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groups (1) to (3) is best explained by vicariance events (V1 ern central Amazonian samples (V3 around 5 Mya; Fig. 3).
around 6.87 Mya and V2 around 5.75 Mya; Fig. 3). BioGeo- ~ However, this split received no support in the BEAST to-
BEARS suggested an additional vicariance event within  pology (Fig. S3). Subsequent within-group diversification,
group (3), which segregates a geographic unit comprised  younger than circa 5 Mya, was identified to be best ex-
by (A) the southern Amazonian samples from (B) the west-  plained by dispersal events.

Figure 2. Haplotypes of Ameerega trivittata: (a) Statistical parsimony network pattern (98%) inferred from the 36 haplotypes from
38 localities, with the Madeira River group (H1, H16, H19, see text) showing a separate network (using a 95% parsimony limit: H1
connects to H3, H5, H7 with five mutations; H19 connects to H6 with five; H16 connects to H6 via H19 with six mutations — not
shown). Colors are according to BR allocation (Fig. 1, Tab. 1); the number of samples per haplotype is indicated by circle size on
the left margin. (b) Map of northern South America showing the distribution of the unique and the most shared haplotypes (faded
background colors are those of BRs in Fig. 1).
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Table 3. BioGeoBears AICc results. Abbreviations: LnL = In(likelihood); d = dispersal; e = extinction; j = founder-event speciation.

Model LnL d e j AICc AICc_wt
DEC -63.7359  0.0152 1.0e-12 0 131.7718  5.2994
DIVALIKE -59.0920  0.0207 1.0e-12 0 122.4839  5.5088
BAYAREALIKE -80.5670  0.0112 0.2852 0 165.4340 2.5976
Discussion an anurans that have been studied in detail in recent years

Hypotheses testing

Our results demonstrate low genetic divergence among
(uncorrected p-distances, GYMC, but not ASAP, as dis-
cussed below) and monophyly (BI and ML) of A. trivittata
samples as well as multidirectional ‘star burst’ dispersal of
extant haplotypes. The biogeographic modelling suggest
three vicariance events before 5 Mya and multiple dispersal
events in more recent times. Thus, the expectations formu-
lated above (cf. goals 1A-C; 2) are supported.

The observed low genetic diversity over Amazonia
markedly differs from many other widespread Amazoni-

and that turned out to be complexes of species with rela-
tively small allopatric distributions (e.g. PADIAL & DE LA
RivAa 2009, ANGULO & ICOCHEA 2010, FUNK et al. 2012,
FOUQUET et al. 2014, 2021b, GEHARA et al. 2014, PELOSO
et al. 2014, RojAs et al. 2018, REJAUD et al. 2020). Notable
in this context is the ASAP result that revealed the exist-
ence of two lineages that could represent distinct taxa in
our A. trivittata sampling. In this case, a small fraction of
samples comprising the Madeira River group (from 5 lo-
calities with 3 unique haplotypes, Fig. 2) would specifically
differ from all other A. trivittata samples. However, this is
not supported by the relatively low p-distances (< 0.023;
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Figure 3. Ancestral area reconstruction of the three-striped poison frog, Ameerega trivittata, inferred in BioGeoBEARS under the
best-fit DIVALIKE model, with: (a) the most likely biogeographic scenario, with pie charts at nodes displaying the probability of the
ancestral estimated areas in colors and less likely estimations in white. Colors correspond to the BR as indicated on the left margin.
Vicariance events are V1 to V3, while all other splits represent dispersal events. Group names as in text. (b) Map of Amazonia with the
seven BRs and biogeographical stochastic mapping (BSM) with anagenetic dispersal events; numbers indicate mean range-expansion
dispersal events and are shown with a mean of > 0.6 only. Note that only basal nodes received robust support (*), see text.
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Supplementary Table S2) that rather suggest conspecificy
(cf. VENCES et al. 2005b).

Intraspecific gene genealogies indicated a high haplo-
type diversity (Hd = 0.966), and several identical haplo-
types were recorded from different localities (Fig. 2b).
These data, in combination with the relatively high ts/tv
ratio (11.55), suggest a recent evolutionary history and in-
terchange of populations. This is also supported by the ‘star
burst’ pattern of the parsimony network for samples from
western and central Amazonia (BR1, BR4, BRs), implying
this region to be a dispersal center for our study species.
In line with this, haplotypes associated with localities in
the periphery of Amazonia (BR2, BR6, BR7) were geneti-
cally fairly distant. These findings propose that A. trivittata
invaded into these localities. In conclusion, the intraspe-
cific gene genealogies well match the hypothesis of a recent
within-species evolution.

Not only the haplotype network, but also the molecu-
lar clock and the biogeographic modelling support that the
many younger splits in the A. trivittata phylogeny (< ca.
4.5 Mya) are likely the result of relatively recent forward
and backward dispersal events among BRs. Only prior to
that, in the Late Miocene, largely between 7 and 5 Mya, vi-
cariance was apparently a major driver for within-species
segregation. Stochastic mapping revealed that these ear-
ly splits have taken place in western to central Amazonia
(BR1, BR4, BRs, BR6). We find support for a phylogeo-
graphic scenario that (i) with the formation of the young
Amazon River and the retention of enormous water mass-
es in the Late Miocene (HOORN et al. 2010, SHEPHARD et al.
2010), A. trivittata underwent vicariance events. (ii) When
later, around 3 Mya, water bodies burst into the Amazon
River and diminished, A. trivittata was able to disperse be-
tween BRs and to expand its geographic range through in-
vasion into the periphery of the Amazon basin.

Translation into hypothetical
phylogeographic scenarios

Our results are consistent with geological and landscape
diversification processes of the Amazon basin of the last
10 million years. During this period, central Amazonia
changed from the lacustrine Acre System gradually into
the modern Amazon watershed with an expansion of terra
firme forests (HOORN et al. 2010). Enabled by the uplift of
the Andes, the drainage of these lacustrine accumulations
and influxes, which formed the early stages of the Ama-
zon River, was able to breach the Purus Arch around 10.1-
8.3 Mya (SHEPHARD et al. 2010, GORINI et al. 2014, ALBERT
et al. 2018). The formation of the Amazon basin obvious-
ly was a major geodispersal event with predictable conse-
quences for biodiversity, despite that rivers were not the
only drivers of species diversification in Amazonia (CRA-
CRAFT et al. 2020). As figured out by HoorN et al. (2010),
these changes in the landscape played a decisive role in
the evolutionary and biogeographic history of Amazonian
plant and animal biodiversity.

The three-striped poison frog emerged in this time
(8.44 Mya; 95% HPD: 10.6-6.04 Mya; Fig. S3), which is not
only supported by our time estimations but also by those of
other authors (SANTOS et al. 2009, GUILLORY et al. 2020).
According to SANTOs et al. (2009), A. trivittata is of Am-
azonian origin in the vicinity of the remnant of the for-
mer Pebas System. We propose that like other contempo-
rary biota (REJAUD et al. 2020, FOUQUET et al. 2021a), north
and south of the remnant of the Acre System, it colonized
continuous terra firme forest in central Amazonia via the
opening of the Purus Arch (Fig. 4a, b). However, we can
only assume this here because of vicariance events - a re-
sult of our biogeographic modelling - that took place later.

Since the Late Miocene (11.6-5.3 Mya), the Andes in the
West more and more attained their present shape. Only
since then, the formation of the Amazon basin as present-
ly known began. The establishment of the transcontinental
Amazon River and the arrangement of its tributaries took
until about 4.5 Mya (GORINI et al. 2014, ALBERT et al. 2018)
or even longer (SHEPHARD et al. 2010). Rivers that initi-
ated through the continuous Andean uplift and today are
known as major tributaries of the Amazon, for longer peri-
ods were enormous water accumulations, because the Pu-
rus Arch in central Amazonia had not entirely eroded. Our
findings of early vicariance scenarios (Fig. 3a) suggest that
at least three of these arising water catchments represented
temporary riverine barriers to A. trivittata.

One vicariance event (V1) that took place around
6.87 Mya coincides well with river captures of the Upper
Madeira basin (Fig. 4c) (Albert et al. 2018, COOKE et al.
2012, TAGLIACOLLO et al. 2015). Another vicariance event
(V2) noted in A. trivittata occurred at around 5.75 Mya.
It can well be linked to the emergence of the Negro Riv-
er (Fig. 4d). This water catchment resulted from the turn
of the Branco River, which originally drained north into
the Caribbean Sea via the Essequibo River (ALBERT et al.
2018). It then had become an enormous water catchment
for about 1-2 Mya north of the Amazon River (ALMEI-
DA-FILHO & MIRANDA 2007, RiBas et al. 2012). The Ne-
gro River had acted as a barrier for various taxa, including
primates or even birds (D’HORTA et al. 2013, BOUBLI et al.
2015). While the water retention of the young Negro River
might have represented a riverine barrier to A. trivittata,
we find no signal that the lower Amazon River was im-
permeable to this species. At least, LOUGHEED et al. (1999)
showed that for extant populations of Allobates femoralis,
another Amazonian terra firme poison frog, the Jurua Riv-
er is not a barrier, which perhaps is about the same size as
was the lower Amazon River at about 6 Mya.

The three putative isolates of A. trivittata remained with
the complete dissolvement of the Acre System. Afterwards,
with the forebulge of the Fitzcarrald Arch at about 5 Mya,
geomorphology and drainage systems in the South of the
upper Amazon basin massively re-shaped, including a shift
of the upper Amazon (Solimdes) River to the North (EspUrT
et al. 2010). The Jurud and Purus Rivers might then have
turned into barriers to A. trivittata, corresponding to a pos-
sible third vicariance (V3) event at around 5 Mya (Fig. 4e).
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Figure 4. Hypothetical biogeographic history of the three-striped poison frog, characterized by three vicariance events through river
barriers, indicated by yellow, red, green and orange colors. Main mountains (tan), ancient arches (stipples) and water bodies (blue)
are shown, with arrows indicating flow direction. Underlying is a map of extant northern South America. Main rivers are adopted
from illustrations in ALBERT et al. (2018) and HOORN et al. (2010).
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For the last 3.5 Mya, the landscapes of the Amazon basin
have not undergone drastic changes anymore, only rivers
slimed down at some extent (HOORN et al. 2010) so that
apparently A. trivittata was able to cross them and to ex-
pand its geographic range further (e.g. into the Guianas),
exhibiting its extant pan-Amazonian distribution (Fig. 4f).

Dispersal advantages as a key explanation

When trying to understand the evolutionary biogeography
of Amazonian taxa, species’ intrinsic characteristics, includ-
ing dispersal ability and niche breadth are pivotal (e.g. P1-
RANI et al. 2019, FOUQUET et al. 2021b). Our data infer that
A. trivittata once it has expanded its range into central Ama-
zonia (similar to other anurans; e.g. SANTOS et al. 2009, RE-
JAUD et al. 2020), riverine barriers had a lesser effect on this
species than on other anurans, so that time of segregation
was too short to evolve irreversible reproductive isolation
(lineages). Afore mentioned species-specific characteris-
tics may have played a key role here, and we suggest that
the three-striped poison frog exhibits life history traits that
make it a more successful disperser than other anurans.

First, as mentioned above, A. trivittata is one of the larg-
est poison frog species. Its maximum adult size is about one
third larger than that of Allobates femoralis sensu lato (S1L-
VERSTONE 1976, LOTTERS et al. 2007), and thus, A. trivittata
is larger than many other Amazonian anurans (see OLIVEI-
RA et al. 2017). In anurans, larger body size favors disper-
sal (WOLLENBERG et al. 2011, SEARCY et al. 2018). Moreover,
larger amphibian species commonly have a higher body
mass and can better cope with unfavorable conditions com-
pared to smaller species (DUELLMAN & TRUEB 1986). This
may upsurge survival rates in accidental long distance dis-
persal over rivers known in anurans (cf. MARIN DA FONTE et
al. 2019). Such an event, although probably rare, was report-
ed in the Amazonian poison frog Ameerega hahneli (MON-
TANARIN et al. 2017). It is smaller than A. trivittata, so that
long distance dispersal success, undergoing potential fluvia-
tile drift, should even be higher in the larger A. trivittata.

Dispersal success in A. trivittata is additionally stimu-
lated by its diurnal and terrestrial life style (LOTTERS et al.
2007, KAHN et al. 2016). Most Amazonian anurans are noc-
turnal so that in this region mainly poison frogs cover this
general niche; they are all smaller than A. trivittata (MoN-
TANARIN et al. 2017). An exception is Ameerega bassleri,
co-occurring with A. trivittata along the lower Andean
versant in Peru (i.e. A. bassleri does not emerge into low-
lands). It is about the same size and clearly outcompetes
A. trivittata (TWOMEY et al. 2008). In other sites, where
various poison frog species occur in syntopy, A. trivittata is
the most common one (SCHLUTER 2005; authors’ unpubl.
data), suggesting that probably it better asserts itself along
limiting niche axes.

Other aspects increasing the dispersal ability of A. tri-
vittata can be linked to particular behavioral traits of pa-
rental care. Poison frogs actively promote offspring disper-
sal by carrying their larvae to water bodies over relatively

large distances (PASUKONIS et al. 2019). We propose that
the length of this transport way is positively correlated with
adult size and that A. trivittata performs active offspring
dispersal over larger distances than smaller poison frogs.
At least, PASUKONIS et al. (2019) demonstrated that this
species carries its tadpoles for up to 300 m away from its
home range (comparative data for other taxa are sparse).
Moreover, A. trivittata is one of the poison frog species
with the highest number of eggs, probably also a result of
its large size. It is known to lay up to about 50 eggs in one
clutch (inferred from one male transporting 46 tadpoles
and one female having 51 ovarian eggs; AICHINGER 1991).
Known maximum clutch size in other Ameerega species
is considerably less, mostly < 20 (AICHINGER 1991, LOT-
TERS et al. 2007). Anuran clutch size is positively correlat-
ed with dispersal ability (TRAKIMAS et al. 2016), and it has
been shown to represent an important aspect in a disper-
sal study on West African amphibians (PENNER & RODEL
2019). Compared to other anurans, for instance explosive
breeders, clutch size in A. trivittata is ‘tiny. However, in
combination with the species’ brood care behavior includ-
ing active offspring dispersal, dispersal via reproduction
may be quite effective in it.

Future research

Poison frogs are an important group with regard to under-
standing Amazonian biogeography (SANTOs et al. 2009).
Our results suggest that one member of this group, A. tri-
vittata, represents an extraordinary case, because it encom-
passes a truly pan-Amazonian distribution. Despite that
we have an incomparable spatial sampling and provide an
explanatory phylogeographic scenarios, at the same time
the accuracy of our study is limited by the use of only one
mtDNA marker and with a varying number of samples per
locality. Moreover, some questions remain unanswered, es-
pecially those concerning spatial processes in more recent
times (< 3.5 Mya). The use of nuclear genomic data might
provide a clearer picture and provide results beyond ours.
However, the availability of materials is challenging and
gathering nuDNA data for all the terminals included in our
study was out of reach, so that our study is best be seen as a
frame for a future approach (cf. REjaup et al. 2020). Future
research might also aim to better emphasize the dispersal
advantages that we suggest A. trivittata has compared to
other poison frogs.

Conclusion

The evolutionary biogeography of pan-Amazonian anuran
taxa is little understood. We, for the first time, show that
recent (Pliocene/Pleistocene) multidirectional dispersal
plays a role, using the three-striped poison frog, A. trivitta-
ta, as a case study. Due to its intrinsic morphological and
life history traits it is a more successful disperser than other
anuran species, so rivers are more permeable.
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