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Abstract
Aim: Phylogenetic relatedness among species can provide useful information on the 
diversification history and past dispersal events that may have shaped contemporary 
assemblages. Here, using of the most comprehensive fish occurrence database cur-
rently available and a global molecular phylogeny of ray-finned fishes, we evaluate 
the respective roles of historical and contemporary processes in generating and main-
taining fish assemblage phylodiversity patterns among 97 sub-drainages covering the 
Amazon River basin.
Location: Amazon River basin.
Taxon: Freshwater fishes.
Methods: Using a large comprehensive database of freshwater fish species distribu-
tions, and a global molecular phylogeny of ray-finned (actinopterygian) fishes, we 
estimated historical and contemporary environmental effects on sub-drainage fish phy-
lodiversity patterns using three phylogenetic metrics standardized for richness effect: 
Phylogenetic Diversity (ses.PD), Mean pairwise Phylogenetic Distance between spe-
cies capturing patterns at older evolutionary timescales (ses.MPD), and Mean Nearest 
Taxon Distance capturing patterns at younger evolutionary timescales (ses.MNTD).
Results: We found significant effects of elevation gradients, contemporary climate, 
and water types on assemblage phylodiversity patterns. Furthermore, we found 
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1  |  INTRODUC TION

To understand the heterogeneous distribution of life on Earth, it is 
important to evaluate both historical and contemporary drivers on 
the origination, dispersal, extinction, adaptation, and coexistence 
of species at regional spatial scales (Brown, 2014; Hovikoski et al., 
2007; Mittelbach et al., 2007; Ricklefs, 2007). Historical drivers 
often involve past geological and/or climatic events such as the for-
mation of biogeographical barriers to species colonization (e.g. rivers 
and mountains formation; Rangel et al., 2018) or historical climatic 
variability (e.g. Dobrovolski et al., 2012; Mascarenhas et al., 2019; 
Svenning et al., 2015). Evaluating such historical effects often re-
quires the use of phylogenetic data that can provide information on 
the diversification history and past dispersal events that may have 
shaped contemporary species assemblages (Albert et al., 2021; Faith, 
1992; Lomolino et al., 2009; Miller et al., 2005; Pigot & Etienne, 
2015). For example, assemblages formed by many phylogenetically 
related species (i.e. clustered assemblages) indicate the action of in 
situ diversification (Tucker et al., 2017; Webb, 2000). On the other 
hand, assemblages composed of species from distinct evolutionary 
lineages (i.e. overdispersed assemblages) indicate the role of dis-
persal assemblage formation (Craig et al., 2020; Dexter et al., 2017; 
Tucker et al., 2017; Webb, 2000). Understanding these processes 
can shed light on evolutionary community assembly and on the ef-
fects of historical drivers on current distribution patterns (Crouch 
et al., 2019; Dexter et al., 2017; Graham, 2003; Leprieur et al., 2016; 
Pyron & Burbrink, 2014; Qian et al., 2020; Sandel et al., 2020).

The Amazon River basin is a major biodiversity hotspot (Antonelli, 
Ariza, et al., 2018; Malhi et al., 2008), which holds the highest fresh-
water biodiversity on Earth (Tisseuil et al., 2013). The Amazon dwell-
ing freshwater fishes represent ~15% (>2400  validated species) of 
all freshwater fish species currently described worldwide (Jézéquel, 

Tedesco, Bigorne, et al., 2020; Tedesco et al., 2017). Despite recent 
advances in describing fish diversity patterns in the Amazon basin 
(e.g. Albert, Carvalho, et al., 2011; Albert et al., 2011, 2020; Dagosta 
& Pinna, 2019; Dagosta et al., 2021) or contribution of particular fish 
lineages (e.g. Melo et al., 2021), only one study so far has attempted 
to quantitatively analyse multiple basin-wide drivers and separate 
those effects in a unique framework (Oberdorff et al., 2019). Using 
97  sub-drainage basins covering the entire Amazon System, this 
study revealed prominent influences of current climatic conditions 
and habitat size on sub-drainage species richness, whereas habitat 
size, current and past climatic stability, and isolation by natural wa-
terfalls better explained their endemic richness. All these drivers are 
already well known to promote or slow down extinction, speciation 
or immigration processes, ultimately shaping riverine fish assemblage 
structure and diversity (Albert et al., 2020; Hugueny et al., 2010).

More surprisingly, Oberdorff et al. (2019) also highlighted a neg-
ative upriver-downriver (West-East) gradient in species richness. 
This pattern is contrary to the expectation of increasing diversity 
at more downriver locations along fluvial systems. This reversed 
gradient in species richness was associated to the peculiar history 
of the Amazon drainage network, which, after having been isolated 
as Western and Eastern basins since the Paleogene (from ~65 Ma) 
(Hoorn et al., 2010), only began flowing eastward most probably 
during mid to late Miocene (from ~9 to 5 Ma) (Hoorn et al., 2017; 
Latrubesse et al., 2010). During the early Miocene (from ~23 Ma), 
Western Amazon was occupied by a mega wetland, known as the 
Pebas System (Wesselingh, 2006), periodically connected to the 
Caribbean Sea (Bicudo et al., 2019; Jaramillo et al., 2017) and sub-
jected to multiple marine incursions (Hoorn et al., 2010; McDermott, 
2021). This wetland system was separated from the fluvial Eastern 
Amazon possibly by the Purus Arch (Figueiredo et al., 2009). 
Following this scheme, the unexpected reverse gradient in species 

significant relationships among the three phylogenetic metrics used, and between 
these metrics and the distance of sub-drainages to the Amazon River mouth, repre-
senting the Amazon basin West-East longitudinal gradient.
Main conclusions: Phylogenetic diversity showed a highly non-random spatial dis-
tribution across the Amazon basin. Beyond significant regional effects of several 
contemporary and historical drivers, there was a significant West-East decline in sub-
drainage assemblages phylogenetic clustering, along with an increase in phylogenetic 
diversity. These latter patterns suggest deeper evolutionary divergences among taxa 
located to the East, and more recent radiations in the Western sub-drainages. Based 
on these findings and given that assemblages are, on average more species-rich in 
sub-basins of the Western part of the basin than in their Eastern relatives, we con-
clude that Western Amazon can be seen as an evolutionary “cradle” of biodiversity 
for freshwater fishes.

K E Y W O R D S
Amazon drainage basin, habitat fragmentation, historical contingencies, marine incursion, 
phylogenetic relatedness, water type, West-East gradient
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richness found by Oberdorff et al. (2019) suggests that the main 
historical centre of fish diversity was located westward with a po-
tential second centre of origin located eastward, but much smaller 
in size and diversity, and that current fish dispersal and adaptation 
processes from the westward centre are currently progressing east-
ward, but not yet achieved (Oberdorff et al., 2019).

Considering the phylogenetic dimension may provide further 
information on the evolutionary processes that shaped Amazon 
contemporary fish species assemblages. A pattern of phylogenetic 
diversity congruent with the noticed reverse pattern of species rich-
ness will strengthen the hypothesis recently proposed by Fontenelle 
et al. (2021) that Western Amazon may act as a species pump (sensu 
Haffer, 1969) for Eastern sub-drainages, i.e. diversity-rich sub-
drainages in Western Amazon gradually spreading lineages, due to 
higher speciation and persistence of older lineages, to species-poor 
sub-drainages in Eastern Amazon. Still, if Western Amazon has acted 
as a species pump for the whole Amazon basin with currently incom-
plete species range expansion, this would predict a phylogenetic pat-
tern geographically structured with high phylogenetic diversity and 
high phylogenetic clustering (i.e. closely related species due to ex-
tensive local in situ speciation in this region) in Western assemblages 
and a progressive decrease along the Amazon Basin West-East gra-
dient. Alternatively, if fish lineages have experienced frequent long-
distance dispersal throughout their history, we should expect random 
patterns of phylogenetic diversity in sub-drainage assemblages, with 
respect to relatedness and to the West-East gradient.

Here, relying on a large comprehensive database of freshwa-
ter fish species distribution in the Amazon River basin (Jézéquel, 
Tedesco, Bigorne, et al., 2020) and taking advantage of a recently 
published, global molecular phylogeny of actinopterygian fishes 
(Rabosky, 2020; Rabosky et al., 2018), we analysed phylogenetic 
diversity patterns of fish assemblages in our 97  sub-drainages. 
Examining the same diversity drivers as previously defined in 
Oberdorff et al. (2019), we determine which of these drivers were 
most closely associated with sub-drainage patterns of phylogenetic 
diversity using three complementary metrics: the phylogenetic di-
versity sensu stricto (the total phylogenetic branch length present 
among species in a given assemblage; PD, Faith, 1992), the mean 
pairwise distance (the mean of all pairwise phylogenetic distances 
among species in a given assemblage; MPD, Webb et al., 2002), and 
the mean nearest taxon distance (the mean of the phylogenetic dis-
tance between each species and its closest relative in a given assem-
blage; MNTD, Webb et al., 2002). While PD measures the overall 
phylogenetic diversity of an assemblage, the two other metrics rep-
resent an average relatedness among fish species composing this 
assemblage, giving, respectively, information on the deep and re-
cent evolutionary history of taxa within assemblages (Cadotte et al., 
2010; Swenson, 2009; Webb, 2000).

We expect these three phylodiversity metrics (i.e. PD, MPD and 
MNTD), after controlling for species richness effects, to be signifi-
cantly related to the same drivers already found to act significantly 
on sub-drainage richness and endemism patterns (Oberdorff et al., 
2019). More specifically, we expect (i) high phylogenetic diversity 

due to persistence of lineages (low extinction and high in situ diver-
sification) in sub-drainages that have been climatically stable over 
time; (ii) assemblages located in highly fragmented sub-drainages 
(i.e. with a large number of natural waterfalls) to present low phylo-
genetic diversity due to few immigration events and high phyloge-
netic clustering due to high in situ diversification; (iii) assemblages 
located in sub-drainages that have suffered from past marine incur-
sions to present low phylogenetic diversity due to increased lineages 
extinction and high phylogenetic clustering due to in situ diversifica-
tion of few remaining lineages. Moreover, and as previously said, we 
expect under the hypothesis proposed by Fontenelle et al. (2021) of 
Western Amazon acting as a fish species pump for Eastern assem-
blages (iv) a significant West-East gradient of decreasing phyloge-
netic diversity and phylogenetic clustering, as Western assemblages 
should display higher speciation rates and persistence of older lin-
eages compared to their Eastern relatives.

2  |  MATERIAL S AND METHODS

2.1  |  Biological data and phylogeny

Fish occurrence records have been compiled and constantly updated 
under the AmazonFish project (www.amazo​n-fish.com) by mobiliz-
ing and integrating all information available in published articles, 
books, gray literature, online databases, worldwide museums and 
Universities, expeditions conducted during the project, and by check-
ing for systematic reliability and consistency for each species recorded. 
The published database (Jézéquel, Tedesco, Bigorne, et al., 2020), cov-
ering a time span of almost two hundred years (1834–2019), currently 
contains 21,500 sites, 232,936 georeferenced records for 2406 valid 
native freshwater fish species from 514 genera and 56 families. To our 
knowledge, the database is the most accurate and complete compi-
lation of fish distributional and regional species richness data for the 
Amazon River basin. Even if sampling gaps do exist, mainly located in 
regions either difficult to access due to the topography of the basin 
and/or located in protected areas (i.e. indigenous lands and strictly 
protected areas) (Jézéquel, Tedesco, Bigorne, et al., 2020; Jézéquel, 
Tedesco, Darwall, et al., 2020), sampling sites constituting the data-
base are evenly distributed all over the basin, minimizing the risk to 
bias the results of our analyses (see Appendix Fig. S1.1 in Supporting 
Information). As we were interested in riverine fishes, we excluded all 
species from the genus Orestias (i.e. 15 species) as species diversifi-
cation within this genus mostly occurred in lentic habitats from the 
Andes highlands (Scott et al., 2020).

We defined fish assemblages from species presence/absence 
within each of the 97  sub-drainages covering the entire Amazon 
River basin. The full description of sub-drainages delineation is 
detailed in Oberdorff et al. (2019). Briefly, we classified our sub-
drainage basins based on the HydroBASIN framework (Lehner & 
Grill, 2013) and combined different HydroBASIN levels to retain sub-
drainages >20,000 km2 to optimize sampling effort (see Appendix 
Fig. S1.1 in Supporting Information). Even if sampling effort within 

http://www.amazon-fish.com
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sub-drainages was higher, on average, in the Amazon mainstream 
than in other parts of the basin, a previous analysis using three com-
pleteness descriptors showed that 70% of the 97 sub-drainages may 
be considered relatively well surveyed, with no bias in their geo-
graphic distribution (Jézéquel, Tedesco, Darwall, et al., 2020).

We obtained phylogenetic information on Amazon fishes from 
the most recent and largest ray-finned fish supertree (Rabosky, 
2020; Rabosky et al., 2018; Chang et al., 2019). Overall, the back-
bone of this global supertree consists of 11,638  species with 
available genetic data (27-gene multi-locus alignment), and 130 
fossil-constrained nodes to produce a time-calibrated phylogeny. 
Taxa with no genetic information (19,888 species) were further in-
serted into this phylogeny based on the monophyly of its most re-
strictive taxonomic rank (e.g. order, family, genus) (Rabosky et al., 
2018). To determine divergence time for species without genetic in-
formation and thus resolve the problem of branch lengths and poly-
tomies, Rabosky et al. (2018) sampled from a distribution of waiting 
times conditioned on rank-specific estimates of speciation rates, 
resulting in 100 fully sampled ray-finned fish phylogenies and more 
accurate placement of species without genetic information (see 
Rabosky et al. (2018) for a full description of the methodology). For 
the Amazon basin, we found 635 species (27% of the entire Amazon 
fish fauna) for which genetic data were available (hereafter, genetic 
tree) and 1451 species for which inclusion was based on taxonomy, 
resulting in 2086 fish species (87% of the entire fish fauna) in the 
final pruned tree (hereafter, genetic-taxonomic tree).

2.2  |  Phylogenetic fish assemblage metrics

We first calculated phylogenetic diversity sensu stricto (PD), mean 
phylogenetic diversity (MPD), and the mean nearest taxon distance 
(MNTD) metrics for each sub-drainage based on species occur-
rence records, our two phylogenetic trees (i.e. genetic and genetic-
taxonomic trees), and the cophenetic distance (i.e. the pairwise 
distance between tips, which is the sum of branch length between 
species). PD measures the total branch length of all species occur-
ring in a given sub-drainage assemblage (Faith, 1992), whereas the 
other two metrics represent an average of phylogenetic relatedness 
among fish species (i.e. phylogenetic dispersion of clades) composing 
each sub-drainage basin assemblage (Cadotte et al., 2010; Swenson, 
2009; Webb, 2000). MPD measures mean pairwise branch length 
distances between all species within a given assemblage, whereas 
MNTD measures the mean values of only the shortest branch length 
distances between species (Tucker et al., 2017). MPD gives this in-
formation on the deep evolutionary history of taxa, while MNTD 
gives information on the recent evolutionary history of taxa as cal-
culated from the terminal structure of the tree (Webb, 2000). The 
use of these three distinct phylogenetic metrics is justified here as 
the historical events linked to the Amazon basin evolution occurred 
at various time scales (Li et al., 2019; Mazel et al., 2016).

A potential bias related to these three phylogenetic metrics (PD, 
MPD and MNTD) is their sensitivity to the total species richness 

present in each assemblage (Cadotte et al., 2010; Sandel, 2018; 
Tucker & Cadotte, 2013). We removed this richness effect from 
the raw metric values (PD, MPD and MNTD) (Kembel et al., 2010; 
Miller et al., 2017; Webb et al., 2002) by calculating the richness-
standardized versions of these measures (hereafter ses.PD, ses.MPD 
and ses.MNTD; or Phylogenetic Diversity Index, Net Related Index 
and Nearest Taxon Index, respectively, sensu Tsirogiannis & Sandel, 
2016) following the method proposed by Tsirogiannis and Sandel 
(2016). The method consists in analytically calculating expected 
mean and standard deviation estimates of PD, MPD and MNTD for a 
given phylogenetic tree and a particular species set and using these 
estimates to calculate richness-standardized versions of metrics by 
subtracting the observed metric values from their expected mean 
and dividing by their expected standard deviation (Tsirogiannis et al., 
2012, 2014). This method is much faster and efficient than methods 
based on randomization approaches (Tsirogiannis & Sandel, 2016). 
As the genetic-taxonomic data consists in 100 fully sampled ray-
finned fish phylogenies, we calculated all these indices for each tree 
and averaged their values over all samples to provide a single value 
for each standardized metric.

For interpretation of the standardized metrics, positive ses.PD, 
ses.MPD and ses.MNTD values indicate, respectively, higher phy-
logenetic diversity, higher phylogenetic overdispersion and lower 
phylogenetic clustering compared to what is expected for a given 
assemblage containing the same number of species. Conversely, 
negative values indicate respectively lower phylogenetic diversity, 
lower phylogenetic overdispersion and higher phylogenetic cluster-
ing compared to what is expected for a given assemblage containing 
the same number of species. We used these standardized metrics in 
further analyses (see Table S1.2 for genetic-taxonomic tree values in 
Appendix 1 and Table S2.5 for genetic tree values in Appendix 2). All 
the ses calculations were performed under the R environment (R Core 
Team, 2020) using ‘pd.query’, ‘mpd.query’ and ‘mntd.query’ functions 
from the ‘PhyloMeasures’ package (Tsirogiannis & Sandel, 2016).

Pearson correlation coefficients comparing the three ses met-
rics from the genetic tree with those from the genetic-taxonomic 
tree were all positive and significant (rses.PD  =  0.69, p  <  0.001; 
rses.MPD  =  0.83, p  <  0.001; rses.MNTD  =  0.45, p  <  0.001). However, 
we kept both trees (i.e. the genetic and genetic-taxonomic trees) for 
subsequent statistical model developments to control for potential 
biases linked to the paucity of species integrated in the genetic tree 
and for the absence of genetic information for a substantial number 
of species in the genetic-taxonomic tree. Given that both statistical 
models gave overall similar trends, we mostly discuss results ob-
tained for the genetic-taxonomic tree but also provide model results 
from the genetic tree (Table S2.6 in Supporting Information).

2.3  |  Historical and contemporary drivers

Large-scale biodiversity patterns can be explained by a range of eco-
logical and historical drivers (Brown, 2014; Ricklefs, 2004), and most 
of these drivers also apply to freshwater fishes at large spatial scales 
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(Hugueny et al., 2010). These drivers can be summarized under cli-
mate/productivity, area/environmental heterogeneity, historical/
evolutionary, and spatial hypotheses. Data sources and definitions 
of the drivers used in this study are presented in detail in Oberdorff 
et al. (2019), and we only provide here a brief overview of each of 
them. All predictors described below have been extracted for each 
of the 97 sub-drainage basins, providing a single mean value for each 
of them (Table S1.3).

We included variables related to the Amazon basin geological 
history from distinct time periods. We identified the sub-drainages 
potentially belonging (1) or not (0) to the Pebas System at ~23 Mya 
(sensu Hoorn et al., 2010), the surface area of each sub-drainage 
under seawater considering a sea-level rise of 25 m (<1 Mya) and 
of 100  m (~5  Mya) during recent Pleistocene marine incursions 
(Miller et al., 2005), and the Quaternary climate stability within the 
sub-drainages (from ~21 kya to present). We used Quaternary cli-
mate reconstructions of mean, max and min annual temperatures 
and precipitations at the Last Glacial Maximum (LGM; 21 kyr) from 
three Global Circulation Models (Community Climate System Model, 
Model for Interdisciplinary Research On Climate, and Max-Planck 
Institute; data available from www.world​clim.org/version1) (Hijmans 
et al., 2005) and calculated the difference between current and LGM 
mean values (from the three models) of the same variables to de-
scribe Current-LGM climate stability (Diff_CurrentLGM). We then 
performed a principal component analysis (PCA) on the current-past 
climatic differences and retained the first three axes explaining 88% 
of the total variation. We considered correlation coefficients higher 
than 0.25 (negative or positive) as the variables better explaining 
each PCA axis. PC1_Diff_CurrentLGM is positively associated to 
maximum precipitation (0.27), mean (0.52) and maximum (0.57) tem-
perature, and negatively associated to minimum (−0.45) and annual 
precipitation (−0.32). PC2_Diff_CurrentLGM is positively related to a 
minimum temperature (0.29) and negatively associated with annual 
(0.63) and maximum (0.66) precipitation. The PC3_Diff_CurrentLGM 
is positively associated to a minimum precipitation (0.39) and mini-
mum (0.87) temperature.

We estimated the fragmentation of sub-drainage basins, a key 
driver of freshwater fish diversity at a large scale (Dias et al., 2013), 
using the number of waterfalls within each sub-drainage (Waterfall) 
using data available from http://wp.geog.mcgill.ca/hydro​lab/hydro​
falls/. We further used the distance of each sub-drainage to the 
river mouth (km) (DistMouth) to represent the longitudinal gradient 
within the Amazon River network (see Oberdorff et al., 2019 for a 
detailed explanation).

To estimate the effect of current climate and productivity, we used 
the annual mean and seasonality (CV of intra-year monthly values) of 
temperature (Temp), precipitation (Prec), actual evapotranspiration 
(AET), potential evapotranspiration (PET), net primary productivity 
(NPP), solar radiation (SolRad), run-off (RO) and the lowest (or high-
est) value of the minimum (or maximum) temperature of the cold-
est (or warmest) month from WorldClim (version 1) (Hijmans et al., 
2005). These variables measure the mean current climatic condition, 
the seasonal climatic variability, and the potential energy availability 

within each sub-drainage basin. We also included elevation (mean, 
minimum, maximum, range; in m) as climate and elevation are usually 
linked. These global environmental variables (GlobEnv) were summa-
rized through a principal components analysis (PCA) to reduce mul-
ticollinearity. We used the first four PCA axes, which explained 85% 
of total variability, as synthetic variables describing current climate 
and elevation gradient (Table S1.1 in Appendix 1). For results inter-
pretation, we considered correlation coefficients higher than 0.25 
(negative or positive) as the variables better explaining each PCA 
axis. The first axis of PCA (PC1_GlobEnv) is positively associated with 
net primary productivity seasonality (0.25) and negatively associated 
with minimum temperature (−0.26). The second axis (PC2_GlobEnv) 
is positively associated with precipitation seasonality (0.30), seasonal 
actual evapotranspiration (0.31), minimum (0.25) and maximum (0.37) 
potential net primary productivity and maximum temperature (0.30) 
and negatively associated with minimum precipitation (−0.29) and 
mean net primary productivity (−0.25). PC3_GlobEnv, the third axis 
of PCA, is positively associated with minimum solar radiation (0.29) 
and negatively correlated to annual precipitation (−0.27), maximum 
(−0.32) and annual (−0.28) actual evapotranspiration, maximum 
(−0.28) and seasonal (−0.30) potential evapotranspiration and tem-
perature seasonality (−0.34). Finally, the fourth axis (PC4_GlobEnv) 
is positively related to mean (0.28), maximum (0.25), variability (0.26) 
and range (0.37) elevation, minimum potential evapotranspiration 
(0.37) and mean net primary productivity (0.32) and negatively re-
lated to potential evapotranspiration seasonality (−0.29) and tem-
perature seasonality (−0.27) (see Table S1.1).

Habitat size and habitat diversity were estimated using the sur-
face area of the sub-drainage basin (km2; Area), the network density 
(i.e. length of the riverine network divided by the surface area of the 
sub-drainage, a measure of habitat availability for fishes; NetwD), 
the land cover heterogeneity (i.e. a Shannon diversity index on the 
proportions of land cover classes within each sub-drainage basin; 
CoverDiv), and the soil heterogeneity (i.e. a Shannon diversity index 
on the proportions of each soil type within each sub-drainage basin; 
SoilDiv). These variables have been calculated and fully described in 
Oberdorff et al. (2019).

Amazon waters were divided into three distinct biogeochemical 
water types or “colours” known to affect fish assemblage structure 
(e.g. Bogotá-Gregory et al., 2020). We classified sub-drainages ac-
cording to their main water type differentiated by sediment compo-
sition, geochemistry and optical characteristics (Venticinque et al., 
2016). White waters have a predominantly Andean origin (e.g. the 
Madeira River and the Amazon mainstem), and are characterized by 
low transparency due to large amounts of sediment particles and a 
neutral pH (pH ~7). Nutrient poor blackwaters are mostly draining the 
Precambrian Guiana shield (e.g. the Negro River) and are characterized 
by their high acidity (pH <5). Clear waters are nutrient-poor, highly 
transparent and slightly acidic waters (pH ~6) that mostly drain the 
Brazilian and Guianas shields (e.g. the Tapajós and Xingu Rivers) (Sioli, 
1984). The three water types were coded as categorical variables.

Finally, the number of sampling sites divided by the surface 
area of each sub-drainage (SamplingEffort) was also included in our 

http://www.worldclim.org/version1
http://wp.geog.mcgill.ca/hydrolab/hydrofalls/
http://wp.geog.mcgill.ca/hydrolab/hydrofalls/
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models to control for a potential sampling effort effect as was previ-
ously noticed by Oberdorff et al. (2019).

2.4  |  Statistical analyses

Prior to the analyses, we log-transformed (log[x+1]) some predictors 
(i.e. surface area, number of waterfalls, sampling effort, elevation 
mean and elevation range) to reduce the effects of extreme values. 
As sea level predictors are proportions bounded between 0 and 1, 
we applied an arcsin square root transformation. Finally, we stand-
ardized predictors by subtracting the mean and dividing by two 
times the standard deviation in order to get comparable coefficients 
for our models (Gelman, 2008).

We fitted multiple linear regression models to determine the 
drivers of our three phylodiversity metrics (i.e. ses.PD, ses.MPD and 
ses.MNTD), and the significance of all predictors was determined 
by dropping individual variables from the full model and applying 
Likelihood Ratio Tests (LRT). The Variance Inflation Factor (VIF) was 
calculated for each predictor after model fitting. We found all values 
below 9 (Mean  =  2.17, SD  =  1.68), suggesting that multicollinear-
ity was not an issue in our models. We checked the normality of 
residuals and model assumptions by drawing histograms of models’ 
residuals and plotting model residuals against each predictor. Using 
Cook's distance, we checked and found no potential influential ob-
servations in our models. We used partial residuals plots from the 
four linear models to represent the partial relationship between 
predictors (e.g. distance of sub-drainages from the river mouth, 
‘DistMouth’) and a given phylodiversity metric (ses.PD, ses.MPD, 
ses.MNTD) while controlling the effects of other predictors vari-
ables (Fox & Weisberg, 2019).

We also tested for spatial autocorrelation in model residuals 
by calculating the Moran's I statistic and its p-values, using the in-
verse of the watercourse distance among pairs of sub-drainages 
as weights. When spatial autocorrelation was detected, we con-
structed Moran's Eigenvector Maps (MEM) computed with water-
course distance. The spatial vectors related to the spatial structure 
for each predictor were obtained from a forward selection algorithm 

that avoid type I error (Blanchet et al., 2008), and we included the 
selected MEMs as predictors in multiple regression models to con-
trol for spatial autocorrelation. After including MEMs in the models, 
spatial autocorrelation (Moran I values) disappeared from models 
residuals (all Moran’ I were not significant), but we recalculated vari-
ance inflation factor (VIF) and found high VIF values (i.e. VIF > 10; 
Mean = 2.78, SD = 3.38) in the ses.PD models for some explanatory 
variables (i.e. distance, PC1_GlobEnv and MEM1, MEM3, VIF > 10). 
We obtained, however, similar responses when either including or 
excluding these variables from the models so that we maintained all 
variables in our models.

All analyses have been conducted in R environment (R Core 
Team, 2020) using ‘GISTools’, ggeffects, ‘ggplot2’, ‘vegan’, ‘rgeos’, 
‘effects’, ‘adespatial’ and ‘car’ packages.

3  |  RESULTS

3.1  |  Spatial distribution of phylogenetic metrics

The ses.PD values varied between 1.88 and −4.32 (Mean = −0.75, 
SD  =  1.17; Figure 1a), with sub-drainages Coari (1.88) and Blanco 
Baures (1.87) having the highest phylogenetic diversity, and 
Ucayali2 (−4.33) and Urubamba (−4.32) those with the lowest val-
ues. Globally, high ses.PD values were found in sub-drainages lo-
cated near the Amazon main course, and low values in peripheral 
sub-drainages. Values of ses.MPD vary between 2.43 and −6.25, 
(Mean = −1.90, SD = 2.15; Figure 1b), suggesting that phylogenetic 
clustering is more frequent than overdispersion in the sub-drainages 
analysed. The northeastern sub-drainages Trombetas1 (2.43) and 
Amazon9 (1.91) have the highest positive ses.MPD values, and the 
northwestern sub-drainages Curaray (−6.25) and Napo2 (−5.77) are 
the lowest. As for ses.PD, we observed that ses.MPD displays the 
highest values along the Amazon main course and the lowest values 
at the periphery of the Amazon basin. For ses.MNTD, more nega-
tive than positive values are also found (Mean = −1.03, SD = 0.96, 
range = −3.98–0.58; Figure 1c), suggesting that most sub-drainages 
present a clustered phylogenetic pattern. The sub-drainages Maues 

F I G U R E  1  Standardized effect size (ses.) of phylogenetic metrics calculated using 2086 native Amazon freshwater fish species 
(genetic-taxonomic tree) from 97 sub-drainages of the Amazon drainage basin. Phylogenetic diversity sensu stricto (ses.PD; a), Mean 
Pairwise Distance (ses.MPD; b), and Mean Nearest Taxon Distance (ses.MNTD; c). Negative values of ses.MNTD and ses.MPD indicate 
phylogenetically clustered assemblages (i.e. assemblages predominantly composed of closely-related lineages), whereas positive ones 
indicate phylogenetically overdispersed assemblages (i.e. assemblages composed of distinct phylogenetic lineages). The inset map locates 
the Amazon basin in South America 
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(0.58) and Jamanxim (0.58) have the highest positive ses.MNTD val-
ues, and Urubamba (−3.98) and Mantaro (−3.20) the lowest negative 
values. Phylogenetic metrics calculated from a genetic tree (635 fish 
species) presented a similar distribution as the three phylogenetic 
metrics calculated from the genetic-taxonomic tree (see Fig. S2.6 in 
Supporting Information).

Contrary to their respective raw values, Pearson correlations 
show that ses.PD, ses.MPD and ses.MNTD are unrelated to tax-
onomic metrics (richness and endemism; lower triangle, Table 1; 
see Table S2.4 in Supporting Information for genetic tree results). 
The raw values of all phylogenetic metrics showed high correlation 
values among each other and the other taxonomic metrics (upper 
triangle, Table 1; Table S2.4). Correlations were lower between 
richness-standardized metrics than between raw metrics (Table 1).

3.2  |  Determinants of the three phylogenetic 
diversity metrics

None of our historical predictors showed an effect on ses.PD,  
which was only significantly negatively related to sub-drainage sur-
face area and distance of the sub-drainage to the Amazon River 
mouth (Figure 2a; Table 2). We also observed a marginally significant 
positive effect of sub-drainage network density (i.e. the length of 
the riverine network divided by the surface area of the sub-drainage) 
on ses.PD. We found a significant spatial structure in model residu-
als, which was controlled for by including the three selected MEMs 
(Fig. S1.2).

The ses.MPD was positively related to the surface of sub-
drainage covered by seawater at ~5  Mya (Figure 3b), negatively 
related to distance to the river mouth (Figure 2b) and related to cur-
rent climate (positive effect of PC3_GlobEnv, and negative of PC4_
GlobEnv) (Fig. S1.3–S1.4; Table S1.1). Values of ses.MPD were also 
significantly related to water types, white and clear waters having 
lower values compared to black waters (Fig. S1.5). Finally, significant 

negative effects of natural fragmentation (i.e. the total number of 
waterfalls; Figure 3a), sub-drainage surface covered by seawater at 
<1 Mya (Figure 3c), distance from the river mouth (Figure 2c), and 
surface area of sub-drainage were observed for ses.MNTD values.

For the above-mentioned predictors, similar trends emerged 
when running the analyses using the genetic instead of a genetic-
taxonomic tree, even if the statistical significance of some of them 
changed slightly (see Table S2.6). This convergence between pre-
dictors trends for the statistical models using either the genetic-
taxonomic tree or the genetic tree makes us confident that results 
we obtained using the genetic-taxonomic tree are not skewed by the 
absence of genetic information for a substantial part of the species.

4  |  DISCUSSION

Both contemporary and historical drivers play important roles in ex-
plaining current patterns of diversity in Amazon taxa (Albert et al., 
2021; Antonelli, Zizka, et al., 2018; Azevedo et al., 2020; Crouch 
et al., 2019; Coronado et al., 2015; Réjaud et al., 2020). Here, using 
a large data set on freshwater fish distribution in the Amazon River 
basin (Jézéquel, Tedesco, Bigorne, et al., 2020) and a recent phy-
logenetic supertree (Rabosky et al., 2018), we found marked and 
contrasting phylogenetic signatures of fish assemblages across the 
97 sub-drainages covering the entire system, whatever the phylo-
genetic metric analysed (i.e. ses.PD, ses.MPD, ses.MNTD). These 
contrasting signatures were related to various historical and con-
temporary drivers most often similar to the ones related to richness 
and endemism patterns (Oberdorff et al., 2019). Besides studies per-
formed at small spatial scales (Craig et al., 2020) or using taxonomic 
classification as a proxy for phylogeny (Dagosta et al., 2021), as far 
as we know, this is the first study applying a phylogenetic framework 
and depicting the determinants of fish assemblages at the scale of 
the whole Amazon River basin.

4.1  |  Contemporary drivers of Amazon fish 
phylodiversity patterns

We found the effects of some contemporary environmental drivers 
on assemblage phylogenetic structure in our 97 sub-drainages. The 
third and fourth PCA axes describing current climate were respec-
tively positively and negatively linked to ses.MPD values that cap-
ture the variation in phylodiversity at deep time scales. The former 
axis (PC3_GlobEnv) is linked to high energy availability and stable 
climatic conditions, whereas the latter (PC4_GlobEnv) is negatively 
related to high elevation and steep gradients (see Fig. S1.3 and S1.4 
in Appendix 1). Both relationships indicate more overdispersed fish 
assemblages in sub-drainages located in the Eastern part of the 
basin and displaying low elevation and less steep gradients. Due to 
these specific environmental conditions, these sub-drainages may 
accumulate lineages due to lower extinction and higher colonization 
probabilities (Carvajal-Quintero et al., 2019; Oberdorff et al., 2019). 

TA B L E  1  Pearson Correlations between species richness, 
endemism, and each of the three phylogenetic metrics calculated 
from the genetic-taxonomic tree for 2086 freshwater fish species 
(Phylogenetic Diversity, PD; Mean Pairwise Distance, MPD; Mean 
Nearest Taxa Distance, MNTD). Values above the diagonal (upper 
triangle) refer to correlations between sub-drainages total species 
richness, endemic richness and the raw phylogenetic metric values 
(i.e. without controlling for richness). Values below (lower triangle) 
refer to correlations between sub-drainages total species richness, 
endemic richness and the standardized effect size (ses.) of the three 
phylogenetic metrics

Richness Endemism PD MPD MNTD

Richness – – 0.98 0.43 −0.84

Endemism 0.44 – 0.38 0.02 −0.37

ses.PD 0.14 −0.21 – 0.52 −0.89

ses.MPD 0.09 −0.18 0.43 – 0.51

ses.MNTD −0.04 −0.21 0.79 −0.01 –
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High elevation areas, on the other hand, are more restricted to colo-
nization by highly adapted species and subject to numerous random 
extinction events due to habitat harshness (Datry et al., 2016). This 
may result in species-poor assemblages with low lineage diversifica-
tion over the long term.

Our results also depict an effect of water types on ses.MPD, 
black waters hosting assemblages more phylogenetically overdis-
persed than clear and white waters (Fig. S1.5). This pattern may 
be due to the characteristics of black water stained by tannins and 
humic acids leached from vegetation, causing low pH (pH~5 or lower) 
and low autochthonous productivity (Bogotá-Gregory et al., 2020). 
These characteristics create strong barriers to colonization for spe-
cies unfitting these conditions that necessitate long term adaptation 
(Beheregaray et al., 2015; Crampton, 2019; Dagosta & Pinna, 2019; 
Gonzalez et al., 2006; Van Nynatten et al., 2015) and may have thus 
promoted lineages diversification through isolation processes.

4.2  |  Historical drivers of Amazon fish 
phylodiversity patterns

Freshwater fishes are highly limited by connectivity among habi-
tats (Carvajal-Quintero et al., 2019; Rahel, 2007; Tonkin et al., 
2018; Wiens, 2002). The negative relationship was found between 
the number of waterfalls and the phylogenetic metric ses.MNTD 
(Figure 3a), capturing the variation in phylodiversity at the recent 
evolutionary time, suggests that intensely fragmented sub-drainages 
have assemblages formed by closely related species (i.e. assemblage 
showing a phylogenetic clustering pattern). This pattern can be at-
tributed to allopatric speciation due to reduced population dispersal 
and consequently reduced gene flow among fragmented populations 
(Dias et al., 2013; Tedesco et al., 2012). Peripheral sub-drainages of 
the Amazon basin drain fragmented landscapes (e.g. ancient, cra-
tonic rivers in the Brazilian and Guiana shields and recent Andean 

mountains) (Bicudo et al., 2019; Hoorn et al., 2010) and contain high 
fish endemism levels (Oberdorff et al., 2019). Furthermore, although 
ses.PD and ses.MPD showed no significant link with habitat frag-
mentation by natural waterfalls, the low values of both metrics over 
the whole Amazon basin indicate lower phylogenetic diversity sensu 
stricto than expected in sub-drainages with comparable species rich-
ness. Together, these findings support the idea of recent speciation 
events coupled with both high extinction and/or low colonization 
rates in fragmented sub-drainages (Albert, Carvalho, et al., 2011).

The Amazon basin has been subject in the past to a series of 
marine incursions in both its Western (e.g. Bicudo et al., 2019; Hoorn 
et al., 2010) and Eastern (e.g. Christ et al., 2021) margins, and in more 
ancient (Eocene to Miocene periods in the West; Pozo and Pebas 
Systems) and more recent (Pleistocene marine incursions in the East) 
time scales. These marine incursions have favoured the adapta-
tion of several marine lineages to freshwater environments (Bloom 
& Lovejoy, 2017; Fontenelle et al., 2021; Lovejoy et al., 2006) and 
probably led to high extinctions due to the concomitant elimination 
of freshwater habitats in the affected areas (Oberdorff et al., 2019). 
In agreement with this last hypothesis, we found a significant neg-
ative relationship between ses.MNTD and Eastern sub-drainages 
impacted by the last sea-level rise during the middle Pleistocene 
(<1 Mya, up to ~25 m in elevation) (Christ et al., 2021), meaning that 
assemblages in these sub-drainages are more phylogenetically clus-
tered. This may be due to high extinction rates of lowland freshwater 
fish species in submerged areas that reduced their overall species 
richness, and diversification processes in the remaining, high ele-
vation and isolated areas not affected by the seawater (Oberdorff 
et al., 2019). We also found that the phylogenetic metric ses.MPD, 
capturing the variation in phylodiversity at deep phylogenetic levels, 
was positively related to Eastern sub-drainages having experienced 
older and longer marine incursions (~5 Mya, from 50 to 100 m and 
a duration of ~0.8 Mya) (Haq et al., 1987). Given that phylogenetic 
diversity sensu stricto (ses.PD) is unrelated to marine incursions and 

F I G U R E  2  Partial regressions plots representing the significant relationships between the distance from the Amazon River mouth 
(DistMouth) with standardized effect size of fish communities Phylogenetic Diversity (ses.PD; a) in the 97 Amazonian sub-drainages and 
their Mean Pairwise Distance (ses.MPD; b) and Mean Nearest Taxon Distance (ses.MNTD; c), after controlling for all other predictors 
considered in our models. These partial effects (residuals) are calculated after excluding effects from all the other predictors in the model. 
The overall decrease in phylogenetic metrics from downriver (East) to upriver (West) is statistically significant (solid line, Table 2) (ses.PD, p = 
0.003; ses.MPD, p = 0.009; ses.MNTD, p = 0.016)
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that many marine-derived species such as anchovies, flatfishes, 
pufferfishes, drums, needlefishes, and stingrays are present in these 
Eastern sub-drainages, we suggest that the increase in ses.MPD is 
at least partly related to the presence of marine-derived lineages in 
these sub-drainage assemblages (Dagosta & Pinna, 2019).

Our results show no significant effect of the categorical vari-
able “Pebas Lake System” (sensu Hoorn et al., 2010) on assemblage 
phylodiversity patterns. There was indeed no marked indication of 
structured phylogenetic diversity—overdispersed or clustered fish 
assemblages—that could have been produced by extinction, dis-
persal, and diversification of lineages within the Pebas System as 
defined in our study. However, the environmental attributes and 
geographical boundaries of the Pebas System remain uncertain 
and poorly understood (Bicudo et al., 2019; Fontenelle et al., 2021; 
Hoorn et al., 2010; McDermott, 2021). Given the rather rough cat-
egorical variable used here, we may have missed some key areas of 
the historical Pebas System, failing to capture any significant phy-
logenetic structure. This is possible as we did find a strong phylo-
genetic structure along the Amazon West-East gradient suggesting 
different histories between these two regions.

4.3  |  Basin-wide drivers of fish phylodiversity

We found a significant pattern of fish assemblage phylogenetic di-
versity along the Amazon West-East gradient, whatever the metric 
we used. Phylogenetic diversity sensu stricto (ses.PD) and ses.MPD 
metrics decrease from East to West (Figure 2) meaning that Western 
assemblages are less phylogenetically diverse than Eastern ones. 
This result is inconsistent with the prediction of higher lineages di-
versity in sub-drainages of the Western Amazon and thus refutes 
the hypothesis that this region acts as a broad species pump for the 
whole basin, as recently suggested by Fontenelle et al. (2021) based 
on a study of marine-derived lineages. This decrease in assemblage 
phylogenetic diversity (sensu stricto) from East to West, already 
highlighted by Dagosta et al. (2021) using a pure taxonomic-based 
tree, also contrast with the species richness gradient observed 
by Oberdorff et al. (2019) (i.e. sub-drainages fish species richness 
slightly but significantly increases from East to West). However, we 
also found here that Western assemblages are more phylogeneti-
cally clustered than Eastern ones (i.e. a decrease in ses.MNTD val-
ues from East to West, Figure 2). This finding suggests large and 

TA B L E  2  Estimates, 95% confidence interval and p-values from the multiple regression models for phylogenetic diversity estimated using 
ses.PD, ses.MPD and ses.MNTD. Significant relationships (p < 0.05) estimated from Likelihood Ratio Tests are in bold

ses.PD ses.MPD ses.MNTD

Estimates (CI) p Estimates (CI) p Estimates (CI) p

(Intercept) −1.05 (−1.95 to −0.15) 0.023 −1.00 (−2.22 to 0.22) 0.108 −1.27 (−2.09 to −0.45) 0.003

WaterColor [Clear] −0.20 (−1.14 to 0.75) 0.683 −1.10 (−2.35 to 0.16) 0.085 −0.24 (−1.07 to 0.60) 0.579

WaterColor [White] 0.48 (−0.31 to 1.27) 0.229 −1.18 (−2.28 to −0.08) 0.036 0.28 (−0.45 to 1.02) 0.449

NetwD 0.19 (−0.02 to 0.40) 0.075 −0.12 (−0.42 to 0.18) 0.432 0.12 (−0.08 to 0.32) 0.230

Area −0.33 (−0.63 to −0.03) 0.030 0.02 (−0.35 to 0.39) 0.909 −0.27 (−0.51 to −0.02) 0.033

SoilDiv 0.08 (−0.17 to 0.33) 0.506 0.24 (−0.10 to 0.58) 0.160 0.05 (−0.18 to 0.27) 0.686

DistMouth −1.29 (−2.12 to −0.46) 0.003 −0.99 (−1.73 to −0.25) 0.009 −0.61 (−1.11 to −0.12) 0.016

CoverDiv −0.12 (−0.47 to 0.23) 0.511 −0.01 (−0.50 to 0.48) 0.959 −0.01 (−0.34 to 0.32) 0.945

PC1_Diff_CurrentLGM −0.08 (−0.45 to 0.29) 0.654 0.37 (−0.14 to 0.87) 0.151 0.14 (−0.20 to 0.48) 0.413

PC2_Diff_CurrentLGM −0.01(−0.36 to 0.34) 0.959 −0.22 (−0.66 to 0.21) 0.315 0.01 (−0.28 to 0.31) 0.920

PC3_Diff_CurrentLGM −0.04 (−0.35 to 0.27) 0.803 −0.19 (−0.61 to 0.23) 0.379 0.07 (−0.21 to 0.35) 0.615

PebasLake 0.08 (−0.72 to 0.88) 0.844 0.17 (−0.82 to 1.16) 0.726 0.20 (−0.46 to 0.86) 0.551

Seawater at <1 Mya −0.26 (−0.63 to 0.11) 0.165 0.42 (−0.10 to 0.93) 0.111 −0.35 (−0.69 to 0.00) 0.050

Seawater at ~5 Mya 0.16 (−0.19 to 0.51) 0.358 0.71 (0.22 to 1.20) 0.005 −0.14 (−0.47 to 0.19) 0.397

Waterfall_log −0.16 (−0.42 to 0.09) 0.201 0.20 (−0.14 to 0.53) 0.240 −0.29 (−0.51 to −0.06) 0.012

PC1_GlobEnv 0.46 (−0.19 to 1.11) 0.162 −0.07 (−0.82 to 0.67) 0.847 −0.15 (−0.65 to 0.35) 0.548

PC2_GlobEnv −0.17 (−0.61 to 0.27) 0.449 0.45 (−0.08 to 0.98) 0.093 0.04 (−0.32 to 0.39) 0.827

PC3_GlobEnv −0.17(−0.46 to 0.11) 0.225 0.55 (0.19 to 0.92) 0.003 −0.23 (−0.48 to 0.01) 0.063

PC4_GlobEnv −0.14 (−0.38 to 0.11) 0.268 −0.43 (−0.75 to −0.10) 0.011 −0.00(−0.22 to 0.22) 0.989

SamplingEffort −0.22 (−0.48 to 0.04) 0.096 −0.22(−0.58 to 0.15) 0.242 −0.22(−0.46 to 0.03) 0.084

MEM3 −0.47 (−0.84 to −0.11) 0.012 – – – –

MEM1 0.18 (−0.40 to 0.77) 0.537 – – – –

MEM6 −0.16 (−0.36 to 0.05) 0.127 – – – –

R2/R2 adjusted 0.587/0.464 0.738/0.674 0.414/0.270

Moran's I (p value) −0.01 (p = 0.67) −0.01 (p = 0.60) −0.01 (p = 0.14)
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recent radiations of fewer lineages in sub-drainages of the Western 
Amazon that may have generated higher overall species richness 
over time compared to more Eastern ones. Following these patterns, 
Western Amazon can be seen as an evolutionary cradle of biodiver-
sity (i.e. location with unusually high rates of speciation) rather than 
a species pump region. In contrast, the lower phylogenetic diversity 
in Western assemblages compared to Eastern ones suggests either 
historical limited colonization events or most probably intense his-
torical lineages extinction in this region.

Indeed, the repeated transitions between Eocene and Miocene 
periods from fluvial-like systems to wetlands (Pozo and Pebas 
Systems) (Antoine et al., 2016; Bicudo et al., 2019) produced strong 
habitat filtering for species that, together with complex salinity gra-
dients due to periodical connections of the System to the Caribbean 
region, may have promoted lineage extinction events and remaining 
lineage diversification in the successive fluvio-lacustrine systems. 
The analysis of fossil records potentially available in this region 
may shed further light on these possible extinction processes (e.g. 
Chabain et al., 2017). In contrast, the proto-Amazon System flow-
ing eastward of the Purus Arch has been geologically and hydrolog-
ically more stable than Western Amazon during the past 30 million 
years (Bicudo et al., 2019; Hoorn et al., 2010; Sacek, 2014), probably 
causing higher phylogenetic diversity sensu stricto due to accumula-
tion and persistence of lineages in this area over a longer period of 
time (Coronado et al., 2015). Furthermore, fish assemblages in this 
Eastern region (downstream part of the Amazon current longitudinal 
gradient and near the historical West-East Amazon divide of Purus 
Arch) may benefit from lineages accumulation due to the conjunc-
tion of the three Amazon water types and to local colonization of 
species historically inhabiting both sides of the historical barrier 
(Albert et al., 2021; Dagosta et al., 2021).

To conclude, our study reveals a highly non-random spatial 
distribution of three phylogenetic metrics (ses.PD, ses.MPD, ses.
MNTD) across the 97 sub-drainages covering the Amazon basin. 
We found Western Amazon sub-drainages hosting assemblages 
more phylogenetically clustered (higher rates of recent specia-
tion) but less phylogenetically diverse than their Eastern coun-
terparts. Even though some West-East fish dispersion events 
occurred (Albert et al., 2021), our finding goes against the hy-
pothesis of Western Amazon acting as a historical species pump 
for its Eastern part but rather place Western Amazon as a cur-
rent evolutionary cradle of biodiversity. Our results also suggest 
that diversification most often occurs within specific geographic 
areas (e.g. naturally fragmented areas, water type-dependence), 
and that the long-distance dispersal of species among major 
regions is less frequent (but see Fontenelle et al. (2021) for 
marine-derived lineages). It should be now relevant to analyse 
the variation in species composition between sub-drainage as-
semblages (i.e. taxonomic Beta diversity sensu Whittaker, 1960) 
since that will bring a more precise picture of the effect of 
dispersal limitation in shaping current fish assemblages in the 
Amazon River basin.

ACKNOWLEDG EMENTS
This paper is dedicated to J. Maldonado-Ocampo, who passed 
away during a sampling expedition in the Río Vaupés (Colombia). 
L.S. thanks CNPq and PPG-Ecologia/UnB for funding and sup-
port. This research benefited from support from the ERANet-LAC 
(www.erane​t-lac.eu/) “AmazonFish” (ELAC2014/ DCC-0210) pro-
ject. We thank the Field Museum of Natural History in Chicago 
and the John D. and Catherine T. MacArthur Foundation (Grant 
G-1607–151047) for having mobilized data for AmazonFish in 

F I G U R E  3  Partial regressions plots showing the effects of (a) the habitat fragmentation (Waterfall), (b) proportion of sub-drainages 
surface covered by seawater at <1 Mya (up to 25m in altitude) and (c) at ~5 Mya (up to 100m in altitude) on the standardized effect size of 
Mean Pairwise phylogenetic Distance (ses.MPD) and Mean Nearest Taxa phylogenetic Distance (ses.MNTD) of fish communities in the 97 
Amazonian sub-drainages, after controlling for all other predictors considered in our models. These partial effects (residuals) are calculated 
after excluding effects from all the other predictors in the model. The overall decrease in ses.MNTD in more fragmented sub-drainages and 
in sub-drainages with more proportions of the area covered by seawater at <1 Mya are statistically significant (p = 0.012 and p = 0.050, 
respectively); the overall increase in ses.MPD in sub-drainages with more proportions of the area covered by seawater at ~5 Mya is 
statistically significant (p = 0.005) (solid line, Table 2)

http://www.eranet-lac.eu/


320  |    SALGUEIRO et al.

Colombia, Ecuador, and Peru. French Laboratories of Excellence 
“CEBA” (ANR-10-LABX-25–01) and “TULIP” (ANR-10-LABX-41 
and ANR-11-IDEX-0002–02) are also acknowledged. M.S.D. 
thanks CNPq (150784/2015-5), Fundação de Amparo à Pesquisa 
do Distrito Federal (FAPDF, #00193.00001819/2018-75, 
#00193.00000002/2019-61), and Universidade de Brasília (UnB/
DPI/DGP, #02/2021) for funding. T.O., B.H. and P.A.T. thank the 
CEBA project “EMERGENCE.” All data were collected through the 
AmazonFish project (www.amazo​n-fish.com). No specific permit 
was needed to carry out the present work.

CONFLIC T OF INTERE S T
There is no conflict of interest among co-authors.

DATA AVAIL ABILIT Y S TATEMENT
Species present in each sub-drainage (Jézéquel, Tedesco, Bigorne, 
et al., 2020) and the global scale phylogeny (Rabosky, 2020; Rabosky 
et al., 2018) are available through https://figsh​are.com/artic​les/datas​
et/A_datab​ase_of_fresh​water_fish_speci​es_of_the_Amazon_Basin/​
9923762 and https://fisht​reeof​life.org/, respectively. Phylogenetic 
metrics and their standardized effect size (ses), together with all en-
vironmental and historical predictors included in the statistical mod-
els are available for each of the 97 sub-drainages in supplementary 
materials (Tables S1.2, S.1.3 and S2.5) and online at Zenodo https://
doi.org/10.5281/zenodo.5589763 (Salgueiro et al., 2021).

ORCID
Laís Salgueiro   https://orcid.org/0000-0003-4338-1942 
Fernanda A. S. Cassemiro   https://orcid.org/0000-0003-3015-5524 
Thierry Oberdorff   https://orcid.org/0000-0001-7323-2599 
Murilo S. Dias   http://orcid.org/0000-0002-7213-5284 

R E FE R E N C E S
Albert, J. S., Bernt, M. J., Fronk, A. H., Fontenelle, J. P., Kuznar, S. L., & 

Lovejoy, N. R. (2021). Late Neogene megariver captures and the 
Great Amazonian Biotic Interchange. Global and Planetary Change, 
205, 103554. https://doi.org/10.1016/j.glopl​acha.2021.103554

Albert, J. S., Carvalho, T. P., Petry, P., Holder, M. A., Maxime, E. L., Espino, 
J., Corahua, I., Quispe, R., Rengifo, B., Ortega, H., & Reis, R. E. 
(2011). Aquatic biodiversity in the Amazon: Habitat specialization 
and geographic isolation promote species richness. Animals, 1(2), 
205–241. https://doi.org/10.3390/ani10​20205

Albert, J. S., Petry, P., & Reis, R. E. (2011). Major biogeographic and phy-
logenetic patterns. In J. S. Albert & R. E. Reis (Eds.), Historical bio-
geography of neotropical freshwater fishes (pp. 21–58). University of 
California Press. https://doi.org/10.1525/97805​20948​501-004

Albert, J. S., Tagliacollo, V. A., & Dagosta, F. (2020). Diversification of 
neotropical freshwater fishes. Annual Review of Ecology, Evolution, 
and Systematics, 51(1), 27–53. https://doi.org/10.1146/annur​ev-
ecols​ys-01162​0-031032

Antoine, P.-O., Abello, M. A., Adnet, S., Altamirano Sierra, A. J., Baby, P., 
Billet, G., Boivin, M., Calderón, Y., Candela, A., Chabain, J., Corfu, 
F., Croft, D. A., Ganerød, M., Jaramillo, C., Klaus, S., Marivaux, L., 
Navarrete, R. E., Orliac, M. J., Parra, F., … Salas-Gismondi, R. (2016). 
A 60-million-year Cenozoic history of western Amazonian ecosys-
tems in Contamana, eastern Peru. Gondwana Research, 31, 30–59. 
https://doi.org/10.1016/j.gr.2015.11.001

Antonelli, A., Ariza, M., Albert, J., Andermann, T., Azevedo, J., Bacon, C., 
Faurby, S., Guedes, T., Hoorn, C., Lohmann, L. G., Matos-Maraví, 
P., Ritter, C. D., Sanmartín, I., Silvestro, D., Tejedor, M., ter Steege, 
H., Tuomisto, H., Werneck, F. P., Zizka, A., & Edwards, S. V. (2018). 
Conceptual and empirical advances in Neotropical biodiversity re-
search. PeerJ, 6, e5644. https://doi.org/10.7717/peerj.5644

Antonelli, A., Zizka, A., Carvalho, F. A., Scharn, R., Bacon, C. D., Silvestro, 
D., & Condamine, F. L. (2018). Amazonia is the primary source of 
Neotropical biodiversity. Proceedings of the National Academy of 
Sciences, 115(23), 6034–6039. https://doi.org/10.1073/pnas.17138​
19115

Azevedo, J. A. R., Guedes, T. B., Nogueira, C. D. C., Passos, P., Sawaya, 
R. J., Prudente, A. L. C., Barbo, F. E., Strüssmann, C., Franco, F. L., 
Arzamendia, V., Giraudo, A. R., Argôlo, A. J. S., Jansen, M., Zaher, 
H., Tonini, J. F. R., Faurby, S., & Antonelli, A. (2020). Museums and 
cradles of diversity are geographically coincident for narrowly dis-
tributed Neotropical snakes. Ecography, 43(2), 328–339. https://
doi.org/10.1111/ecog.04815

Beheregaray, L. B., Cooke, G. M., Chao, N. L., & Landguth, E. L. (2015). 
Ecological speciation in the tropics: Insights from comparative ge-
netic studies in Amazonia. Frontiers in Genetics, 5, 477. https://doi.
org/10.3389/fgene.2014.00477

Bicudo, T. C., Sacek, V., de Almeida, R. P., Bates, J. M., & Ribas, C. C. 
(2019). Andean Tectonics and mantle dynamics as a pervasive in-
fluence on Amazonian ecosystem. Scientific Reports, 9(1), 16879. 
https://doi.org/10.1038/s4159​8-019-53465​-y

Blanchet, F. G., Legendre, P., & Borcard, D. (2008). Modelling directional 
spatial processes in ecological data. Ecological Modelling, 215(4), 
325–336. https://doi.org/10.1016/j.ecolm​odel.2008.04.001

Bloom, D. D., & Lovejoy, N. R. (2017). On the origins of marine-derived 
freshwater fishes in South America. Journal of Biogeography, 44(9), 
1927–1938. https://doi.org/10.1111/jbi.12954

Bogotá-Gregory, J. D., Lima, F. C. T., Correa, S. B., Silva-Oliveira, C., 
Jenkins, D. G., Ribeiro, F. R., Lovejoy, N. R., Reis, R. E., & Crampton, 
W. G. R. (2020). Biogeochemical water type influences commu-
nity composition, species richness, and biomass in megadiverse 
Amazonian fish assemblages. Scientific Reports, 10(1), 15349. 
https://doi.org/10.1038/s4159​8-020-72349​-0

Brown, J. H. (2014). Why are there so many species in the tropics? Journal 
of Biogeography, 41(1), 8–22. https://doi.org/10.1111/jbi.12228

Cadotte, M. W., Davies, T. J., Regetz, J., Kembel, S. W., Cleland, E., & 
Oakley, T. H. (2010). Phylogenetic diversity metrics for ecolog-
ical communities: Integrating species richness, abundance and 
evolutionary history. Ecology Letters, 13(1), 96–105. https://doi.
org/10.1111/j.1461-0248.2009.01405.x

Carvajal-Quintero, J., Villalobos, F., Oberdorff, T., Grenouillet, G., Brosse, S., 
Hugueny, B., Jézéquel, C., & Tedesco, P. A. (2019). Drainage network 
position and historical connectivity explain global patterns in freshwa-
ter fishes’ range size. Proceedings of the National Academy of Sciences, 
116(27), 13434–13439. https://doi.org/10.1073/pnas.19024​84116

Chabain, J., Antoine, P.-O., Altamirano-Sierra, A. J., Marivaux, L., Pujos, 
F., Salas Gismondi, R., & Adnet, S. (2017). Cenozoic batoids from 
Contamana (Peruvian Amazonia) with focus on freshwater pota-
motrygonins and their paleoenvironmental significance. Geobios, 
50(5), 389–400. https://doi.org/10.1016/j.geobi​os.2017.10.003

Chang, J., Rabosky, D. L., Smith, S. A., & Alfaro, M. E. (2019). An r pack-
age and online resource for macroevolutionary studies using the 
ray-finned fish tree of life. Methods in Ecology and Evolution, 10(7), 
1118–1124. https://doi.org/10.1111/2041-210X.13182

Christ, A. J., Bierman, P. R., Schaefer, J. M., Dahl-Jensen, D., Steffensen, J. P., 
Corbett, L. B., Peteet, D. M., Thomas, E. K., Steig, E. J., Rittenour, T. M., 
Tison, J.-L., Blard, P.-H., Perdrial, N., Dethier, D. P., Lini, A., Hidy, A. J., 
Caffee, M. W., & Southon, J. (2021). A multimillion-year-old record of 
Greenland vegetation and glacial history preserved in sediment beneath 
1.4 km of ice at Camp Century. Proceedings of the National Academy of 
Sciences, 118(13), https://doi.org/10.1073/pnas.20214​42118

http://www.amazon-fish.com
https://figshare.com/articles/dataset/A_database_of_freshwater_fish_species_of_the_Amazon_Basin/9923762
https://figshare.com/articles/dataset/A_database_of_freshwater_fish_species_of_the_Amazon_Basin/9923762
https://figshare.com/articles/dataset/A_database_of_freshwater_fish_species_of_the_Amazon_Basin/9923762
https://fishtreeoflife.org/
https://doi.org/10.5281/zenodo.5589763
https://doi.org/10.5281/zenodo.5589763
https://orcid.org/0000-0003-4338-1942
https://orcid.org/0000-0003-4338-1942
https://orcid.org/0000-0003-3015-5524
https://orcid.org/0000-0003-3015-5524
https://orcid.org/0000-0001-7323-2599
https://orcid.org/0000-0001-7323-2599
http://orcid.org/0000-0002-7213-5284
http://orcid.org/0000-0002-7213-5284
https://doi.org/10.1016/j.gloplacha.2021.103554
https://doi.org/10.3390/ani1020205
https://doi.org/10.1525/9780520948501-004
https://doi.org/10.1146/annurev-ecolsys-011620-031032
https://doi.org/10.1146/annurev-ecolsys-011620-031032
https://doi.org/10.1016/j.gr.2015.11.001
https://doi.org/10.7717/peerj.5644
https://doi.org/10.1073/pnas.1713819115
https://doi.org/10.1073/pnas.1713819115
https://doi.org/10.1111/ecog.04815
https://doi.org/10.1111/ecog.04815
https://doi.org/10.3389/fgene.2014.00477
https://doi.org/10.3389/fgene.2014.00477
https://doi.org/10.1038/s41598-019-53465-y
https://doi.org/10.1016/j.ecolmodel.2008.04.001
https://doi.org/10.1111/jbi.12954
https://doi.org/10.1038/s41598-020-72349-0
https://doi.org/10.1111/jbi.12228
https://doi.org/10.1111/j.1461-0248.2009.01405.x
https://doi.org/10.1111/j.1461-0248.2009.01405.x
https://doi.org/10.1073/pnas.1902484116
https://doi.org/10.1016/j.geobios.2017.10.003
https://doi.org/10.1111/2041-210X.13182
https://doi.org/10.1073/pnas.2021442118


    |  321SALGUEIRO et al.

Craig, J. M., Carvalho, T. P., Chakrabarty, P., Derouen, V., Ortega, H., 
Petry, P., Reis, R. E., Tagliacollo, V. A., Albert, J. S., Craig, J. M., 
Carvalho, T. P., Chakrabarty, P., Derouen, V., Ortega, H., Petry, P., 
Reis, R. E., Tagliacollo, V. A., & Albert, J. S. (2020). Using community 
phylogenetics to assess phylogenetic structure in the Fitzcarrald 
region of Western Amazonia. Neotropical Ichthyology, 18(2), https://
doi.org/10.1590/1982-0224-2020-0004

Crampton, W. G. R. (2019). Electroreception, electrogenesis and electric 
signal evolution. Journal of Fish Biology, 95(1), 92–134. https://doi.
org/10.1111/jfb.13922

Crouch, N. M. A., Capurucho, J. M. G., Hackett, S. J., & Bates, J. M. (2019). 
Evaluating the contribution of dispersal to community structure in 
Neotropical passerine birds. Ecography, 42(2), 390–399. https://doi.
org/10.1111/ecog.03927

Dagosta, F. C. P., de Pinna, M., Peres, C. A., & Tagliacollo, V. A. (2021). 
Existing protected areas provide a poor safety-net for threatened 
Amazonian fish species. Aquatic Conservation: Marine and Freshwater 
Ecosystems, 31(5), 1167–1189. https://doi.org/10.1002/aqc.3461

Dagosta, F. C. P., & Pinna, M. D. (2019). The Fishes of the Amazon: 
Distribution and biogeographical patterns, with a comprehensive 
list of species. Bulletin of the American Museum of Natural History, 
2019(431), 1–163. https://doi.org/10.1206/0003-0090.431.1.1

Datry, T., Melo, A. S., Moya, N., Zubieta, J., la Barra, E. D., & Oberdorff, T. 
(2016). Metacommunity patterns across three Neotropical catch-
ments with varying environmental harshness. Freshwater Biology, 
61(3), 277–292. https://doi.org/10.1111/fwb.12702

Dexter, K. G., Lavin, M., Torke, B. M., Twyford, A. D., Kursar, T. A., Coley, 
P. D., Drake, C., Hollands, R., & Pennington, R. T. (2017). Dispersal 
assembly of rain forest tree communities across the Amazon basin. 
Proceedings of the National Academy of Sciences, 114(10), 2645–
2650. https://doi.org/10.1073/pnas.16136​55114

Dias, M. S., Cornu, J.-F., Oberdorff, T., Lasso, C. A., & Tedesco, P. A. 
(2013). Natural fragmentation in river networks as a driver of spe-
ciation for freshwater fishes. Ecography, 36(6), 683–689. https://
doi.org/10.1111/j.1600-0587.2012.07724.x

Dobrovolski, R., Melo, A. S., Cassemiro, F. A. S., & Diniz-Filho, J. A. F. 
(2012). Climatic history and dispersal ability explain the relative 
importance of turnover and nestedness components of beta diver-
sity. Global Ecology and Biogeography, 21(2), 191–197. https://doi.
org/10.1111/j.1466-8238.2011.00671.x

Faith, D. P. (1992). Conservation evaluation and phylogenetic di-
versity. Biological Conservation, 61(1), 1–10. https://doi.
org/10.1016/0006-3207(92)91201​-3

Figueiredo, J., Hoorn, C., van der Ven, P., & Soares, E. (2009). Late 
Miocene onset of the Amazon River and the Amazon deep-sea fan: 
Evidence from the Foz do Amazonas Basin. Geology, 37(7), 619–
622. https://doi.org/10.1130/G2556​7A.1

Fontenelle, J. P., Marques, F. P. L., Kolmann, M. A., & Lovejoy, N. R. 
(2021). Biogeography of the neotropical freshwater sting-
rays (Myliobatiformes: Potamotrygoninae) reveals effects of 
continent-scale paleogeographic change and drainage evolu-
tion. Journal of Biogeography, 48(6), 1406–1419. https://doi.
org/10.1111/jbi.14086

Fox, J., & Weisberg, S. (2019). An {R} companion to applied regression (3rd 
ed.). Sage. https://socia​lscie​nces.mcmas​ter.ca/jfox/Books/​Compa​
nion/SAGEP​ublic​ations

Gelman, A. (2008). Scaling regression inputs by dividing by two standard 
deviations. Statistics in Medicine, 27(15), 2865–2873. https://doi.
org/10.1002/sim.3107

Gonzalez, R. J., Wilson, R. W., & Wood, C. M. (2006). Ionoregulation 
in tropical fishes from ion-poor, acid blackwaters. In A. L. Val, V. 
M. F. Almeida-Val, & D. J. Randall (Eds.), Fish physiology: The phys-
iology of tropical fishes (1st ed., Vol. 21, pp. 397–437). American 
Press, Elsevier. https://www.elsev​ier.com/books/​fish-physi​ology​
-the-physi​ology​-of-tropi​cal-fishe​s/val/978-0-12-35044​5-6

Graham, M. H. (2003). Confronting multicollinearity in ecological 
multiple regression. Ecology, 84(11), 2809–2815. https://doi.
org/10.1890/02-3114

Haffer, J. (1969). Speciation in Amazonian forest birds. Science (New York, N.Y.), 
165(3889), 131–137. https://doi.org/10.1126/scien​ce.165.3889.131

Haq, B. U., Hardenbol, J., & Vail, P. R. (1987). Chronology of fluctuating 
sea levels since the Triassic. Science, 235(4793), 1156–1167. https://
doi.org/10.1126/scien​ce.235.4793.1156

Hijmans, R. J., Cameron, S. E., Parra, J. L., Jones, P. G., & Jarvis, A. (2005). 
Very high resolution interpolated climate surfaces for global land 
areas. International Journal of Climatology, 25(15), 1965–1978. 
https://doi.org/10.1002/joc.1276

Honorio Coronado, E. N., Dexter, K. G., Pennington, R. T., Chave, J., Lewis, 
S. L., Alexiades, M. N., Alvarez, E., Alves de Oliveira, A., Amaral, I. 
L., Araujo-Murakami, A., Arets, E. J. M. M., Aymard, G. A., Baraloto, 
C., Bonal, D., Brienen, R., Cerón, C., Cornejo Valverde, F., Di Fiore, 
A., Farfan-Rios, W., … Phillips, O. L. (2015). Phylogenetic diversity 
of Amazonian tree communities. Diversity and Distributions, 21(11), 
1295–1307. https://doi.org/10.1111/ddi.12357

Hoorn, C., Bogotá-A, G. R., Romero-Baez, M., Lammertsma, E. I., Flantua, 
S. G. A., Dantas, E. L., Dino, R., do Carmo, D. A., & Chemale, F. 
(2017). The Amazon at sea: Onset and stages of the Amazon River 
from a marine record, with special reference to Neogene plant turn-
over in the drainage basin. Global and Planetary Change, 153, 51–65. 
https://doi.org/10.1016/j.glopl​acha.2017.02.005

Hoorn, C., Wesselingh, F. P., ter Steege, H., Bermudez, M. A., Mora, A., 
Sevink, J., Sanmartín, I., Sanchez-Meseguer, A., Anderson, C. L., 
Figueiredo, J. P., Jaramillo, C., Riff, D., Negri, F. R., Hooghiemstra, 
H., Lundberg, J., Stadler, T., Särkinen, T., & Antonelli, A. (2010). 
Amazonia through time: Andean uplift, climate change, landscape 
evolution, and biodiversity. Science, 330(6006), 927–931. https://
doi.org/10.1126/scien​ce.1194585

Hovikoski, J., Räsänen, M., Gingras, M., Lopéz, S., Romero, L., Ranzi, A., 
& Melo, J. (2007). Palaeogeographical implications of the Miocene 
Quendeque Formation (Bolivia) and tidally-influenced strata in south-
western Amazonia. Palaeogeography, Palaeoclimatology, Palaeoecology, 
243(1), 23–41. https://doi.org/10.1016/j.palaeo.2006.07.013

Hugueny, B., Oberdorff, T., & Tedesco, P. A. (2010). Community ecol-
ogy of river fishes: A large-scale perspective. In. American Fisheries 
Society Symposium, 73, 29–62.

Jaramillo, C., Romero, I., D’Apolito, C., Bayona, G., Duarte, E., Louwye, 
S., Escobar, J., Luque, J., Carrillo-Briceño, J. D., Zapata, V., Mora, A., 
Schouten, S., Zavada, M., Harrington, G., Ortiz, J., & Wesselingh, F. 
P. (2017). Miocene flooding events of western Amazonia. Science 
Advances, 3(5), e1601693. https://doi.org/10.1126/sciadv.1601693

Jézéquel, C., Tedesco, P. A., Bigorne, R., Maldonado-Ocampo, J. A., 
Ortega, H., Hidalgo, M., Martens, K., Torrente-Vilara, G., Zuanon, 
J., Acosta, A., Agudelo, E., Barrera Maure, S., Bastos, D. A., Bogotá 
Gregory, J., Cabeceira, F. G., Canto, A. L. C., Carvajal-Vallejos, F. M., 
Carvalho, L. N., Cella-Ribeiro, A., … Oberdorff, T. (2020). A data-
base of freshwater fish species of the Amazon Basin. Scientific Data, 
7(1), 96. https://doi.org/10.1038/s4159​7-020-0436-4

Jézéquel, C., Tedesco, P. A., Darwall, W., Dias, M. S., Frederico, R. G., Hidalgo, 
M., Hugueny, B., Maldonado-Ocampo, J., Martens, K., Ortega, H., 
Torrente-Vilara, G., Zuanon, J., & Oberdorff, T. (2020). Freshwater fish 
diversity hotspots for conservation priorities in the Amazon Basin. 
Conservation Biology: The Journal of the Society for Conservation Biology, 
34(4), 956–965. https://doi.org/10.1111/cobi.13466

Kembel, S. W., Cowan, P. D., Helmus, M. R., Cornwell, W. K., Morlon, H., 
Ackerly, D. D., Blomberg, S. P., & Webb, C. O. (2010). Picante: R 
tools for integrating phylogenies and ecology. Bioinformatics, 26(11), 
1463–1464. https://doi.org/10.1093/bioin​forma​tics/btq166

Latrubesse, E. M., Cozzuol, M., da Silva-Caminha, S. A. F., Rigsby, C. 
A., Absy, M. L., & Jaramillo, C. (2010). The Late Miocene paleo-
geography of the Amazon Basin and the evolution of the Amazon 

https://doi.org/10.1590/1982-0224-2020-0004
https://doi.org/10.1590/1982-0224-2020-0004
https://doi.org/10.1111/jfb.13922
https://doi.org/10.1111/jfb.13922
https://doi.org/10.1111/ecog.03927
https://doi.org/10.1111/ecog.03927
https://doi.org/10.1002/aqc.3461
https://doi.org/10.1206/0003-0090.431.1.1
https://doi.org/10.1111/fwb.12702
https://doi.org/10.1073/pnas.1613655114
https://doi.org/10.1111/j.1600-0587.2012.07724.x
https://doi.org/10.1111/j.1600-0587.2012.07724.x
https://doi.org/10.1111/j.1466-8238.2011.00671.x
https://doi.org/10.1111/j.1466-8238.2011.00671.x
https://doi.org/10.1016/0006-3207(92)91201-3
https://doi.org/10.1016/0006-3207(92)91201-3
https://doi.org/10.1130/G25567A.1
https://doi.org/10.1111/jbi.14086
https://doi.org/10.1111/jbi.14086
https://socialsciences.mcmaster.ca/jfox/Books/Companion/SAGEPublications
https://socialsciences.mcmaster.ca/jfox/Books/Companion/SAGEPublications
https://doi.org/10.1002/sim.3107
https://doi.org/10.1002/sim.3107
http://www.elsevier.com/books/fish-physiology-the-physiology-of-tropical-fishes/val/978-0-12-350445-6
http://www.elsevier.com/books/fish-physiology-the-physiology-of-tropical-fishes/val/978-0-12-350445-6
https://doi.org/10.1890/02-3114
https://doi.org/10.1890/02-3114
https://doi.org/10.1126/science.165.3889.131
https://doi.org/10.1126/science.235.4793.1156
https://doi.org/10.1126/science.235.4793.1156
https://doi.org/10.1002/joc.1276
https://doi.org/10.1111/ddi.12357
https://doi.org/10.1016/j.gloplacha.2017.02.005
https://doi.org/10.1126/science.1194585
https://doi.org/10.1126/science.1194585
https://doi.org/10.1016/j.palaeo.2006.07.013
https://doi.org/10.1126/sciadv.1601693
https://doi.org/10.1038/s41597-020-0436-4
https://doi.org/10.1111/cobi.13466
https://doi.org/10.1093/bioinformatics/btq166


322  |    SALGUEIRO et al.

River system. Earth-Science Reviews, 99(3), 99–124. https://doi.
org/10.1016/j.earsc​irev.2010.02.005

Lehner, B., & Grill, G. (2013). Global river hydrography and network rout-
ing: Baseline data and new approaches to study the world’s large 
river systems. Hydrological Processes, 27(15), 2171–2186. https://
doi.org/10.1002/hyp.9740

Leprieur, F., Descombes, P., Gaboriau, T., Cowman, P. F., Parravicini, V., 
Kulbicki, M., Melián, C. J., de Santana, C. N., Heine, C., Mouillot, D., 
Bellwood, D. R., & Pellissier, L. (2016). Plate tectonics drive tropi-
cal reef biodiversity dynamics. Nature Communications, 7(1), 11461. 
https://doi.org/10.1038/ncomm​s11461

Li, C., Zhang, Y., Zha, D., Yang, S., Huang, Z. Y. X., & de Boer, W. F. (2019). 
Assembly processes of waterbird communities across subsidence wet-
lands in China: A functional and phylogenetic approach. Diversity and 
Distributions, 25(7), 1118–1129. https://doi.org/10.1111/ddi.12919

Lomolino, M. V., Brown, J. H., & Sax, D. F. (2009). Island Biogeography 
Theory. The Theory of Island Biogeography Revisited (pp. 13–51). 
Princeton University Press.

Lovejoy, N. R., Albert, J. S., & Crampton, W. G. R. (2006). Miocene ma-
rine incursions and marine/freshwater transitions: Evidence from 
Neotropical fishes. Journal of South American Earth Sciences, 21(1), 
5–13. https://doi.org/10.1016/j.jsames.2005.07.009

Malhi, Y., Roberts, J. T., Betts, R. A., Killeen, T. J., Li, W., & Nobre, C. A. (2008). 
Climate change, deforestation, and the fate of the Amazon. Science, 
319(5860), 169–172. https://doi.org/10.1126/scien​ce.1146961

Mascarenhas, R., Miyaki, C. Y., Dobrovolski, R., & Batalha-Filho, H. 
(2019). Late Pleistocene climate change shapes population diver-
gence of an Atlantic Forest passerine: A model-based phylogeo-
graphic hypothesis test. Journal of Ornithology, 160(3), 733–748. 
https://doi.org/10.1007/s1033​6-019-01650​-1

Mazel, F., Davies, T. J., Gallien, L., Renaud, J., Groussin, M., Münkemüller, 
T., & Thuiller, W. (2016). Influence of tree shape and evolutionary 
time-scale on phylogenetic diversity metrics. Ecography, 39(10), 
913–920. https://doi.org/10.1111/ecog.01694

McDermott, A. (2021). News feature: A sea in the Amazon. Proceedings of 
the National Academy of Sciences, 118(10), https://doi.org/10.1073/
pnas.21023​96118

Melo, B. F., Sidlauskas, B. L., Near, T. J., Roxo, F. F., Ghezelayagh, A., 
Ochoa, L. E., Stiassny, M. L. J., Arroyave, J., Chang, J., Faircloth, B. 
C., MacGuigan, D. J., Harrington, R. C., Benine, R. C., Burns, M. D., 
Hoekzema, K., Sanches, N. C., Maldonado-Ocampo, J. A., Castro, R. 
M. C., Foresti, F., … Oliveira, C. (2021). Accelerated diversification ex-
plains the exceptional species richness of tropical characoid fishes. 
Systematic Biology, syab040. https://doi.org/10.1093/sysbi​o/syab040

Miller, E. T., Farine, D. R., & Trisos, C. H. (2017). Phylogenetic commu-
nity structure metrics and null models: A review with new methods 
and software. Ecography, 40(4), 461–477. https://doi.org/10.1111/
ecog.02070

Miller, K. G., Kominz, M. A., Browning, J. V., Wright, J. D., Mountain, G. S., 
Katz, M. E., Sugarman, P. J., Cramer, B. S., Christie-Blick, N., & Pekar, S. 
F. (2005). The Phanerozoic record of global sea-level change. Science, 
310(5752), 1293–1298. https://doi.org/10.1126/scien​ce.1116412

Mittelbach, G. G., Schemske, D. W., Cornell, H. V., Allen, A. P., Brown, 
J. M., Bush, M. B., Harrison, S. P., Hurlbert, A. H., Knowlton, N., 
Lessios, H. A., McCain, C. M., McCune, A. R., McDade, L. A., 
McPeek, M. A., Near, T. J., Price, T. D., Ricklefs, R. E., Roy, K., Sax, D. 
F., … Turelli, M. (2007). Evolution and the latitudinal diversity gradi-
ent: Speciation, extinction and biogeography. Ecology Letters, 10(4), 
315–331. https://doi.org/10.1111/j.1461-0248.2007.01020.x

Oberdorff, T., Dias, M. S., Jézéquel, C., Albert, J. S., Arantes, C. C., 
Bigorne, R., Carvajal-Valleros, F. M., De Wever, A., Frederico, R. G., 
Hidalgo, M., Hugueny, B., Leprieur, F., Maldonado, M., Maldonado-
Ocampo, J., Martens, K., Ortega, H., Sarmiento, J., Tedesco, P. A., 
Torrente-Vilara, G., … Zuanon, J. (2019). Unexpected fish diversity 
gradients in the Amazon basin. Science. Advances, 5(9), eaav8681. 
https://doi.org/10.1126/sciadv.aav8681

Pigot, A. L., & Etienne, R. S. (2015). A new dynamic null model for phy-
logenetic community structure. Ecology Letters, 18(2), 153–163. 
https://doi.org/10.1111/ele.12395

Pyron, R. A., & Burbrink, F. T. (2014). Ecological and evolutionary deter-
minants of species richness and phylogenetic diversity for island 
snakes. Global Ecology and Biogeography, 23(8), 848–856. https://
doi.org/10.1111/geb.12162

Qian, H., Cao, Y., Li, D., Chu, C., Sandel, B., & Wang, X. (2020). Geographic 
patterns and environmental correlates of phylogenetic relatedness 
and diversity for freshwater fish assemblages in North America. 
Ecography, 43(12), 1814–1824. https://doi.org/10.1111/ecog.05280

R Core Team. (2020). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing.

Rabosky, D. L. (2020). Speciation rate and the diversity of fishes in fresh-
waters and the oceans. Journal of Biogeography, 47(6), 1207–1217. 
https://doi.org/10.1111/jbi.13839

Rabosky, D. L., Chang, J., Title, P. O., Cowman, P. F., Sallan, L., Friedman, 
M., Kaschner, K., Garilao, C., Near, T. J., Coll, M., & Alfaro, M. E. 
(2018). An inverse latitudinal gradient in speciation rate for marine 
fishes. Nature, 559(7714), 392–395. https://doi.org/10.1038/s4158​
6-018-0273-1

Rahel, F. J. (2007). Biogeographic barriers, connectivity and homogeniza-
tion of freshwater faunas: It’s a small world after all. Freshwater Biology, 
52(4), 696–710. https://doi.org/10.1111/j.1365-2427.2006.01708.x

Rangel, T. F., Edwards, N. R., Holden, P. B., Diniz-Filho, J. A. F., Gosling, 
W. D., Coelho, M. T. P., Cassemiro, F. A. S., Rahbek, C., & Colwell, 
R. K. (2018). Modeling the ecology and evolution of biodiversity: 
Biogeographical cradles, museums, and graves. Science, 361(6399), 
https://doi.org/10.1126/scien​ce.aar5452

Réjaud, A., Rodrigues, M. T., Crawford, A. J., Castroviejo-Fisher, S., 
Jaramillo, A. F., Chaparro, J. C., Glaw, F., Gagliardi-Urrutia, G., 
Moravec, J., De la Riva, I. J., Perez, P., Lima, A. P., Werneck, F. P., 
Hrbek, T., Ron, S. R., Ernst, R., Kok, P. J. R., Driskell, A., Chave, J., 
& Fouquet, A. (2020). Historical biogeography identifies a possible 
role of Miocene wetlands in the diversification of the Amazonian 
rocket frogs (Aromobatidae: Allobates). Journal of Biogeography, 
47(11), 2472–2482. https://doi.org/10.1111/jbi.13937

Ricklefs, R. E. (2004). A comprehensive framework for global pat-
terns in biodiversity. Ecology Letters, 7(1), 1–15. https://doi.
org/10.1046/j.1461-0248.2003.00554.x

Ricklefs, R. E. (2007). Estimating diversification rates from phylogenetic 
information. Trends in Ecology & Evolution, 22(11), 601–610. https://
doi.org/10.1016/j.tree.2007.06.013

Sacek, V. (2014). Drainage reversal of the Amazon River due to the coupling 
of surface and lithospheric processes. Earth and Planetary Science 
Letters, 401, 301–312. https://doi.org/10.1016/j.epsl.2014.06.022

Salgueiro, L., Cassemiro, F. A. S., Albert, J. S., Frederico, R. G., Hidalgo, 
M., Hugueny, B., Jézéquel, C., Ortega, H., Tedesco, P. A., Torrente-
Vilara, G., Zuanon, J., Oberdorff, T., & Dias, M. S. (2021). Drivers 
of phylogenetic structure in Amazon freshwater fish assemblages. 
Zenodo, https://doi.org/10.5281/zenodo.5589763

Sandel, B. (2018). Richness-dependence of phylogenetic diversity indices. 
Ecography, 41(5), 837–844. https://doi.org/10.1111/ecog.02967

Sandel, B., Weigelt, P., Kreft, H., Keppel, G., van der Sande, M. T., Levin, 
S., Smith, S., Craven, D., & Knight, T. M. (2020). Current climate, 
isolation and history drive global patterns of tree phylogenetic en-
demism. Global Ecology and Biogeography, 29(1), 4–15. https://doi.
org/10.1111/geb.13001

Scott, S., Rojas, P., & Vila, I. (2020). Meristic and morphological differ-
entiation of Orestias species (Teleostei; Cyprinodontiformes) from 
the southern Altiplano. Environmental Biology of Fishes, 103(8), 939–
951. https://doi.org/10.1007/s1064​1-020-00995​-4

Sioli, H. (Ed.) (1984). The Amazon and its main affluents: Hydrography, 
morphology of the river courses, and river types. In The Amazon, 
Monographiae Biologicae (Vol. 56, pp. 127–165). Springer. https://
doi.org/10.1007/978-94-009-6542-3_5

https://doi.org/10.1016/j.earscirev.2010.02.005
https://doi.org/10.1016/j.earscirev.2010.02.005
https://doi.org/10.1002/hyp.9740
https://doi.org/10.1002/hyp.9740
https://doi.org/10.1038/ncomms11461
https://doi.org/10.1111/ddi.12919
https://doi.org/10.1016/j.jsames.2005.07.009
https://doi.org/10.1126/science.1146961
https://doi.org/10.1007/s10336-019-01650-1
https://doi.org/10.1111/ecog.01694
https://doi.org/10.1073/pnas.2102396118
https://doi.org/10.1073/pnas.2102396118
https://doi.org/10.1093/sysbio/syab040
https://doi.org/10.1111/ecog.02070
https://doi.org/10.1111/ecog.02070
https://doi.org/10.1126/science.1116412
https://doi.org/10.1111/j.1461-0248.2007.01020.x
https://doi.org/10.1126/sciadv.aav8681
https://doi.org/10.1111/ele.12395
https://doi.org/10.1111/geb.12162
https://doi.org/10.1111/geb.12162
https://doi.org/10.1111/ecog.05280
https://doi.org/10.1111/jbi.13839
https://doi.org/10.1038/s41586-018-0273-1
https://doi.org/10.1038/s41586-018-0273-1
https://doi.org/10.1111/j.1365-2427.2006.01708.x
https://doi.org/10.1126/science.aar5452
https://doi.org/10.1111/jbi.13937
https://doi.org/10.1046/j.1461-0248.2003.00554.x
https://doi.org/10.1046/j.1461-0248.2003.00554.x
https://doi.org/10.1016/j.tree.2007.06.013
https://doi.org/10.1016/j.tree.2007.06.013
https://doi.org/10.1016/j.epsl.2014.06.022
https://doi.org/10.5281/zenodo.5589763
https://doi.org/10.1111/ecog.02967
https://doi.org/10.1111/geb.13001
https://doi.org/10.1111/geb.13001
https://doi.org/10.1007/s10641-020-00995-4
https://doi.org/10.1007/978-94-009-6542-3_5
https://doi.org/10.1007/978-94-009-6542-3_5


    |  323SALGUEIRO et al.

Svenning, J.-C., Eiserhardt, W. L., Normand, S., Ordonez, A., & Sandel, 
B. (2015). The influence of paleoclimate on Present-day patterns 
in biodiversity and ecosystems. Annual Review of Ecology, Evolution, 
and Systematics, 46(1), 551–572. https://doi.org/10.1146/annur​ev-
ecols​ys-11241​4-054314

Swenson, N. G. (2009). Phylogenetic resolution and quantifying the phy-
logenetic diversity and dispersion of communities. PLoS One, 4(2), 
e4390. https://doi.org/10.1371/journ​al.pone.0004390

Tedesco, P. A., Leprieur, F., Hugueny, B., Brosse, S., Dürr, H. H., Beauchard, 
O., Busson, F., & Oberdorff, T. (2012). Patterns and processes of global 
riverine fish endemism. Global Ecology and Biogeography, 21(10), 
977–987. https://doi.org/10.1111/j.1466-8238.2011.00749.x

Tedesco, P. A., Paradis, E., Lévêque, C., & Hugueny, B. (2017). Explaining 
global-scale diversification patterns in actinopterygian fishes. Journal 
of Biogeography, 44(4), 773–783. https://doi.org/10.1111/jbi.12905

Tisseuil, C., Cornu, J.-F., Beauchard, O., Brosse, S., Darwall, W., Holland, R., 
Hugueny, B., Tedesco, P. A., & Oberdorff, T. (2013). Global diversity pat-
terns and cross-taxa convergence in freshwater systems. Journal of Animal 
Ecology, 82(2), 365–376. https://doi.org/10.1111/1365-2656.12018

Tonkin, J. D., Heino, J., & Altermatt, F. (2018). Metacommunities in river 
networks: The importance of network structure and connectivity 
on patterns and processes. Freshwater Biology, 63(1), 1–5. https://
doi.org/10.1111/fwb.13045

Tsirogiannis, C., & Sandel, B. (2016). PhyloMeasures: A package for comput-
ing phylogenetic biodiversity measures and their statistical moments. 
Ecography, 39(7), 709–714. https://doi.org/10.1111/ecog.01814

Tsirogiannis, C., Sandel, B., & Cheliotis, D. (2012). Efficient computation 
of popular phylogenetic tree measures. In B. Raphael, & J. Tang 
(Eds.), Algorithms in bioinformatics (pp. 30–43). Springer. https://doi.
org/10.1007/978-3-642-33122​-0_3

Tsirogiannis, C., Sandel, B., & Kalvisa, A. (2014). New algorithms for com-
puting phylogenetic biodiversity. In D. Brown, & B. Morgenstern 
(Eds.), Algorithms in bioinformatics (pp. 187–203). Springer. https://
doi.org/10.1007/978-3-662-44753​-6_15

Tucker, C. M., & Cadotte, M. W. (2013). Unifying measures of biodi-
versity: Understanding when richness and phylogenetic diversity 
should be congruent. Diversity and Distributions, 19(7), 845–854. 
https://doi.org/10.1111/ddi.12087

Tucker, C. M., Cadotte, M. W., Carvalho, S. B., Davies, T. J., Ferrier, S., 
Fritz, S. A., Grenyer, R., Helmus, M. R., Jin, L. S., Mooers, A. O., 
Pavoine, S., Purschke, O., Redding, D. W., Rosauer, D. F., Winter, 
M., & Mazel, F. (2017). A guide to phylogenetic metrics for conser-
vation, community ecology and macroecology. Biological Reviews, 
92(2), 698–715. https://doi.org/10.1111/brv.12252

Van Nynatten, A., Bloom, D., Chang, B. S. W., & Lovejoy, N. R. (2015). 
Out of the blue: Adaptive visual pigment evolution accompanies 
Amazon invasion. Biology Letters, 11(7), 20150349. https://doi.
org/10.1098/rsbl.2015.0349

Venticinque, E., Forsberg, B., Barthem, R., Petry, P., Hess, L., Mercado, 
A., Cañas, C., Montoya, M., Durigan, C., & Goulding, M. (2016). An 
explicit GIS-based river basin framework for aquatic ecosystem 

conservation in the Amazon. Earth System Science Data, 8(2), 651–
661. https://doi.org/10.5194/essd-8-651-2016

Webb, C. O. (2000). Exploring the phylogenetic structure of ecolog-
ical communities: An example for rain forest trees. The American 
Naturalist, 156(2), 145–155. https://doi.org/10.1086/303378

Webb, C. O., Ackerly, D. D., McPeek, M. A., & Donoghue, M. J. (2002). 
Phylogenies and Community Ecology. Annual Review of Ecology and 
Systematics, 33(1), 475–505. https://doi.org/10.1146/annur​ev.ecols​
ys.33.010802.150448

Wesselingh, F. P. (2006). Miocene long-lived lake Pebas as a stage of mol-
lusc radiations, with implications for landscape evolution in west-
ern Amazonia. Scripta Geologica, 133, 1–17.

Whittaker, R. H. (1960). Vegetation of the Siskiyou Mountains, Oregon 
and California. Ecological Monographs, 30(3), 279–338. https://doi.
org/10.2307/1943563

Wiens, J. A. (2002). Riverine landscapes: Taking landscape ecology 
into the water. Freshwater Biology, 47(4), 501–515. https://doi.
org/10.1046/j.1365-2427.2002.00887.x

BIOSKE TCH
Laís Salgueiro is an ecologist mostly interested in the study of bi-
ogeography and phylogenetic patterns of freshwater organisms. 
This work is a result of her Master degree at the Universidade 
de Brasília.
Author contributions: MSD, LS, and TO conceived the study. 
MSD and CJ performed GIS analyses, LS performed statisti-
cal analyses with MSD and TO advices. LS, MSD, FASC and TO 
wrote the first draft, and all co-authors assisted in writing and 
revising the final version of the manuscript.

SUPPORTING INFORMATION
Additional supporting information may be found in the online ver-
sion of the article at the publisher’s website.

How to cite this article: Salgueiro, L., Cassemiro, F. A. S., 
Albert, J. S., Frederico, R. G., Hidalgo, M., Hugueny, B., 
Jézéquel, C., Ortega, H., Tedesco, P. A., Torrente-Vilara, G., 
Zuanon, J., Oberdorff, T., & Dias, M. S. (2022). Drivers of 
phylogenetic structure in Amazon freshwater fish assemblages. 
Journal of Biogeography, 49, 310–323. https://doi.org/10.1111/
jbi.14300

https://doi.org/10.1146/annurev-ecolsys-112414-054314
https://doi.org/10.1146/annurev-ecolsys-112414-054314
https://doi.org/10.1371/journal.pone.0004390
https://doi.org/10.1111/j.1466-8238.2011.00749.x
https://doi.org/10.1111/jbi.12905
https://doi.org/10.1111/1365-2656.12018
https://doi.org/10.1111/fwb.13045
https://doi.org/10.1111/fwb.13045
https://doi.org/10.1111/ecog.01814
https://doi.org/10.1007/978-3-642-33122-0_3
https://doi.org/10.1007/978-3-642-33122-0_3
https://doi.org/10.1007/978-3-662-44753-6_15
https://doi.org/10.1007/978-3-662-44753-6_15
https://doi.org/10.1111/ddi.12087
https://doi.org/10.1111/brv.12252
https://doi.org/10.1098/rsbl.2015.0349
https://doi.org/10.1098/rsbl.2015.0349
https://doi.org/10.5194/essd-8-651-2016
https://doi.org/10.1086/303378
https://doi.org/10.1146/annurev.ecolsys.33.010802.150448
https://doi.org/10.1146/annurev.ecolsys.33.010802.150448
https://doi.org/10.2307/1943563
https://doi.org/10.2307/1943563
https://doi.org/10.1046/j.1365-2427.2002.00887.x
https://doi.org/10.1046/j.1365-2427.2002.00887.x
https://doi.org/10.1111/jbi.14300
https://doi.org/10.1111/jbi.14300

