
Journal of Biogeography. 2022;00:1–9.	 wileyonlinelibrary.com/journal/jbi�  | 1© 2022 John Wiley & Sons Ltd.

Received: 30 November 2021  | Revised: 3 May 2022  | Accepted: 12 May 2022

DOI: 10.1111/jbi.14452  

P E R S P E C T I V E

The challenges and potential of geogenomics for biogeography 
and conservation in Amazonia

Abstract
Amazonia has a very high, although still incompletely 
known, species diversity distributed over a mosaic of het-
erogeneous habitats that are also poorly characterized. As 
a result of this multi-faceted complexity, Amazonia poses 
a great challenge to geogenomic approaches that strive to 
find causal links between Earth's geological history and 
biotic diversification, including the use of genomic data 
to solve geologic problems. This challenge is even greater 
because of the need for interdisciplinary approaches de-
spite the difficulties of working across disciplines, where 
misinterpretations of the literature in disparate research 
fields can produce unrealistic scenarios of biotic-geologic 
linkages. The exchange of information and the joint work 
of geologists and biologists are essential for building 
stronger and more realistic hypotheses about how past 
climate may have affected the distribution and connec-
tivity among populations, how the evolution of drain-
age networks influenced biotic diversification, and how 
ecological traits and species interactions currently define 
the spatial organization of biodiversity, and thus how this 
organization has changed in the past and may change in 
the future. The heterogeneity of Amazonia and the differ-
ent effects of historical processes over its distinct regions 
and ecosystems have to be more completely recognized 
in biogeography, conservation and policymaking. In this 
perspective, we provide examples of geological, climato-
logical and ecological information relevant to studies of 
biotic diversification in Amazonia, where recent advances 
(and their limitations) may not be apparent to research-
ers in other fields. The three examples, which include the 
limitations of climate models outputs, the complicated 
evolution of river drainages and the complex link between 
species and their habitats modulated by ecological spe-
cialization, are a small subsample intended to illustrate the 
urgency for more integrated interdisciplinary approaches.

1  |  INTRODUC TION

Few places have attracted more studies about the historical relationship 
between landscape evolution and biotic diversification than mega-diverse 
Amazonia (Cracraft et al., 2020). Yet, the processes that generated so much 
species diversity through time may never become well known, as deforesta-
tion increasingly threatens the whole ecosystem (INPE/PRODES, 2021) 
(Figure 1). Paradoxically, by losing unique information about the relation-
ship between abiotic and biotic history, we also reduce our capability to 
predict and manage impacts that could help preserve Amazonia.

Investigations of how Amazon structure and function have changed 
through time and the likely drivers of those changes require interdis-
ciplinary approaches applied to a very complex system. Both geologic 
and genomic data can recover past events; thus, the reconstruction of 
landscape history using geomorphic and paleoclimatic data, and recon-
struction of diversification history using genomic data, may be used in 
tandem to build hypotheses about the coupled evolution of life and 
Earth that can be reciprocally tested (Baker et al., 2014, 2020; Dolby 
et al., 2022). Such an approach is at the core of Geogenomics, and its 
development depends on merging information from many fields, such 
as paleoclimatology, sedimentology, palynology, geomorphology, sys-
tematics, population ecology, population genomics, community ecol-
ogy, and phylogeography. Making connections among these disparate 
disciplines is not straightforward, and due to the size and complexity 
of Amazonia and the explosive increase in new studies, researchers 
in one field may by necessity overly simplify results from another and 
consequently generate non-realistic hypotheses or implausible sce-
narios of past changes in ecosystem structure and function.

Amazonia is essentially a socio-ecological system, and recognizing, 
valuing, and protecting the knowledge that traditional and indigenous 
population have about biodiversity is essential both for building bet-
ter hypotheses about evolution and biogeography and for preserving 
the biome. Thus, unification of indigenous and academic knowledge 
is needed in order to study the effects of regional landscape change. 
Indigenous peoples are key for the environmental and climatic gover-
nance of Amazonia, both because their lands cover large extents and 
because they have accumulated critical knowledge about ecosystem 
processes. Recent initiatives that aim to combine traditional and aca-
demic knowledge have great potential in both generating invaluable 
knowledge and in partnering with local researchers, who will lead the 
protection and decision-making processes within their territories in a 
challenging future (Cabalzar, 2016; Zuanon et al., 2019).
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2  |    RIBAS et al.

Here we summarize a few select examples of recent advances in 
knowledge about the geological and climatic history of Amazonia and the 
evolution of its biota that are common components of narratives about 
biotic diversification and its causes. Given space limitations, we include a 
single example of climatic, geological, and ecological information that play 
an important role in diversification analysis, but where the intricacies of 
the dynamics may not be broadly apparent to researchers in other disci-
plines. Our aim is to help build common ground for more realistic and nu-
anced studies in the future, in order to both understand how highly diverse 
systems arise and are maintained through time and to provide a baseline 
for protecting Amazonia from ongoing destruction (Brando et al., 2020).

2  |  HOW MUCH DO WE KNOW ABOUT 
AMA ZONIAN CLIMATIC VARIATION AND 
ITS CONSEQUENCES FOR BIODIVERSIT Y?

The influence of past climate on Amazonian biodiversity is broadly 
discussed, often focusing on how changes in the extent of forest or 

savanna vegetation through time may have affected biological di-
versification (Haffer, 1969; Wang et al., 2017). Causal relationships 
between past climates and the evolution of the distinct Amazonian 
environments can be inferred through reconstructing the histori-
cal dynamics of populations of species strongly associated with 
these specific environments in different regions of Amazonia (Botta 
et al., 2019). However, important shortfalls in assessing the history 
of Amazonian biota include the lack of knowledge on current pat-
terns of species diversity and distribution and uncertainties regard-
ing models of past and future climates in the region.

One approach often used to build hypotheses about diver-
sification processes is to extract spatial patterns of Amazonian 
paleoclimate from global climate model output and to use these 
reconstructions to infer past species distributions using ecological 
niche models (Ledo & Colli, 2017). These past distributions may then 
be used to build population genomic models, including demographic 
change and connectivity through time. However, paleoclimate model 
output used for characterizing time slices in the past often differs 
considerably from inferences derived from actual paleoclimate 

F I G U R E  1  Map of northern South America showing the limits of Amazonia as defined by the Amazonian network for georeferenced 
socio-environmental information, RAISG, (https://www.amazo​niaso​cioam​bient​al.org/en/), the main rivers, wetlands and the delimitation 
of areas of endemism recognized for upland forest birds and primates (see Cracraft et al., 2020). Deforestation up until 2018 is shown in 
red. Note that some areas of endemism in southeastern Amazonia have very small areas not affected by deforestation. Deforestation data 
(2001–2018) from RAISG (https://www.amazo​niaso​cioam​bient​al.org/en/). Wetland distribution from Hess et al., 2015. Existing and planned 
dams from Latrubesse et al. (2017). Map projection is in universal transverse mercator system (UTM). Latitude and longitude are shown in 
decimal degrees in vertical and horizontal axes, respectively.

https://www.amazoniasocioambiental.org/en/
https://www.amazoniasocioambiental.org/en/


    |  3RIBAS et al.

records, such as speleothems and lacustrine sediment cores, that 
reconstruct spatial and temporal patterns of paleoclimatic changes 
within Amazonia (e.g. Baker et al., 2020; Cheng et al., 2013; Wang 
et al., 2017).

In general, evaluating the past or future of Amazon biodiversity 
using data from climate models is fraught with uncertainties. A major 
issue is that general circulation models (GCMs) are currently unre-
liable in reconstructing precipitation for many places on land (Uhe 
et al., 2021), including the Amazon where GCMs consistently pro-
duce a dry bias (Murphy et al., 2019). The latter problem was first 
discussed by Li et al. (2006). They analysed all 11 models from the 
Intergovernmental Panel on Climate Change Fourth Assessment 
Report (IPCC AR4) that simulated rainfall for the A1B emissions 
scenario. For the observed second half of the 20th century (1950–
1999), climatological mean rainfall in the models varied between 2.7 
and 5.0 mm day−1, all lower than the observed climatological mean of 
5.3 mm day−1. The same 11 models disagreed on the sign of projected 
precipitation change, simulating increased (5 models), decreased (3 
models) or nearly constant (3 models) rainfall for the second half of 
the 21st century. More recently, Parsons (2020) analysed 32 models 
from IPCC AR5 and 22 models from IPCC AR6   (IPCC 2021) and, 
while properly urging caution, he concluded that the “new genera-
tion of models shows better agreement that most of the Amazonian 
basin will receive less future rainfall.” Yet, his own analysis belies 
the ability of this newer generation of models to accurately simu-
late historical (1950–2000) rainfall. Even for the season (ONDJFM) 
and region (“eastern Amazonia” but including large areas outside of 
Amazonia) chosen because of their stronger coupling of precipita-
tion to ENSO forcing, the historical simulation of the climatological 
seasonal rainfall ranged from 239–1417 mm (mean 890 mm) for AR5 
and 468–1255 mm (mean 892 mm) for AR6, again much lower than 
the observed mean of 1230 mm (Parsons, 2020). While there is bet-
ter agreement in the sign of predicted future change among AR6 
models compared to that found by Li et al. (2006), indicating possible 
decreased precipitation by the end of the 21st century in this region 
and in this season, particularly in the drastic SSP3-7.0 emission sce-
nario, a significant (but unquantifiable) portion of that trend is driven 
by scenario-prescribed widespread deforestation (Parsons, 2020; in 
particular, their supplemental figure 7). Cook et al. (2020, their figure 
2) found that for less drastic emissions scenarios, AR6 model simula-
tions of precipitation were not robust over large areas of Amazonia 
for most seasons. Also, while Ukkola et al.  (2020) found a strong 
tendency for increased drought (i.e. rainfall deficit), they report only 
a statistically insignificant decrease of 7% in mean annual precipita-
tion across Amazonia by the end of the 21st century in AR6 model 
ensembles under the drastic emissions scenario (RCP 8.5).

In short, we conclude that the current generation of GCMs are 
unreliable for hindcasting precipitation in the Amazon for the instru-
mental era (1950-present) and thus must be considered unreliable 
for accurately hindcasting precipitation for the pre-historic past and 
for accurately forecasting the global warming future. It is necessary 
to understand the limitations and uncertainties of GCMs and of var-
ious different model intercomparison methods (Uhe et al.,  2021), 

whether for hindcasting or forecasting, and these limitations must 
be explicitly recognized in studies that build or test hypotheses 
about biotic diversification. Within Amazonia, information about 
past landscapes based on local data, such as speleothem, sedimen-
tological, dendrochronological and palynological records, although 
available for very few locations, is more reliable than currently avail-
able GCM output.

3  |  E VOLUTION OF RIVER DR AINAGES 
AND “RIVERINE BARRIERS” THROUGH TIME

Rivers are conspicuous biogeographic features of the Amazonian 
lowlands, often bounding biotic distributions, thus the “riverine 
barrier hypothesis” (Wallace,  1852) is invoked in many studies of 
Amazonian biogeography. These studies all-too-often conflate 
pattern and process. For example, the pattern of endemism found 
for some vertebrate groups, such as birds and primates associated 
with upland forests, in which areas of endemism are bounded by 
large Amazonian rivers (e.g. Ayres & Clutton-Brock,  1992; Boubli 
et al., 2015; Cracraft, 1985; Haffer, 1974; Maximiano et al., 2020; 
Wallace, 1852) (Figure 1), may not be found for other organisms, such 
as plants and insects (Dambros et al., 2020; Nazareno et al., 2019a), 
which have their own distinct ecological traits and dispersal modes. 
Even for those organisms where such a river-bounded distribution 
pattern exists, allopatry caused by the “origin” of the river is not 
necessarily the unique explanatory process responsible for genera-
tion of the current biotic distribution (Coyne & Orr, 2004; Cracraft 
et al., 2020), and further analyses of the diversification process are 
needed to test this causal relationship.

When biologists think about the “origin” of a river they may en-
vision a different scenario of change than geologists studying the 
same set of events. In biodiversity literature, riverine barrier hypoth-
eses are often put forth without considerations of the geological 
mechanisms of river origins and evolution, how different habitats 
are distributed along Amazonian rivers, and the consequences of 
changes in the drainage system to the organisms that occur in the 
distinct habitats created or subdivided by rivers (Pupim et al., 2019; 
Thom et al., 2020).

Moreover, uncertainties about the geologic history of Amazonian 
drainages often are not translated in an accessible way for non-
geologists. As an example, paleogeographic reconstructions of past 
configurations of the Amazon basin are often presented without de-
pictions of alternative scenarios or robust discussions of uncertainty 
(e.g. Albert et al., 2018; Hoorn et al., 2010). Many studies treat the 
origin of the transcontinental Amazon River as synonymous with 
the origin of “modern Amazonia”, whereas it is certain that the land-
scapes associated with the Amazon rivers and their floodplains con-
tinued to change and evolve long after transcontinental drainage 
was established (Bicudo et al., 2019; Goldberg et al., 2021; Pupim 
et al., 2019) and will continue to change into the future. For exam-
ple, the geological scenario of an old origin of the transcontinen-
tal drainage with little subsequent change in the drainage pattern 
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since then would originate biological diversification hypotheses in 
which species whose distributions are currently bounded by the 
main Amazon rivers would have been isolated from their neighbours 
for a long time (ca. 7–10 myr, according to Figueiredo et al., 2009; 
Hoorn et al., 2010). However, most species associated with upland 
non-flooded habitats and currently bounded by large rivers studied 
so far are much younger (Boubli et al., 2015; Nazareno et al., 2019b; 
Ribas et al.,  2012, 2018; Silva et al.,  2019). Moreover, divergence 
dates often vary from one pair of sister species to the other across 
the same river (Naka & Brumfield, 2018). If, on the other hand, rivers 
and floodplains are very dynamic, and their positions are continu-
ously changing due to sedimentation processes, avulsions, and river 
capture events (Ruokolainen et al., 2019), how can they still repre-
sent common distribution limits for so many taxa? Many geologists 
and biologists are presently investigating the mechanisms that con-
trol the dynamism of the Amazonian drainage and how it affected 
biotic distributions during the period when current Amazonian spe-
cies were diversifying (Barbosa et al., 2021; Luna et al., 2022; Pupim 
et al., 2019; Silva et al., 2019; Thom et al., 2020).

The nuances of drainage evolution need to be explicitly in-
cluded in tests of riverine barrier hypotheses. For example, the 
changing fluvial dynamics throughout the history of a meandering 
river in the sedimentary Solimoes Basin of western Amazonia may 
have mostly affected its floodplains, with occasional changes in the 
connectivity of upland forest taxa being controlled mostly by pre-
cipitation (Goldberg et al., 2021; Pupim et al., 2019). On the other 
hand, river capture events on the Precambrian shields, or associ-
ated with changes in the water base level, were more able to alter 
connectivity for larger regions of both aquatic and terrestrial envi-
ronments through river capture events and reconfiguration of the 
sub-drainages (Dagosta & Pinna, 2017).

Another important characteristic that distinguishes the roles of 
different Amazonian rivers as barriers to dispersal for upland-forest-
associated organisms is their geographic position, which may or may 
not be entirely within upland humid forest. The presence of forest 
along the headwaters of a river (today or in the past) is crucial for 
determining if that river could serve as a dispersal barrier for forest-
associated populations (Ribas et al., 2012; Weir et al., 2015). Yet, a 
river network evolves far more often through a series of connections 
and disconnections among its many channels than by whole rivers 
originating at a specific moment in time. Thus, changes in connec-
tivity between portions of the river channels may generate config-
urations that isolate populations effectively for specific and unique 
periods of time. While many studies of biological diversification try 
to elucidate the “relative contribution” of drainage evolution and 
paleoclimatic change to current biogeographic patterns, often both 
drainage and climate changed and influenced one another during 
the same periods of time, with spatially distinct effects across the 
huge Amazon basin, depending, among other things, on the under-
lying geological formation (Goldberg et al., 2021; Pupim et al., 2019; 
Thom et al., 2020).

Even when gene flow does occur across a river barrier, other 
factors, including population size, individual recognition and fitness 

of hybrids may influence the persistence of the hybridization signal 
through time. The few available studies suggest that even when hy-
bridization occurs, it may be restricted to narrow regions and often 
fails to disrupt the prior pattern of species distribution and genetic 
variation (Weir et al., 2015). With so many possible changes in the 
landscape and possible outcomes of barrier crossing events, the 
finding of congruence should be expected to be rare (Papadopoulou 
& Knowles, 2016), and when it does occur it represents an import-
ant opportunity to unveil the complex relationship between Earth 
history and the origin of species. The absence of generalized con-
gruence, thus, is not, in itself, evidence of uncoupled Earth and biotic 
history.

4  |  SPECIES TR AITS AND ECOLOGIC AL 
SPECIALIZ ATION MODUL ATE THE 
RESPONSE OF BIODIVERSIT Y TO 
L ANDSC APE E VOLUTION

Amazonian habitats may be roughly divided into non-flooded or sea-
sonally flooded (Figure 1) and into open-canopy or closed-canopy 
(Ribas & Aleixo, 2019). Different assemblages of species are associ-
ated with each habitat type (Laranjeiras et al., 2021; Oliveira-Filho 
et al., 2021). This heterogeneity is itself difficult to characterize, yet 
vital for current impact assessment and conservation planning (Silva 
et al., 2005). Estimating how these patterns changed in the past due 
to historical changes in landscape and how they evolved into the 
complex mosaic that we see today is a formidable scientific chal-
lenge, one that provides indispensable information for understand-
ing the future of Amazonia.

The history of each taxon and its resilience through time are 
deeply linked to the kinds of environments it occupies (Barbosa 
et al., 2021). Many Amazonian taxa are restricted in distribution, oc-
curring only in a set of specific habitats or in a specific geographical 
region (Dambros et al., 2020; Oliveira-Filho et al., 2021; Wittmann 
et al., 2013), contributing to the high diversity and endemism associ-
ated with specific areas and habitats. However, because the hetero-
geneity of lowland Amazonian habitats has been underappreciated, 
and the taxonomy of Amazonian organisms is still very incomplete, 
many taxa have been mistakenly considered widespread and gen-
eralist, and, consequently, resilient to landscape change (Cracraft 
et al., 2020).

An important consequence of the distinct habitat associations of 
species is that the same landscape change may lead to increased con-
nectivity for some groups and isolation for others (Pupim et al., 2019; 
Thom et al., 2020). For example, patterns of historical connectivity 
among populations that inhabit upland rainforest habitats are in-
fluenced by the changing courses of the major lowland rivers and 
their associated floodplains, and also by prominent topographic and 
habitat discontinuities, such as open savannah vegetation, mountain 
ranges and sandy soils (Capurucho et al., 2020; Cracraft et al., 2020; 
Nazareno et al.,  2017, 2019a), whereas connectivity within flood-
plain habitat specialists is affected by sedimentation patterns that 
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govern cycles of aggradation and erosion and thus the availability of 
the distinct floodplain habitats through time (Barbosa et al., 2021; 
Luna et al., 2022; Nazareno et al., 2021; Pupim et al., 2019; Thom 
et al., 2020).

In some groups, such as birds and plants, the contrasts in di-
versity patterns of taxa with distinct habitat affinities have been 
clearly shown, both in community composition and genomic studies 
(Capurucho et al., 2020). Whereas several species associated with 
upland habitats have clear genomic structure delimited by the rivers 
(Nazareno et al., 2019b; Silva et al., 2019), floodplain associated taxa 
have their connectivity facilitated by the river channel and associ-
ated floodplains (Nazareno et al., 2021; Thom et al., 2020). Yet, many 
biogeographic studies look for congruence and end up dismissing a 
relationship between Earth history and biotic diversification when 
congruence is not found. Unique ecological traits of individual spe-
cies that determine their habitat affinities, coupled with the complex 
and dynamic habitat heterogeneity of Amazonia, may have resulted 
in different spatial and temporal patterns in the diversification of 
co-existing lineages in response to past landscape changes (Naka 
& Brumfield, 2018; Silva et al., 2019; Thom et al., 2020). Thus, un-
derstanding this link between species and their preferred habitat is 
essential for building and testing hypotheses about landscape his-
tory and diversification. So too is the understanding of how specific 
geological processes, such as river incision, affect the distribution 
of and connectivity among different Amazonian habitats (Pupim 
et al., 2019).

An important source of uncertainty in estimating both past 
potential distributions and future responses of species to climatic 
change is our lack of knowledge about ecological traits that define 
exactly how each species is affected by changes in water availability 
and temperature (Esquivel-Muelbert et al., 2017). Subtle changes in 
forest structure related to climatic change may affect each species 
differently, with consequences for its overall distribution, abun-
dance, phenotypic traits and thus for the connectivity within and 
between its populations (Arruda et al., 2017; Stouffer et al., 2021). 
Although occurrence data, if available in sufficient detail, may ac-
count for such subtleties, we often lack knowledge of those de-
tailed environmental variables that interact with climatic variables 
to capture nuances about distinct Amazonian habitats, such as 
the duration of annual seasonal flooding and soil types at each lo-
cality (Figueiredo et al.,  2018; Zuquim et al.,  2019). Records from 
permanent forest monitoring plots in Amazonia show that forest 
composition responds to climate change, with dry-adapted spe-
cies increasing in abundance with intensification of the dry season 
(Esquivel-Muelbert et al., 2019). This reinforces the observation that 
edaphic conditions are key factors driving the distribution of the 
distinct floristic units in Amazonia, often leading to sites with sim-
ilar vegetation occurring in geographically distant regions (Oliveira-
Filho et al., 2021; Tuomisto et al., 2019). Even within the dominant 
non-flooded terra firme forests, there is considerable environmen-
tal heterogeneity (Tuomisto et al.,  2019). These results show that 
estimating the effects of climate change over this complex mosaic 
of vegetation types will depend on accumulating knowledge about 

the traits that define how vegetation responds to climate and how 
animals respond to vegetation change. Importantly, biodiversity re-
sponse to climatic change often occurs on an extended time scale, 
and baseline information obtained through permanent monitoring is 
essential to detect it.

5  |  THE FUTURE OF AMA ZONIAN 
BIOGEOGR APHY

Within the immense region that we call Amazonia, past climate and 
geomorphology have varied in spatially heterogeneous ways. Rivers 
of the western region, with high sediment loads, changed their 
courses in different ways when compared to rivers flowing on hard 
substrates of the shields in the eastern part of the region. Ignoring 
the complex spatio-temporal variability of past climate or of the 
geomorphology driving drainage evolution may hinder progress in 
understanding Amazonian biotic diversification.

Lack of detailed information on the natural history of spe-
cies whose distributions and population dynamics we are trying 
to infer in time and space presents another challenge. Even the 
basic distinction between seasonally flooded versus upland (never 
flooded) habitats is often not clear in threat assessments and de-
forestation mapping, even though these distinct habitat types 
and their associated biota have very different spatial distribution, 
respond differently to climatic extremes, and recover differently 
from fires (Flores et al.,  2017; Melo et al.,  2021). For example, 
species that today occur in upland, non-flooded terra firme hab-
itats may have relied historically on extensive habitat available 
throughout Amazonia to track appropriate climatic conditions 
within the mosaic of distinct upland forest patches. This may be 
why most populations of upland forest birds studied to date show 
genetic signals of past population size changes (Silva et al., 2019). 
However, these non-flooded forest habitats are becoming more 
fragmented by anthropogenic interference (Figure 1), and the abil-
ity of populations to track suitable habitat in response to climatic 
variation is declining quickly in some regions of Amazonia. This, 
coupled with accelerated climatic change, is often not considered 
in assessing threats to biodiversity. Information on genomic diver-
sity, population structure, and population demography, coupled 
with an understanding of the historical relationship of each unique 
population and its preferred environment, has to be incorporated 
into studies estimating extinction risk, especially in southeastern 
Amazonia (Figure 1). Through geogenomic analyses it is possible, 
for example, to identify unique evolutionary lineages that have 
gone through strong bottlenecks in the past in response to climate 
change, and which are currently confined to highly deforested 
interfluvia.

The phylogenetic structure of current local communities also 
reflects differential dispersal, habitat availability, and local ex-
tinctions, which are related to historical habitat stability (Gerhold 
et al., 2018). Previous studies using published range maps and phy-
logenies of Amazonian birds suggest that community phylogenetic 
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structure reflects differential habitat histories across Amazonia 
(Bicudo et al.,  2019; Crouch et al.,  2018). However, currently 
available range maps and taxonomically incomplete phylogenies 
hinder a more realistic approach for investigating the effects of 
past Amazonian landscapes on the current organization of biotic 
diversity. Thus, improving these datasets through continued tax-
onomic and systematic reviews combined with standardized sam-
pling of local communities is key for informing predictions about 
the impacts of future climate change on community composition 
and net diversity loss (Blundo et al., 2021; Maximiano et al., 2020; 
Pancost,  2017; Stouffer et al.,  2021). Such predictions will be 
fundamental for the future of Amazonia. Fostering sustainable 
development in Amazonia needs to include both better-informed 
planning at the administrative level and successful partnerships 
between often-disparate research disciplines and knowledges 
(Cabalzar, 2016).

New biological and geological investigations are generating 
increasingly nuanced narratives of historical trajectories in space 
and time. Incorporating this new ecological and geological infor-
mation obtained from distinct habitats within Amazonia into di-
versification hypotheses will take time and collaboration across 
disciplines and cultures to minimize faulty generalizations based 
on sparse data or incomplete understanding of complex dynamics. 
Spatially and temporally restricted hypotheses might be more ef-
fective in advancing understanding, considering the limited infor-
mation still available for the large and complex region of Amazonia. 
These efforts should enable future integrated studies to generate 
more refined and realistic hypotheses about the past and the fu-
ture. Examples of questions that would benefit from such a com-
bination of geologic and genomic data from Amazonia are: (1) the 
molecular ages of river barriers (e.g. birds, insects, plants) and 
river connections (e.g. fishes), coupled with information on spe-
cies' habitat affinities, can be used to characterize the temporal 
evolution of specific river channels; (2) refined reconstructions of 
past demographic histories of populations using whole genome 
data combined with detailed information of species—habitat in-
teractions may be used to constrain reconstructions of variation 
in habitat availability through time; (3) molecular ages of niche-
conservative taxa in Andean highlands are indicative of the timing 
of the uplift of those highlands, when coupled with information 
on habitat changes due to climate variability; (4) ages of Andean 
dry valley taxa can be used to date the age of uplift of the ranges 
that are responsible for orographic effects. Several recent studies 
provide examples of the need and the promise of effective inte-
gration of new geologic and genomic data in unravelling combined 
evolutionary patterns and processes.

6  |  FINAL REMARKS

We suggest that the study of Amazonian bio and geo diversity 
needs to be seen as a truly interdisciplinary endeavour. Both bi-
ologists and geologists have to expand their knowledge of each 

other's fields, as the complexity of the system does not allow for 
simple, single-discipline, approaches. Relying on large and poorly 
curated datasets that summarize current knowledge of Amazonian 
species' taxonomy and distribution may lead to unrealistic meta-
analyses and to general conclusions that may not contribute much 
to actually understanding the system and its history. In fact, one 
main challenge for Amazonian biogeography and conservation is 
the fact that much basic knowledge about species identities, limits, 
distributions, and ecological characteristics is still under construc-
tion (Blundo et al., 2021; Damasco et al., 2021; Lees et al., 2020), 
as is the knowledge about geomorphologic and climatic history 
(Baker et al., 2020; Cracraft et al., 2020). As such we seem to be at 
a challenging point in which the test of complex hypotheses about 
how biotic and abiotic factors influenced each other through time 
needs to advance concomitantly with the description of current 
biodiversity and the better understanding of basic Earth history 
processes.

Understanding the relationships between species and their 
habitats is essential in this endeavour. Amazonian indigenous and 
traditional populations hold a vast knowledge about this subject. 
Indigenous lands occupy almost 25% of Brazilian Amazonia and in-
clude the better-preserved areas (Walker et al., 2020). Indigenous 
and traditional populations use and maintain the natural resources, 
having developed complex calendars, or modes of life, based on 
species traits and the annual cycle of flooding that characterizes 
Amazonia (Cabalzar, 2016). Partnerships with indigenous and local 
researchers are an essential part of constructing more nuanced views 
of how Amazonia changes through time and how large scale anthro-
pogenic impacts affect complex natural processes (Cabalzar, 2016; 
Zuanon et al., 2019).

KE Y WORDS
biodiversity, diversification, drainage, Neotropics, paleoclimate, 
rivers, sedimentation

ACKNOWLEDG EMENTS
Funding was provided by grants from FAPEAM (EDITAL 
N.002/2018—UNIVERSAL AMAZONAS; Chamada BiodivERsA 
2019-2020), CNPq (420728/20180, 311732/2020-8), and PEER/
USAID (Cycle 5—AID-OAA-A-11-00012) to CCR and from NSF 
(EAR-1812857, EAR-1812681) to SF and PB. We thank all research-
ers who have undertaken extensive fieldwork in Amazonia to collect 
biotic and abiotic data, and the curators and collections managers at 
Biological Collections, which provide unique information that allows 
comparative studies across this vast region. We also thank Eduardo 
de Deus Schultz for assembling the map in Figure 1. No permits were 
needed for preparing this article.

CONFLIC T OF INTERE S T
The authors claim no conflict of interest.

DATA AVAIL ABILIT Y S TATEMENT
No new data were generated for this perspective.



    |  7RIBAS et al.

Camila C. Ribas1

Sherilyn C. Fritz2

Paul A. Baker3

1Coordenação de Biodiversidade, Instituto Nacional de 
Pesquisas da Amazônia, Manaus, Amazonas, Brazil

2Department of Earth and Atmospheric Sciences, School of 
Biological Sciences, University of Nebraska-Lincoln, Lincoln, 

Nebraska, USA
3Division of Earth and Climate Sciences, Duke University, 

Durham, North Carolina, USA

Handling Editor: Anna Papadopoulou 

Correspondence
Camila C. Ribas, Coordenação de Biodiversidade, Instituto 

Nacional de Pesquisas da Amazônia, Manaus, Brazil.
Email: camila.ribas@inpa.gov.br; camilaribas@gmail.com

ORCID
Camila C. Ribas   https://orcid.org/0000-0002-9088-4828 
Sherilyn C. Fritz   https://orcid.org/0000-0002-4423-4189 
Paul A. Baker   https://orcid.org/0000-0001-9438-855X 

R E FE R E N C E S
Albert, J. S., Val, P., & Hoorn, C. (2018). The changing course of the 

Amazon River in the Neogene: Center stage for Neotropical diver-
sification. Neotropical Ichthyology, 16, e180033.

Arruda, D. M., Schaefer, C. E. G. R., Fonseca, R. S., Solar, R. R. C., & 
Fernandes-Filho, E. (2017). Vegetation cover of Brazil in the last 21 
ka: New insights into the Amazonian refugia and Pleistocene arc 
hypotheses. Global Ecology and Biogeography, 27, 47–56.

Ayres, J. M., & Clutton-Brock, T. H. (1992). River boundaries and spe-
cies range size in Amazonian primates. American Naturalist, 140, 
531–537.

Baker, P. A., Fritz, S. C., Battisti, D. S., Dick, C. W., Vargas, O. M., Asner, 
G. P., Martin, R. E., Wheatley, A., & Prates, I. (2020). Beyond refugia: 
New insights on quaternary climate variation and the evolution of 
biotic diversity in tropical South America. In V. Rull & A. Carnaval 
(Eds.), Neotropical diversification: Patterns and processes. Fascinating 
Life Sciences. Springer, Cham. https://doi.org/10.1007/978-3-
030-31167​-4_3

Baker, P. A., Fritz, S. C., Dick, C. W., Eckert, A. J., Horton, B. K., Manzoni, 
S., Ribas, C. C., Garzione, C. N., & Battisti, D. S. (2014). The emerging 
field of geogenomics: Constraining geologic problems with genetic 
data. Earth Science Reviews, 135, 38–47. https://doi.org/10.1016/j.
earsc​irev.2014.04.001

Barbosa, W. E. S., Ferreira, M., Schultz, E. D., Luna, L. W., Laranjeiras, 
T. O., Aleixo, A., & Ribas, C. C. (2021). Habitat association con-
strains population history in two sympatric ovenbirds along 
Amazonian floodplains. Journal of Biogeography, 00, 1–13. https://
doi.org/10.1111/jbi.14266

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

Blundo, C., Carilla, J., Grau, R., Malizia, A., Malizia, L., Osinaga-Acosta, 
O., Bird, M., Bradford, M., Catchpole, D., Ford, A., & Graham, A. 
(2021). Taking the pulse of Earth's tropical forests using networks 

of highly distributed plots. Biological Conservation, 260. https://doi.
org/10.1016/j.biocon.2020.108849

Botta, F., Dahl-Jensen, D., Rahbek, C., Svensson,A., & Nogue Bravok, 
D. (2019). Abrupt change in climate and biotic systems. Current 
Biology, 29, 1045–1054.

Boubli, J. P., Ribas, C., Lynch, J. W., Alfaro, M. E., Silva, M. N. F., Pinho, 
G. M., & Farias, I. P. (2015). Spatial and temporal patterns of diver-
sification on the Amazon: A test of the riverine hypothesis for all 
diurnal primates of Rio Negro and Rio Branco in Brazil. Molecular 
Phylogenetics and Evolution, 82, 400–412.

Brando, P. M., Soares-Filho, B., Rodrigues, L., Assunção, A., Morton, D., 
Tuchschneider, D., Fernandes, E. C. M., Macedo, M. N., Oliveira, U., 
& Coe, M. T. (2020). The gathering firestorm in southern Amazonia. 
Science Advances, 6, eaay1632.

Cabalzar, A. (2016). Ciclos Anuais no Rio Tiquie. ISA.
Capurucho, J. M. G., Borges, S. H., Cornelius, C., Vicentini, A., Prata, E. M. 

B., Costa, F. M., Campos, P., Sawakuchi, A. O., Rodrigues, F., Zular, 
A., & Aleixo, A. (2020). Patterns and processes of diversification in 
Amazonian white sand eco- systems: Insights from birds and plants. 
In V. Rull & A. Carnaval (Eds.), Neotropical diversification: Patterns 
and processes. Fascinating Life Sciences. Springer Nature. https://doi.
org/10.1007/978-3-030-31167​-4_31

Cheng, H., Sinha, A., Cruz, F. W., Wang, X., Edwards, R. L., d'Horta, 
F. M., Ribas, C. C., Vuille, M., Stott, L. D., & Auler, A. S. (2013). 
Climate change patterns in Amazonia and biodiversity. Nature 
Communications, 4, 1–6. https://doi.org/10.1038/ncomm​s2415

Cook, B. I., Mankin, J. S., Marvel, K., Williams, A. P., Smerdon, J. E., & 
Anchukaitis, K. J. (2020). Twenty-first century drought projections 
in the CMIP6 forcing scenarios. Earth's Futures, 8, e2019EF001461. 
https://doi.org/10.1029/2019E​F001461

Coyne, J. A., & Orr, H. A. (2004). Speciation. Sinauer Associates.
Cracraft, J. (1985). Historical biogeography and patterns of differen-

tiation within the south American avifauna: Areas of endemism. 
American Ornithological Union Ornithological Monograph, 36, 
49–84.

Cracraft, J., Ribas, C. C., d'Horta, F. M., Bates, J., Almeida, R. P., Aleixo, 
A., Boubli, J. P., Campbell, K. E., Cruz, F. W., Ferreira, M., & Fritz, S. 
C. (2020). The origin and evolution of Amazonian species diversity. 
In V. Rull & A. Carnaval (Eds.), Neotropical diversification: Patterns 
and processes. Fascinating life sciences. Springer Nature Switzerland. 
https://doi.org/10.1007/978-3-030-31167​-4_10

Crouch, N. M. A., Hackett, S. J., & Bates, J. M. (2018). Evaluating the 
contribution of dispersal to community structure in neotropical 
passerine birds. Ecography, 41, 1–10. https://doi.org/10.1111/
ecog.03927

Dagosta, F. C., & Pinna, M. (2017). Biogeography of Amazonian fishes: 
Deconstructing river basins as biogeographic units. Neotropical Ichthyology, 
15, e170034. https://doi.org/10.1590/1982-0224-20170034

Damasco, G., Baraloto, C., Vicentini, A., Daly, D. C., Baldwin, B. G., & Fine, 
P. V. (2021). Revisiting the hyperdominance of Neotropical tree 
species under a taxonomic, functional and evolutionary perspec-
tive. Scientific Reports, 11, 9585. https://doi.org/10.1038/s4159​8-
021-88417​-y

Dambros, C., Zuquim, G., Moulatlet, G. M., Costa, F. R., Tuomisto, H., 
Ribas, C. C., Azevedo, R., Baccaro, F., Bobrowiec, P. E., Dias, M. S., 
& Emilio, T. (2020). The role of environmental filtering, geographic 
distance and dispersal barriers in shaping the turnover of plant 
and animal species in Amazonia. Biodiversity and Conservation, 29, 
3609–3634. https://doi.org/10.1007/s1053​1-020-02040​-3

Dolby, G. A., Bennett, S. E. K., Dorsey, R. J., Stokes, M. F., Riddle, B. 
R., Lira-Noriega, A., Munguia-Vega, A., & Wilder, B. T. (2022). 
Integrating earth-life systems: A geogenomic approach. Trends 
in Ecology and Evolution, in press. https://doi.org/10.1016/j.
tree.2021.12.004

Esquivel-Muelbert, A., Baker, T. R., Dexter, K. G., Lewis, S. L., Brienen, R. 
J., Feldpausch, T. R., & Phillips, O. L. (2019). Compositional response 

mailto:﻿
mailto:﻿
https://orcid.org/0000-0002-9088-4828
https://orcid.org/0000-0002-4423-4189
https://orcid.org/0000-0001-9438-855X
mailto:camila.ribas@inpa.gov.br
mailto:camilaribas@gmail.com
https://orcid.org/0000-0002-9088-4828
https://orcid.org/0000-0002-9088-4828
https://orcid.org/0000-0002-4423-4189
https://orcid.org/0000-0002-4423-4189
https://orcid.org/0000-0001-9438-855X
https://orcid.org/0000-0001-9438-855X
https://doi.org/10.1007/978-3-030-31167-4_3
https://doi.org/10.1007/978-3-030-31167-4_3
https://doi.org/10.1016/j.earscirev.2014.04.001
https://doi.org/10.1016/j.earscirev.2014.04.001
https://doi.org/10.1111/jbi.14266
https://doi.org/10.1111/jbi.14266
https://doi.org/10.1038/s41598-019-53465-y
https://doi.org/10.1038/s41598-019-53465-y
https://doi.org/10.1016/j.biocon.2020.108849
https://doi.org/10.1016/j.biocon.2020.108849
https://doi.org/10.1007/978-3-030-31167-4_31
https://doi.org/10.1007/978-3-030-31167-4_31
https://doi.org/10.1038/ncomms2415
https://doi.org/10.1029/2019EF001461
https://doi.org/10.1007/978-3-030-31167-4_10
https://doi.org/10.1111/ecog.03927
https://doi.org/10.1111/ecog.03927
https://doi.org/10.1590/1982-0224-20170034
https://doi.org/10.1038/s41598-021-88417-y
https://doi.org/10.1038/s41598-021-88417-y
https://doi.org/10.1007/s10531-020-02040-3
https://doi.org/10.1016/j.tree.2021.12.004
https://doi.org/10.1016/j.tree.2021.12.004


8  |    RIBAS et al.

of Amazon forests to climate change. Global Change Biology, 25, 39–
56. https://doi.org/10.1111/gcb.14413

Esquivel-Muelbert, A., Baker, T. R., Dexter, K. G., Lewis, S. L., Ter Steege, 
H., Lopez-Gonzalez, G., Monteagudo Mendoza, A., Brienen, R., 
Feldpausch, T. R., Pitman, N., & Alonso, A. (Eds.). (2017). Seasonal 
drought limits tree species across the Neotropics. Ecography, 40, 
618–629. https://doi.org/10.1111/ecog.01904

Figueiredo, F. O. G., Zuquim, G., Tuomisto, H., Moulatlet, G. M., Balslev, 
H., & Costa, F. R. C. (2018). Beyond climate control on species range: 
The importance of soil data to predict distribution of Amazonian 
plant species. Journal of Biogeography, 45(1), 190–200. https://doi.
org/10.1111/jbi.13104

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

Flores, B. M., Holmgreen, M., Xu, C., van Nes, E., Jakovac, C. C., Mesquita, 
R. C. G., & Scheffer, M. (2017). Floodplains as an Achilles' heel of 
Amazonian forest resilience. Proceedings of the National Academy 
of Sciences, 114, 4442–4446. https://doi.org/10.1073/pnas.16179​
88114

Gerhold, P., Carlucci, M. B., & Prinzing, A. (2018). The deep past controls 
the phylogenetic structure of present local communities. Annual 
Review of Ecology, Evolution, and Systematics, 49, 477–497. https://
doi.org/10.1146/annur​ev-ecols​ys-11061​7-062348

Goldberg, S. L., Schmidt, M. J., & Perron, J. T. (2021). Fast response of 
Amazon rivers to quaternary climate cycles. Journal of Geophysical 
Research: Earth Surface, 126, e2021JF006416.

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

Haffer, J. (1974). Avian speciation in tropical South America. Publication 14. 
Nuttall Ornithological Club.

Hess, L. L., Melack, J. M., Affonso, A. G., Barbosa, C., Gastil-Buhl, M., 
& Novo, E. M. L. M. (2015). Wetlands of the lowland Amazon 
basin: Extent, vegetative cover, and dual-season inundated area as 
mapped with JERS-1 synthetic aperture radar. Wetlands, 35, 745–
756. https://doi.org/10.1007/s1315​7-015-0666-y

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. (2010). Amazonia through time: 
Andean uplift, climate change, landscape evolution, and biodi-
versity. Science, 330, 927–931. https://doi.org/10.1126/scien​
ce.1194585

INPE (Instituto Nacional de Pesquisas Espaciais), Projeto de 
Monitoramento do Desmatamento na Amazônia Legal por Satélite 
(PRODES). (2021). Portal TerraBrasilis. http://terra​brasi​lis.dpi.inpe.
br

IPCC. (2021). Climate change. The physical science basis. In V. Masson-
Delmotte, P. Zhai, A. Pirani, S. L. Connors, C. Péan, S. Berger, 
N. Caud, Y. Chen, L. Goldfarb, M. I. Gomis, & M. Huang (Eds.), 
Contribution of working group I to the sixth assessment report of the 
intergovernmental panel on climate change. Cambridge University 
Press, in press.

Laranjeiras, T. O., Naka, L. N., Leite, G. A., & Cohn-Haft, M. (2021). 
Effects of a major Amazonian river confluence on the distribution 
of floodplain forest avifauna. Journal of Biogeography, 48, 847–860. 
https://doi.org/10.1111/jbi.14042

Latrubesse, E. M., Arima, E. Y., Dunne, T., Park, E., Baker, V. R., d'Horta, 
F. M., & Stevaux, J. C. (2017). Damming the rivers of the Amazon 
basin. Nature, 546, 363–369.

Ledo, R. M. D., & Colli, G. R. (2017). The historical connections be-
tween the Amazon and the Atlantic Forest revisited. Journal of 
Biogeography, 44, 2551–2563.

Lees, A. C., Rosenberg, K. V., Ruiz-Gutierrez, V., Marsden, S., Schulenberg, 
T. S., & Rodewald, A. D. (2020). A roadmap to identifying and filling 
shortfalls in Neotropical ornithology. The Auk, 137, 1–17.

Li, W., Fu, R., & Dickinson, R. E. (2006). Rainfall and its seasonality over 
the Amazon in the 21st century as assessed by the coupled mod-
els for the IPCC AR4. Journal of Geophysical Research, 111, D02111. 
https://doi.org/10.1029/2005J​D006355

Luna, L. W., Ribas, C. C., & Aleixo, A. (2022). Genomic differentiation 
with gene flow in a widespread Amazonian floodplain-specialist 
bird species. Journal of Biogeography in press.

Maximiano, M. F. D. A., d'Horta, F. M., Tuomisto, H., Zuquim, G., Van 
doninck, J., & Ribas, C. C. (2020). The relative role of rivers, envi-
ronmental heterogeneity and species traits in driving compositional 
changes in south- eastern Amazonian bird assemblages. Biotropica. 
https://doi.org/10.1111/btp.12793

Melo, T. N., Cerqueira, M. C., D'Horta, F. M., Tuomisto, H., Doninck, J. 
V., & Ribas, C. C. (2021). Impacts of a large hydroelectric dam on 
the Madeira River (Brazil) on floodplain avifauna. Acta Amazonica, 
51, 298–310.

Murphy, J.M., Harris, G.R., Sexton, D.M.H., Kendon, E.J., Bett, P.E., Clark, 
R.T. & Yamazaki, K. (2019). UKCP18 land projections: Science re-
port. Met Office technical reports, 191. https://www.metof​fice.
gov.uk/pub/data/weath​er/uk/ukcp1​8/scien​ce-repor​ts/UKCP1​
8-Land-report.pdf

Naka, L. N., & Brumfield, R. T. (2018). The dual role of Amazonian riv-
ers in the generation and maintenance of avian diversity. Science 
Advances, 4, eaar8575. https://doi.org/10.1126/sciadv.aar8575

Nazareno, A. G., Dick, C. W., & Lohmann, L. G. (2017). Wide but not im-
permeable: Testing the riverine barrier hypothesis for an Amazonian 
plant species. Molecular Ecology, 26, 3636–3648. https://doi.
org/10.1111/mec.14142

Nazareno, A. G., Dick, C. W., & Lohmann, L. G. (2019a). Tangled banks: A 
landscape genomic evaluation of Wallace's riverine barrier hypoth-
esis for three amazon plant species. Molecular Ecology, 5, 980–997. 
https://doi.org/10.1111/mec.14948

Nazareno, A. G., Dick, C. W., & Lohmann, L. G. (2019b). A biogeographic 
barrier test reveals a strong genetic structure for a canopy-
emergent Amazon tree species. Scientific Reports, 9, 18602.

Nazareno, A. G., Knowles, L. L., Dick, C. W., & Lohmann, L. G. (2021). By 
animal, water, or wind: Can dispersal mode predict genetic connec-
tivity in riverine plant species? Frontiers in Plant Science, 12. https://
doi.org/10.3389/fpls.2021.626405

Oliveira-Filho, A. T., Dexter, K. G., Pennington, R. T., Simon, M. F., Bueno, 
M. L., & Neves, D. M. (2021). On the floristic identity of Amazonian 
vegetation types. Biotropica. https://doi.org/10.1111/btp.12932

Pancost, R. D. (2017). Climate change narratives. Nature Geosciences, 10, 
466–468.

Papadopoulou, A., & Knowles, L. L. (2016). Toward a paradigm shift in 
comparative phylogeography driven by trait-based hypotheses. 
Proceedings of the National Academy of Sciences, 113, 8018–8024. 
https://doi.org/10.1073/pnas.16010​69113

Parsons, L. A. (2020). Implications of CMIP6 projected drying trends 
for 21st century Amazonian drought risk. Earth's Futures, 8, 
e2020EF001608. https://doi.org/10.1029/2020E​F001608

Pupim, F. N., Sawakuchi, A. O., Almeida, R. P. D., Ribas, C. C., Kern, A. 
K., Hartmann, G. A., Chiessi, C. M., Tamura, L. N., Mineli, T. D., 
Savian, J. F., & Grohmann, C. H. (2019). Chronology of Terra Firme 
formation in Amazonian lowlands reveals a dynamic quaternary 
landscape. Quaternary Science Reviews, 210, 154–163. https://doi.
org/10.1016/j.quasc​irev.2019.03.008

Ribas, C. C., & Aleixo, A. (2019). Diversity and evolution of Amazonian 
birds: Implications for conservation and biogeography. Annals 
of the Brazilian Academy of Sciences, 91, e20190218. https://doi.
org/10.1590/0001-37652​01920​190218

Ribas, C. C., Aleixo, A., Gubili, C., d'Horta, F. M., Brumfield, R. T., 
& Cracraft, J. (2018). Biogeography and diversification of 
Rhegmatorhina (Aves: Thamnophilidae): Implications for the evo-
lution of Amazonian landscapes during the quaternary. Journal of 
Biogeography, 1–12. https://doi.org/10.1111/jbi.13169

https://doi.org/10.1111/gcb.14413
https://doi.org/10.1111/ecog.01904
https://doi.org/10.1111/jbi.13104
https://doi.org/10.1111/jbi.13104
https://doi.org/10.1130/G25567A.1
https://doi.org/10.1073/pnas.1617988114
https://doi.org/10.1073/pnas.1617988114
https://doi.org/10.1146/annurev-ecolsys-110617-062348
https://doi.org/10.1146/annurev-ecolsys-110617-062348
https://doi.org/10.1126/science.165.3889.131
https://doi.org/10.1007/s13157-015-0666-y
https://doi.org/10.1126/science.1194585
https://doi.org/10.1126/science.1194585
http://terrabrasilis.dpi.inpe.br
http://terrabrasilis.dpi.inpe.br
https://doi.org/10.1111/jbi.14042
https://doi.org/10.1029/2005JD006355
https://doi.org/10.1111/btp.12793
https://www.metoffice.gov.uk/pub/data/weather/uk/ukcp18/science-reports/UKCP18-Land-report.pdf
https://www.metoffice.gov.uk/pub/data/weather/uk/ukcp18/science-reports/UKCP18-Land-report.pdf
https://www.metoffice.gov.uk/pub/data/weather/uk/ukcp18/science-reports/UKCP18-Land-report.pdf
https://doi.org/10.1126/sciadv.aar8575
https://doi.org/10.1111/mec.14142
https://doi.org/10.1111/mec.14142
https://doi.org/10.1111/mec.14948
https://doi.org/10.3389/fpls.2021.626405
https://doi.org/10.3389/fpls.2021.626405
https://doi.org/10.1111/btp.12932
https://doi.org/10.1073/pnas.1601069113
https://doi.org/10.1029/2020EF001608
https://doi.org/10.1016/j.quascirev.2019.03.008
https://doi.org/10.1016/j.quascirev.2019.03.008
https://doi.org/10.1590/0001-3765201920190218
https://doi.org/10.1590/0001-3765201920190218
https://doi.org/10.1111/jbi.13169


    |  9RIBAS et al.

Ribas, C. C., Aleixo, A., Nogueira, A. C. R., Miyaki, C. Y., & Cracraft, J. (2012). 
A paleobiogeographic model for biotic diversification within Amazonia 
over the past three million years. Proceedings of the Royal Society of London 
Series B, 279, 681–689. https://doi.org/10.1098/rspb.2011.1120

Ruokolainen, K., Moulatlet, G. M., Zuquim, G., Hoorn, C., & Tuomisto, H. 
(2019). Geologically recent rearrangements in central Amazonian 
river network and their importance for the riverine barrier hypothesis. 
Frontiers of Biogeography, 11(3). https://doi.org/10.21425/​F5FBG​45046

Silva, J. M. C., Rylands, A. B., & Fonseca, G. A. B. (2005). The fate of the 
Amazonian areas of endemism. Conservation Biology, 19, 689–694.

Silva, M. S., Peterson, A. T., Carneiro, L., Burlamaqui, T. C. T., Ribas, C. C., 
Sousa-Neves, T., & Aleixo, A. (2019). A dynamic continental mois-
ture gradient drove Amazonia bird diversification. Science Advances, 
5, eaar5752. https://doi.org/10.1126/sciadv.aat5752

Stouffer, P. C., Jirinec, V., Rutt, C. L., Bierregaard, R. O., Jr., Hernández-
Palma, A., Johnson, E. I., Midway, S. R., Powell, L. L., Wolfe, J. D., & 
Lovejoy, T. E. (2021). Long-term change in the avifauna of undis-
turbed Amazonian rainforest: Ground-foraging birds disappear and 
the baseline shifts. Ecology Letters, 24, 186–195.

Thom, G., Xue, A. T., Sawakuchi, A. O., Ribas, C. C., Hickerson, M. J., 
Aleixo, A., & Miyaki, C. (2020). Quaternary climate changes as 
speciation drives in the Amazon floodplains. Science Advances, 6, 
eaax4718. https://doi.org/10.1126/sciadv.aax4718

Tuomisto, H., Van Doninck, J., Ruokolainen, K., Moulatlet, G. M., 
Figueiredo, F. O., Siren, A., Cardenas, G., Lehtonen, S., & Zuquim, 
G. (2019). Discovering floristic and geoecological gradients across 
Amazonia. Journal of Biogeography, 46, 1734–1748.

Uhe, P., Mitchell, D., Bates, P. D., Allen, M. R., Betts, R. A., Huntingford, 
C., King, A. D., Sanderson, B. M., & Shiogama, H. (2021). Method 
uncertainty is essential for reliable confidence statements of pre-
cipitation projections. Journal of Climate, 34, 1227–1240.

Ukkola, A. M., De Kauwe, M. G., Roderick, M. L., Abramowitz, G., & 
Pitman, A. J. (2020). Robust future changes in meteorological 
drought in CMIP6 projections despite uncertainty in precipitation. 
Geophysical Research Letters, 47, e2020GL087820. https://doi.
org/10.1029/2020G​L087820

Walker, W. S., Gorelik, S. R., Baccini, A., Aragon-Osejo, J. L., Josse, C., 
Meyer, C., Macedo, M. N., Augusto, C., Rios, S., Katan, T., & de 

Souza, A. A. (2020). The role of forest conversion, degradation, and 
disturbance in the carbon dynamics of Amazon indigenous terri-
tories and protected areas. Proceedings of the National Academy of 
Sciences, 117, 3015–3025.

Wallace, A. R. (1852). On the monkeys of the Amazon. Annals and 
Magazine of Natural History, 14, 451–454.

Wang, X., Edwards, R. L., Auler, A. S., Cheng, H., Kong, X., Wang, Y., Cruz, 
F. W., Dorale, J. A., & Chiang, H. W. (2017). Hydroclimate changes 
across the Amazon lowlands over the past 45,000 years. Nature, 
541, 204–207. https://doi.org/10.1038/natur​e20787

Weir, J. T., Faccio, M. S., Pulido-Santacruz, P., Barrera-Guzman, A. O., & 
Aleixo, A. (2015). Hybridization in headwater regions, and the role 
of rivers as drivers of speciation in Amazonian birds. Evolution, 69, 
1823–1834. https://doi.org/10.1111/evo.12696

Wittmann, F., Householder, E., Piedade, M. T. F., Assis, R. L., Schongart, 
J., Parolin, P., & Junk, W. J. (2013). Habitat specificity, endemism 
and the neotropical distribution of Amazonian white-water flood-
plain trees. Ecography, 36, 690–707.

Zuanon, J., Sawakuchi, A., Camargo, M., Wahnfried, I., Sousa, L., Akama, A., 
Muriel-Cunha, J., Ribas, C., D'Horta, F., Pereira, T., & Lopes, P. (2019). 
Condições Para a Manutenção Da Dinâmica Sazonal de Inundação, a 
Conservação Do Ecossistema Aquático e Manutenção Dos Modos de 
Vida Dos Povos Da Volta Grande Do Xingu. Papers Do NAEA, 28, 20–62.

Zuquim, G., Stropp, J., Moulatlet, G. M., Van Doninck, J., Quesada, C. 
A., Figueiredo, F. O., Costa, F. R., Ruokolainen, K., & Tuomisto, H. 
(2019). Making the most of scarce data: Mapping soil gradients 
in data-poor areas using species occurrence records. Methods in 
Ecology and Evolution, 10, 788–801.

BIOSKE TCH
Camila C. Ribas is interested in biogeography and conservation in 
the Neotropics, with special focus in Amazonian birds.
Authors contributions: All authors contributed to conceptualisa-
tion and writing. All authors have final approval for publication of 
the edited manuscript.

https://doi.org/10.1098/rspb.2011.1120
https://doi.org/10.21425/F5FBG45046
https://doi.org/10.1126/sciadv.aat5752
https://doi.org/10.1126/sciadv.aax4718
https://doi.org/10.1029/2020GL087820
https://doi.org/10.1029/2020GL087820
https://doi.org/10.1038/nature20787
https://doi.org/10.1111/evo.12696

	The challenges and potential of geogenomics for biogeography and conservation in Amazonia
	Abstract
	1|INTRODUCTION
	2|HOW MUCH DO WE KNOW ABOUT AMAZONIAN CLIMATIC VARIATION AND ITS CONSEQUENCES FOR BIODIVERSITY?
	3|EVOLUTION OF RIVER DRAINAGES AND “RIVERINE BARRIERS” THROUGH TIME
	4|SPECIES TRAITS AND ECOLOGICAL SPECIALIZATION MODULATE THE RESPONSE OF BIODIVERSITY TO LANDSCAPE EVOLUTION
	5|THE FUTURE OF AMAZONIAN BIOGEOGRAPHY
	6|FINAL REMARKS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES
	BIOSKETCH




