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Abstract

Aim: The Amazon-Orinoco plume is the major biogeographical barrier between the
Great Caribbean and the Brazilian Province. No study has so far addressed the influ-
ence of this barrier in a broad chrono-phylogenetic context. Here, we evaluate the
effects of the Amazon-Orinoco plume barrier on the patterns of diversification of
Western Atlantic reef fishes through time.

Location: Tropical Western Atlantic.

Taxon: Reef Fishes (Percomorpha).

Methods: We compiled DNA sequence data of 21 molecular markers from sister spe-
cies/population pairs across 33 reef-fish families in the Greater Caribbean biogeo-
graphical region and the Brazilian Province. The data included estimated divergence
times between sister-pairs based on previously published phylogenies and 94 newly
proposed time-trees. Divergence dates were compared with variations in the sedi-
mentation discharge rate of the Amazon River and sea-level fluctuations. To address
the hypothesis that fishes with different adult sizes are affected differently by the
Amazon-Orinoco plume, we used a phylogenetic least squares regression to test the
relationship between maximum total body length and divergence times between the
Caribbean and Brazilian sister-pairs.

Results: We identified an increase in the rates of lineage diversification between sister-
pairs of the Greater Caribbean and Brazilian Province reef fishes in the past 2.4 million
years, in accordance with the period of higher sedimentation rates of the Amazon
River and the more frequent sea-level fluctuations in the Pleistocene. A strong rela-
tionship between total body length and effectiveness of the barrier through time was
confirmed, with smaller species typically diverging earlier in periods when sedimenta-
tion rates of the Amazon River were significantly lower.

Conclusions: The strong biogeographical signal detected in this study across different
lineages of reef fishes clearly indicates that the Amazon-Orinoco plume played a sig-
nificant role in the diversification of the Atlantic reef-fish fauna. The temporal pattern
of diversifications indicates a correlation between the permeability of the plume, sea-
level fluctuations, variability in the volume of the discharge and fish body size, with

the barrier's influence being weaker on larger fishes.
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1 | INTRODUCTION

Biogeographical barriers are some of the most relevant determi-
nants of species distributions. In the sea, biogeographical barriers
can be either hard, such as landmasses, or soft, such as sediment and
temperature barriers, with the latter being more permeable than the
former (Bowen et al., 2013; Cowman & Bellwood, 2013). Depending
on the nature of the barrier and the region where it is located, the
barrier may be traversed by taxa with specific biological attributes,
or at certain times, but not by others. Biogeographical provinces,
which are largely separated and maintained distinct by biogeograph-
ical barriers, are geographical subdivisions defined by the proportion
of endemic taxa and/or the dissimilarity of their biotas (Briggs, 1974;
Briggs & Bowen, 2012; Floeter et al., 2008; Vermeij, 2004). The in-
fluence of a barrier on speciation can be estimated and evaluated
through analyses and comparisons among patterns of species dis-
tribution or genetically distinct populations inhabiting the distinct
provinces (e.g., Boehm et al., 2013; Rocha, 2003).

The Brazilian Province is defined as the marine region ex-
tending from the Amazon River mouth to southern Brazil (Santa
Catarina State), including the oceanic islands of St. Peter and St.
Paul Archipelago, Rocas Atoll, Fernando de Noronha Archipelago
and the Trindade-Martin Vaz complex (Floeter et al., 2008; Pinheiro
et al., 2018; Rocha, 2003). The Greater Caribbean biogeographical
region, in turn, extends from Bermuda and Florida to the coastal re-
gion off northeastern South America, and from the Gulf of Mexico to
the islands of Dominica and Barbados in the Northwestern Atlantic
(Figure 1; Robertson & Cramer, 2014; Chollett & Robertson, 2020).

The massive outflow of freshwater and sediments into the
ocean from the combined Amazon and Orinoco rivers discharges
in northern South America is considered the major biogeograph-
ical barrier responsible for the faunal discontinuity between the
Caribbean and Brazilian Provinces (Rocha, 2003; Robertson
et al.,, 2006; Figure 1). This outflow forms the Amazon-Orinoco
plume, which extends for about 2300 km along the northeast coast
of South America (Floeter et al., 2008; Rocha, 2003). The plume
started to form about 9.4 million years ago (Mya), but the degree
of sediment deposition and freshwater discharge in the region fluc-
tuated greatly through time (Figueiredo et al., 2009, 2010; Gorini
et al., 2013; Hoorn et al., 1995).

The Amazon River has by far the largest freshwater discharge
in the world, with up to 300,000m?/s, which is roughly an order of
magnitude higher than the average discharge of the Orinoco River
(Moura et al., 2016; Ward et al., 2015). Consequently, the Amazon
River is largely responsible for the structuration of the Amazon-
Orinoco plume. However, three stages of development of average
sedimentation rates of the Amazon River have been identified in the
geological time (Figueiredo et al., 2009, 2010; Gorini et al., 2013;
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FIGURE 1 Map showing the two tropical biogeographical
regions of the Western Atlantic and the area of influence of the
Amazon-Orinoco Barrier. Carolinian Province and Caribbean
Province correspond to Northern Province and Central+Southern
Provinces of Robertson and Cramer (2014), respectively. The map
was drawn in an equal-area projection (Mollweide)

Hoorn et al., 2017). The Amazon River was not yet fully entrenched
during the middle to late Miocene (9.4-5.6 Mya). Consequently, sed-
iments were partially trapped in continental basins, resulting in low
sedimentation rates at the plume (mean value of ~0.05 m/ka). From
the late Miocene to early Pleistocene (5.6-2.4 Mya), the Amazon
River was more fully entrenched, and a sixfold increase in sedimen-
tation rates has been estimated during that period (mean value of
~0.3m/ka). The last stage of development of the sedimentation
rate of the Amazon River started during the Pleistocene, at about
2.4 Mya, and is coincident with the formation of the modern Amazon
River. During this period, it is presumed that sediment deposition
rates were 24 times higher than during the first phase and four
times higher than the second one, with a mean value of ~1.2m/ka.
Therefore, the Amazon-Orinoco barrier was possibly more perme-
able in the early periods of development of the Amazon River due
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to relatively modest sedimentation rates. As the river matured and
sedimentation rates increased, the barrier gradually became less
permeable to shallow reef organisms.

In addition to the massive amount of freshwater discharge and
sediment deposition primarily resulting from the flow of the Amazon
River into the Atlantic, the northeastern coast of South America is
a region influenced by highly energetic physical conditions due to
the fast-flowing North Brazil Current, strong winds and great vari-
ation in tides (Moura et al., 2016). All those factors combined ham-
per the formation of shallow coral reefs (Briggs, 1974; Veron, 1995),
impairing the passage of shallow marine organisms dependent on
those environments (Tosetto et al., 2022), despite the existence of
an outstanding mesophotic reef system (>70 m deep) underneath
the Amazon River plume (Collette & Rutzler, 1977; Francini-Filho
et al., 2018; Moura et al., 2016; Rocha, 2003). The effectiveness of
this barrier fluctuated over time due to sea-level fluctuations. During
high sea-level stands, the freshwater and sediment outflow of the
Amazon River is mainly carried to the north over shallow waters by
the North Brazil Current, which flows mostly in a westerly direc-
tion (Peterson & Stramma, 1991). This allows the colonization of the
deep outer shelf of the region by sponges and other reef organisms
(Collette & Rutzler, 1977; Moura et al., 2016; Rocha, 2003; Rocha
etal.,2002), forming The Great Amazon Reef System (GARS) that sup-
posedly reduces the effectiveness of the Amazon-Orinoco Barrier.
During lower sea-level periods, in turn, sediment is directly depos-
ited at the Amazon mouth on the Atlantic Ocean floor, contributing
to the formation of the Amazon Fan (Nittrouer & DeMaster, 1986;
Rocha, 2003). As a result, deeper reef environments in the sponge
corridor along the outer shelf of the region are under more turbid
conditions, that more effectively isolate the Caribbean and Brazilian
regions (Collette & Rutzler, 1977; Rocha, 2003).

The comparison of the distributions of different taxa may
shed light on the biogeographical history overshadowed by deep
time (Delrieu-Trottin et al., 2019; Nelson & Platnick, 1981; Toonen
et al., 2011). Despite the availability of molecular phylogenies and
nucleotide sequences from multiple species of different families
of reef fishes, no study has so far addressed the influence of the
Amazon-Orinoco Barrier in a comparative and taxonomically diverse
phylogenetic context. Superimposing divergence date times among
species or populations of different taxa across the Amazon-Orinoco
Barrier timeline is crucial to understanding this barrier's influence
and effectiveness over time and to assessing the primary drivers in-
volved in this process.

In this study, we analysed the impact of the Amazon-Orinoco
Barrier on the diversification patterns of the reef-fish fauna of the
Tropical Western Atlantic. We analysed the genetic divergence be-
tween Caribbean and Brazilian sister-pairs across 110 taxa of either
sister species or populations of the same species living on opposite
sides of the barrier to determine how the Amazon-Orinoco River
plume influenced diversification events in the Atlantic. We also
tested if body size, in terms of total length, was relevant to a spe-
cies' ability to cross the Amazon-Orinoco Barrier in the past, as it
seems to be today (Luiz et al., 2012). We tested the hypothesis of
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dynamic temporal permeability of the Amazon-Orinoco Barrier by
seeking the significance of the relationship between the maximum
total length of the sister-pairs in the Caribbean and Brazilian regions
and their respective divergence times in relation to the three devel-
opment stages of the Amazon River freshwater and sediment dis-
charge. To do that, previously published and newly generated data
for divergence times among sister-pairs in both regions were consid-
ered in a broad phylogenetic framework. This is, therefore, the first
meta-analytic study including all available published data and public
sequence records of reef fishes conducted to explore general pat-
terns of temporal diversification among reef fishes in the Western
Atlantic.

2 | MATERIALS AND METHODS

Our methodological approach is diagrammed in Figure S1 and de-
tailed in the following sections. Table S4 contains the summarized
dataset.

2.1 | Taxonomic selection and geographical
distribution screening

The definition of ‘reef-fish families’ and the categories of size used
here, Cryptobenthic Reef Fishes (CRFs) and Large Reef Fishes (LRFs),
follow Brandl et al. (2018) and resulted in the selection of 58 fami-
lies of the Teleostei. For the 44 families represented in the Western
Atlantic, on both sides of the barrier, the following procedure was
implemented: geographical distributions were scored for each spe-
cies based on Fricke et al. (2022) in addition to the more detailed
geographical information available at the IUCN website (https://
www.iucnredlist.org/); when not available at the IUCN, distribu-
tional data were also compiled from Fishbase (https://www.fishb
ase.de/). Species were then categorized into either (1) species that
are reported for the entire Tropical Western Atlantic or (2) pairs of
sister species in which one of them occurs in the Caribbean and the
other occurs off Brazil. A careful search in the published literature
focusing on molecular phylogenetic studies that include those sister-
pairs was then executed. Only phylogenies with divergence time es-
timates were considered. In addition, selected phylogenies include
sequences based on samplings from both the Carolinian/Caribbean
and the Brazilian Provinces in the case of species reported for the
entire Tropical Western Atlantic (category 1 above), or include sister-
pairs on each side of the Amazon-Orinoco Barrier in the case of cat-
egory 2. A total of 16 phylogenies met all these criteria (Table S1).
When the phylogeny did not include an estimate of the divergence
time or when it did not fulfil all the criteria indicated above, the se-
quences and topology were used for subsequent analysis for this
purpose, that is, we used the ‘sibling species’ relationships retrieved
in the topologies to implement the analysis of divergence time. In
the case of sister-pairs not represented in any molecular phyloge-
netic study, an extensive search for sequences was carried out in
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GenBank (https://www.ncbi.nlm.nih.gov/genbank/) and Barcode of
Life Data System (http://www.boldsystems.org/) to perform analy-
ses of divergence time between clades occurring in the Caribbean
and Brazilian regions. In the case of published phylogenies of
Clepticus, Coryphopterus and Myripristis (Beldade et al., 2009; Bowen
et al., 2006; Volk et al., 2021), either the sequences were not avail-
able at online repositories or only the haplotypes were available. We
then contacted the authors of the original publications, and all re-
quested sequences and information were kindly provided. GenBank
and BOLD accession numbers for each species-pair are available in
Table S3.

2.2 | Molecular phylogenies and haplotype
distribution

Divergence date intervals were calculated for 94 sister-pairs of
Caribbean and Brazilian regions (Figures S6-85) using BEAST 2.6.3
(Bouckaert et al.,, 2019), with a relaxed lognormal clock and the
Calibrated Yule Model as priors, and divergence times for 16 pairs
were obtained from the literature. Substitution models were esti-
mated using jModelTest2 (Darriba et al., 2012). Secondary calibration
points provided by Rabosky et al. (2018) or by time-tree phylogenies
of the target group (Table S1) were also considered. In multi-locus
analyses, the genes were individually partitioned. At least two inde-
pendent Markov Chain Monte Carlo (MCMC) were implemented for
each analysis. The MCMC chain length was refined to be sufficient
once all convergence statistics of effective sample sizes were >200,
sampling trees at every 0.01% generation of the chain length. The
run parameters were accessed in Tracer 1.7 (Rambaut et al., 2018)
and the log and tree files were combined in LogCombiner (Bouckaert
et al., 2019). The target tree was summarized in TreeAnnotator
(Bouckaert et al., 2019) after excluding 20% burning from each run.
The substitution models and calibration points for each analysis are
indicated in Figures S6-S85. In the analyses, divergence dates were
considered only when a clear phylogenetic separation between
Caribbean and Brazilian populations (i.e. clearly distinct clades) was
observed. When distinct clades were not observed for those re-
gions, indicating an absence of isolation between populations from
the Caribbean and Brazilian regions, divergence date was computed
as zero, regardless of the estimated crown age. Haplotype networks
for pairs of populations were built with the TCS algorithm (Clement
et al., 2000) present in PopArt (Leigh & Bryant, 2015).

2.3 | Effect of body size on barrier transposal
across time

Previous studies have concluded that marine species with larger
body sizes generally have a greater capacity to withstand environ-
mental variability and also potentially have a stronger active disper-
sal capacity (Luiz et al., 2012; Roy et al., 2002; Vermeij, 2004; Vermeij
et al., 2008). Large adult size was indeed proposed as a significant

predictor for a given reef fish's ability to cross the Amazon-Orinoco
Barrier in its current configuration (Luiz et al., 2012). The GARS, in
particular, seems to function as an intermittent corridor for species
dispersal depending on sea-level height (Rocha, 2003). However,
since there has been a gradual increase in the sedimentation and
freshwater discharge rates of the Amazon River into the Atlantic
over the last few million years, it is likely that permeability of the
Amazon-Orinoco Barrier has also varied more broadly across time.
To estimate the relationship between barrier crossing and body size
through time, the maximum total length (cm) of each species was
obtained from FishBase. Then, each sister-pair was assigned to one
of the three temporal categories: those that diverged in (1) the first
sedimentation phase of the Amazon River (9.4-5.6 Mya); (2) the
second (5.6-2.4 Mya); and (3) the third (2.4 Mya-present). A fourth
category including species without divergence between the regions
(presumably panmictic species) was also considered. Because ani-
mal traits, including body size, tend to be more similar in closely re-
lated species, consideration of phylogeny autocorrelation is critical
for exploring the linkage of traits among species (Li & Ives, 2017).
We performed a phylogenetic generalized least squares regression
(PGLS; Lajeunesse & Fox, 2015), considering the phylogenetic rela-
tionships between species and assuming body size variation under
Brownian motion. PGLS can incorporate potential bias in phyloge-
netic relatedness among target species, assuming that the similarity
of model residuals between species depends on their phylogenetic
relatedness. To feed on the PGLS, we constructed a single phylog-
eny of the species analysed in this study only, using the R package
‘FishPhyloMaker’ (Nakamura et al., 2021; Figure S2). Because data
points in the analyses included both populations of a single species
and pairs of sister species, we considered the species pair (instead of
a single species) as the tip of the phylogenetic tree when necessary
(Figure S2). The null hypothesis was that there is as much variation
in the maximum total length of the species within the temporal win-
dows as between the temporal windows. The maximum total length
of the species was converted to log to satisfy assumptions of nor-
mality and homoscedasticity. The PGLS was fitted using the R pack-
age ‘nlme’ and the generation of plots were implemented using the R
Software Package (R Core Team, 2020).

3 | RESULTS

A total of 110 estimates of divergence time based on 21 molecular
markers (seven mitochondrial and 14 nuclear; Figures S3, S6-85;
Table S4) were recovered in 33 reef-fish families. Of those, 34 corre-
spond to pairs of sister species and 76 correspond to pairs of disjunct
populations within a species. In all, 60 pairs showed some level of
divergence between the Caribbean and Brazilian regions, whereas
50 seem to have genetically panmictic populations along the regions
(Figure S3; Table S1). Of the 110 estimates of divergence time, 23
consisted of Cryptobenthic Reef Fish (CRF) sister-pairs in 10 fami-
lies, whereas 87 are Large Reef Fish (LRF) pairs in 23 families. Among
those with some level of divergence between regions, 20 (33.3%)
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are CRF sister-pairs and 40 (66.6%) are LRF sister-pairs. In total, 20
of the 23 sister-pairs of CRFs showed some divergence between the
regions (87.0%), whereas 40 of the 87 pairs of LRFs showed some
level of divergence (45.9%).

Among the 60 pairs with some level of divergence between the
Caribbean and Brazilian regions, 33 were pairs of sister species, and
27 represent disjunct populations labelled as single species names.
Among those population pairs, 15 (Coryphopterus glaucofraenum, C.
thrix, Diplectrum bivittatum, Enneanectes altivelis, Epinephelus adscen-
sionis, Gobiesox barbatulus, Gobioclinus kalisherae, Haemulon atlanticus,
H. plumierii, Hippocampus erectus, Lagocephalus laevigatus, Scartella
cristata, Scorpaena plumieri, Sphoeroides spengleri and Stephanolepis
hispidus) appear to represent species pairs not formally recognized
as distinct taxa. In those 15 cases, we found a clear biogeographical
compartmentalization, identified in the haplotype networks—which
configures distinct Caribbean and Brazilian haplogroups—and the
number of mutations between the haplogroups. Furthermore, hap-
lotypes are not shared between the regions in 11 of those 15 popu-
lation pairs, reinforcing the possible species-level category of those
populations (Figure 2a,b). Notably, in all cases of shared haplotypes
between the regions, haplotypes from Brazilian lineage were found
in the Caribbean populations, but the opposite was never observed
(Figure 2b). Also, haplotypes of a single pair of sister species, Apogon
maculatus/Apogon americanus, are the same in both the Caribbean
and Brazilian populations, but sequences from A. americanus are all
from the Fernando de Noronha Archipelago, a location known to
have direct links with the Caribbean (Rocha et al., 2005).

In the cases of Hemicaranx amblyrhynchus, Hyporthodus flavo-
limbatus and Selene setapinnis, sequences from the Caribbean were
not available, but sequences of those species from the Carolinian
Province and Brazil indicated a clear separation between the popu-
lations inhabiting those regions. Examined sequences of Halichoeres
bivittatus and Haemulon aurolineatum, in turn, indicate the separa-
tion, followed by secondary contact, between populations of those
species from the Carolinian Province and the Caribbean and Brazilian
Provinces, which are grouped in a single panmictic unity (Figure 2c).

In Figure 3, we show the estimated divergence dates of the 60
sister-pairs with some degree of isolation between the Caribbean
and Brazilian regions in relation to sea-level fluctuations of the last
12 Mya and the three stages of freshwater and sediment deposition
of the Amazon River. The estimated divergence dates ranged from
around 0.1 to 17.1 Mya (Table S1; Figure 3), with all but two presum-
ably occurring after the onset of the transcontinental Amazon River
and its Atlantic discharge (~9.0-9.4 Mya). Only two cladogenetic
events—one between Gobiosoma spilotum and the clade formed
by Gobiosoma alfiei and G. hemigymnum, and the other between
Lythrypnus nesiotes and L. brasiliensis (both in the Gobiidae)—were
estimated as having occurred in a period prior to the opening of the
Amazon River in the Atlantic Ocean (13.2 and 17.1 Mya, respec-
tively). The eight oldest dates of cladogenetic events estimated are
all from small and cryptobenthic sister-pairs.

Only 10 cladogenetic events are estimated as having occurred
between 9.4 and 5.6 Mya, that is, during the first phase of formation
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of the Amazon River, when the freshwater discharge and sedimen-
tation rate was relatively low (~0.05 m/ka). Eight of those clades
include cryptobenthic reef fishes. The average maximum TL of sister-
pairs that diverged in/before this period is 12.3 cm, with 41.2 cm
being the maximum TL recorded (Figures 3 and 4). Among the CRFs,
Scartella cristata and Gobiesox barbatulus have isolated populations
in the Caribbean and Brazilian regions that diverged at about 7.6 and
5.8 Mya, respectively, with the populations off Brazil (and also the
eastern Atlantic in the case of S. cristata, which is more closely re-
lated to the Brazilian population than to the Caribbean one) likely
representing distinctive unrecognized species. The three examined
sister-pairs in the Opistognathidae also separated at this stage of
formation of the Amazon River (Table S1; Figure S64). The only sister
species in the Haemulidae and Labridae that diverged in this phase
are formed by species with the lowest maximum TL of both fami-
lies included in this study, Haemulon parra+ H. bonariense (41.2 and
40cm TL, respectively) vs. H. squamipinna (19.4 cm TL, Rocha, C.
personal communication) and Halichoeres maculipinna (18.0 cm TL) vs.
Halichoeres penrosei (11.9 cm TL).

During the second phase of formation of the Amazon River (5.8-
2.4 Mya; sedimentation rate~0.3m/ka), 17 cladogenetic events re-
sulting in Caribbean and Brazilian sister-pairs were detected, eight
of them including cryptobenthic reef fishes and nine represented by
large reef fishes. The average maximum TL of the sister-pairs that
diverged in this phase is 24.2 cm, with a maximum TL of 79.1 cm
(Figures 3 and 4). Disjunct populations of currently recognized single
species in the regions were detected in the cases of Coryphopterus
glaucofraenum (estimated divergence date = 5.3 Mya), Diplectrum
bivittatum (4.2 Mya), Scorpaena plumieri (3.1 Mya), Sphoeroides spen-
gleri (3.1 Mya), Gobioclinus kalisherae (2.7 Mya), Enneanectes altivelis
(2.5 Mya), Coryphopterus thrix (2.5 Mya) and Haemulon plumierii (2.5
Mya). Lineages of those species in the Brazilian Province likely rep-
resent species not formally recognized. Results also indicate that the
Caribbean population of Scorpaena plumieri is more closely related
to S. mystes from the Tropical Eastern Pacific than to the Brazilian
population of the genus, also currently recognized as S. plumieri.

In the last 2.4 Mya, which corresponds to the third and most intense
period of mean sedimentation rates and freshwater discharge of the
Amazon River (sedimentation rate~1.2m/ka), 31 sister-pairs have some
level of divergence between the Caribbean and Brazilian regions. Only
two of those sister-pairs include cryptobenthic reef fishes, with the vast
majority of 29 lineages that diverged during this period represented by
large reef fishes. The average maximum total length of specimens from
lineages that originated in this phase is 50.6 cm, with the largest total
length recorded at 150.0 cm (Figures 3 and 4). A total of seven possi-
bly not yet formally recognized species were detected in Serranus flavi-
ventris (estimated divergence between populations = 2.1 Mya), Selene
setapinnis (1.8 Mya), Hippocampus erectus (1.2 Mya), Epinephelus adscen-
sionis (1.1 Mya), Stephanolepis hispidus (1.1 Mya), Lagocephalus laevigatus
(0.7 Mya) and Haemulon atlanticus (0.4 Mya).

Among the 50 sister-pairs with populations apparently not
distinct in the Caribbean and Brazilian regions, only three corre-
spond to CRFs. Therefore, the vast majority of species living in both
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regions among the clades analysed is composed of LRFs, with an
average maximum TL of 63.2 cm and the maximum TL record of
250.0 cm (Figures 4; Figure S3; Table S1). Our results indicate a
statistically significant relationship between dates of cladogenetic
events and values of maximum TL recorded in species or disjunct
populations of reef fishes living in the Caribbean and the Brazilian
regions: the average TL of sister-pairs tends to get smaller as older
the cladogenetic event is (Table 1; Table S2; Figure 4; Figures S4
and S5). Indeed, this relationship sets up a size/sedimentation rate
gradient. The average maximum TL of pairs that diverged in phase 3
of the formation of the Amazon River (50.6 cm) is more than twice
the TL value of pairs that diverged in phase 2 (24.2 cm) and more
than four times the average size of pairs that diverged in phase 1
(12.3 cm). That pattern is further corroborated by the maximum
TL of the seemingly panmictic populations in the Caribbean and
Brazilian regions: the average maximum TL in the panmictic pop-
ulations (63.2 cm) is more than 2.5 times larger than the maximum
TL of populations that diverged in phase 2 of the formation of the
Amazon River and more than five times the TL of populations that
diverged in the older phase 1.

4 | DISCUSSION

Here we presented the largest and most comprehensive attempt
to understand the role of the Amazon-Orinoco Barrier in shaping
the Western Atlantic reef-fish fauna within a temporal and phylo-
genetic context. Results of over a hundred dated molecular phy-
logenies based on different genetic markers reinforce and detail
the role of the Amazon-Orinoco Barrier in the configuration of the
modern and past reef-fish fauna of the Western Atlantic. Almost all
cladogenetic events that resulted in distinct sister species or sister
populations of reef fishes in the Caribbean and Brazilian Provinces
addressed in our meta-analysis can be associated with the onset
and development of the Amazon-Orinoco Barrier at different times.

The estimated dates of cladogenic events of most sister-pairs
of reef fishes in the Caribbean and Brazilian regions included in our
dataset seem to be strongly correlated to two main factors: changes
in freshwater discharge and sedimentation rate of the Amazon
River throughout its geologic history and sea-level fluctuations of
the Pleistocene. Sister-pair lineage splitting of 31 out of 60 identi-
fied cladogenic events (~51.6%) occurred within the past 2.4 Mya, a
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FIGURE 3 Estimates of divergence dates between Caribbean-Brazilian sister species (regular) or sister populations of the same species
(bold) and fluctuations in sea level in the last 17.5 Mya, in relation with the three stages of increasing sediment and freshwater discharge of
the Amazon River (in shades of grey: phase (1), 9.4-5.6 Mya; phase (2), 5.6-2.4 Mya; phase (3), 2.4 Mya-present). Red dotted line indicates
current sea level; sea-level curve modified from Haq et al. (1987) and Johnson et al. (2006), according to Hilgen et al.’s (2012) timescale.
Yellow stripe corresponds to the presumed time interval of the ‘birth’ of the Amazon River (9.0-9.4 Mya). Pink bars indicate species of
cryptobenthic reef-fish families (CRF), and black bars indicate species of large reef-fish families (LRF). Mean and 95% High Posterior
Probabilities are indicated by the dots and lines in each species/population pair, respectively (oldest Posterior Probability for the divergence
between Lythrypnus nesiotes vs. L. brasiliensis and between Gobiosoma spilotum vs G. alfiei+ G. hemigymnum estimated at 27.3 and 21.7 Mya,
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period characterized by the higher sedimentation rate and freshwa-
ter discharge of the Amazon River in the Atlantic (Figure 3; Floeter
2008; Figueiredo et al., 2009; Hoorn et al., 2017; Rocha,
2003). This period is also significantly characterized by greater sea-

et al,

level fluctuations, with the low sea-level periods likely contribut-
ing more to the isolation of populations. The lower frequency of
cladogenic events between 2.5 and 9.4 Mya (29 of 60 pairs, about
48.3%), an interval of almost 7 My, was likely related to the com-
paratively lower rates of freshwater and sedimentation discharge
of the Amazon River in the Atlantic in association with the more
prolonged and constant high sea-level stands of the period. Lastly,
only two cladogenic events older than 9.4 Mya, that is, before the
formation of the Amazon River, were detected. However, the 95%
highest posterior density interval of the estimated divergence dates
of those cladogenic events also covers post-Amazon periods.

41 | Divergence time and body size

Another distinct result of our study is the clear correlation between
divergence time of lineages and the size of the species, with smaller
body sizes primarily associated with older cladogenic events (Figure 3).
Luiz et al. (2012) showed that large-bodied reef-fish species are more
able to cross soft biogeographical barriers, such as the Amazon-
Orinoco Barrier in its current configuration. Body size is consistently
considered a relevant predictor for long-distance migration capacity,
as well as an indicator of a likely broader tolerance to environmen-
tal variability (Luiz et al., 2012; Roy et al., 2002; Vermeij, 2004). Our
data tested those hypotheses on a broader geologic timescale, rec-
ognizing that the Amazon-Orinoco Barrier is a historically dynamic
and complex system. The majority of events that originated crypto-
benthic reef-fish sister species or populations in the Caribbean and
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respectively

TABLE 1 Parameters of the phylogenetic generalized least
squares model predicting phase of species or population
divergence as a function of species maximum body size, including
the parameter estimates (+standard error), degrees of freedom (df),
test statistic (t-value) and probability (p-value). Reference levels for
this model were set as ‘Phase one’ for the variable ‘Phase’

Variable Estimate + SE t-value p-value
Intercept 2.372+1.017 2.332 0.0216
Phase

Phase two 0.538+0.122 4.382 <0.001
Phase three 0.878+0.208 4.212 <0.001
Panmictic 0.968+0.165 5.857 <0.001

Brazilian Provinces (90.0%) are concentrated in phases 1 and 2 of
the development of the Amazon River (including here the two events
prior to 9.4 Mya). In contrast, only about one-third (27.5%) of all clad-
ogenetic events resulting in distinct populations or species of large
reef-fish families such as Carangidae, Epinephelidae, Haemulidae and
Lutjanidae—mostly composed of medium- to large-bodied pelagic
spawners and with a larger depth range than CRFs—occurred in that
same time frame. In those families combined, a total of 10 cases of
sister-pairs of species or populations with some degree of divergence
were identified, contrasting with seven only in the Gobiidae, for in-
stance. In addition, most (80%) divergences detected in those fami-
lies resulting in pairs of species or populations in the Caribbean and

Brazilian regions were concentrated in the last 2.5 Mya, the period
with higher sedimentation rates and greater sea-level fluctuations. As
expected, the only two cases of sister species detected among those
families contain the species with the smallest size of their respec-
tive families: Haemulon squamipinna (19.4 cm TL; Brazil) and Lutjanus
alexandrei (24.3 cm TL; Brazil). They are also the only two cases of
divergence in these families in the early stages of the Amazon River.

Those results support and complement the findings of Luiz
et al. (2012), demonstrating that the maximum total length of ances-
tral populations of reef fishes was also a decisive feature in the abil-
ity to overcome the Amazon-Orinoco Barrier in the past. Indeed, the
general traits of cryptobenthic species—small, benthic, anatomically
or behaviourally cryptic, with limited swimming and dispersal capac-
ity and short life cycles—make them more sensitive to soft barriers,
like the Amazon-Orinoco, and therefore more prone to allopatric
speciation (Brandl et al., 2018).

4.2 | The Amazon-Orinoco Barrier and the
patterns of diversification in the Western Atlantic

Our data also indicate that the Amazon-Orinoco Barrier acted in
the past in a mixed way in the speciation processes of reef fishes in
the Western Atlantic, either as a vicariant agent, when a new bar-
rier separates previously existing populations of widely distributed
species or by restricting the dispersion, when divergences dates are
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significantly younger than the barrier itself (Humphries et al., 1988;
Robertson et al., 2006; Rocha, 2003). In other words, our results
indicate that for some species, particularly of small fishes, the barrier
was highly effective since the early stages of sedimentation rates
and freshwater discharge of the Amazon River (Figure 3). For other
species, the Amazon-Orinoco Barrier seemed to act as a dynamic
semi-permeable barrier through time, restricting the dispersion of
species but also becoming less permeable over time as the sedimen-
tation and freshwater discharge increased.

Divergence dates of cladogenetic events close to the birth of the
Amazon River, the similar dates of divergence observed among differ-
ent sister-pairs of species of the Opistognathidae, and the presence of
exclusive haplotypes in populations of the Caribbean and off Brazil in
all identified cases of possible taxonomically cryptic CRFs reinforce the
hypothesis that the Amazon-Orinoco Barrier contributed as a vicari-
ant agent in those cases (Figures 2a and 3; Robertson et al., 2006). In
addition, among the 79 species of fishes recorded below the Amazon
plume, only two, Hippocampus reidi and Apogon pseudomaculatus, can
be considered CRFs (Collette & Ritzler, 1977; Moura et al., 2016).
They are also components of the only two cryptobenthic families with
panmictic populations identified in this study. Hippocampus reidi can
be found in estuaries and mangroves (e.g. Aylesworth et al., 2015;
Rosa et al., 2007); therefore, its presence below the plume is not sur-
prising. Members of the Apogonidae, in turn, frequently swim in the
water column (Riginos & Leis, 2019) and therefore might have a more
developed dispersal capacity than other CRFs.

Major fluctuations in sea level must have also allowed some in-
termittent genetic exchange through the corridor under the Amazon
plume during the early Pleistocene, despite the already relatively
high sedimentation rate and freshwater discharge of the Amazon
River. The more recent divergence dates, estimated as having oc-
curred after the emergence of the barrier, and the wide sharing of
haplotypes among large reef fishes that also diverged in the early
Pleistocene also supports the intermittent barrier hypothesis
(Robertson et al., 2006; Rocha, 2003). Interestingly, of the 30 species
addressed here and reported under the Amazon freshwater plume
(Collette & Rutzler, 1977; Moura et al., 2016), 22 are panmictic, of
which 21 are LRFs. Of the eight species that show some degree of
divergence, four are components of a pair of species separated by
the Amazon Barrier. As these species are currently found below
the plume, they are likely using the Great Amazon Reef System as
a corridor between the Caribbean and Brazilian Provinces, as pro-
posed by Rocha et al. (2002) for Acanthurus. Likewise, it is likely that
in periods of low sea level the corridor of the Great Amazon Reef
System was closed, possibly preventing gene flow between popu-
lations on both sides of the barrier and eventually promoting the
diversification that gave rise to sibling species. The predominance of
LRFs species reported below the Amazon plume strengthens the hy-
pothesis that size is relevant for the use of the corridor of the Great
Amazon Reef System. Also, the genetic exchange allowed by this in-
termittent barrier appears to have a preferential route, since in all
cases of shared haplotypes identified the Brazilian lineage haplotype
is found in Caribbean populations, but never the opposite. This is
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likely a result of the northwestern flow of the North Brazil Current
(Peterson & Stramma, 1991; Rocha, 2003), and can also indicate sec-
ondary contact after speciation (Rocha et al., 2008).

The intense environmental volatility of the Pleistocene/Pliocene
horizon also seems to be linked to the recent divergence dates found
between sister-species of Scarus. A recent biogeographical hypoth-
esis indicates that the colonization of Scarus in the Western Atlantic
from the Tropical Eastern Pacific occurred at 6.5 Mya (Siqueira
et al., 2019). In both species-pairs of Scarus included here (S. taeni-
opterus vs. S. zelindae and S. guacamaia vs. S. trispinosus), the diver-
gence dates are recent (~1 Mya) and the sister lineage of the sibling
Caribbean-Brazilian clade is a Caribbean-endemic species (Siqueira
et al., 2019). This scenario suggests a process of intra-regional diver-
sification in the Caribbean followed by inter-regional diversification
(Caribbean vs. Brazil).

A more intriguing and complex biogeographical scenario is nec-
essary to explain the diversification of Clepticus, Scartella, Scorpaena
and Sphoeroides spengleri in the Atlantic. The phylogenetic analyses
of Clepticus, Scartella and Sphoeroides spengleri revealed an unusual
biogeographical relationship between the Brazilian Province and
the Eastern Atlantic, with this pairs of species being sisters to the
Caribbean region (Figures S13, S45 and S83; Beldade et al., 2009;
Araujo et al.,, 2020). This indicates a separation between the
Caribbean and South Atlantic lineages promoted by the Amazon-
Orinoco Barrier and subsequent isolation of populations off Brazil
and the Eastern Atlantic (Araujo et al., 2020; Beldade et al., 2009;
Floeter et al., 2008). In the case of Scorpaena, it is likely that the
Amazon-Orinoco Barrier was responsible for an older cladogenetic
event that was subsequently followed by a more recent division be-
tween lineages, originating the species that now lives in the tropical
Eastern Pacific and the Caribbean (Figure S74; Nirchio et al., 2016).
This secondary cladogenetic event was likely promoted by the emer-
gence of the Isthmus of Panama at 3-5 Mya (Bacon et al., 2015;
Coates & Stallard, 2013; Leigh et al., 2013; Montes et al., 2012).
Interestingly, the population of Scorpaena off Brazil is not yet recog-
nized as a distinct species, even though the cladogenetic event that
resulted in the isolation of the ancestral population of the genus in
the region is older than the one that originated Scorpaena mystes in
the Pacific. This might be due to a more general pattern proposed
by Rocha (2003), where species isolated by the Amazon-Orinoco
Barrier in the Western Atlantic seem to be anatomically more similar
than those originated by the rise of the Isthmus of Panama.

4.3 | Underestimated reef-fish diversity in the
Western Atlantic

The results also indicate that a substantial number of species of
reef fishes await formal recognition in the Caribbean and Brazilian
Provinces. This lack of proper taxonomic resolution is likely a result of
the scarcity of studies dealing with the taxonomy of reef fishes in gen-
eral but particularly in the Brazilian Province, despite advances made
in the last 30years (e.g. Gasparini et al., 2001; Moura, 1995; Rocha
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& Rosa, 1999; Sazima et al., 1997; Sazima et al., 2002). This might
also be related to a possibly unconscious bias in species selection in
coral reef studies, since CRF species are generally negatively selected
in surveys (Ackerman & Bellwood, 2000; Bellwood et al., 2020). A
third situation that might explain the lack of a distinctive taxonomic
status of isolated populations refers to different views about what a
species is. That seems to be the case of the seahorse Hippocampus
erectus, for instance, whose isolated populations in the Brazilian and
Caribbean Provinces were still recognized as a single species in a re-
cent taxonomic review since the genetic distance between them failed
to reach a 2% threshold (Lourie et al., 2016). Regardless of all those
situations, the recent wave of molecular systematic studies address-
ing CRFs in the Western Atlantic, including sequences from Brazil,
revealed that several species considered widely distributed actually
represent species complexes (e.g. Araujo et al., 2020; Dias et al., 2019;
Maxfield et al., 2012; Muss et al., 2001; Smith-Vaniz et al., 2018; Volk
et al., 2021). This trend will likely be reinforced in future studies, also
highlighting the need for more clear taxonomic recognition on the sta-

tus of distinct populations in the Western Atlantic.

5 | CONCLUSIONS

In summary, we provide evidence that the variability in the effective-
ness of the Amazon-Orinoco Barrier is directly related to changes in
sedimentation rates, freshwater discharge and fluctuations in sea level
through time, given that periods with higher sedimentation and many
drops in sea level coincide with periods of greater occurrence of diver-
gences between the Caribbean and Brazilian pairs. Nevertheless, all
older (9.4-2.4 Mya) speciation events appear to be more linked to the
initial supply of sediment from the newborn Amazon River rather than
the fluctuations in sea level, given the milder variations of sea level
that occurred between the Middle Miocene and the early Pleistocene.
Since its origin, the Amazon River has posed a significant obstacle to
the dispersal of Western Atlantic reef ichthyofauna—especially small
fishes—which has grown stronger over time.
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