivity matrices among the
six bioregions, with connectivity changing through time. For any combination of two bioregions, each matrix designates whether the areas are
connected (1) or disconnected (0). When two regions are connected, dispersal events and range expansions are allowed in the biogeographic
reconstruction. When two bioregions are connected, an ancestor can expand its range across these regions and adjacent regions connected to
them. This simple model is based on current knowledge of South American hydrogeological evolution but should be viewed as a working
hypothesis to be further refined and tested. (Guianas: Orinoco, Guianas, and some trans-Andean drainages. Western-Amazonia: From Western
Amazonia drainages to the area of pre-existent Purus Arch. This bioregion currently encompasses all drainage basins of the Amazon River.
Eastern-Amazonia: From Purus Arch to the Atlantic Ocean, where, currently, the mouth of Amazon River is located. Pacific Coast: Most drainage
systems that drain to the Pacific Coast. La Plata: Drainage systems encompassing areas currently drained by the Parani and Paraguay Rivers,
including Patagonia area. Atlantic Coast: Southeastern and Northeastern Atlantic drainage systems. All bioregions were defined according to the
analysis described in the section, “Biogeographical Regionalization.”

Western- Eastern- Pacific La Atlantic
Amazonia Amazonia Coast Plata Coast

Regions Guianas Principal Landscape Events References

55 - 250 Ma

Aquatic systems in South America were intermittently connected by multiple
marine transgressions and regressions; thus drainages across the continent All regions were considered connected 1,14
during this time were intermittently connected by epicontinental seaways

Eocene: 55 - 33 Ma

. 6, 15
Guianas 1 1 1 1 0 0 Sub-Andean Foreland: connected La Plata (Paraguay)
and Western-Amazon
W-Amazonia 1 1 1 1 1 0 Proto-Amazon: connected Eastern-Amazon and La 2,3,6,11
Plata
E-Amazonia 1 1 1 1 0 0 Low elevation in the Northern Andes 1-8
Pacific Coast 1 1 1 1 0 0
La Plata 0 1 0 0 1 0
Atlantic Coast 0 0 0 0 0 1
Oligocene: 33 — 23 Ma
Guianas 1 1 1 1 0 0
WHATEGITTE 1 1 0 1 0 0 Rise of Michicola Arch: disconnected Western-Amazon 1, 6,19
and La Plata




Western-

Eastern-

Pacific

La

Atlantic

Regions Guianas Amazonia Amazonia Coast Plata Coast Principal Landscape Events References
Breach Gurupa Arch: when the Amazon river began
3 : flowing over the Gurupa Arch, the Central Amazon (CA) | 1,3
E-Amazonia 1 0 1 ! 0 0 became connected to the Eastern Amazon (EA).
Pacific Coast 1 1 1 1 0 0
La Plata 0 0 0 0 1 1 Rift Depression indicates connection between La Plata 1, 6-11
and Southeastern Coast
Atlantic Coast 0 0 0 0 1 1
Early-Middle Miocene 23 — 10 Ma Pebas Megawetland: diversification in Proto-Orinoco-
Amazon
Guianas 1 1 1 1 0 0 Pebas Megawetland extended over large areas of the 15 12-22
modern Western Amazon and Orinoco Basins
Rise of Bolivian Orocline captured, seasonally, some 5,19, 22
W-Amazonia 1 1 0 1 1 0 headwaters of La Plata drainages by the Upper
Madeira River (Western-Amazon)
E-Amazonia 1 0 1 1 0 0
Pacific Coast 1 1 1 1 0 0
Rise of Serra do Mar: partial disconnection between La | 6-11
LaPleis 0 1 0 0 1 1 Plata drainage basins from southeastern basins
Atlantic Coast 0 0 0 0 1 1
Late Miocene to Recent: 10 — 0 Ma Diversification in modern trans-continental Amazon
Rise of Vaupes Arch: disconnected Western Amazon 3,4,17,18
Guianas 1 0 1 0 0 0 and Guianas (with intermittent connection by the
Casiquiare Channel)
Rise of Northern Andes / Breach Purus Arch: 2,20,21
W-Amazonia 0 1 1 0 1 0 '
connected Western and Eastern-Amazon
. Rise of Northern Andes: disconnected Pacific Coast 17,18
ST L L L 0 0 0 from Guianas and Pacific Coast from Western-Amazon.
Pacific Coast 0 0 0 1 0 0
La Plata 0 1 0 0 1 1
Atlantic Coast 0 0 0 0 1 1




Table S2. Models and AICc scores for three biogeographic models.

Model LnL n d e j AlCc AlCc_wt
DIVALIKE -10765 2 0.12 0.098 0 21534 0
DEC -10150 2 0.086 0.073 0 20305 0
BAYAREALIKE -8059 2 0.037  0.075 0 16123 1
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Table S3. Average number of dispersal events (from 20 simulations) estimated by
Biogeographical Stochastic Mapping analysis, using the maximum likelihood version of Dispersal-
Vicariance analysis (DIVALIKE; BioGeoBEARS package). Bold numbers represent the highest

values of dispersal from (lines) one region to (columns) another region.

REFOMS e EUEnEs er%azonia ,E-mazonia Eﬁgsﬁtc II;Iaata éﬂgg:ic Vel %
Guianas - 420.7 650 426.3 50 51 1598 16.34
W-Amazon 453.3 - 668.7 545.1 932.6 52.43 2652.13 27.12
E-Amazon 647 577.4 - 491 49.86 50.71 1815.97 18.57
Pacific Coast 409.6 4954 551.4 - 52.29 59.43 1568.12 16.04
La Plata 55.29 512 44.86 62.86 - 825.9 1500.91 15.35
ATEmie o 70.57 53.29 47.86 64.14 407.7 - 643.56 6.58
Total 9778.7 100

11



Table S4. Average number of dispersal events (from 20 simulations) estimated by
Biogeographical Stochastic Mapping analysis, using the Dispersal-Extinction-Cladogenesis model
(DEC; BioGeoBEARS package). Bold numbers represent the highest values of dispersal from
(lines) one region to (columns) another region.

Regions g W- E- Pacific La Atlantic N
From/To Cilletuets Amazonia Amazonia Coast Plata Coast Vol -
Guianas - 298 415 254 30.5 50.5 1048 14.83
W-Amazon 3115 - 501.5 436.5 655.5 46 1951 27.62
E-Amazon 453 379 - 385 37.5 48.5 1303 18.44
Pacific Coast 322.5 398 472 - 37 46 12755 18.05
La Plata 43 326.5 38.5 47.5 - 615 10705 15.15
Atlantic 60.5 29 26.5 29 272 - 417 5.90
Coast

Total 7065 100
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Table S5. Average number of dispersal events (from 20 simulations) estimated by
Biogeographical Stochastic Mapping analysis, using the Bayesian Biogeographical Inference

model (BAYAREALIKE; BioGeoBEARS package). Bold numbers represent the highest values of
dispersal from (lines) one region to (columns) another region.

Regions

W-

E-

Pacific

La

Atlantic

From/To Cuianes Amazonia  Amazonia Coast Plata Coast Vel %
Guianas - 145.6 205.8 132 24.4 27.3 535.1 14.3
AT 182.7 - 228.4 198.1 340.7 26.95 976.85 26.2
= i 248.4 237.6 - 158.5 225 28.85 695.85 18.7
Pacific Coast 178.5 197.2 217 - 23.55 29.25 645.5 17.3
La Plata 24.25 183.6 19.35 20.55 - 320.2 567.95 15.2
Atlantic Coast 27.65 22.5 23.05 23.15 213.3 - 309.65 8.3
Total 37309 100
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Table S6. Proportion of dispersal events (%) among the six regions considering the total number
of dispersal events, (BAYAREALIKE). Bold numbers represent the highest proportions of
dispersal events from the total of dispersal events (3,730.9) among all regions. See also Table

S3.
o)

Regions Guianas - E- Pacific La Atlantic (fi)SOf(:I?St;I
From/To Amazonia Amazonia Coast Plata Coast eveFr)ns
Guianas - 3.9 55 35 0.7 0.7 14.3
W-Amazon 4.9 - 6.1 5.3 9.1 0.7 26.2
E-Amazon 6.7 6.4 - 4.2 0.6 0.8 18.7
fRactiic 48 53 58 ; 06 0.8 173
Coast
La Plata 0.6 4.9 0.5 0.6 - 8.6 15.2
Atlantic 07 0.6 06 0.6 57 ; 8.3
Coast

14



Table S7. Proportion of dispersal events (%) among six regions considering the total number of
dispersal events from each region to another (BAYAREALIKE). Bold numbers represent the
highest proportions of dispersal events from (lines) one region to (columns) another region.

Regions Guianas W- B _ Pacific La Atlantic Total
From/To Amazonia Amazonia Coast Plata Coast (%)

Guianas 0.0 27.2 385 247 46 5.1 100
W-Amazon 18.7 0.0 23.4 203 349 2.8 100
E-Amazon 35.7 34.1 0.0 228 32 41 100
Pacific Coast 27.7 305 33.6 0.0 3.6 45 100
La Plata 4.3 32.3 3.4 3.6 0.0 56.4 100

Atlantic Coast 8.9 73 7.4 75 68.9 0.0 100
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