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Graphical Abstract

- The Amazon basin is one of the most biodiverse areas for most taxonomic groups. However, knowledge of basin-
wide richness patterns remains incomplete and its true richness underestimated.

- Diversity varies geographically, with some groups being more diverse in the Amazon lowlands, whereas others thrive
in the Andes.

« Plant-animal and trophic interactions are central ecological processes in Amazonian forests, without which these
forests would cease to exist.

+ Maintaining altitudinal connectivity from the Amazon to the Andes is crucial to conserve Amazon basin biodiversity.
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Figure 3.A The Amazon is the most biodiverse area for most taxonomic groups. Photos show iconic species and ecosystems along the altitudinal gradient of the
region, as well as selected species interactions. Background illustration by ekolara. Photos by Esteban Suaréz, Galo Zapata-Rios, Fernando Trujillo, Robert
Schlappal/® Superbass / CC-BY-SA-3.0 (via Wikimedia Commons).
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Key Messages

e The Amazon Basin is one of the most biodiverse areas in the world for most taxonomic groups. Diver-
sity varies geographically, with some groups being more diverse in the Amazonian lowlands, whereas
others thrive in the Andes.

e Current evaluations underestimate the true species richness of the Amazon, partially because of the
difficulty of sampling in this vast region. The Amazon exhibits an incredibly high rate of discovery of
new species (one every second day) and, at the current rate, it will take several hundred years to com-
pile a complete list of plants and animals (not to mention their geographic distribution, natural history,
and conservation status). Furthermore, some groups, such as fungi, algae, lichens, and bacteria, are
understudied.

e Plant-animal interactions are a central ecological process in Amazonian forests, without which these
forests would cease to exist. Such interactions have led to the evolution of high species diversity. These
networks of mutualists and consumers determine all aspects of Amazonian forests and are responsi-
ble for their composition, species regulation, recovery from disturbance, and the generation of the
biodiversity that comprises the forest, rivers, and other ecosystems.
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Abstract

Scientists have not been able to estimate, to the nearest order of magnitude, the number of species in the
Amazon. Although the Amazon includes one of the largest forests in the world, it is also one of the least
known biologically. Documenting its biodiversity is challenging because of its immense size, heterogene-
ity, and limited access. Based on current knowledge, the Amazon exhibits the highest density of species
as well as the highest number of threatened species (many of them endemic) for vascular and non-vascu-
lar plants, fish, amphibians, birds, and mammals. Deeper knowledge of biodiversity patterns is still lack-
ing, and the spatial turnover of species assemblages at different scales remains poorly understood. In the
Amazon, we can also find some outstanding examples of animal behavior. For example, many fish migrate
over long distances, and some of them perform the longest known freshwater migrations in the world,
traveling the entire length of the Amazon Basin in a round trip migration of~12,000 km. It is also important
to consider that plant-animal interactions and trophic interactions are central ecological processes in Am-
azonian forests. Disruptions of these interactions can alter forest community composition over the long-
term. Functional diversity, including intra- and inter-specific variation, has recently attracted the atten-
tion of scientists, and it is evident that it contributes to community and ecosystem resilience to perturba-
tions, including climate change. There is still much to learn about Amazonian biodiversity, species assem-
blages, and ecological interactions. There are spatial and taxonomic biases in the data (including many
unexplored locations and lesser-known taxonomic groups), which affect our understanding of biodiver-
sity patterns in the Amazon. This chapter highlights the need for more basic and applied research to im-
prove our knowledge of biodiversity patterns across the region. This information is critical for under-
standing the impacts of human activities and informing conservation and restoration actions.

Keywords: Biodiversity, species richness, endemism, fauna, flora, fauna, plant-animal interactions, migration, phylo-
genetic diversity, functional diversity.

of the Basin, based on records from the Global Bio-
diversity Information Facility, GBIF). Endemism is
also high in the Amazon Basin. For example, in the
Amazonian lowlands approximately 40% of mam-
mals, 70% of reptiles, and 86% of amphibians are

3.1 Why is the Amazon sorich in species and eco-
systems?

The Amazon is the most biologically diverse area
on the planet. Encompassing approximately

5,800,000 km?, the biodiversity in the Amazon bio-
geographic province is incommensurable. More
than one tenth of the world’s species occur in this
region (Mittermeier et al. 2002). Assessments of
species richness indicate close to 50,000 vascular
plants, at least 2,406 fishes in the Amazon Basin,
and 427 amphibians, 371 reptiles, 1,300 birds, and
425 mammals in the Amazon rainforest (Mitter-
meier et al, 2003, Hubell et al. 2008, Jézéquel et al.
2020). These numbers are gross underestimations
of the real numbers, and for some groups are bi-
ased to the Brazilian Amazon (http://censo.museu-
goeldi.br:8080/museugoeldi-web-1.2.0). In addi-
tion, these numbers highlight the need for more
basic research on biodiversity patterns throughout
the region (see Box 3.2 for estimates of species
richness numbers that include the Andean section
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not found elsewhere (Mittermeier et al. 2003). Am-
azonian ecosystems range from forests and savan-
nas to wetlands (see Chapter 4). The three main
types of water (white-, black-, and clear-waters)
differ in their origin and composition of sediments
and minerals, forming a unique mosaic of freshwa-
ter ecosystems throughout the Basin (see Chapter
4). The diversity of life in the Amazon is astonish-
ing, but why is the Amazon so rich in species and
ecosystems? Many processes have contributed to
generate the high Amazonian biodiversity (see
Chapter 2 for different models of diversification).
Variables including tectonics, hydroclimate, evo-
lutionary and ecological factors (see Chapter 2),
disturbance regimes, and the more recent legacy
of a cultural landscape (see Chapter 10) are among
the most important processes.
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Biodiversity refers to the number of species, the
variety, and variability of living organisms (e.g.,
plants, animals, fungi, microorganisms), including
terrestrial, subterranean, marine, and other
aquatic ecosystems, and the ecological complexes
of which they are a part. Included in the concept of
biodiversity is the variety within species (genetic
diversity), between species, and of ecosystems (UN
Convention on Biological Diversity, https://www.
cbd.int/convention/articles/?a =cbd-02). Scientists
have not yet estimated to the nearest order of mag-
nitude the number of species living in the Amazon.
Researchers continue to discover new species,
even among the best-known taxonomic groups,
such as mammals and birds (Patterson 2001, Mila
etal. 2012, Ribas and Aleixo 2019). For many inver-
tebrate taxa, undescribed biodiversity is so preva-
lent that scientists have described only a small
fraction of the species that occur in the region.

The Amazon is a global icon of biodiversity. Cur-
rent knowledge on the distribution of species sug-
gests complex biogeographic patterns (Ribas et al.
2012, Naka and Brumfield 2018, Silva et al. 2019,
Moraes et al. 2020). After considering these bioge-
ographic patterns and the geological and climatic
history of the region, researchers have proposed
several hypotheses to explain the origin of high
Amazonian biodiversity (Haffer 2008, Leite and
Rogers 2013). The relationship between biological,
climate, and geological data (Baker et al. 2014) is
important to elucidate the environmental history,
origin, and fate of Amazonian biodiversity. How-
ever, biogeographic patterns vary considerably
among taxonomic grou-ps, adding complexity to
the analysis of environmental history and biotic di-
versification.

The establishment of a transcontinental drainage
system during the Miocene (9.4 to 9.0 Ma) may
have promoted the recent evolution of terra firme
communities in the lowlands of the western Ama-
zon (Hoorn et al. 2010, Ribas and Aleixo 2019). In
contrast, the different flooded habitats depend on
the environments associated with river dynamics
and the cycle of floods (the flood pulse), so their
evolution is linked to the broad Amazon drainage
system (Toews et al. 2016, Moraes et al. 2016). Riv-
erine dynamics could have influenced the recent
evolution and distribution of species adapted to
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flooded environments and possibly interrupted
movement between eastern and western popula-
tions of the Amazon, as suggested by phenotypic
variation in vertebrates and confirmed by genomic
analyses (e.g., Leite and Rogers 2013). In addition,
as a response to broader geological changes, most
species were able to generate different degrees of
intraspecific genetic diversity, depending on how
they responded to physical changes in their habi-
tats (Ribas and Aleixo 2019). Therefore, another
fundamental driver for regional biological diver-
sity is the environmental heterogeneity associated
with the rise of the Andes, and the pulse and fluc-
tuation of seasonal floods in the great alluvial river
plains of the Amazon, complemented by macro-re-
gional climatic events (Junk 1997).

This chapter provides an overview of biodiversity
in the Amazon region, explains why this region is
so rich in species and ecosystems, and outlines
some outstanding ecological processes that make
the Amazon an icon of the natural world. Selected
terrestrial and aquatic taxonomic grou-ps exhibit
how much we know and more importantly how
much we still do not know and have to discover. A
clear understanding of biodiversity levels and
their spatial and temporal variations is crucial to
understanding future stability under different cli-
mate-change scenarios, and informing conserva-
tion efforts.

3.2 Biological diversity patterns of selected taxo-
nomic groups

3.2.1 Vascular Plants

Intangible oral transmission perpetuated tradi-
tional knowledge, agricultural practices, medicinal
uses, and culinary uses of Amazonian plants from
generation to generation. Pictorial depictions in
artifacts (e.g., textiles, pottery, jewelry) and arche-
ological remnants left across the land (see for ex-
ample Mesia Montenegro 2014, Zarillo et al. 2018)
point to traditional uses and domestication of
many plants (Box 3.1). The first Europe-ans chron-
icled and illustrated domesticated plants, such as
chili pepper, cassava, and tobacco, as well as the
first illustration and delicious description of the
pineapple (Cobo 1964[1653], Fernandez de Oviedo
and Valdés 1526, Myers 2007, Piso and Marcgrave
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1648). Despite the long traditional use of some of
these plants, the potential benefits of the vast ma-
jority of species are still unknown (Alcantara-Ro-
driguez 2019, Antonelli et al. 2019, National Re-
search Council 1989). The Spanish crown financed
botanical expeditions to the South American colo-
nies in the eighteenth century with the goal of dis-
covering and documenting medicinal plants, such
as quinine (cascarilla bark, Cinchona officinalis; Ruiz
1792, Ruiz and Pavon 1801). These early expedi-
tions, along with later European ones, collected
thousands of herbarium specimens and published
works that built the foundation of modern Amazo-
nian plant taxonomy (e.g., Aublet 1775, French
Guiana; Ruiz and Pavon 1798-1802, Peru; Hum-
boldt and Bonpland 1816-1818, northern South
America; von Martius and collaborators 1840-
1906, Brazil, at the time the first complete flora of
a South American country). In the nineteenth cen-
tury, the first museums and associated herbaria
opened in the nascent republics (National Museum
in Rio de Janeiro in 1831, Quito Central University
in 1860, Museu Paraénse Emilio Goeldi in 1866,
Georgetown University in 1879, Rio de Janeiro Bo-
tanical Garden in 1890), followed by many others
at the turn of the twentieth century. During the sec-
ond half of the twentieth century, numerous in-
country initiatives and international collabora-
tions in botanical research and exploration re-
sulted in new herbaria in museums and universi-
ties, thousands of specimens collected, new spe-
cies of plants described for science, and an array of
floristic research publications. In the last thirty
years, with the advancement of electronic re-
sources (virtual herbaria, digital libraries, data-
bases) plant catalogues or checklists (a curated list
of species names) became a faster way to compile
information and have been published for each
country (BFG 2018, Ulloa Ulloa et al. 2017, Ulloa Ul-
loa and Jgrgensen 2018, Table 3.1). There is still no
complete modern flora (in the form of revisionary
descriptive work, with identifications keys, and il-
lustrations) for any country in the region, but inno-
vative online collaborations are underway (Table
3.1). A recent compilation of a list of vascular
plants of the Americas (Ulloa Ulloa et al. 2017) syn-
thesized the remarkable achievements of plant ex-
peditions, collectors, and describers, regional flo-
ras, and tens of thousands of publications (Givnish,
2017). The Amazonian countries (Venezuela, Co-
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lombia, Ecuador, Peru, Bolivia, Brazil, Guyana, Su-
riname, and the French overseas department of
French Guiana) are known to harbor some 79,600
species of native vascular plants, which corre-
spond to 20% of all of the world’s plants (Ulloa Ul-
loaetal 2017,2020; Nic Lughadha et al. 2016; Table
3.1). Approximately 4% of the plant species de-
scriptions were added from 2017 to 2020, and of
the 79,600 vascular plants currently known, 61%
(48,531) are endemic (Ulloa Ulloa et al. 2020, Table
3.1, Figure 3.1). There is no authoritative list of all
of vascular plants of the Amazon Basin, but esti-
mates for seed plants occurring below 1,000 m
vary from 14,000 to 50,000 species (Gentry et al.
1997, Lewinsohn and Prado 2005, Cardoso et al.
2017). Estimates for lowland trees varies between
6,000 and 16,000 species, including at least 1,000
flood-resistant trees and 388 herbaceous plants
(Junk and Piedade 1993; Cardoso et al. 2017; ter
Steege et al. 2016, 2020), emphasizing our imper-
fect knowledge of the richness for Amazonian
plants.

Human activities may threaten many Amazonian
plant species, particularly those with restricted ge-
ographical ranges (Ulloa Ulloa et al. 2017). The
IUCN (International Union for Conservation of Na-
ture, 2001) Red List categories were used to assess
the conservation status of endemic plants of Ecua-
dor (Leon-Yanez et al. 2011), Peru (Ledn et al. 2006),
and Brazil (Martins et al. 2018). Sixty-five percent
of the endemic species evaluated (8,564) are
threatened, i.e., listed as Critically Endangered
(CR), Endangered (EN), or Vulnerable (VU) in the
IUCN Red List of Threatened Species (Figure 3.2).
This percentage is well above the world wide esti-
mated risk for tropical countries of 47% (Pitman
and Jagrgensen 2002). In addition, 2,011 endemic
species were Data Deficient (i.e., without enough
information for a detailed assessment), which
could underestimate the number of threatened
species. Poorly known species could become ex-
tinct without even being reported (Humphreys et
al. 2019). The endemic plants evaluated from Ecua-
dor, Peru, and Brazil (13,165 species) combined
represent approximately 19% of all endemic spe-
cies (ca. 67,900) from tropical South America (Ulloa
Ulloa et al. 2017, Figure 3.2). For Ecuador alone,
78% of endemic plant species are under risk due to
deforestation or habitat alteration (Ledn-Yanez et
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Table 3.1. Native vascular plant (all plants) diversity in Amazonian countries and references.

Guianas
N (Guyana, Suri- ) .. .
Country/Region Venezuela Colombia Ecuador Peru Bolivia Brazil
name, French
Guiana)
Total Vascular Plants
(Numbers in parenthe-
. 8,389 15,395 24,047 18,505 19,836 14,736 34,472
sis are total number of
. . (1,183) (3,475) (7,420) (5,992) (7,875) (3,097) (19,489)
endemic species)
(Ulloa Ulloa et al. 2020)
Below 1000 m, Seed
6,890
Plants . 5,835 11,846
[incl. 3,607 5,401 3,518
(Cardoso et al. 2017 or (Bernal et al. 2015) (BFG 2018)
o Venezuela]
specified)
Flora de Venezuela
Flora of the .
. (Lasser et al. editors Flora of Peru Flora de
Guianas . nq
) . B (1968—present) ) Flora of Ecuador (MacBride and Bolivia (In .
Ongoing Country (Gorts-van Rijn Flora de Colombia . . Flora do Brasil
(Sparre et al. editors, collaborators preparation, .
Flora and (1983—present) 2020 online
collaborators Flora of the Venezue- 1973—-present). 1936—present, see Menezes
lan Guayana (Steyer- see Gentry, 1980)  etal 2015)
1986—present)
mark et al. 1995-2005)
Jo d
, rge’nsen an Brako and
Funk et al. Ledn-Yanez (1999); .
Bernal et al. ! Zarucchi (1993); Jergensen et Forzza et al.
Catalogue of Plants (2007); Hokche et al. (2008). Ulloa Ulloa and Neill
. (2015) . Ulloa Ulloa et al. al. (2014) (2010); BFG (2018)
Feuillet (2009) (2005); Neill and
(2004)
Ulloa Ulloa (2011)
Ongoing (Calderon Ongoing

Red List Endemics

Huérfano et al. (2020)

et al. 2002—-pre-
sent, not exclusive

Leon-Yanez et al.
2011

Lednetal. (2006 (Navarro et Martins et al.

[2007]) al. 2012- (2018)
to endemic plants) present)
See Dutra et al.
Useful / Medicinal ..
(2016); Vieira et
Plants. There are nu- .
, De La Torre et al. Brack Egg al. (2016); Coradin
merous local and re- N Pérez Arbelaez R
. L Guanchez (1999) (2008); Rios et al. (1999), Reynel et al. (2018) Mors
gional publications. (1956, 1990)
. (2007) (2003). etal., (2000),
Only country wide are .
. Modolo and Foglio
cited here.
(2019)
Regional Correa Q. (1989); National Research Council (1989); Estrella (1995), Villachica (1996), Tejedor Garavito et al. (2012)

Science Panel for the Amazon



Chapter 3: Biological Diversity and Ecological Networks in the Amazon

NUMBER OF VASCULAR PLANTS IN AMAZONIAN COUNTRIES AND THE GUIANAS

aw ew ww
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19, 836 total species
(7,875 total endemic species)

ww s'w “w »W

GUYANA, SURINAME
AND FRENCH GUIANA
species

= Amazon basin
= National border

SPA,2021

Figure 3.1 Number of vascular plants in Amazonian countries. For each area, the total number of species of native vascular plants
and the number of endemic species (in parenthesis) are indicated (Data from Ulloa Ulloa et al. 2020. lllustration by C. Ulloa Ulloa).

al. 2011). Although national Red Lists and Red Data
Books may be restricted geographically, they pro-
vide an overview of their status and a basis for con-
servation actions (Pitman and Jargensen 2002).

3.2.2 Fungi, algae, and non-vascular plants
Non-vascular plants (liverworts, hornworts,

mosses), algae, and fungi are the main drivers of
the carbon and nutrient cycle at high altitude (Ber-
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inger et al. 2001, Lang et al. 2009). Biogeograph-
ically, the difference in the abundance of non-vas-
cular plants in the Amazon is lower compared with
Andean forests. As with vascular plants, non-vas-
cular plants have their center of diversity in the
tropical Andes, although there species diversity in-
crease with altitude. Often overlooked in these
habitats, the total diversity of these taxa is typically
underestimated (Ferris et al. 1996).
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Endemic plant species evaluated (IUCN Categories) in three countries: 13,161
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Figure 3.2 Plant endemics (all plants) of Brazil, Peru, and Ecuador evaluated with IUCN conservation status categories. The red rec-
tangle encloses the three threatened IUCN Red List categories. IUCN categories: EX=Extinct; EW=Extinct in the Wild; CR=Critically
Endangered; EN=Endangered; VU=Vulnerable; NT=Not Threatened; LC=Least Concern; DD=Data Deficient; NE=Not Evaluated. Num-
ber of endemic plant species evaluated: Ecuador 4,500 (100% of endemics, Leon-Yéanez et al. 2011), Peru 4,197 (76%, Leoén et al. 2007),

Brazil 4,468 (25%, Martins et al. 2018).

There are a large number of species of algae and,
although the bibliographic references significantly
differ in the estimates of the number of species, it
is believed that there are between 30,000 and
50,000 species, of which only half have been de-
scribed (Dos Santos 2016). The information availa-
ble on algae for the Amazon is very scarce; no re-
search has attempted to characterize the flora of
microalgae or subaerial algae of these forests and
examine their biodiversity in detail using state-of-
the-art methods (Lopez-Bautista et al. 2007). Pre-
senting a synthesis of the biodiversity status of
tropical forest algae is difficult or even impossible
(Andersen, 1992).

Fungi, on the other hand, belong to their own king-
dom, and are different organisms from plants and
animals because they excrete digestive enzymes
and absorb externally digested nutrients. Although
the factors that determine their diversity remain
little explored, estimates of the number of species
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on the planet vary from 500,000 to almost 10 mil-
lion. Recent studies have suggested that fungal di-
versity is greater in the lowlands than in Andean
slopes (Arnold and Lutzoni 2007; Tedersoo et al.
2014), but the later have been considerably less
studied (Barnes et al. 2016). Lichens are composed
of two organisms living symbiotically: fungi and
photosynthetic algal cells. These organisms are
one of the most diverse components of the Amazon
forest (Sipman and Aptroot 2001, Lucking et al.
2009). The corticolous and foliicolous groups are
much more diverse than the saxicolous species
(Lucking 2008). The excessive amount of litter in
these forests limits the diversity of terrestrial li-
chens; however, there are some records of them on
the banks or landslides on the sides of roads.

Finally, mosses represent the dominant vegetation
cover in a wide range of ecosystems, especially
those that thrive in cold stress environments,
where they typically adopt a cushion shape. How-
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ever, the diversity of mosses in the Amazon is rela-
tively low. Although 40 to 50 species can be found
in any particular site, the increase in additional
species from one site to another is low (Gradstein
et al. 2001). In general, knowledge about the diver-
sity of cryptogams is very limited (Scott et al. 1987,
Brehm et al. 2008). Therefore, a comparison of the
Amazon with the tropical Andes and surrounding
areas can only be based on estimates using the
high turnover in species composition along eleva-
tion gradients. The diversity of this group of plants
could be related to climatic, edaphic, and floristic
factors, but it is constant humidity that favors the
growth of this group of plants (Chaverri-Polini
1998).

3.2.3 Diversity of insects

Although insects dominate terrestrial ecosyst-
ems (by the number of species or total biomass),
the richness of insects in the region is completely
unknown (Adis 2007, Hanson and Nishida 2016).
Amazonian entomofauna is amazingly rich all
along vertical forest strata, and it would be ex-
pected that the patterns of distribution of species
at large spatial scales are not even across the re-
gion (Lucky et al. 2002, Erwin et al. 2005). High
numbers of species coupled with high population
densities are attributed to Amazonian insects, es-
pecially those inhabiting the forest canopy (e.g.,
Adis et al. 1998, Erwin 1998). For example, Formi-
cidae (the ants) and Diptera (flies, mosquitoes, and
their kin) represented 52% and 10%, respectively,
of the more than 300 arthropods per square meter
obtained by fogging the canopy.

In addition, a total of 95 different ant species were
found on a single tree, as many as the entire indig-
enous ant fauna of Germany (Adis 2007). Very lim-
ited information is available about the centers of
evolution and dispersal of insects, and other ar-
thropods, that occur in the Amazon. Available data
(e.g., Erwin 1998, Adis 2007) suggests that some
groups originated in the neotropics and are widely
distributed beyond the borders of the Amazon (e.g.,
leafcutter ants, Atta spp.); while other groups orig-
inated along the Andes or the Guyana shield, with
a subsequent dispersal into the Amazon Basin (e.g.,
Meinertellidae); and still others originated in the
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Amazon, along the floodplains of major tributaries
(e.g., some Carabidae).

Currently, it is difficult to predict whether changes
in community composition are related to differ-
ences in vegetation types, soil, climate, human dis-
turbance, or a very subtle combination of all of
these factors. Probably, a different suite of factors
affects different taxa and accounts for the ob-
served patterns (e.g., Erwin et al. 2005, Oliveira et al.
2010, Solar et al. 2016). In contrast to the amount of
information available for terrestrial insects and ar-
thropods, aquatic arthropod communities are
much better known as a result of monitoring of wa-
ter quality (e.g.,, Heckman 2011, Hamada et al.
2014).

Many studies of Amazonian aquatic insects have
examined water quality because of the insects’
sensitivity to forest loss and other anthropic
changes (Hamada et al. 2014), particularly the lar-
val forms of groups such as Ephemeroptera, Tri-
choptera, Diptera, Plecoptera, and Odonata (Brito
et al. 2020). Deforestation-induced reduction of
aquatic insects can also affect the ichthyofauna,
because aquatic larvae of many insects are the
principal source of food for many small and me-
dium species of fishes. One of the biggest chal-
lenges is to systematize the taxonomic kno-wledge
of aquatic insects and other macroinvertebrates
(Hamada et al. 2014) in the different aquatic eco-
systems of the Amazon.

The high diversity of aquatic fauna is associated
with the environmental heterogeneity of aquatic
Amazonian ecosystems. Species from ten insect
orders are specialized aquatic or semi-aquatic
habits. The order Diptera stands out, which holds
half of the known aquatic insects, notably Chiron-
omidae (Trivinho-Strixino 2019). Several taxa are
considered aquatic bioindicators because of their
dependence on the aquatic environment for at
least some stage of their life. The maintenance of
riparian forests prevents the loss of species and
ecosystem services provided by aquatic insect
communities (Dala'Corte et al. 2020, Dias-Silva et al.
2020). When updating the list of Trichoptera, Pap-
rocki and Franca (2014) found an increase of more
than 65% in the number of species, of which 90%
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Box 3.1 Domestication of plants and human influence

The Amazon Basin has a long history of human occupation, and cultivation and domestication of nu-
merous plants (Young et al. 2007, Pearsall 2008, Piperno 2011, Clement et al. 2016) (Figure B3.1.1). At
the time of European contact, over one hundred native plant species were already cultivated both in the
high Andes and lowland Amazon, including beans, cacao, manioc, chili peppers, peanuts, potato, sweet
potato, numerous fruit trees, palms, and many other tropical American species introduced to the region
(Pearsall 2008; Piperno 2011; Clement et al. 2010, 2015; Levis et al. 2017; Lombardo et al. 2020). How-
ever, the imposition of colonial European agricultural methods and crops from the eastern hemisphere
relegated most of those native species to local consumption and only a handful became of worldwide
importance (National Research Council 1989, Ulloa Ulloa 2006, Young et al. 2007). However, a few spe-
cies still have high importance in the region (Alexiades and Shanley 2004, Shanley et al. 2011 FAO).
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Figure B3.1.1 Areas of origin of domesticated plants (adapted from Pearsall, 2008).
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The Andes region provided the world with the potato (Solanum tuberosum complex), tomato (Solanum es-
culentum), bell pepper and ajies (Capsicum spp.), and beans (Physallis species), selected and genetically-
manipulated beginning thousands of years ago (Raimondi and Camadro 2003, Rodriguez-Burrouzo et
al. 2003, Pearsall 2008).

Lesser-known tuber species include Arracacia xanthorrihiza (aracacha, zanahoria blanca), Oxalis tuber-
osa (oca), Tropaeolum tuberosum (mashua), and Ullucus tuberosus (melloco or ulluco) (National Research
Council 1989). Among the pseudocereals, Chenopodium quinoa (qQuinua) has recently arrived in interna-
tional markets and has become an important food in gluten-free diets. Fruit trees originating from the
Andes are the tree tomato (Solanum betaceaum), papaya (Carica papaya), lucuma (Pouteria lucuma), vari-
ous species of the legume genus Inga, and shrubs such as naranjilla (Solanum quitoense), sweet cucumber
(Solanum muricatum), goldenberry or uvillla (Physalis peruviana), and no fewer than ten species of passion
fruits (maracuya, species of Passiflora). Some of these plants have made their way into international
markets through cultivation in New Zealand and California (Young et al. 2007).

Among multipurpose plant species that have been derived from human propagation and selection are
the palms (Arecaceae). Palm species in the Amazon were first reported by Wallace (1853) as being useful
to local inhabitants, and this was the first of a series of regional efforts on ethnobotanical research, at
the local and regional levels, and assessments of domestication examples (Clement et al. 2010). When
palm harvest takes place on communal properties, peasants overexploit their resources (Balslev et al.
2015). The majority of native palms from the tropical Andes (Colombia to Bolivia, 67% of the 336 spe-
cies) have different uses and applications including food, construction, and oil (Valencia et al. 2013,
Moraes et al. 2015). While exploring Venezuela, Humboldt and Bonpland (1805) collected and described
to science the Brazil nut, Berthollettia excelsa (Lecythidaceae), a species of tree already well known long
before the arrival of European explorers, and widely spread across the lowland Amazon. Recent anal-
yses of tree species composition of lowland Amazonian forests revealed “hyperdominance” of a few
species, particularly domesticated species such as the Brazil nut and various palm species, indicating
that modern tree communities in the lowland Amazon may be structured, to an important extent, by a
long history of plant domestication by Amazonian peoples (ter Steege et al. 2013, Levis et al. 2017). For-
est patches dominated by one or a few useful plants are possibly the result of management practices
over millenia (such as controlled burning, seed planting, or soil improvement) that have altered plant
species composition (Levis et al. 2018, Silva et al. 2021). Other case studies show that the Amazon offers
an impressive list of categories of useful plants that have also been part of domestication processes.
Bixa orellana, achiote or annatto, long used in tropical America and worldwide in the cosmetic industry
and as food coloring, was probably domesticated in northern South America (Moreira et al. 2015). Re-
cent research revealed traces of cacao (Theobroma cacao) in an archeological site in the foothills of the
Ecuadorian Andes dating back 5,300 years (Zarillo et al. 2018). The use of Anadenanthera colubrina (vilca,
curupay, Fabaceae) powder — a psychoactive South American plant with a wide distribution — may have
been particularly important for the Tiwanacota culture (600-1,000 A.D.) in Bolivia near Lake Titicaca
(Pochettino et al. 1999); its use was then widely disseminated, coinciding with seasonal dry forests be-
tween 300—2,200 m (Kvist and Moraes 2006). The Amazon basin is a center of diversity for cotton, such
as the most widely distributed Gossypium barbadense (Malvaceae), which is the second most cultivated
species, and known for the best fiber quality (Liu et al.2015). Important crops likely originating in the
southwestern Amazon are manioc (Manihot esculenta), peach palm (Bactris gasipaes), and peanuts (Arachis
hypogea) (Clement et al., 2016). The most important medicine from the Andes is quinine (cascarilla,
quinina), irrationally exploited and used for centuries to control malaria (Crawford 2016; Ortiz Crespo
1995, 2002; Ulloa Ulloa 2006 [2007]). Originally extracted from the bark of the cloud forest tree genus
Cinchona, the alkaloid is nowadays synthetically produced and found in the bitter flavor of tonic water
(Ulloa Ulloa 2016 [2007). The coca plant (Erythroxylum coca) grows on warm Andean slopes, and the
leaves have been socially chewed or drunk as tea (mate de coca) for centuries, especially in Peru and
Bolivia, as a stimulant, and to help with the effects of high-altitude sickness.
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were new species to science, in addition to new rec-
ords for Brazil. Elmidae, one of the four largest
aquatic Coleoptera families, had the first checklist
of Amazonian Elmidae species published in the
last decade by Passos et al. (2010). There is an in-
creasing number of new records and descriptions
of genera and species for the Amazon region (e.g.,
Menezes et al. 2018, Almeida et al. 2020). However,
much is still unknown. The formation of taxono-
mists, strengthening of collections, and a continu-
ous increase in the rate of description of new spe-
cies can reduce this knowledge gap (Rafael et al.
2009).

3.2.4 Diversity of fish

The Amazon basin contains the world’s most di-
verse freshwater-strict fish fauna, with 2,406 valid
species belonging to 514 genera, 56 families, and
18 orders (Jézéquel et al. 2020). This exceptional
diversity, which represents approximately 15% of
the world’s freshwater fishes, includes 58% of spe-
cies found nowhere else on earth (1,402 endemics,
Jézéquel et al. 2020). Part of this diversity also in-
cludes marine taxa that have adapted to freshwa-
ter, such as the diverse Amazon stingrays. Unlike
many other river basins of the world, where spe-
cies richness increases downstream along fluvial
gradients (Muneepeerakul et al. 2008, Ibanez et al.
2009), species diversity and endemism show de-
creasing west—east gradients in the Amazon Basin,
suggesting that contemporary Amazonian fish
fauna originated in and colonized from the western
portion of the Basin (Oberdorff et al. 2019). This
pattern of fish diversity also indicates that the col-
onization of the eastern portion of the Basin is still
incomplete and is interpreted by the authors as
consistent with the recent establishment of the
modern Amazon River in roughly the last 2.5 Ma, a
topic still largely debated.

The importance of species richness to ecosystem
stability, function, and resilience depends on the
diversity and values of the species’ traits (func-
tional diversity), and on the degree of functional re-
dundancy (degree of similarity in the functional
characteristics) among species assemblages
(Flynn et al. 2009, Mouillot et al. 2013, Kelley et al.
2018). The Amazon Basin not only has the world
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highest freshwater fish diversity, but also the high-
est functional diversity (Toussaint et al. 2016). Alt-
hough functional diversity usually increases with
taxonomic diversity, the functional diversity of
Amazonian fish fauna is much larger than ex-
pected from its already exceptional diversity
(Toussaint et al. 2016), probably reflecting the ex-
tremely rich variability of local environmental con-
ditions (Leitad et al. 2018, Benone et al. 2020).

Fish species diversity in the Amazon Basin in-
cludes a large array of forms (including dorso-ven-
trally or laterally flattened, anguilliform, or globe-
shaped species), colors, adaptations (e.g., to the low
oxygen concentrations found in floodplains),
trophic habits (blood sucking, scale eating, or the
arahuana [Osteoglossum bicirrhosum] jumping sev-
eral meters out of the water to feed on insects, spi-
ders, birds, or reptiles on tree branches), and re-
productive adaptations (e.g., Copeina arnoldi that
spawn on terrestrial plant leaves, reviewed in Car-
valho et al. 2007). It also includes a wide variety of
sizes, from miniature species that either mature
under 20 mm of standard body length or do not ex-
ceed a maximum of 26 mm (Weitzman and Vari
1988), to large species that reach 3 m or more in
length, like the pirarucu (paiche, Arapaima gigas) or
the goliath catfish Brachyplatystoma filamentosum,
both weighing more than 200 kg (Nelson 1994,
Lundberg and Littmann 2003). Many of the small
and miniature species are exploited as aquarium
fish and sustain an important international orna-
mental trade, where the main export markets are
Asia, Europe, and North America (Andrews 1990,
Anjos et al. 2009, Evers et al. 2019). This trade also
includes some large species that are caught and
exported in juvenile stages, such as many
pimelodid catfishes (Brachyplatystoma spp., Pseudo-
platystoma spp., etc.), or the Amazonian arowanas
(Moreau and Coomes 2006). In contrast, medium-
sized and large species (mostly belonging to the Or-
der Characiform and Siluriform, but also Perci-
form, Cichliform, Clupeiform, or Osteoglossiform)
support important fisheries throughout the Basin
and serve as an economic sopportunity and main
source of animal protein for many of the inhabit-
ants of the Amazon Basin (Barthem and Goulding
2007, Duponchelle et al. 2021).
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Figure 3.3 Global species richness of amphibians. Note the high alpha diversity in the lowland Amazonian rainforest. Source: Am-

phibiaWeb (2020).

3.2.5 Diversity of Amphibians

Amphibians are an ecologically and behaviorally
diverse group of vertebrates containing 8,380 spe-
cies (Frost 2021) that range from the familiar
(frogs, toads, and salamanders), to the fossorial
caecilians (Duellman and Trueb 1986, Wells 2013)
(Figure 3.3). The Amazon Basin exhibits the high-
est density of species in the world, and one of the
highest number of endangered species (Am-
phibiaWeb 2020, Bass et al. 2010, Scheele et al.
2019) (Figures 3.4 and Figure 3.5).

The diversity of Amazonian amphibians remains
under-described. In addition to a sampling gap,
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which is largely associated with the remoteness of
some of its habitats (Azevedo-Ramos and Gallati
2002), taxonomic reviews and inventories are in-
sufficient to account for the diversity and distribu-
tion of Amazonian amphibians. Among Amazonian
salamanders, for instance, the percentage of un-
described species is estimated to be as high as
400%, relative to the current number of known
species (Jaramillo et al. 2020). In the Brazilian Am-
azon, amphibian diversity estimates increased
40% within three years (Azevedo-Ramos and Gal-
lati 2002, Avila-Pires et al. 2007). This has implica-
tions for both basic and applied science, including
the list of threatened species (Peloso 2010). For in-
stance, comprehensive analyses of widely-distrib-
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Figure 3.4 Amphibian diversity in the Amazon basin. (A) Embryos of the Andean glassfrog Nymphargus wileyi. (B) Torrent frog, Hy-
loscirtus staufferorum. (C) Tiger-striped Monkey Frog, Callimedusa tomopterna. (D) Amazonian salamander, Bolitoglossa sp. Photos by
Tropical Herping.
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Figure 3.5. Threatened species of amphibians globally. Note that numerous species from the highlands of the Amazon Basin are
endangered. Source: AmphibiaWeb (2020).
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uted Amazonian amphibians frequently reveal
rampant cryptic diversity, uncovering many spe-
cies of smaller ranges within what was once as-
sumed to be a single, widely distributed species
(Funk et al. 2012, Fouquet et al. 2007, Jaramillo et al.
2020, Vacher et al. 2020). Amphibian biodiversity
patterns display considerable variation within the
Amazon Basin, often driven by the combined im-
pact of topography, hydrology, evolutionary his-
tory, and the ecology of local species (Fouquet et al.
2015). Amphibian groups such as the tree frogs,
monkey frogs, and poison-arrow frogs are more di-
verse in the lowland rainforests, whereas others,
such as glass frogs, harlequin toads, and marsupial
frogs are more diverse in the Andean cloud forests
(Frost 2021, Guayasamin et al. 2020). Rivers appear
to function as barriers to some amphibian taxa (es-
pecially non-riparian species, Moraes et al. 2016),
but not all (Gascon et al. 2000). Their impact on the
distribution of lineages can be river-specific (Funk
et al. 2007b, Ortiz et al. 2018, Ferreira et al. 2020)
and depends on the ecology of the species (Fouquet
et al. 2015). The uplift of the Andes and the result-
ing lowland geological dynamics may have influ-
enced patterns of amphibian diversity in the Ama-
zon, as supported by a study of shifts in species
composition along river transects (Gaston et al.
2000). DNA-based studies support the idea that
lowland Amazonian communities were part of a
connected set of Neotropical ecosystems, which
they repeatedly colonized more than 10 million
years ago. Colonizing amphibians, especially from
the Andes, contributed new lineages to adjacent
areas (Santos et al. 2009).

To preserve the diversity of amphibians of the Am-
azon Basin is to maintain their key ecological roles,
cultural value, unique evolutionary histories, and
also a potential for bioprospection (e.g., in species
with potent skin alkaloids such as the poison dart
frogs; Badio and Daly 1994, Daly 1995, Rodriguez et
al. 2017). However, given their extreme vulnerabil-
ity to habitat destruction, climate change, and in-
fectious diseases, amphibians are often consid-
ered at higher risk of extinction relative to other
groups of organisms (Schee-le et al. 2019, Stuart et
al. 2004, Wake and Vredenburg 2008).

3.2.6 Diversity of reptiles
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Reptiles are among the most diversified vertebrate
groups on the entire planet. Currently, 11,341 spe-
cies have been recorded, in 92 families and 1,206
genera (Uetz and Hosec 2020). However, even with
several studies carried out in the Amazon in the
last decades, the diversity of species continues to
be underestimated given the frequent discovery of
new cryptic species, demonstrating that we are still
unaware of the real diversity of this group (e.g.,
Oliveira et al. 2016). The Amazon rainforest regis-
ters 371 species, occupying an immense number
of terrestrial and aquatic environments (Mitter-
meier et al. 2003, Avila-Pires and Ramalho 2019).
Reptiles have intriguing patterns of diversity and
distribution throughout the entire Amazon Basin,
such as the well-known patterns of distribution
and diversity along latitudinal gradients and the
west to east gradient (Da Silva and Sites 1995,
Guedes et al. 2018, Roll et al. 2017).

In addition, squamata reptiles show an intriguing
pattern of variation in species richness along a
north—south gradient that runs from eastern Ecua-
dor to southeastern Peru. For example, some stud-
ies carried out in the northwestern Amazon indi-
cate a greater diversity of species in relation to lo-
cations in the southeast Amazonian plain (e.g., Da
Silva and Sites 1995). Recently, estimates of spe-
cies richness obtained from different sampling lo-
cations, as well as from specimens obtained from
scientific collections, suggest a greater richness of
snake species in the northwestern Amazon com-
pared with the southern region (Rabosky et al.
2016). In addition, these and other results imply
that the alpha diversity for Squamata distributed to
the north of the Amazon can be up to 30% greater
in relation to the communities in the south (Da
Silva and Sites 1995, Duellman 2005).

3.2.7 Diversity of birds

The Amazon hosts the highest number of birds in
the world. With at least 1,300 species, of which ap-
proximately 265 are endemic, the Amazon harbors
approximately 38% of the Neotropic’s approxi-
mately 4,000 birds (Nores 2000, Mittermeier et al.
2003). The true number of bird species in the Am-
azon could be much higher. Relatively recent mo-
lecular systematic studies have revealed that tradi-
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tionally accepted species often group several ge-
netically divergent lineages representing new
cryptic species together (Mila et al. 2012). Bird di-
versity increases in proximity to the Andes. The to-
pography and ecology change at an elevation of ap-
proximately 500 m, where many lowland bird spe-
cies (~800) reach their upper elevational range,
and many Andean birds reach their lowest eleva-
tional range (Nores 2000, 2011). For several dec-
ades, scientists have been trying to understand the
geographic structure of bird communities and the
underlying causes for observed patterns of specia-
tion (e.g., Haffer 1969, Bates 2001, Pomara et al.
2014, Ribas and Aleixo 2019).

The evolution of Amazonian birds is a complex
process, but molecular systematics and phylogeo-
graphic studies suggest that many avian lineages
diversified recently during the late Tertiary and
early Quaternary (Weir 2006, Aleixo and Ros-

setti 2007, Silva et al. 2019). This period coincides
with large landscape changes (e.g., Colinvaux 1993,
Haffer 1993, Bush 1994, Marroig and Cerqueira
1997). It appears, during the Pliocene, ancestral
bird faunas occupied mostly upland forested habi-
tats in the northern and western Amazon. After a
series of interactions between climate-driven dy-
namics and riverine barriers, avian lineages
started separating on opposite sides of the region,
Negro and Madeira rivers (the most ancient rivers
in the Basin). These changes in climate and con-
nectivity affected bird populations differently, de-
pending on their ecological requirements and de-
gree of habitat specialization. As a result of this
processes, currently, the wetter western Amazon
contains older and richer bird faunas compared
with the dryer eastern Amazon (Silva et al. 2019).
However, knowledge of the evolution of Amazo-
nian birds is a complex process and data are still
fragmented. More sampling is needed to under-
stand regional patterns of bird species richness
and community composition in the Amazon
(Oliveira et al. 2017).

3.2.8 Diversity of mammals
The Amazonian region harbors one of the richest

mammalian faunas of the world, with approxi-
mately 140 genera and 425 species (Mittermeier et
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al. 2003). Amazonian mammals account for ap-
proximately one-third of all South American mam-
malian diversity, approximately 1,260 species
(Bonvicino and Weksler, 2012). In addition, several
locations in the Amazon have the highest alpha-di-
versity of non-volant mammals anywhere on Earth
(Peres, 1999, da Silva et al. 2015). However, the
number of species at any single locality in the Am-
azon significantly varies depending on forest types
and habitat diversity. Mammal communities in
seasonally flooded (virzea) forests, for example,
can be considered relatively impoverished when
compared with neighboring terra firme forests, alt-
hough density and biomass can be significantly
higher in vdrzea than in terra firme (Peres 1997,
Haugaasen and Peres 2005). Endemism is also
very high, with 10 endemic genera and 144 species
of mammals (34% of total) found only in the Ama-
zon (Pires et al. 2000, Solari et al. 2012). This im-
pressive mammalian diversity is not distributed
equally among orders. The high level of endemism
of Amazonian mammal species is due mainly to
the input of three orders, marsupials, rodents, and
primates, which together comprise approximately
80% of all endemic species (Voss and Emmons
1996, Paglia et al. 2012).

Despite these figures, the mammalian fauna of this
vast region is still under-sampled, and there are
not enough exhaustive surveys of mammals. As a
result, the spatial turnover of species assemblages
at different scales remains poorly understood
(Voss and Emmons 1996, Peres 1999, Solari et al.
2012). Based on mammal inventories carried out
throughout the Amazon, it has been suggested that
mammalian communities in the western Amazon
are the most diverse in the region, the Neotropics,
and probably the world. Explanations for this pat-
tern include present-day ecological factors such as
climate, habitat, and topographical heterogeneity;
primary productivity; and ecosystem dynamics
(Voss and Emmons 1996, Peres 1999; Machado et
al. 2019). Mammals are considered well-known be-
cause the rate at which new species are discovered
is low compared with other groups. However, in re-
cent years several new species have been de-
scribed and new records have extended the geo-
graphical ranges of some species by hundreds of
kilometers (Patterson 2001, 2020). We are still
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learning about the fascinating diversity of Amazo-
nian mammals, and this knowledge is critical for
the conservation of the Amazon region.

The Amazon has experienced a dynamic process of
transformation throughout its history, including
marine transgressions and abrupt changes in the
flow of its water bodies. The creation of geograph-
ical barriers, such as rapids and streams, has al-
lowed many species to prosper and others to dis-
appear. Among them, aquatic mammals play an
important role. The dolphins of the genus Inia
moved from the Atlantic to the center of the conti-
nent in Bolivia, where they were isolated about 3.1
million years ago by the Madeira River (Hollatz et
al. 2011), while others dispersed throughout the
Amazon and the Orinoco region. Currently, only
the presence of the species Inia geoffrensis is recog-
nized with two subspecies: Inia geoffrensis geoffrensis
distributed in the Amazon and Orinoquia, and Inia
geoffrensis boliviensis in Bolivia and the Madeira
River (Da Silva et al. 2018). However, there is evi-
dence to suggest that the Bolivian unit may be a dif-
ferent species (Inia boliviensis), and in the Tocan-
tins/Araguia complex in Brazil Inia araguiaensis
(Hrbek et al. 2014). Similarly, approximately 2.5
million years ago, the ocean level rose approxi-
mately 150 meters and generated another trans-
gression of the sea into the Amazon, promoting the
entry of another dolphin of the genus Sotalia. This
species adapted to freshwater conditions, evolving
to Sotalia fluviatilis approximately 1.2 million years
ago. Also, there is evidence to suggest that during
the Pliocene, some 4.5 million years ago, there was
a displacement of manatees from the Atlantic to
the Amazon, giving rise to the only species of fresh-
water manatee, Trichechus inunguis, distributed in
Brazil, Colombia, Peru, and Ecuador (Domning
1982). Another important group of aquatic mam-
mals in the Amazon are the otters; the giant river
otter (Pteronura brasiliensis) and the Neotropical ot-
ter (Lontra longicaudis), whose origin seems to be as-
sociated with the geological, hydrological, and cli-
matic changes that the region experienced during
the Pliocene-Pleistocene.

3.2.9 Diversity of parasites and pathogens (and
their interactions with mammalian hosts)
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If the biodiversity of animals, fungi, and plants in
the Amazon is still poorly known, much less can be
said about the biodiversity of pathogens and para-
sites. Despite accounting for one-third to over half
of the species on Earth (Poulin 2014), these organ-
isms are usually ignored in biodiversity invento-
ries and conservation studies (Gomez and Nichols
2013). Most of the current knowledge is highly bi-
ased to parasites that cause human, domestic ani-
mal, or plant diseases (Gomez and Nichols 2013).
Nevertheless, parasites and pathogens play an im-
portant role at individual, population, and ecosys-
tem levels (Wood and Johnson 2015), such as mod-
ulating the immunity of hosts and the dynamics of
their populations, altering the composition of eco-
logical communities, and modifying trophic inter-
actions, including predation rates and nutrient cy-
cling. These processes have complex effects, both
direct and indirect, which may include cascade ef-
fects and co-extinctions, whose implications are
not yet completely understood (Strona 2015).

Despite the significance of parasite biodiversity,
the actual richness of most parasitic groups re-
mains largely unknown. When accounting for the
biodiversity of mammal parasites in the Amazon
region, we found that from the 425 wild mammals,
only 185 species have been studied regarding their
interactions with parasites. Brazil is the country
that published the largest number of studies on
mammal-parasite interactions, followed by Peru,
French Guiana, Bolivia, Venezuela, Guyana, Ecua-
dor, and Colombia. The mammal species with the
highest richness of studied parasites are the mar-
supial Didelphis marsupialis, the bat Carollia perspicil-
lata, and the primates Sapajus apella and Saimiri sci-
ureus. However, most of those studies report inter-
actions with a single parasite species; studies in-
vestigating the community composition of para-
sites or co-infections are rare (Conga et al. 2014).
Protozoans are the parasite group with the largest
number of studies (84 publications), but are not the
group with the highest richness of species. The
parasite group with the highest number of species
reported interacting with wild mammals are hel-
minths (77 species), arthropod ectoparasites (65
species), viruses (62 types), protozoans (29 spe-
cies), bacteria (12 species), and fungi (seven spe-
cies).
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Table 3.2 Most studied parasite and pathogen species in the Amazon.

Parasite Groups

Most Studied Species

References

Virus

Rabies lyssavirus, Laguna negra
orthohantavirus, Simian
foamy virus

Deem and Emmons 2005, da Rosa et al. 2012, Car-
nieli Jr et al. 2013, Costa et al. 2013, Favoretto et al.
2013, Kobayashi et al. 2013, Muniz et al. 2013, de
Barros Lopes et al. 2014, Oliveira et al. 2015, Pereira
etal 2017

Arbovirus

Changuinola, Marituba, Mayaro,
Oriboca, Oropouche

Leduc et al. 1981, Figueiredo et al. 1988, de Thoisy
etal 2003, Silva et al. 2013, Silva et al. 2014, Hang et
al. 2014, Nunes et al. 2018, Nunes et al. 2019

Bacteria

Leptospira interrogans, Mycobac-
terium leprae

Deem and Emmons 2005, da Silva et al. 2018, Ste-
fani et al. 2019, dos Santos Medeiros et al. 2020

Helminth

Dipetalonema gracile, Toxocara
canis, Trypanoxyuris minutus,
Trypanoxyuris trypanuris

Hugot 1985, Bain et al. 1986, Tantalean et al. 1990,
Hugot et al. 1996, Stuart et al. 1998, Hugot 1999, No-
ronha et al. 2002, Deem and Emmons 2005, Vieira
etal. 2008

Protozoa

Trypanosoma cruzi, Trypano-
soma rangeli, Trypanosoma cruzi
marinkellei, Trypanosoma dioni-
sii, Toxoplasma gondii

Deane 1961, Deane and Damasceno 1961, Ayala
1964, Baker 1972, Miles et al. 1981, Miles et al. 1983,
Lanham et al. 1984, Pévoa et al. 1984, Carrasco et al.
1996, Ziccardi and Lourenco-de-Oliveira 1997,
Stuart et al. 1998, de Thoisy et al. 2003, Deem and
Emmons 2005, Dubey et al. 2007, Demar et al. 2008,
Lisboa et al. 2008, Roque et al. 2008, da Silva et al.
2009, Marcili et al. 2009a, Marcili et al. 2009b, Mar-
cili et al. 2009c, Ortiz et al. 2009, Cavazzana et al.
2010, Lewis et al. 2011, De Araujo et al. 2013, Mon-
teiroetal. 2012, Roque et al. 2013, Acosta et al. 2014,
Vitaliano et al. 2014, da Costa et al. 2015, Jansen et
al. 2015, Lima et al. 2015, da Costa et al. 2016, dos
Santos et al. 2017, Rodrigues et al. 2017, Jansen et
al. 2018, Barros et al. 2019, Filgueiras et al. 2019, Pé-
rez et al. 2019, Rodrigues et al. 2019, McClean et al.
2020

Ectoparasite

Amblyomma ovale, Amblyomma
naponense, Amblyomma geayi,
Amblyomma  cajennense, Am-
blyomma nodosum

Stuart et al. 1998, Labruna et al. 2002a, Labruna et
al. 2002b, Robbins and Deem 2002, Zerpa et al.
2003, Deem and Emmons 2005, Labruna et al.
2005, Robbings et al. 2009, Martins et al. 2013, Mar-
tins et al. 2014, Soares et al. 2015, Witter et al. 2016,
Furtado etal 2017, Zimmermann et al. 2018, Gruhn
etal. 2019, Peckle et al. 2019

Fungi

Histoplasma capsulatum, Pneu-
mocystis carinii

Lainson and Shaw 1975, Arias et al. 1982, Naiff et al.
1985, Naiff et al. 1996, Hugot et al. 2003
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From those, 38 viruses, 16 arboviruses, 11 bacte-
ria, nine helminths, 19 protozoans, one ectopara-
site, and seven fungi are known to be zoonotic and
cause disease in humans. The most studied para-
sites infecting wild mammals in the Amazon re-
gion are the protozoans Trypanosoma cruzi (the
causative agent of Chagas disease in humans), Plas-
modium brasilianum, Trypanosoma cruzi marinkellei,
Trypanosoma rangeli, the virus Rabies lyssavirus (the
causative agent of rabies in humans), and the ecto-
parasite Amblyomma cajennense (Table 3.2).

Concerning arthropod-borne viruses (or arbo-
viruses), 27 different species have been recorded
as infecting wild mammals in the Amazon. From
those, 16 are known to be zoonotic, including the
viruses Caraparu, Changuinola, Dengue, Guama,
Mayaro, Marituba, Murutucu, Oriboca, Oropou-
che, Piry, Saint Louis, Tacaiuma, and Yellow fever.
Itisimportant to emphasize that in the Amazon re-
gion some of these zoonotic agents are also shared
with domesticated mammal species such as pets
and cattle, and that other zoonotic pathogens have
already been identified in domesticated animals
(e.g., Eastern Equine Encephalitis Virus and West
Nile Virus). These domesticated species can play
an important role in the transmission cycle of zo-
onotic agents (Johnson et al. 2020), especially when
in high densities (e.g., livestock production), func-
tioning as amplifying hosts and intermediating
transmission to humans and wild animals. Given
recent concerns about the risk of an emerging pan-
demic originating in the Amazonian region (Vale et
al. 2021), current increasing rates of deforestation,
the loss and homogenization of biodiversity, and
increasing social vulnerabilities are major con-
cerns. This, added to the gap of knowledge about
the biodiversity of host-parasite interactions, elu-
cidates the need for understanding and building
resilience to emerging diseases as a top societal
challenge and research priority.

3.3 Outstanding Ecological Processes and Adap-
tations in Terrestrial and Aquatic Ecosystems

3.3.1 Plant-animal interactions

Plant-animal interactions are a central ecological
process in Amazonian forests, without which these
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forests would cease to exist: 80-90% of trees obli-
gately rely on animals for seed dispersal (Gentry
1982, Hawes et al. 2020), and as many as 98% of
plants obligately rely on animals for pollination
(Bawa 1990). Animal dispersers are attracted to
seeds by a wide variety of plant strategies, and
birds, bats, mammals, fish, and insects are all im-
portant dispersers responding to and selecting for
different plant strategies for attraction (e.g., Howe
and Smallwood 1982). Consumptive effects gener-
ate diversity through coevolutionary arms-races
and control plant and animal biodiversity on eco-
logical and evolutionary time scales. These net-
works of mutualists and consumers regulate all as-
pects of Amazonian forests, and are responsible
for their composition, species regulation, recovery
from disturbance, and the generation of biodiver-
sity. Changes to species interactions can have cas-
cading effects on Amazonian ecosystem function
and the services they provide humanity, as briefly
discussed below.

Seed dispersers and pollinators interact with
plants, form mutualistic networks, and form the
very architecture of Amazonian biodiversity (Bas-
compte and Jordano 2007). Seed dispersal moves
seeds away from parent trees, cleaning them of
pulp and in many cases physiologically altering
them, all of which improve survival and increase
genetic diversity (Howe and Smallwood 1982,
Hardesty et al. 2006). Seed disperser communities
are exceptionally complex (Jordano et al. 2007),
and plant-disperser networks are comprised of
many different modules of differing kinds of dis-
persers (Donatti et al. 2011), underscoring their im-
portance of maintaining biodiversity in these sys-
tems (Kakishima et al. 2015). Vast areas of the Am-
azon are seasonally flooded, and fish have been
shown to be critical dispersers in these forests and
link terrestrial and aquatic processes (Goulding
1983, Correa et al. 2015a). Pollination networks in
Amazonian forests are highly diverse and com-
plex, include a wide variety of invertebrates and
vertebrates, and form the basis of reproduction in
the perpetuation of Amazonian forests (Bawa 1990,
Bascompte and Jordano 2007). Pollinator net-
works are often highly specialized and are built
with modules of interacting species with low re-
dundancy, underscoring the role of pollinator bio-
diversity and conservation on overall Amazonian
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biodiversity and ecosystem services (Kremen et al.
2007, Olesen et al. 2007).

Trophic interactions are equally important, lock-
ing animals into networks of herbivory on leaves,
seeds, and roots, with high degrees of specializa-
tion. Plant-herbivore coevolutionary interactions
have led to the evolution of high species diversity
by locking groups of organisms in evolutionary
arms races of attack and defense (Ehrlich and Ra-
ven 1964), and have led to a spectacular diversifi-
cation in Amazonian plant functional traits and
chemical defenses that not only regulate and gen-
erate forest diversity, but also provide critical ser-
vices for humanity (Coley and Barone 1996, Fabri-
cant and Farnsworth 2001, FAO et al. 2011). Herbi-
vore effects on plants depend on both geology and
climate, and trade-offs in these interactions have
generated landscape-level diversification of tropi-
cal trees (Fine et al. 2004, Fine et al. 2013). Plant-
herbivore interactions have emerged as the key
component in maintaining diversity in tropical for-
ests, with frequency- and density-dependent ef-
fects at multiple scales (Janzen 1970, Harms et al.
2000, Terborgh 2012). All of these plant-animal in-
teractions are embedded in food-webs of con-
sumptive interactions, which in turn regulate them
in Amazonian ecosystems, with direct regulation
by predation, and indirect mutualisms arising
from trophic cascades (Schmitz 2008, Terborgh
and Feely 2009).

Plant-animal interactions are at high risk from
multiple forms of human-caused change (e.g., Sales
et al. 2020, 2021). Disruptions to plant-animal in-
teractions can have rapid effects on forest commu-
nity composition, which has long-term conse-
quences (Terborgh et al. 2001), changing forest
composition as well as ecosystem function and
services (Morris 2010). Defaunation has cascading
effects on Amazonian forests through the direct ef-
fects of hunting and indirect effects of anthropo-
genic disturbances, particularly affecting large-
bodied vertebrates (Bodmer et al. 1997). De-
faunation affects all plant-animal interactions, es-
pecially disperser and seed predation networks,
with significant consequences for Amazonian tree
diversity (Kurten 2013, Peres et al. 2016); ecosys-
tem function and services, particularly carbon
storage (Markl et al. 2012, Bello et al. 2015); nutrient
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cycling (Stevenson and Guzman-Caro 2010,
Doughty et al 2016); and even biogeography
(Doughty et al. 2016). Deforestation and forest frag-
mentation can have effects beyond simple removal
of trees, with effects cascading through pollination
(Wirth et al. 2008, Barlow et al. 2016, Lister and Gar-
cia 2018), dispersal (Laurance et al. 2006, Markl et
al. 2012, Caughlin et al. 2014, Hawes et al. 2020),
and consumptive networks (Terborgh 2013), fun-
damentally changing the ecological interactions
that maintain and generate Amazonian biodiver-
sity. Plant-animal interactions are particularly vul-
nerable to climate change effects, both directly
through disruption of plant-animal interaction
networks due to differential responses to climate
among components (Primack et al. 2009, Salcido et
al. 2020), and indirectly by exacerbating the effects
of defaunation and forest degradation (Valladares
et al. 2006, Barlow et al. 2016). An overwhelming
and central result from the study of Amazonian
forests is that intact plant-animal interaction net-
works are essential for the resilience of forest bio-
diversity to anthropogenic changes, and for the re-
covery and restoration of Amazonian systems.

3.3.2 Flood pulses and nutrient flow

Aquatic ecosystems in the Amazon are a complex
mosaic of habitats influenced by flood pulses and
by the pattern of nutrient flow. This has generated
areas with high and low productivity, which have
promoted complex adaptation processes in
aquatic organisms. Fish are undoubtedly one of the
most relevant cases, supporting large biomass in
highly productive rivers (white-water), such as the
Amazon, Madeira, Caqueta/Japura, Putumayo, and
Purus, and low biomass but high species richness
in rivers of black- and clear-waters. In the latter,
the fish depend more on external sources of food
(fruits, seeds, insects) or on trophic subsidies pro-
vided by migratory fishes (see Section 3.3.3). Given
the transparent conditions in clear- or black-wa-
ters, fish usually develop intense colors with an im-
portant function for reproduction (Borghezan et al.
2021).

Many species that live in floodplains have special
adaptations to withstand low oxygen levels and
high temperatures during periods of drought (Junk
etal. 1983, Val 1995, Val and Almeida-Val 1995, Val
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et al. 2015). However, other species choose to per-
form lateral migrations towards main channels for
reproductive purposes, spawning in the main
channels and then returning to lakes and small
tributaries. These fish are predominantly from the
Prochilodontidae and Curimatidae families. Spe-
cies such as the pirarucu (paiche, Arapaima gigas),
which are apparently sedentary, build nests at the
bottom of lakes and reproduce during the low wa-
ter season. When the water level rises, they make
small lateral migrations towards flooded forest,
where the males exercise parental care of their
young (Castello 2007).

Large aquatic carnivores, such as the Amazon river
dolphin (Inia geoffrensis), sometimes follow fish mi-
grations, ensuring permanent and abundant ac-
cess to prey. In general, the females seem to be
more resident and are associated with systems of
lakes and confluences where they take care of their
young, while males make long migrations in
search of food and reproductive options (Trujillo et
al. 2018). In adaptive terms, the Amazon river dol-
phin has developed a better ability to search for
fish in the flooded forest than its sympatric spe-
cies, the gray dolphin (Sotalia fluviatilis). The cervi-
cal vertebrae of their neck are not fused, allowing
them to move their heads, which, combined with a
long snout, allows them to catch benthic or pelagic
fish that hide under macrophytes or among sub-
merged vegetation. Likewise, a low dorsal fin and
pectoral fins with great movement capacity allow
them to move very well in the flooded forest. Some-
thing similar occurs with giant otters (Pteronura
brasiliensis), which make up family groups of be-
tween 6 and 14 individuals. They are mainly lo-
cated in tributaries and lagoons and have more or
less well-defined territories during the low water
period, but when the water level increases, the fish
disperse in the flooded forest and the size of the
territory increases.

During periods of low water, large stretches of
beaches are exposed and are the ideal habitat for
the massive spawning of several species of turtles,
especially of the genus Podocnemis, such as the Gi-
ant Amazon River Turtle (Podocnemis expansa) and
Yellow-Spotted River Turtle (Podocnemis unifilis).
The reproductive success of these species de-
pends, to a great extent, on the characteristics of
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the beach, mainly the type of sediment and the
height at which the nests are dug, as there are fre-
quent rises in water levels that can affect nests in
lower parts. Another species that has adapted to
flood pulses in the Amazon are jaguars (Panthera
onca), which were thought to move to non-flooded
areas during these periods. Recent studies show
that in areas such as Mamiraua in Brazil, they can
spend up to three months living in the treetops,
feeding primarily on sloths, alligators, and even gi-
ant otters (Ramalho 2012, Alvarenga et al. 2018).

3.3.3 Fish migrations

Migratory fishes play important ecological roles in
Amazonian aquatic food webs, providing crucial
subsidies from one component of the ecosystem to
the other, either as predators or prey, or as engi-
neers or seed dispersal agents. Therefore, modifi-
cation or disruption of their migratory patterns by
overharvesting, impoundment, or habitat degra-
dation is likely to profoundly alter ecosystem pro-
cesses by modifying trophic cascades, primary
production, detrital processing, and subsidies
transfer over wide spatial scales (Flecker et al
2010, Barthem et al. 2017, Anderson et al. 2018).

Amazonian goliath catfish of the genus Brachyplat-
ystoma perform the world’s longest known fresh-
water migration. One species, B. rousseauxii, uses
almost the entire length of the Amazon Basin in a
round trip migration of up to ~12,000 km between
its spawning areas in the Andean piedmont of Bo-
livia, Colombia, Ecuador, and Peru, to its nursery in
the estuary in Brazil (Barthem and Goulding 1997,
Barthem et al. 2017, Duponchelle et al. 2016,
Hauser et al. 2020). This exceptional migration in-
volves natal homing, a behavior seldom observed
in freshwater, but common in species migrating
between the sea and rivers, such as salmon. In this
process, adult fish usually return to the watershed
where they were born either in the upper Madeira
(Duponchelle et al. 2016) or in the upper Amazon
(Hauser et al. 2020). Together with river dolphins,
goliath catfish are the apex predators of Amazo-
nian rivers (Barthem and Goulding 1997) and sev-
eral species are overharvested (Barthem et al. 1991,
Petrere et al. 2004, Agudelo et al. 2013). As demon-
strated in both marine and freshwater ecosystems,
top predators play essential ecological functions
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and the depletion of their populations can entail
profound modifications of ecosystems through
trophic cascades (Baum and Worm 2009, Chase et
al. 2009, Frank et al. 2005, Persson et al. 2007). Sim-
ilar cascading effects are expected with the decline
of the large goliath catfish community in the Ama-
zon Basin (Angelini et al. 2006, Lima 2017), which
could be further accentuated by their exceptional
migratory behavior (Borer et al. 2005).

Fish migrations, and in particular the movements
of detritivorous fishes, also play crucial ecological
roles in nutrient transport, with important conse-
quences on local food web dynamics. Fishes of the
family Prochilodontidae (Prochilodus and Sema-
prochilodus), which feed on detritus, algae, and as-
sociated microorganisms (Bowen 1983), indeed
perform complex, large-scale migrations from nu-
trient-poor tributaries (black- or clear-waters) dur-
ing the low water period to the rich floodplains of
white-water tributaries for spawning and feeding
during high waters (Ribeiro and Petrere 1990, Vaz-
zoler and Amadio 1990, Vazzoler et al. 1989). Their
movements between different river systems con-
nect food webs over large spatial scales and result
in important energy and biomass transfer into oli-
gotrophic waters, where these species are preyed
upon by large piscivores that could normally not
support high population densities without these
subsidies (Hoeinghaus et al. 2006, Winemiller and
Jepsen 1998). Although this phenomenon has
mainly been studied in Prochilodontid fishes,
flows of primary production from nutrient-rich
white-water rivers into clear- or black-water rivers
by migratory detritivorous species is likely wide-
spread in the Amazon Basin, as many other migra-
tory characids, such as Anodus spp., Brycon spp.,
Colossoma macropomum, Leporinus spp., Mylossoma
spp., Triportheus spp. spawn and grow exclusively
in white-water, but can live in any water type as
adults (Lima and Araujo-Lima 2004). Another
striking case is the annual migration of the juve-
nile pencil catfish, Trichomycterus barbouri (~3 cm),
which consists of hundreds of thousands of indi-
viduals moving from their nursery area in the
downstream Béni River to its upper reaches hun-
dreds of kilometers upstream (Miranda-Chu-
macero et al. 2015). This migration provides a
source of food for fish, water birds, reptiles, and
human populations along the way.

Science Panel for the Amazon

Many Amazonian migratory fishes have co-evolved
a mutually beneficial relationship with the forest.
During the high-water season, migratory fishes in-
vade the flooded forest to feed on fruit that falls
into the water, dispersing seeds over large dis-
tances while improving their germination process
(Goulding 1980, Correa and Winemiller 2014, Cor-
rea et al. 2015a). Most of the approximately 150
known frugivorous fish species in the Neotropics,
belonging to 17 families and 6 orders, also occur in
the Amazon Basin (Horn et al. 2011). They can con-
sume at least 566 species of fruits and seeds from
82 plant families, thereby contributing to their spa-
tial distribution and biodiversity (Correa et al
2015a). Because commercial fisheries primarily
target large-bodied species, which can disperse
seeds of a broader size range and of a higher diver-
sity of plants, overharvesting could threaten not
only fruit-eating fish populations, but also the bio-
diversity and conservation of the flooded forest
(Correa et al. 2015b).

3.3.4 Environmental variation and adaptation of
organisms

Of the 7 million km? covered by the Amazon region,
800,000 km? are aquatic ecosystems. The interac-
tion between land and water responds to a delicate
climatic gear that is responsible for the flood pulse
(Junk et al. 1989). This is undoubtedly one of the
most important and relevant environmental pro-
cesses in the Amazon, since it generates variations
of up to 15 m in the vertical plane and thousands of
kilometers of flooding in the lateral plane. This
clearly marks a low-water period and a high-water
period, with transition periods throughout the
year. This cycle, repeated for thousands of years,
has generated exceptional adaptation processes by
fauna and flora. A good part of the vegetation is
adapted to being submerged for several months
and synchronizing its fruiting processes in high
waters as a dispersal strategy. Likewise, during
this period, the proliferation of macrophytes and
large patches of aquatic vegetation serve as a ref-
uge for fish and other organisms and provides food
for species such as manatees and capybaras (Pa-
rolin et al. 2004, Piedade et al. 2010, Junk et al.
2011).
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Changes in the water level also generate a mecha-
nism that triggers the lateral migration of many
species, including fish, dolphins, and manatees
(Cox-Fernandes 1997, Martin and da Silva 2004,
Arraut et al. 2010). In the case of dolphins, in high
waters, they disperse into the flooded forest, tribu-
taries, and lagoons in search of food, but when the
water level begins to decrease, gray dolphins (So-
talia fluviatilis) move to the main rivers and later
Amazonian dolphins (/nia geoffrensis) do as well to
avoid being trapped in bodies of water with a low
supply of food. Shallow waters represent the time
of greatest availability of food in the main rivers.
With the contraction of the entire system, the fish
are contained in a smaller space and dolphins take
advantage of this to feed. This increase in energy
allows reproduction to be synchronized with the
season. The young are born 13 months later, also
in periods of low water levels. In contrast, mana-
tees benefit from higher macrophyte production in
high water periods, while in summer they must
browse submerged logs for algae and subsist on
body fat reserves.

3.4 Genetic Plasticity and Molecular Diversity

Because species delimitation is based on genetic
variation, natural selection, and adaptation (Sex-
ton et al. 2009), species richness is widely regarded
as a fundamental measure of biodiversity at the
general level (Gotelli and Colwell 2001). Patterns of
genetic variation in species also represent a vital
but often underestimated component of Amazo-
nian biodiversity; phylogenetic diversity assesses
the evolutionary and cumulative distinctiveness
within and between areas and taxa (Antonelli et al.
2018a). Phylogenetic diversity measures the total
amount of evolution per lineage over time among
all members of a clade or area (Tucker et al. 2017).
In general, this has been shown to provide a better
estimate of feature divergence than species rich-
ness alone (Forest et al. 2007).

Although many groups of organisms are widely
distributed in tropical regions, the detailed pattern
of variation in species (Costa and Magnusson
2010), including spatial, genetic, and morphologi-
cal variation, and their genetic structure have re-
cently been documented, corresponding to several
independent evolutionary units (Ribas et al. 2012,
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Schultz et al. 2017). Genetic diversity of terrestrial
mammals and amphibians is 27% higher in tropi-
cal areas, and disturbed habitats have less genetic
diversity compared to undisturbed areas (Miraldo
et al. 2016). Well-sampled molecular phylogenies
have recently been developed to reveal the evolu-
tion of tropical biota (Dexter et al. 2017, Eiserhardt
et al. 2017). Molecular sampling at the intraspecific
level (subspecies and populations) has signifi-
cantly advanced in the Neotropics (Antonelli et al.
2018b). According to the analysis of dated molecu-
lar phylogenies, it has been shown that some Neo-
tropical regions may be more permeable to immi-
grating lineages than others. Furthermore, the in-
trinsic differences between taxonomic groups
(such as dispersal capacity) may allow some line-
ages to colonize new regions (Antonelli et al
2018b), despite niche conservatism (Crisp et al.
2009), and others support adaptations to ecological
changes (Simon et al. 2009, Trujillo-Arias et al.
2017). However, for most taxonomic groups of the
Amazon, knowledge about biotic exchanges and
dispersal histories remains surprisingly poor, and
it is not understood which regions served as pri-
mary sources and sinks of biodiversity, defined as
providers and recipients (Antonelli et al. 2018b). It
has been concluded that the Amazon is the main
Neotropical diversity source of angiosperms,
ferns, snakes, birds, mammals, and frogs for other
regions, providing >2,800 lineages (63% of all dis-
persal events), being approximately 4.6 times the
second most important source of diversity (An-
tonelli et al. 2018b, Figure 3.6).

As it is known, both the western and central Ama-
zon have the highest species richness of tree com-
munities (ter Steege et al. 2003, Chave et al. 2007)
and, therefore, the highest phylogenetic diversity,
but the lowest mean nearest taxon distance
(Honorio Coronado et al. 2015). The mean pairwise
phylogenetic distance between species is corre-
lated with how evenly taxa are distributed among
the three principal angiosperm clades (Magnoliids
or Dicots, Monocots, Eudicots) and are both the
highest in the western Amazon. Finally, seasonally
dry tropical forests and forests on white sands have
low phylogenetic diversity (Fine et al. 2010,
Honorio Coronado et al. 2015).

24



Chapter 3: Biological Diversity and Ecological Networks in the Amazon

Region-only
shifts

Shifts in region
and major biome type

Figure 3.6 The Amazon as the main source of biodiversity lineages in the Neotropics (Antonelli et al. 2018b). A) Biotic interchange
among Neotropical regions estimated from dated molecular phylogenies. Arrows indicate the direction and number of dispersal
events, with line thickness proportional to the number of events. Only connections with more than 10 events are shown. The posi-
tion of the circles in the layout reflects the biotic connection between regions. Dispersal events out of the Amazon are highlighted
inred. AGL, Andean Grasslands; AMA, Amazonia; ATF, Atlantic Forests; CAA, Caatinga; CEC, Cerrado and Chaco; DNO, Dry Northern
South America; DWE, Dry Western South America; MES, Mesoamerica; PAS, Patagonian Steppe; WIM, West Indies. B) Number of
nonambiguous dispersal events associated with shifts in major biome types compared with shifts to other regions within the same
biome tvpe.
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In the face of environmental change and impacts,
populations with reduced genetic diversity may be
less capable of responding (Whitman and Agrawal
2009), and thus more vulnerable to fragmentation
processes and local extinctions (Spielman et al.
2004). This genetic diversity has been proposed as
a mechanism to survive in heterogeneous or
changing environments, such as the tropics (Lande
2014). A classic example regarding the constant
changes in oxygen content in Amazonian waters is
the development and reversal of various morpho-
logical traits in fishes under hypoxic conditions
(Almeida-Val et al. 2006, Fernandez-Osuna and
Scarabotti 2016). Furthermore, the ability of vari-
ous lineages to establish themselves in the western
and southern Amazon may also be related to high
rates of alteration and turnover in the region
(Quesada et al. 2012, Marimon et al. 2013, Baker et
al. 2014).

3.5 Functional Diversity

Functional diversity, or the value, range, and dis-
tribution of functional traits in a given community,
plays a key role in the generation and main-
tenance of biodiversity and ecosystem processes.
Functional diversity depends on the variability of
trait values of all species present, both within and
between species, and on the extent of overlap of
functional niches (Petchy and Gaston 2006, Diaz et
al. 2007). Functional traits (Chapin et al. 2001,
Violle et al. 2007) mechanistically link species to
their effect on the ecosystems in which they live.
For example, functional traits affect species com-
petitive ability and coexistence (Kraft et al. 2008,
Guilherme et al. 2019), invasion ability (Miranda-
Chumacero et al. 2012, Van Damme et al. 2015),
community and ecosystem structure and function
(Bueno et al. 2013, Sobral et al. 2017), adaptations
along environmental gradients (Asner et al. 2014a,
von May et al. 2017, Santos et al. 2019), and re-
sistance to disturbance and environmental change
(Arévalo-Sandi et al. 2018, Arantes et al. 2019,
Hooper and Ashton 2020).

Environmental conditions act as filters, determin-
ing functional diversity patterns in the Amazon Ba-
sin, selecting species exhibiting similar morpho-
logical, behavioral, or reproductive traits. For ex-
ample, structurally, less complex environments
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(e.g., savannah) harbor more species of smaller
ants, with smaller mandibles and larger eyes. In
more complex forested environments, there are
more ant species of larger size, with larger mandi-
bles and smaller eyes. Thus, the morphological
composition of ground-dwelling ant assemblages
corresponds to environmental complexity, sug-
gesting that certain ant characteristics offer eco-
logical advantages to particular species in particu-
lar habitats (Guilherme et al. 2019). Tree foliar
chemistry provides another example of functional
diversity varying with environmental conditions.
Structural and defense compounds display strik-
ing diversity in the Amazon, and chemical portfo-
lios of tree canopies dramatically shift along eleva-
tion and soil fertility gradients (Asner et al. 2014b).
Likewise, the diversity of functional traits in fish
communities, such as feeding strategies, life histo-
ries, migratory behaviors, and habitat use, is posi-
tively correlated with forest cover in river flood-
plains (Arantes et al. 2019). Accordingly, the envi-
ronment influences functional diversity, and as
habitat loss from deforestation proceeds, the suite
of functional traits found in fish communities is
highly compromised.

The Amazon is among the most functionally di-
verse regions on Earth for a number of taxa (e.g.,
fish: Toussaint et al. 2016; plants: Wieczynski et al.
2019; amphibians: Ochoa-Ochoa et al. 2019). Taxo-
nomic and functional diversity are often decou-
pled, and for some taxonomic groups, functional
diversity is considerably higher in the Amazon
than what would be expected from taxonomic di-
versity. Freshwater fish represent one striking ex-
ample (Toussaint et al. 2016), and different hypoth-
eses have been advanced to explain the tremen-
dous functional diversity of freshwater fishes
throughout the Neotropics (Albert et al. 2020). The
Neotropics host approximately 40% of the world’s
freshwater fish species, yet this same region hosts
more than 75% of fish functional diversity. Fresh-
water functional diversity in Amazon includes in-
credible variation in body form and trophic ecol-
ogy, ranging from suckermouth wood-eating cat-
fish (e.g., Cochliodon, Panaque spp) with teeth and
jawbones specialized for gouging submerged tree
trunks, to electric fish with smaller eyes living in
turbid waters (Gymnotiformes), to migratory fru-
givores with molar-like teeth that can be important
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seed predators as well as seed dispersal agents (e.g.
Colossoma, Piaractus; Correa et al. 2015a), to elon-
gated vampire catfish that feed on blood in the gills
of other fishes, Vandellia (Albert et al. 2020).

Functional diversity explains biological interac-
tions and how organisms can drive crucial ecosys-
tem processes. For example, trophic diversity, an
important functional trait, influences how species
can influence ecological processes such as preda-
tor-prey interactions, seed dispersal, carbon se-
questration, and biogeochemical cycling, all criti-
cal functions in Amazon aquatic and terrestrial
ecosystems. Moreover, species diversity per se can
be a strong driver of ecosystem function. For ex-
ample, in the mixed forest-savanna landscapes of
the Rupununi region of Guyana, mammal species
richness appears to be strongly correlated with
carbon cycling (Sobral et al. 2017). Interestingly,
concentrations of soil carbon and carbon storage
insoil and trees are highest at sites with the highest
mammal species richness. Thus, the number of
feeding interactions influences the amount of car-
bon that remains in soils, as animal bodies, feces,
and fruits processed by mammals all become
sources of soil organic matter. Likewise, in tropical
aquatic systems, consumer-mediated nutrient re-
cycling by fish varies greatly with traits such as
consumer body size, body stoichiometry, and
trophic position. Fish can modulate nutrient cy-
cling in tropical streams (Taylor et al. 2006, Capps
et al. 2013), and fish extinctions can have profound
consequences on rates of nitrogen and phosphorus
remineralization (McIntyre et al. 2007).

Functional diversity can further contribute to com-
munity and ecosystem resilience to perturbation,
including climate change or defaunation. For ex-
ample, plant traits such as the ability to withstand
water and temperature stress can determine how
composition dynamics, plant biomass, and carbon
sequestration of Amazonian forests respond to
prolonged periods of drought (Levine et al. 2016).
Models suggest that forests with high plant trait di-
versity will regenerate more rapidly than forests
with low plant trait diversity following the loss of
large trees to climate change. Thus, scientists fore-
casting climate change impacts on Amazonian for-
est composition, biomass, and carbon sink func-
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tion over the next century cannot neglect trait di-
versity (Sakschewski et al. 2016). Functional re-
dundancy posits that in biodiversity-rich ecosys-
tems like the Amazon, the extinction of some spe-
cies will not cause a substantial loss in ecosystem
function if remnant species play equivalent roles
and are capable of taking over the functions played
by extinct species (Lawton and Brown 1993). In-
deed, evaluations of seed dispersal networks in
Amazonian forests show high connectivity and diet
overlap among several species and groups of ver-
tebrates, suggesting high redundancy. However,
observations show that fragmented and de-
faunated forests suffer greatly from trophic cas-
cading effects, suggesting complementarity rather
than redundancy in large vertebrates (Bueno et al.
2013, Arévalo-Sandi et al. 2018).

3.6 Incomplete Knowledge of Biodiversity

Even though the Amazon is one of the largest and
most intact forests in the world, it is also one of the
least known biologically. Its immense size, diver-
sity, and limited access make the task of docu-
menting its biodiversity extremely challenging.
Consequently, there are both spatial and taxo-
nomic biases in the data, sometimes severe
(Oliveira et al. 2016, Schulman et al. 2007, Vale and
Jenkins 2012). Looking at species locality data in
global databases (Figure 3.7), there is a strong spa-
tial bias towards urban areas, research centers,
and major access routes (e.g., roads, rivers). At the
same time, some parts of the Basin have few or
even no data for any taxa, or at least no data that
are digitally accessible.

Looking across taxa, there are also strong biases.
Most of the data available are for plants or birds
(>80% in GBIF). Groups such as butterflies have far
fewer data, and hugely diverse groups like fungi
and bacteria are almost entirely unknown. Of
course, such taxonomic biases are not unique to
the Amazon; they exist for most areas of the world,
a consequence of society having more interest in
some taxa than others. There are also substantial
numbers of still undescribed species, even for
well-known taxa (Pimm et al. 2010). These species
are also unlikely to be like ones already known.
Yet-to-be-discovered species are certainly rarer
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Figure 3.7 Butterflies (120,313 records) versus birds (3,168,359 records) in terms of collection density. Source: GBIF 2021. Data

clustering method: Natural Jenks, Aggregation distance: 20 km.

and more restricted in their distributions than al-
ready known species. In general, it is the common
and widespread species that are described first
(Pimm and Jenkins 2019). Consequently, the biodi-
versity we do not yet know may not follow the same
patterns as the biodiversity we do know today.

These spatial and taxonomic biases in the data, and
our general lack of adequate data overall, affect our
capacity to understand the true patterns of biodi-
versity in the Amazon. This includes que stions
such as precisely where centers of endemism are
and where one might find the most endangered
species, matters of great concern for conservation.
Nevertheless, while such limitations in our
knowledge are problematic, the reality is that all
places have incomplete data. We must make deci-
sions using the best information available, recog-
nizing that as we learn more, it may be wise to im-
prove upon past decisions.
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3.7 Conclusions

The Amazon is a global icon of biodiversity. Still, in
many taxonomic groups, species diversity is noto-
riously undescribed, and in-depth taxonomic stud-
ies reveal extensive cryptic diversity. As a result,
estimating species richness in the region is a chal-
lenging task. Biodiversity patterns display consid-
erable variation within the Amazon Basin, with
some groups being more diverse in lowland rain-
forests and others in Andean environments. We
are still learning about the fascinating diversity of
Amazonian fauna, flora, and fungi, and this
knowledge is critical for the conservation of the
Amazon region.

Plant-animal and trophic interactions are central

ecological processes in Amazonian forests, without
which these forests would cease to exist. These net-
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works of mutualists and consumers regulate all as-
pects of Amazonian forests, and are responsible for
their composition, species regulation, recovery
from disturbance, and the generation of biodiver-
sity. Changes to species interactions can have cas-
cading effects on Amazonian ecosystem function
and the services they provide humanity. An over-
whelming and central result from the study of Am-
azonian forests is that intact plant-animal interac-
tion networks are essential for the resilience of for-
est biodiversity to anthropogenic change, and for
the recovery and restoration of Amazonian sys-
tems.

Aquatic ecosystems in the Amazon are a complex
mosaic of habitats influenced by flood pulses and
by the pattern of nutrient flow. The juxtaposition of
low and high productivity waters promotes com-
plex adaptation processes among native organ-
isms. Migratory fish play important ecological
rolesin Amazonian aquatic food webs, transferring
energy and nutrients among different components
of the ecosystem, either as predators, prey, engi-
neer species, or seed dispersal agents. Modifica-
tion or disruption of their migratory patterns by
overharvesting, impoundment, or habitat degrada-
tion alters ecosystem processes and trophic cas-
cades, primary production, detrital processing,
and subsidies transfer over wide spatial scales.

Both inter- and intra-specific variation in func-
tional traits in Amazon biota is enormous. Func-
tional diversity determines species competitive
ability and coexistence, diversification, invasion
ability, community and ecosystem structure and
function, adaptations along environmental gradi-
ents, and resistance to disturbance and environ-
mental change. Functional diversity, for example,

can further contribute to community and ecosys-
tem resilience to perturbations, including climate
change. Therefore, scientists forecasting climate
change impacts on Amazonian forest composition,
biomass, and carbon sink function over the next
century cannot neglect trait diversity.

Existing spatial and taxonomic biases in biodiver-
sity data in the Amazon affect our capacity to un-
derstand the true patterns of biodiversity in the re-
gion. These gaps include questions such as the lo-
cation of centers of endemism, areas with the most
endangered species, and other questions of great
concern for conservation. Although such
knowledge gaps may be problematic, they should
not prevent decision-making informed by current
knowledge and open to incorporating novel infor-
mation as it becomes available. Public policies are
of extreme importance for supporting biodiversity-
based basic and applied research in the Amazon,
involving transnational and diverse research
teams.

3.8 Recommendations

e Promote field-based, laboratory, and collec-
tion-based herbarium/museum studies and re-
search collaborations that seek to compile a
comprehensive catalog of Amazonian species,
complemented with properly preserved vouch-
ers and their tissues/DNA extracts (for molecu-
lar studies).

e Support taxonomy, currently an underfunded
and underappreciated discipline. We need
more taxonomists working alongside molecu-
lar biologists and local people willing to con-
tribute their wealth of traditional knowledge to-
wards the description of new species.

Box 3.2 Trends in the Discovery of New Species of Vertebrates in the Amazon Basin

Each year, new species of vertebrates from the Amazon are described, a process of discovery that began
several centuries ago. The first Amazonian vertebrates were described by Linnaeus in 1758: 13 fish, 10
amphibians, 50 reptiles, 131 birds, and 51 mammals. To analyze trends in the descriptions of Amazo-

nian species, 2,406 species of fish were taken as reference (Jézéquel et al. 2020), 997 species of amphib-
ians (GBIF: 10.15468/d1.9mgq7k), 804 reptiles (GBIF: 10.15468/dl.uy6mw9), 2,736 birds (GBIF:
10.15468/d1.3zkc3v), and 974 mammals (GBIF: 10.15468/dl.ttgkq4), for a total of 7,827 species (Figure
B3.2.1). This exercise does not aim to determine the total number of species in the Amazon, but rather
to describe trends in the rate of species descriptions.
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Figure B3.2.1 Species accumulation curves for five vertebrate groups from the Amazon Basin.

Fish After the first species descriptions made by Linnaeus, there was a period with a very low rate of
descriptions until 1830. Starting with contributions from naturalists such as Achille Valenciennes
(1794-1865) and Johann Jakob Heckel (1790-1857), there was a sustained increase until the begin-
ning of the 20th century. Around 1910, with the main contributions of Franz Steindachner (1834
1919) and Carl H. Eigenmann (1863-1927), there was a significant increase from approximately 600
species to just over 1,000. Between 1940 and 1980 there was a constant increase, but it is remarkable
that, since then, when the number of species was at 1,355, there has been a sustained exponential in-
crease in the number described. Indeed, between 2010 and 2020, the largest number (n=412) and
proportion (17%) of species were described of any decade (Figure B3.2.2). Between 1980 and 2019,
44.3% of the Amazon species were described.

Since 2016, a rate equivalent to one new species every week has been reached. This is also reflected by
the historical peak of descriptions reached in the last decade with a total of 412 species (Figure B3.2.1).
According to Jézéquel et al. (2019), the Amazon Fish database (https://amazon-fish.com) recognizes
2,406 valid species (Jéjéquel et al. 2019), with a clear tendency to continue adding new ones. In time,
fish may become the vertebrate group with the highest number of species in the Amazon.

Amphibians The rate of descriptions of new amphibians was very low until 1860, when it increased and
remained relatively constant until 1970 (Figure B3.2.3). From the 1970s onward the rate dramatically
increased, with 50.65% of Amazonian species described in the last 50 years.
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Figure B3.2.2 Number of fish species described per decade in the Amazon Basin

In the 1990s and 2000s, description peaks were reached with 128 and 118 species, respectively (Figure
B3.2.3). According to the data available at the GBIF, 997 valid amphibian species have been described
for the Amazon, with a tendency to continue increasing, and constituting a priority group of verte-
brates for taxonomic efforts. Species discovery has benefited from the incorporation of molecular and
acoustic data, as well as the increased number of herpetologists in South America.

Reptiles Since Linnaeus’s initial descriptions of 50 species (1758), reptiles are the group of vertebrates
with one of the lowest rates of description (Figure B3.2.1), and the lowest number of species described
to date (804). Although descriptions have continuously increased, there is not a period of marked in-
crease as with other vertebrate groups, perhaps highlighting the need for further taxonomic efforts. In
the 1860s, a peak of descriptions was reached with 74 species (9%), whereas in recent decades, be-
tween 1990 and 2010, there was an increase in the number of species described, reaching a peak of 54
between 2000 and 2009 (Figure B3.2.4).
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Figure B3.2.4 Number and percentage of reptile species described by decade in the Amazon.
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Birds Since Linnaeus described 150 bird species, this is the vertebrate group with the largest number of
species, currently with 2,736 according to GBIF data (Figure B3.2.1). Although there was very little in-
crease between 1790 and 1810, the number of species rapidly increased to 2,500 by 1910. The peak of
Amazon species descriptions occurred between 1840 and 1849, with 349 species added (17%), account-
ing for 58.2% of species added between 1810 and 1870 (Figure B3.2.5). Since 1910, species descriptions
have significantly slowed down, with just 25 species added since the turn of the century. This trend
suggests that birds are the best-known vertebrate group with the least number of species remaining to
be described.
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Figure B3.2.5 Number and percentage of bird species described by decade in the Amazon.

Mammals When descriptions of Amazonian mammal species began (51 species described by Linnaeus
in 1758), they occupied second place, after birds (Figure B3.2.1). The number of mammal species
moved to third place between 1860 and 1870, a position it held until the last decade, when amphibians
overtook mammals (975 vs 997, respectively) (Figure B3.1 and Figure B3.2.6).

The rate of descriptions has remained relatively constant with increases in 1840 and 1900-1920, with
the latter period being the peak in descriptions (92 species, 9%, Figure B3.2.6). The greatest potential
for further new mammal species in the Amazon are among bats, rodents, and marsupials.
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Figure B3.2.6 Number and percentage of mammal species described by decade in the Amazon.

Patterns of discovery vary widely among vertebrate classes in the Amazon, and the rates of new species
descriptions, for each decade, have been highly variable between groups. To continue with the high
rates of new species descriptions, particular attention should be given to the formation of integrative
taxonomists, especially for fish, amphibians, and small mammals, whose species accumulation curves
are far from reaching an asymptote, as happens in birds. New species are being continually described
in the Amazon, including areas affected by the negative impacts of human activities. Efforts to describe
new species before they are lost to habitat destruction must be intensified if we want to know the true
levels of species richness in the Amazon, and the most effective ways to preserve it.

Methodological note: Species lists with the year of description for each species were used in the analy-
sis. In the case of fish, the list available from Amazon Fish (Jézéquel et al. 2020) was used, while for the
rest of the groups the species lists were extracted from the GBIF, using a polygon that covers the entire
Amazon basin (Amphibians, DOI: 10.15468/d1.9mgq7k; reptiles, DOI: 10.15468/dl.uy6mw9; birds, DOI:
10.15468/d1.3zkc3v; and mammals, DOI: 10.15468/dl.ttgkg4). In all cases, it is assumed that GBIF and
Amazon fish lists have the taxonomic information reviewed and validated. Only the scientific names
that include author and year were used, so the species totals do not necessarily indicate the total num-
ber of species present in the Amazon. The polygon drawn for the GBIF download may have omitted
some species or included species that do not necessarily occur in the Amazon.
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e Itiscrucial to maintain altitudinal connectivity
from the Amazon to the Andes. Otherwise, spe-
cies will lose the ability to migrate in response
to climate change.

It is essential to establish large-scale, landscape-
level, conservation initiatives that maintain core
areas and connectivity to secure the survival of
wide-ranging species, migratory species, rare spe-
cies, species with patchy distributions, and the di-
versity of functional traits.

3.9 References

Acosta IDCL, Costa AP Da, Gennari SM, and Marcili A. 2014. Sur-
vey of Trypanosoma and Leishmania in wild and domestic
animals in an Atlantic rainforest fragment and surround-
ings in the state of Espirito Santo, Brazil. J Med Entomol 51:
686—-93.

Adis J, Harada AY, Fonseca CRV da, et al. 1998. Arthropods ob-
tained from the Amazonian tree species “Cupiuba” (Goupia
glabra) by repeated canopy fogging with natural Pyrethrum.
Acta Amaz 28: 273.

Adis J. 2007. Arthropods (terrestrial), Amazonian. In: Encyclo-
pedia of Biodiversity. San Diego: Academic Press.

Agudelo Cérdoba E, Leén AVJ, Bonilla-Castillo CA, et al. 2013.
Breeding, growth and exploitation of Brachyplatystoma rous-
seauxii Castelnau, 1855 in the Caqueta River, Colombia. Ne-
otrop Ichthyol 11: 637-47.

Albert JS, Tagliacollo VA, and Dagosta F. 2020. Diversification of
Neotropical Freshwater Fishes. Annu Rev Ecol Evol Syst 51:
27-53.

Alcantara-Rodriguez M, Francozo M, and Andel T van. 2019.
Plant knowledge in the Historia Naturalis Brasiliae (1648):
retentions of seventeenth-century plant use in Brazil. Econ
Bot 73: 390-404.

Aleixo A and Fatima Rossetti D de. 2007. Avian gene trees, land-
scape evolution, and geology: towards a modern synthesis of
Amazonian historical biogeography? J Ornithol 148: 443-53.

Alexiades M and Shanley P. 2004. Productos forestales, medios
de subsistencia y conservacion: Estudios de caso sobre sis-
temas de manejo de productos forestales no maderables.
Bogor, Indonesia: CIFOR.

Almeida MLS, Fernandes AS, and Boldrini R. 2020. A new spe-
cies of Macrelmis Motschulsky, 1859 (Coleoptera: Elmidae)
and new records of Elmidae from Roraima State, northern
Brazil. Zootaxa 4718.

Almeida-Val VMF, Gomes ARC, and Lopes NP. 2006. Metabolic

Science Panel for the Amazon

and physiological adjustments to low oxygen and high tem-
perature in fishes of the Amazon. Fish Physiol 21: 443-500.

Alonso JA, Metz MR, and Fine PVA. 2013. Habitat Specialization
by Birds in Western Amazonian White-sand Forests. Biotrop-
ica 45: 365-72.

Altieri MA. 1999. The ecological role of biodiversity in agroeco-
systems. In: Invertebrate biodiversity as bioindicators of
sustainable landscapes. Elsevier.

Alvarenga GC, Ramalho EE, Baccaro FB, et al. 2018. Spatial pat-
terns of medium and large size mammal assemblages in
varzea and terra firme forests, Central Amazonia, Brazil.
PLoS One 13:e0198120.

AmphibiaWeb. 2020. AmphibiaWeb. https://amphibiaweb.otg.

Andersen RA. 1992. Diversity of eukaryotic algae. Biodivers &
Conserv1: 267-92.

Anderson EP, Jenkins CN, Heilpern S, et al. 2018. Fragmentation
of Andes-to-Amazon connectivity by hydropower dams. Sci
Adv 4: eaa0l642.

Andrews C. 1990. The ornamental fish trade and fish conserva-
tion. J Fish Biol 37: 53-9.

Angelini R, Fabré NN, and Silva-JR UL da. 2006. Trophic analy-
sis and fishing simulation of the biggest Amazonian catfish.

Anjos HDB, Amorim RM de S, Siqueira JA, et al. 2009. Ornamen-
tal fish export of the state of Amazonas, Amazon basin, Bra-
zil. Bol do Inst Pesca 35: 259-74.

Antonelli A, Ariza M, Albert J, et al. 2018a. Conceptual and em-
pirical advances in Neotropical biodiversity research. PeerJ
6: e5644.

Antonelli A, Smith RJ, and Simmonds MSJ. 2019. Unlocking the
properties of plants and fungi for sustainable development.
Nat Plants 5: 1100-2.

Antonelli A, Zizka A, Carvalho FA, et al. 2018b. Amazonia is the
primary source of Neotropical biodiversity. Proc Natl Acad Sci
115: 6034-9.

Arantes CC, Winemiller KO, Asher A, et al. 2019. Floodplain land
cover affects biomass distribution of fish functional diver-
sity in the Amazon River. Sci Rep 9: 16684.

Aratjo VAL De, Boité MC, Cupolillo E, et al. 2013. Mixed infection
in the anteater Tamandua tetradactyla (Mammalia: Pilosa)
from Pard State, Brazil: Trypanosoma cruzi, T. rangeli and Leish-
mania infantum. Parasitology 140: 455-60.

Arévalo-Sandi A, Bobrowiec PED, Rodriguez Chuma VJU, and
Norris D. 2018. Diversity of terrestrial mammal seed dis-
persers along a lowland Amazon forest regrowth gradient.
PLoS One 13:e0193752.

Arias JR, Naiff RD, Naiff MF, et al. 1982. Isolation of Histoplasma
capsulatum from an armadillo (Dasypus novemcinctus) in the
eastern Amazon of Brazil. Trans R Soc Trop Med Hyg 76:
705-6.

Arnold AE and Lutzoni F. 2007. Diversity and host range of foliar

35



Chapter 3: Biological Diversity and Ecological Networks in the Amazon

fungal endophytes: are leaves
hotspots? Ecology 88: 541-9.

Arraut EM, Marmontel M, Mantovani JE, et al. 2010. The lesser of
two evils: seasonal migrations of Amazonian manatees in
the Western Amazon. J Zool 280: 247-56.

Asner GP, Anderson CB, Martin RE, et al. 2014a. Landscape-
scale changes in forest structure and functional traits along
an Andes-to-Amazon elevation gradient. Biogeosciences 11:
843-56.

Asner GP, Martin RE, Tupayachi R, et al. 2014b. Amazonian
functional diversity from forest canopy chemical assembly.
Proc Natl Acad Sci 111: 5604-9.

Aublet F. 1775. Histoire des plantes de la Guiane francoise, ran-
gées suivant la méthode sexuelle... Didot.

Avila-Pires TC. and Ramalho WP. Censo da Biodiversidade da
Amazonia Brasileira — MPEG: Lagartos http://www.museu-
goeldi.br/censo/. Viewed 28 Mar 2019.

Avila-Pires TCS, Hoogmoed MS, and Vitt LJ. 2007. Herpetofauna
da Amazodnia. Herpetol no Bras II Belo Horiz Soc Bras Herpetol:
13-43.

Ayala FM. 1964. Presencia de un hemoflagelado semejante al
Trypanosoma rangeli Tejera, 1920 en el mono Saimiri boli-

tropical biodiversity

viensis, en la region amazonica, Peru. Rev Inst Med Trop Sdo
Paulo 6: 47-50.

Azevedo-Ramos C and Galatti U. 2002. Patterns of amphibian di-
versity in Brazilian Amazonia: conservation implications.
Biol Conserv103: 103-11.

Badio B and Daly JW. 1994. Epibatidine, a potent analgetic and
nicotinic agonist. Mol Pharmacol 45: 563-9.

Bain O, Petit G, and Rosales-Loesener L. 1986. Filaires de Singes
sud-ameéricains. Bull du Muséum Natl d’histoire Nat Sect A, Zool
Biol écologie Anim 8: 513—-42.

Baker JR. 1972. Protozoa of tissues and blood (Other than the
Haemosporina). In: Pathology of Simian Primates. Karger
Publishers.

Baker PA, Fritz SC, Dick CW, et al. 2014. The emerging field of
geogenomics: constraining geological problems with ge-
netic data. Earth-Science Rev 135: 38—47.

Balslev H, Macia MJ, and Navarrete H. 2015. Cosecha de palmas
en el noroeste de Suramérica: bases cientificas para su ma-
nejo y conservacion. Pontificia Universidad Catolica del
Ecuador.

Barlow J, Lennox GD, Ferreira J, et al. 2016. Anthropogenic dis-
turbance in tropical forests can double biodiversity loss
from deforestation. Nature 535: 144-7.

Barnes CJ, Maldonado C, Frgslev TG, et al. 2016. Unexpectedly
high beta-diversity of root-associated fungal communities
in the Bolivian Andes. Front Microbiol 7: 1377.

Barros JHS, Lima L, Schubach AO, and Teixeira MMG. 20109.

Science Panel for the Amazon

Trypanosoma madeirae sp. n.: A species of the clade T. cruzi as-
sociated with the neotropical common vampire bat Desmodus
rotundus. Int J Parasitol Parasites Wildl 8: 71-81.

Barros Lopes L De, Guterres A, Rozental T, et al. 2014. Rickettsia
bellii, Rickettsia amblyommii, and Laguna Negra hantavirus in
an Indian reserve in the Brazilian Amazon. Parasites and
Vectors 7: 1-7.

Barthem R and Goulding M. 1997. The catfish connection: ecol-
ogy, migration, and conservation of Amazon predators. Co-
lumbia University Press.

Barthem R and Goulding M. 2007. Un ecosistema inesperado: la
Amazonia revelada por la pesca. Museu Paraense Emilio
Goeldi, Amazon Conservation Association (ACA).

Barthem RB, Brito Ribeiro MCL de, and Petrere Jr M. 1991. Life
strategies of some long-distance migratory catfish in rela-
tion to hydroelectric dams in the Amazon Basin. Biol Conserv
55: 339-45.

Barthem RB, Goulding M, Leite RG, et al. 2017. Goliath catfish
spawning in the far western Amazon confirmed by the dis-
tribution of mature adults, drifting larvae and migrating ju-
veniles. Sci Rep 7: 1-13.

Bascompte J and Jordano P. 2007. Plant-animal mutualistic net-
works: the architecture of biodiversity. Annu Rev Ecol Evol Syst
38: 567-93.

Bass MS, Finer M, Jenkins CN, et al. 2010. Global conservation
significance of Ecuador’s Yasuni National Park. PLoS One 5:
e8767.

Bates JM. 2001. Avian diversification in Amazonia: evidence for
historical complexity and a vicariance model for a basic di-
versification pattern. Divers bioldgica e Cult da Amaz: 119-37.

Baum JK and Worm B. 2009. Cascading top-down effects of
changing oceanic predator abundances. JAnim Ecol 78: 699—
714.

Bawa KS. 1990. Plant-pollinator interactions in tropical rain for-
ests. Annu Rev Ecol Syst: 399-422.

Bello C, Galetti M, Pizo MA, et al. 2015. Defaunation affects car-
bon storage in tropical forests. Sci Adv1: e1501105.

Benone NL, Leal CG, Santos LL dos, et al. 2020. Unravelling pat-
terns of taxonomic and functional diversity of Amazon
stream fish. Aquat Sci 82: 1-11.

Beringer J, Lynch AH, Chapin Il FS, et al. 2001. The representa-
tion of arctic soils in the land surface model: the importance
of mosses. J Clim 14: 3324-35.

Bernal R, Gradstein SR, and Celis M (Eds). 2015. Catalogo de
plantas y liquenes de Colombia.

Bernal R, Gradstein SR, and Celis M (eds. . (Eds). 2015. Catalogo
de plantas y liquenes de Colombia. Bogota: Universidad Na-
cional de Colombia.

Bodmer RE, Eisenberg JF, and Redford KH. 1997. Hunting and
the likelihood of extinction of Amazonian mammals: Caza y

36



Chapter 3: Biological Diversity and Ecological Networks in the Amazon

Probabilidad de Extincidn de Mamiferos Amazdnicos. Con-
serv Biol 11: 460-6.

Bonvicino CR and Weksler M. 2012. Speciation in Amazonia:
Patterns and Predictions of a Network of Hypotheses. In:
Patterson BD, Costa L. (Eds). Bones, Clones, and Biomes: the
history and geography of recent Neotropical mammals. Chi-
cago.: University of Chicago Press.

Borer ET, Seabloom EW, Shurin JB, et al. 2005. What determines
the strength of a trophic cascade? Ecology 86: 528—37.

Borghezan E de A, Pires TH da S, Tkeda T, et al. 2021. A Review
on Fish Sensory Systems and Amazon Water Types With Im-
plications to Biodiversity. Front Ecol Evol 8.

Bowen SH. 1983. Detritivory in neotropical fish communities.
Environ Biol Fishes 9: 137-44.

Brako L and Zarucchi JL. 1993. Catalogue of the flowering plants
and gymnosperms of Peru. Catdlogo de las angiospermas y
gimnospermas del Peru. Monogr Syst Bot from Missouri Bot
Gard 45: 1-1286.

Brando PM, Paolucci L, Ummenhofer CC, et al. 2019. Droughts,
Wildfires, and Forest Carbon Cycling: A Pantropical Synthe-
sis. Annu Rev Earth Planet Sci 47: 555—-81.

Brazil Flora Group. 2018. Brazilian Flora 2020: Innovation and
collaboration to meet Target 1 of the Global Strategy for
Plant Conservation (GSPC). Rodriguésia 69: 1513—-27.

Brehm G, Homeier J, Fiedler K, et al. 2008. Mountain Rain For-
ests in Southern Ecuador as a Hotspot of Biodiversity — Lim-
ited Knowledge and Diverging Patterns

Brito JG, Roque FO, Martins RT, et al. 2020. Small forest losses
degrade stream macroinvertebrate assemblages in the east-
ern Brazilian Amazon. Biol Conserv 241: 108263.

Bueno RS, Guevara R, Ribeiro MC, et al. 2013. Functional Redun-
dancy and Complementarities of Seed Dispersal by the Last
Neotropical Megafrugivores (A Traveset, Ed). PLoS One 8:
e56252.

Bush MB. 1994. Amazonian speciation: a necessarily complex
model. J Biogeogr: 5-17.

Calderon-Saenz E. (ed.). 2006. Libro Rojo de Plantas de Colom-
bia. Volumen 3: Orquideas, Primera Parte. Serie Libros Ro-
jos de Especies Amenazadas de Colombia. Bogotd4, Colom-
bia. Instituto Alexander von Humboldt - Ministerio de Am-
biente, Vivienda y Desarrollo Territorial. 828 p.

Capps KA and Flecker AS. 2013. Invasive aquarium fish trans-
form ecosystem nutrient dynamics. Proc R Soc B Biol Sci 280:
20131520.

Cardoso D, Sarkinen T, Alexander S, et al. 2017. Amazon plant
diversity revealed by a taxonomically verified species list.
Proc Natl Acad Sci 114: 10695-700.

Carnieli P, Ruthner Batista HBC, Novaes Oliveira R de, et al.
2013. Phylogeographic dispersion and diversification of ra-
bies virus lineages associated with dogs and crab-eating

Science Panel for the Amazon

foxes (Cerdocyon thous) in Brazil. Arch Virol 158: 2307-13.

Carrasco HJ, Frame IA, Valente SA, and Miles MA. 1996. Genetic
Exchange as a Possible Source of Genomic Diversity in Syl-
vatic Populations of Trypanosoma cruzi. Am J Trop Med Hyg 54:
418-24.

Castello L. 2007. Lateral migration of Arapaima gigas in flood-
plains of the Amazon. Ecol Freshw Fish 17: 38—46.

Caughlin TT, Ferguson JM, Lichstein JW, et al. 2015. Loss of an-
imal seed dispersal increases extinction risk in a tropical
tree species due to pervasive negative density dependence
across life stages. Proc R Soc B Biol Sci 282: 20142095.

Cavazzana Jr M, Marcili A, Lima L, et al. 2010. Phylogeograph-
ical, ecological and biological patterns shown by nuclear
(ssrTRNA and gGAPDH) and mitochondrial (Cyt b) genes of
trypanosomes of the subgenus Schizotrypanum parasitic in
Brazilian bats. Int J Parasitol 40: 345-55.

Chapin FS, Sala OE, Huber-Sannwald E, and Leemans R. 2001.
The future of biodiversity in a changing world. In: Chapin FS,
Sala OE, Sannwald H (Eds). Global Biodiversity in a Changing
Environment. Springer.

Chase JM, Biro EG, Ryberg WA, and Smith KG. 2009. Predators
temper the relative importance of stochastic processes in
the assembly of prey metacommunities. Ecol Lett 12: 1210—
8.

Chave J, Chust G, and Thébaud C. 2007. The importance of phy-
logenetic structure in biodiversity studies. Scaling Biodivers:
151-67.

Chaverri-Polini A. 1998. Mountains, biodiversity and conserva-
tion. UNASYLVA-FAO, 49: 47-54.

Clement C, Cristo-Araujo M De, Coppens D’Eeckenbrugge G, et
al. 2010. Origin and Domestication of Native Amazonian
Crops. Diversity 2: 72—106.

Clement CR, Denevan WM, Heckenberger MJ, et al. 2015. The do-
mestication of Amazonia before European conquest. Proc R
Soc B Biol Sci 282: 20150813.

Clement CR, Rodrigues DP, Alves-Pereira A, et al. 2016. Crop do-
mestication in the upper Madeira River basin. Bol do Mus Para
Emilio Goeldi Ciéncias Humanas 11: 193-205.

Cobo B. (1964 [1653]). Historia del nuevo mundo. Imp. de E.
Rasco.

Coley PD and Barone JA. 1996. Herbivory and plant defenses in
tropical forests. Annu Rev Ecol Syst 27: 305-35.

Colinvaux PA. 1993. Pleistocene biogeography and diversity in
tropical forests of South America. Biol Relationships between
Africa South Am: 473-99.

Conga DF, Bowler M, Tantalean M, et al. 2014. Intestinal hel-
minths in wild Peruvian red uakari monkeys (Cacajao calvus
ucayalii) in the northeastern Peruvian Amazon. J Med Prima-
tol 43:130-3.

Coradin L, Camillo J, and Pareyn F. 2018. Espécies nativas da

37



Chapter 3: Biological Diversity and Ecological Networks in the Amazon

flora brasileira de valor econémico atual ou potencial: plan-
tas para o futuro: Regido Centro-Oeste. Embrapa Recur Gené-
ticos e Biotecnol cientifiico.

Correa SB and Winemiller KO. 2014. Niche partitioning among
frugivorous fishes in response to fluctuating resources in
the Amazonian floodplain forest. Ecology 95: 210-24.

Correa SB, Araujo JK, Penha JMF, et al. 2015b. Overfishing dis-
rupts an ancient mutualism between frugivorous fishes and
plants in Neotropical wetlands. Biol Conserv 191: 159-67.

Correa SB, Costa-Pereira R, Fleming T, et al. 2015a. Neotropical
fish-fruit interactions: eco-evolutionary dynamics and con-
servation. Biol Rev 90: 1263-78.

Costa AP da, Costa FB, Soares HS, et al. 2015. Trypanosoma cruzi
and Leishmania infantum chagasi Infection in Wild Mammals
from Maranhdo State, Brazil. Vector-Borne Zoonotic Dis 15:
656-66.

Costa AP da, Nunes PH, Leite BHS, et al. 2016. Diversity of bats
trypanosomes in hydroeletric area of Belo Monte in Brazil-
ian Amazonia. Acta Trop 164: 185-93.

Costa FRC and Magnusson WE. 2010. The need for large-scale,
integrated studies of biodiversity-the experience of the Pro-
gram for Biodiversity Research in Brazilian Amazonia. Vol 8,
Numero 1, Pags 3-12.

Costa LJC, Andrade FAG, Uieda W, et al. 2013. Serological inves-
tigation of rabies virus neutralizing antibodies in bats cap-
tured in the eastern Brazilian Amazon. Trans R Soc Trop Med
Hyg 107: 684-9.

Cox-Fernandes C. 1997. Lateral migration of fishes in Amazon
floodplains. Ecol Freshw Fish 6: 36—44.

Crawford MJ. 2016. The Andean Wonder Drug, Cinchona bark
and the Imperial Science in the Spanish Atlantic, 1630-
1800. University of Pittsburg Press. 30.

Crisp MD, Arroyo MTK, Cook LG, et al. 2009. Phylogenetic biome
conservatism on a global scale. Nature 458: 754—6.

Da Silva, Moises B. et al. 2018. Evidence of zoonotic leprosy in
Pard, Brazilian Amazon, and risks associated with human
contact or consumption of armadillos. PLoS neglected tropical
diseases, 12: e0006532.

Da -Silva V, Trujillo F, Martin A, et al. 2018. Inia geoffrensis. The
IUCN Red List of Threatened.

Dala-Corte RB, Melo AS, Siqueira T, et al. 2020. Thresholds of
freshwater biodiversity in response to riparian vegetation
loss in the Neotropical region. J Appl Ecol 57: 1391-402.

Daly JW.1995. The chemistry of poisons in amphibian skin. Proc
Natl Acad Sci 92: 9-13.

Da-Silva FM, Marcili A, Lima L, et al. 2009. Trypanosoma rangeli
isolates of bats from Central Brazil: genotyping and phyloge-
netic analysis enable description of a new lineage using
spliced-leader gene sequences. Acta Trop 109: 199-207.

Science Panel for the Amazon

Da-Silva Jr NJ and Sites Jr JW. 1995. Patterns of diversity of ne-
otropical squamate reptile species with emphasis on the
Brazilian Amazon and the conservation potential of indige-
nous reserves. Conserv Biol 9: 873-901.

Da-Silva MNF da, Oliveira ACM, Messias MR, et al. 2015. Biodi-
versidade brasileira de mamiferos amazonicos represen-
tada em colecdes bioldgicas. In: Oliveira ACM, Miranda C.
(Eds). Pequenos Mamiferos ndo-voadores da Amazonia Bra-
sileira. SBMz.

Da-Silva VMF. 2008. Amazon river dolphin: Inia geoffrensis. Encycl
Mar Mamm 8235: 26-8.

de Thoisy B, Gardon J, Salas RA, et al. 2003. Mayaro Virus in Wild
Mammals, French Guiana. Emerg Infect Dis 9: 1326-9.

Deane LM 1961. Tripanosomideos de mamiferos da regido
amazonica. I. Alguns flagelados encontrados no sangue de
mamiferos silvestres do Estado do Para. Rev Inst Med Trop,
Sao Paulo 3: 15-28.

Deane LM and Damasceno RG. 1961. Tripanosomideos de ma-
miferos da Regido Amazonica II. Tripanosomas de macacos
da Zona do Salgado, Estado do Para. Rev Inst Med Trop Sdo
Paulo 3: 61-70.

Deem SL and Emmons LH. 2005. Exposure of free-ranging
maned wolves (Chrysocyon brachyurus) to infectious and par-
asitic disease agents in the Noel Kempff Mercado National
Park, Bolivia. J Zoo Wildl Med 36: 192—7.

Demar M, Ajzenberg D, Serrurier B, et al. 2008. Atypical Toxo-
plasma gondii strain from a free-living jaguar (Panthera
onca) in French Guiana. Am J Trop Med Hyg 78: 195-7.

Dexter KG, Lavin M, Torke BM, et al. 2017. Dispersal assembly of
rain forest tree communities across the Amazon basin. Proc
Natl Acad Sci114: 2645-50.

Dias-Silva K, Brasil LS, Veloso GKO, et al. 2020. Land use change
causes environmental homogeneity and low beta-diversity
in Heteroptera of streams. In: Annales de Limnologie-Inter-
national Journal of Limnology.

Diaz S, Lavorel S, Bello F de, et al. 2007. Incorporating plant
functional diversity effects in ecosystem service assess-
ments. Proc Natl Acad Sci 104: 20684-9.

Domning DP. 1982. Commercial exploitation of manatees Trich-
echus in Brazil c¢. 1785--1973. Biol Conserv 22: 101-26.

Donatti CI, Guimaraes PR, Galetti M, et al. 2011. Analysis of a hy-
per-diverse seed dispersal network: modularity and under-
lying mechanisms. Ecol Lett 14: 773-81.

Doughty CE, Wolf A, Morueta-Holme N, et al. 2016. Megafauna
extinction, tree species range reduction, and carbon storage
in Amazonian forests. Ecography (Cop) 39: 194-203.

Dubey JP, Sundar N, Gennari SM, et al. 2007. Biologic and ge-
netic comparison of Toxoplasma gondii isolates in free-range
chickens from the northern Para state and the southern
state Rio Grande do Sul, Brazil revealed highly diverse and

38



Chapter 3: Biological Diversity and Ecological Networks in the Amazon

distinct parasite populations. Vet Parasitol 143: 182-8.

Duellman WE and Trueb L. 1986. Biology of Amphibians.
McGraw-Hill.

Duellman WE. 2005. Cusco Amazonico. Ithaca, NY: Comstock
Pub. Associates.

Duponchelle F, Isaac VJ, Rodrigues Da Costa Doria C, et al. 2021.
Conservation of migratory fishes in the Amazon basin. Aquat
Conserv Mar Freshw Ecosyst 31: 1087-105.

Duponchelle F, Pouilly M, Pécheyran C, et al. 2016. Trans-Ama-
zonian natal homing in giant catfish. JAppl Ecol 53: 1511-20.

Dutra RC, Campos MM, Santos ARS, and Calixto JB. 2016. Medic-
inal plants in Brazil: Pharmacological studies, drug discov-
ery, challenges and perspectives. Pharmacol Res 112: 4-29.

Ehrlich PR and Raven PH. 1964. Butterflies and plants: a study
in coevolution. Evolution (N'Y): 586—608.

Eiserhardt WL, Couvreur TLP, and Baker WJ. 2017. Plant phy-
logeny as a window on the evolution of hyperdiversity in the
tropical rainforest biome. New Phytol 214: 1408—-22.

Erwin TL, Pimienta MC, Murillo OE, and Aschero V. 2005. Map-
ping patterns of {3-diversity for beetles across the western
Amazon Basin: A preliminary case for improving conserva-
tion strategies. Proc Calif Acad Sci: 72—-85.

Erwin TL. 1998. Forests and Insects. Allan D. Watt, Nigel E.
Stork, and Mark D. Hunter (editors) London: Chapman &
Hall, 1997 pp. i-xv, 1-406. Biodiversity and Conservation 7:
1662-1664. [Review]

Estrella, E. 1995. Plantas medicinales Amazodnicas : realidad y
perspectivas. Lima.

Evers H-G, Pinnegar JK, and Taylor MI. 2019. Where are they all
from?-sources and sustainability in the ornamental fresh-
water fish trade. J Fish Biol 94: 909-16.

Fabricant DS and Farnsworth NR. 2001. The value of plants used
in traditional medicine for drug discovery. Environ Health
Perspect 109: 69-75.

FAO 2011. Fruit trees and useful plants in Amazonian life (P
Shanley, M Margaret Cymerys, M Serra, and G Medina, Eds).
FAO, CIFOR, PPI.

Favoretto s. R, mattos c. C De, mattos c. A De, et al. 2013. The
emergence of wildlife species as a source of human rabies
infection in Brazil. Epidemiol Infect 141: 1552—-61.

Fernandez de Oviedo G. 1526. Ouiedo de la natural hystoria de
las Indias. Exposicidén Historico -Americana de Madrid. Ca-
talogo 589.

Fernandez-Osuna MA and Scarabotti PA. 2016. Phenotypic plas-
ticity associated to environmental hypoxia in the neotropi-
cal serrasalmid Piaractus mesopotamicus (Holmberg, 1887)
(Characiformes: Serrasalmidae). Neotrop Ichthyol 14.

Ferreira AS, Lima AP, Jehle R, et al. 2020. The influence of envi-
ronmental variation on the genetic structure of a poison frog
distributed across continuous Amazonian rainforest. J Hered

Science Panel for the Amazon

111: 457-70.

Ferris MJ, Ruff-Roberts AL, Kopczynski ED, et al. 1996. Enrich-
ment culture and microscopy conceal diverse thermophilic
Synechococcus populations in a single hot spring microbial
mat habitat. Appl Environ Microbiol 62: 1045 LP — 1050.

Feuillet C. 2009. Checklist of the plants of the Guiana shield 1.
An update to the angiosperms. J Bot Res Inst Texas: 799-814.

Figueiredo LTM and Rosa APAT da. 1988. Jatobal virus antigenic
characterization by ELISA and neutralization test using EIA
as indicator, on tissue culture. Mem Inst Oswaldo Cruz 83: 161—
4.

Filgueiras A, Barros JH da S, Xavier SCC, et al. 2019. Natural
Trypanosoma (Trypanozoon) evansi (Steel, 1885) infection
among mammals from Brazilian Amazon. Acta Trop 190: 92—
8.

Fine PVA, Garcia-Villacorta R, Pitman NCA, et al. 2010. A floristic
study of the white-sand forests of Peru. Ann Missouri Bot Gard
97:283-305.

Fine PVA, Garcia-Villacorta R, Pitman NCA, et al. 2010. A Floris-
tic study of the white-sand dorests of Peru 1. Ann Missouri Bot
Gard 97: 283-305.

Fine PVA, Mesones I, and Coley PD. 2004. Herbivores promote
habitat specialization by trees in Amazonian forests. Science
305: 663-5.

Fine PVA, Metz MR, Lokvam J, et al. 2013. Insect herbivores,
chemical innovation, and the evolution of habitat specializa-
tion in Amazonian trees. Ecology 94: 1764-75.

Flecker AS, McIntyre PB, Moore JW, et al. 2010. Migratory fishes
as material and process subsidies in riverine ecosystems. In:
American Fisheries Society Symposium.

Flora de Colombia. Flora de Colombia. 1983—present. 26+ vols.
Instituto de Ciencias Naturales, Universidad Nacional, Bo-
gota.

Flora do Brasil. 2020. Jardim Botanico do Rio de Janeiro
http://floradobrasil.jbrj.gov.br.

Flynn DFB, Gogol-Prokurat M, Nogeire T, et al. 2009. Loss of
functional diversity under land use intensification across
multiple taxa. Ecol Lett 12: 22—-33.

Forest F, Grenyer R, Rouget M, et al. 2007. Preserving the evolu-
tionary potential of floras in biodiversity hotspots. Nature
445: 757-60.

Forzza RC, Leitman PM, Costa A, et al. 2010. Catalogo de plantas
e fungos do Brasil-Vol. 2. JBRJ.

Fouquet A, Courtois EA, Baudain D, et al. 2015. The trans-river-
ine genetic structure of 28 Amazonian frog species is de-
pendent on life history. J Trop Ecol 31: 361-73.

Fouquet A, Gilles A, Vences M, et al. 2007. Underestimation of
Species Richness in Neotropical Frogs Revealed by mtDNA
Analyses (J-N Volff, Ed). PLoS One 2: €11009.

39



Chapter 3: Biological Diversity and Ecological Networks in the Amazon

Frank KT, Petrie B, Choi JS, and Leggett WC. 2005. Trophic cas-
cades in a formerly cod-dominated ecosystem. Science 308:
1621-3.

Frost DR. 2021. Amphibian Species of the World: an Online Ref-
erence. Version 6.1. http://research amnh org/vz/herpetol-
ogy/amphibia.

Funk VA, Berry P, Alexander S, et al. 2007a. Checklist of the
plants of the Guiana Shield (Venezuela: Amazonas, Bolivar,
Delta Amacuro; Guyana, Surinam, French Guiana). Citeseer.

Funk WC, Caldwell JP, Peden CE, et al. 2007b. Tests of biogeo-
graphic hypotheses for diversification in the Amazonian for-
est frog, Physalaemus petersi. Mol Phylogenet Evol 44: 825-37.

Funk WC, Caminer M, and Ron SR. 2012. High levels of cryptic
species diversity uncovered in Amazonian frogs. Proc R Soc B
Biol Sci 279: 1806-14.

Furtado MM, Metzger B, Almeida Jacomo AT de, et al. 2017.
Hepatozoon SPP. Infect Free-Ranging Jaguars (Panthera
onca) in Brazil. J Parasitol 103: 243-50.

Gascon C, Malcolm JR, Patton JL, et al. 2000. Riverine barriers
and the geographic distribution of Amazonian species. Proc
Natl Acad Sci 97: 13672-7.

Gaston, KJ Blackburn, TM, Greenwood, et al. 2000. Abundance-

occupancy relationships, J Appl Ecol, 37: 39-59.
doi:10.1046/j.1365-2664.2000.00485.x
GBIF. 2021. Global Biodiversity Information Facility.

https://www.gbif.org/species/6.

Gentry A. 1980. The flora of Peru: a conspectus. Fieldiana Bot 5:
1-73.

Gentry A. 1997. Regional overview: SouthAmerica. InCenter-
sofplantdiversity. Aguideandstrategy for their conservation
(SD Davis, VH Heywood, O. Herrera-Macbryde, J. Villa-Lobos
& AC Hamilton, eds.).

Gentry AH. 1982. Patterns of Neotropical Plant Species Diver-
sity. In: Evolutionary Biology. Boston, MA: Springer US.

Gentry AH. 1988. Tree species richness of upper Amazonian
forests. Proc Natl Acad Sci 85: 156-9.

Givnish TJ. 2017. A New World of plants. Science 358: 1535—-6.

Gomez A and Nichols E. 2013. Neglected wild life: Parasitic bio-
diversity as a conservation target. Int J Parasitol Parasites
Wildl 2: 222-7.

Gorts-van Rijn ARA. 1985. Flora of the Guianas: Phanerogams.
Series A. Koeltz Scientific Books.

Gotelli NJ and Colwell RK. 2001. Quantifying biodiversity: pro-
cedures and pitfalls in the measurement and comparison of
species richness. Ecol Lett 4: 379-91.

Goulding M. 1980. The fishes and the forest: explorations in Am-
azonian natural history. Univ of California Press.

Goulding M. 1983. The role of fishes in seed dispersal and plant
distribution in Amazonian floodplain ecosystems. Sonderbd
Naturwiss Ver Hambg 7: 271-83.

Science Panel for the Amazon

Gradstein SR, Churchill SP, and Salazar-Allen N. 2001. Guide to
the bryophytes of tropical America. Mem YORK Bot Gard.

Gruhn KD, Ogrzewalska M, Rozental T, et al. 2019. Evaluation of
rickettsial infection in free-range capybaras (Hydrochoerus
hydrochaeris Linnaeus, 1766) (Rodentia: Caviidae) and ticks
(Acari: Ixodidae) in the Western Amazon, Brazil. Ticks Tick
Borne Dis 10: 981-6.

Guayasamin JM, Cisneros-Heredia DF, McDiarmid RW, et al
2020. Glassfrogs of Ecuador: diversity, evolution, and con-
servation. Diversity 12: 222.

Guedes TB, Sawaya RJ, Zizka A, et al. 2018. Patterns, biases and
prospects in the distribution and diversity of Neotropical
snakes. Glob Ecol Biogeogr 27: 14-21.

Guilherme DR, Souza JLP, Franklin E, et al. 2019. Can environ-
mental complexity predict functional trait composition of
ground-dwelling ant assemblages? A test across the Amazon
Basin. Acta Oecologica 99: 103434.

Haffer J. 1969. Speciation in Amazonian Forest Birds. Science
165:131-7.

Haffer J. 1993. Time’s cycle and time’s arrow in the history of
Amazonia. Compte rendu des séances la société biogéographie 69:
15-45.

Haffer J. 2008. Hypotheses to explain the origin of species in
Amazonia. Brazilian J Biol 68: 917-47.

Hamada N, Nessimian JL, and Querino RB. 2014. Insetos aqua-
ticos na Amazonia brasileira: taxonomia, biologia e ecologia.
Manaus: Editora do INPA, 2014.

Hang J, Forshey BM, Yang Y, et al. 2014. Genomic characteriza-
tion of group C orthobunyavirus reference strains and re-
cent South American clinical isolates (T Ikegami, Ed). PLoS
One 9:e92114.

Hanson PE. 2016. Insects and other arthropods of tropical
America. Cornell University Press Ithaca.

Hardesty BD, Hubbell SP, and Bermingham E. 2006. Genetic ev-
idence of frequent long-distance recruitment in a verte-
brate-dispersed tree. Ecol Lett 9: 516—25.

Harms KE, Wright SJ, Calderdn O, et al. 2000. Pervasive density-
dependent recruitment enhances seedling diversity in a
tropical forest. Nature 404: 493-5.

Haugaasen T and Peres CA. 2005. Mammal assemblage struc-
ture in Amazonian flooded and unflooded forests. J Trop Ecol:
133-45.

Hauser M, Duponchelle F, Hermann TW, et al. 2020. Unmasking
continental natal homing in goliath catfish from the upper
Amazon. Freshw Biol 65: 325-36.

Hawes JE, Vieira ICG, Magnago LFS, et al. 2020. A large-scale as-
sessment of plant dispersal mode and seed traits across hu-
man-modified Amazonian forests. JEcol 108: 1373-85.

Heckman CW. 2011. Encyclopedia of South American Aquatic
Insects: Hemiptera-Heteroptera: [llustrated Keys to Known

40



Chapter 3: Biological Diversity and Ecological Networks in the Amazon

Families, Genera, and Species in South America. Springer
Science \& Business Media.

Hoeinghaus DJ, Winemailler KO, Layman CA, et al. 2006. Effects
of seasonality and migratory prey on body condition of
Cichla species in a tropical floodplain river. Ecol Freshw Fish
15: 398-407.

Hollatz C, Vilaca ST, Redondo RAF, et al. 2011. The Amazon River
system as an ecological barrier driving genetic differentia-
tion of the pink dolphin (Inia geoffrensis). Biol J Linn Soc 102:
812-27.

Honorio Coronado EN, Dexter KG, Pennington RT, et al. 2015.
Phylogenetic diversity of Amazonian tree communities (MC
Fitzpatrick, Ed). Divers Distrib 21: 1295-307.

Hooper ER and Ashton MS. 2020. Fragmentation reduces com-
munity-wide taxonomic and functional diversity of dis-
persed tree seeds in the Central Amazon. Ecol Appl 30:
€02093.

Hoorn C, Wesselingh FP, Steege H ter, et al. 2010. Amazonia
Through Time: Andean Uplift, Climate Change, Landscape
Evolution, and Biodiversity. Science 330: 927-31.

Horn MH, Correa SB, Parolin P, et al. 2011. Seed dispersal by
fishes in tropical and temperate fresh waters: the growing
evidence. Acta Oecologica 37: 561-77.

Howe HF and Smallwood J. 1982. Ecology of Seed Dispersal.
Annu Rev Ecol Syst 13: 201-28.

Hrbek T, Silva VMF da, Dutra N, et al. 2014. A New Species of
River Dolphin from Brazil or: How Little Do We Know Our Bi-
odiversity (ST Turvey, Ed). PLoS One 9: e83623.

Hubbell SP, He F, Condit R, et al. 2008. How many tree species
are there in the Amazon and how many of them will go ex-
tinct? Proc Natl Acad Sci US A 105: 11498.

Huérfano A, Feddn I, and Mostacero J (Eds). 2003. Libro Rojo de
la Flora Venezolana. 22 Edicion. Instituto Experimental
Jardin Botanico Universidad Central de Venezuela.

Hugot J-P, Demanche C, Barriel V, et al. 2003. Phylogenetic Sys-
tematics and Evolution of Primate-Derived Pneumocystis
Based on Mitochondrial or Nuclear DNA Sequence Compar-
ison. Syst Biol 52: 735—44.

Hugot JP, Gardner SL, and Morand S. 1996. The Enterobiinae
subfam. nov. (Nematoda, Oxyurida) pinworm parasites of
primates and rodents. Int J Parasitol 26: 147-59.

Hugot J-P. 1985. Sur le genre Trypanoxyuris (Oxyuridae, Nema-
toda). II. Sous-genre trypanoxyuris parasite de primates ce-
bidae et atelidae. Bull du Muséum Natl d’Histoire Nat 7: 131-55.

Hugot JP. 1999. Primates and Their Pinworm Parasites: The
Cameron Hypothesis Revisited (R Page, Ed). Syst Biol 48:
523-46.

Humboldt A von and Bonpland A. 1805. Essai sur la geographie
des plantes. Accompagné d'un tableau physique des régions
équinoxiales fondé sur des mesures exécutées, depuis le

Science Panel for the Amazon

dixiéme degré de latitude boréale jusqu'au dixiéme degré de
latitude australe, pendant les années 1799, 1800, 1801, 1802
et 1803. Paris: Scholl.

Humphreys AM, Govaerts R, Ficinski SZ, et al. 2019. Global da-
taset shows geography and life form predict modern plant
extinction and rediscovery. Nat Ecol Evol 3: 1043-7.

Jansen AM, Xavier SC das C, and Roque ALR. 2018. Trypano-
soma cruzi transmission in the wild and its most important
reservoir hosts in Brazil. Parasit Vectors 11: 502.

Jansen AM, Xavier SCC, and Roque ALR. 2015. The multiple and
complex and changeable scenarios of the Trypanosoma
cruzi transmission cycle in the sylvatic environment. Acta
Trop 151: 1-15.

Janzen DH. 1970. Herbivores and the number of tree species in
tropical forests. Am Nat 104: 501-28.

Jaramillo AF, La Riva I De, Guayasamin JM, et al. 2020. Vastly
underestimated species richness of Amazonian salaman-
ders (Plethodontidae: Bolitoglossa) and implications about
plethodontid diversification. Mol Phylogenet Evol 149: 106841.

Jézéquel C, Tedesco PA, Bigorne R, et al. 2020. A database of
freshwater fish species of the Amazon Basin. Sci data 7: 1-9.

Johnson CK, Hitchens PL, Pandit PS, et al. 2020. Global shifts in
mammalian population trends reveal key predictors of virus
spillover risk. Proc R Soc B Biol Sci 287: 20192736.

Jordano P, Garcia C, Godoy JA, and Garcia-Castano JL. 2007. Dif-
ferential contribution of frugivores to complex seed disper-
sal patterns. Proc Natl Acad Sci 104: 3278-82.

Jorgensen PM and Ledn-Yanez S. 1999. Catalogue of the vascu-
lar plants of Ecuador. Missouri Botanical Garden St. Louis.

Jorgensen PM, Nee M, Beck SG, et al. 2014. Catalogo de las
plantas vasculares de Bolivia. Missouri Botanical Garden
Press.

Junk W. 1989. Flood tolerance and tree distribution in central
Amazonian floodplains. Holm-nielsen. Trop For Bot Dyn speci-
ation, Divers: 47—64.

Junk WJ and Piedade MTF. 1993. Herbaceous plants of the Am-
azon floodplain near Manaus: Species diversity and adapta-
tions to the flood pulse. Amaz Limnol Oecologia Reg Syst Flumi-
nis Amaz 12: 467-84.

Junk WJ, Bayley PB, Sparks RE, and others. 1989. The flood
pulse concept in river-floodplain systems. Can Spec Publ Fish
Agquat Sci 106: 110-27.

Junk WJ, Piedade MTF, Wittmann F, et al. 2011. Amazonian
floodplain forests: ecophysiology, biodiversity and sustain-
able management. Springer Science \& Business Media.

Junk WJ, Soares GM, and Carvalho FM. 1983. Distribution of fish
species in a lake of the Amazon river floodplain near Manaus
(Lago Camaledo), with special reference to extreme oxygen
conditions. Amaz Limnol Oecologia Reg Syst Fluminis Amaz 7:
397-431.

41



Chapter 3: Biological Diversity and Ecological Networks in the Amazon

Junk WJ. 2013. The central Amazon floodplain: ecology of a
pulsing system. Springer Science \& Business Media.

Junk WR. 1997. The Central Amazon Floodplain: Ecology of a
Pulsing System. Springer Science & Business Media.

Kakishima S, Morita S, Yoshida K, et al. 2015. The contribution
of seed dispersers to tree species diversity in tropical rain-
forests. R Soc open Sci 2: 150330.

Kelley JL, Grierson PF, Collin SP, and Davies PM. 2018. Habitat
disruption and the identification and management of func-
tional trait changes. Fish Fish 19: 716-28.

Kobayashi Y, Sugimoto K, Mochizuki N, et al. 2013. Isolation of a
phylogenetically distinct rabies virus from a tufted capuchin
monkey (Cebus apella) in Brazil. Virus Res 178: 535-8.

Koroiva R, Brasil PG, Neiss UG, et al. Dragonflies and damselflies
(Insecta: Odonata) housed in the Invertebrate Collection of
the Instituto Nacional de Pesquisas da Amazonia, Brazil.

Kraft NJB, Valencia R, and Ackerly DD. 2008. Functional traits
and niche-based tree community assembly in an Amazo-
nian forest. Science 322: 580-2.

Kremen C, Williams NM, Aizen MA, et al. 2007. Pollination and
other ecosystem services produced by mobile organisms: a
conceptual framework for the effects of land-use change.
Ecol Lett 10: 299-314.

Kurten EL. 2013. Cascading effects of contemporaneous de-
faunation on tropical forest communities. Biol Conserv 163:
22-32.

Kvist L. and Moraes M. 2006. Plantas psicoactivas. Botdnica
Econdmica los Andes Cent 2: 19.

Kvist LP and Moraes M. 2006. Plantas psicoactivas. Botdnica
Econdmica los Andes Cent 12: 294-312.

de la Torre L, Navarrete H, Muriel M P, et al. (eds.) 2008. Enciclo-
pedia de las plantas ttiles del Ecuador. Quito: Herbario QCA
de la Escuela de Ciencias Bioldgicas de la Pontificia Univer-
sidad Catolica del Ecuador; Aarhus: Herbario AAU del De-
partamento de Ciencias Biologicas de la Universidad de Aar-
hus, 949.

Labruna MB, Barbieri FS, Martins TF, et al. 2010. New tick rec-
ords in Rondo6nia, Western Brazilian Amazon. Rev Bras Para-
sitol Veterindria 19: 192—4.

Labruna MB, Camargo LMA, Terrassini FA, et al. 2002b. Notes on
Parasitism by Amblyomma humerale (Acari: Ixodidae) in the
State of Rondo6nia, Western Amazon, Brazil. J Med Entomol 39:
814-17.

Labruna MB, Jorge RSP, Sana DA, et al. 2005. Ticks (Acari: Ix-
odida) on wild carnivores in Brazil. Exp Appl Acarol 36: 149—
63.

Labruna MB, Ribeiro AF, Cruz M V, et al. 2002a. Gynandro-
morphism in Amblyomma cajennense and Rhipicephalus san-
guineus (Acari: Ixodidae). J Parasitol 88: 810-1.

Lainson R and Shaw JJ. 1975. Pneumocystis and Histoplasma

Science Panel for the Amazon

infections in wild animals from the Amazon region of Brazil.
Trans R Soc Trop Med Hyg 69: 505-8.

Lande R. 2014. Evolution of phenotypic plasticity and environ-
mental tolerance of a labile quantitative character in a fluc-
tuating environment. J Evol Biol 27: 866—75.

Lang SI, Cornelissen JHC, Holzer A, et al. 2009. Determinants of
cryptogam composition and diversity in Sphagnum-domi-
nated peatlands: the importance of temporal, spatial and
functional scales. J Ecol 97: 299-310.

Lanham SM, Miles MA, Souza AA de, and Pévoa MM. 1984. An-
ion-exchange separation for neotropical trypanosomes: a
preliminary trial and a description of Trypanosoma devei
from the tamarin Saguinus midas niger. Z Parasitenkd 70:
311-9.

Laurance WF, Nascimento HEM, Laurance SG, et al. 2006. Rapid
decay of tree-community composition in Amazonian forest
fragments. Proc Natl Acad Sci 103: 19010-4.

Lawton JH and Brown VK. 1993. Redundancy in ecosystems. In:
Biodiversity and ecosystem function. Springer.

LeDuc JW, Pinheiro FP, and Travassos da Rosa AP. 1981. An out-
break of Mayaro virus disease in Belterra, Brazil. II. Epide-
miology. Am J Trop Med Hyg 30: 682-8.

Leitdo RP, Zuanon J, Mouillot D, et al. 2018. Disentangling the
pathways of land use impacts on the functional structure of
fish assemblages in Amazon streams. Ecography (Cop) 41:
219-32.

Leite RN and Rogers DS. 2013. Revisiting Amazonian phyloge-
ography: insights into diversification hypotheses and novel
perspectives. Org Divers |& Evol 13: 639-64.

Leo6n B, Pitman N, and Roque J. 2006. Introduccién a las plantas
endémicas del Peru. Rev Peru Biol 13: 9-22.

Ledn-Yanez S, Valencia R, Pitman N, et al. 2011. Libro Rojo de
las Plantas Endémicas del Ecuador. Segunda edicion. Publi-
caciones del Herbario QCA.

Levine NM, Zhang K, Longo M, et al. 2016. Ecosystem heteroge-
neity determines the ecological resilience of the Amazon to
climate change. Proc Natl Acad Sci 113: 793-7.

Levis C, Costa FRC, Bongers F, et al. 2017. Persistent effects of
pre-Columbian plant domestication on Amazonian forest
composition. Science 355: 925-31.

Levis C, Costa FRC, Bongers F, et al. 2017. Persistent effects of
pre-Columbian plant domestication on Amazonian forest
composition. Science 355: 925-31.

Levis C, Flores BM, Moreira PA, et al. 2018. How People Domes-
ticated Amazonian Forests. Front Ecol Evol 5.

Levis C, Flores BM, Moreira PA, et al. 2018. How People Domes-
ticated Amazonian Forests. Front Ecol Evol 5.

Lewinsohn TM and Prado PI. 2005. How Many Species Are There
in Brazil? Conserv Biol 19: 619-24.

Lewis MD, Llewellyn MS, Yeo M, et al. 2011. Recent, Independent

42



Chapter 3: Biological Diversity and Ecological Networks in the Amazon

and Anthropogenic Origins of Trypanosoma cruzi Hybrids (JM
Carlton, Ed). PLoS Negl Trop Dis 5: €1363.

Lima AC and Araujo-Lima CARM. 2004. The distributions of lar-
val and juvenile fishes in Amazonian rivers of different nu-
trient status. Freshw Biol 49: 787-800.

Lima L, Espinosa-Alvarez O, Ortiz PA, et al. 2015. Genetic diver-
sity of Trypanosoma cruzi in bats, and multilocus phyloge-
netic and phylogeographical analyses supporting Tchat as
an independent DTU (discrete typing unit). Acta Trop 151:
166-77.

Lima MAL. 2017. Histéria do ecossistema e dos recursos
pesqueiros frente a implementacgdo de hidrelétricas na ba-
cia do rio Madeira. Universidade Federal de Rondonia.

Lisboa CV, Pinho AP, Herrera HM, et al. 2008. Trypanosoma cruzi
(Kinetoplastida, Trypanosomatidae) genotypes in neotropi-
cal bats in Brazil. Vet Parasitol 156: 314-8.

Lister BC and Garcia A. 2018. Climate-driven declines in arthro-
pod abundance restructure a rainforest food web. Proc Natl
Acad Sci 115: E10397--E10406.

Liu X, Zhao B, Zheng H-J, et al. 2015. Gossypium barbadense ge-
nome sequence provides insight into the evolution of extra-
long staple fiber and specialized metabolites. Sci Rep 5:
14139.

Lopez-Bautista JM, Rindi F, and Casamatta D. 2007. The System-
atics of Subaerial Algae. In: Seckbach J. (eds) Algae and Cya-
nobacteria in Extreme Environments. Cellular Origin, Life in
Extreme Habitats and Astrobiology, vol 11. Springer, Dor-
drecht.

Licking R, Rivas Plata E, Chaves JL, et al. 2009. How many trop-
ical lichens are there... really? Bibl Lichenol 100: 399-418.
Licking R. 2008. Foliicolous Lichenized Fungi. Flora Neotrop

103: 1-866.

Lucky A, Erwin TL, and Witman JD. 2002. Temporal and Spatial
Diversity and Distribution of Arboreal Carabidae (Coleop-
tera) in a Western Amazonian Rain Forestl. Biotropica 34:
376-86.

Lundberg JG and Littmann MW. 2003. Family primelodidae. In:
Reis RE, Kullander SO, Ferraris CJ (Eds). Checklist of fresh-
water fishes of South America. Porto Alegre: Edipucrs.

Machado AF, Nunes MS, Silva CR, et al. 2019. Integrating phylo-
geography and ecological niche modelling to test diversifi-
cation hypotheses using a Neotropical rodent. Evol Ecol 33:
111-48.

Marcili A, Lima L, Cavazzana M, et al. 2009b. A new genotype of
Trypanosoma cruzi associated with bats evidenced by phy-
logenetic analyses using SSU rDNA, cytochrome b and His-
tone H2B genes and genotyping based on ITS1 rDNA. Para-
sitology 136: 641-55.

Marcili A, Lima L, Valente VC, et al. 2009c. Comparative phylo-

Science Panel for the Amazon

geography of Trypanosoma cruzi TCIIc: new hosts, associa-
tion with terrestrial ecotopes, and spatial clustering. Infect
Genet Evol 9: 1265-74.

Marcili A, Valente VC, Valente SA, et al. 2009a. Trypanosoma cruzi
in Brazilian Amazonia: Lineages TCI and TClIIa in wild pri-
mates, Rhodnius spp. and in humans with Chagas disease as-
sociated with oral transmission. Int J Parasitol 39: 615-23.

Marimon BS, Marimon-Junior BH, Feldpausch TR, et al. 2013.
Disequilibrium and hyperdynamic tree turnover at the for-
est--cerrado transition zone in southern Amazonia. Plant
Ecol |& Divers 7: 281-92.

Markl JS, Schleuning M, Forget PM, et al. 2012. Meta-analysis of
the effects of human disturbance on seed dispersal by ani-
mals. Conserv Biol 26: 1072—81.

Marroig G and Cerqueira R. 1997. Plio-Pleistocene South Amer-
ican history and the Amazon Lagoon Hypothesis: a piece in
the puzzle of Amazonian diversification. J Comp Biol: 103-19.

Martin AR and Silva VMF Da. 2004. River dolphins and flooded
forest: seasonal habitat use and sexual segregation of botos
(Inia geoffrensis) in an extreme cetacean environment. J Zool
263:295-305.

Martins E, Martinelli G, and Loyola R. 2018. Brazilian efforts to-
wards achieving a comprehensive extinction risk assess-
ment for its known flora. Rodriguésia 69: 1529-37.

Martins TF, Fecchio A, and Labruna MB. 2014. Ticks of the ge-
nus amblyomma (acari: Ixodidae) on wild birds in the brazil-
ian amazon. Syst Appl Acarol 19: 385-92.

Martins TF, Scofield A, Oliveira WBL, et al. 2013. Morphological
description of the nymphal stage of Amblyomma geayi and
new nymphal records of Amblyomma parkeri. Ticks Tick Borne
Dis 4:181-4.

Martius CFP. Flora Brasiliensis (Ed). Monachii: Fird. Fleischer.

May R von, Catenazzi A, Corl A, et al. 2017. Divergence of thermal
physiological traits in terrestrial breeding frogs along a trop-
ical elevational gradient. Ecol Evol 7: 3257—-67.

McClean MCW, Bhattacharyya T, Mertens P, et al. 2020. A line-
age-specific rapid diagnostic test (Chagas Sero K-SeT) iden-
tifies Brazilian Trypanosoma cruzi 11/V/VI reservoir hosts
among diverse mammalian orders. PLoS One 15: e0227828.

Mclntyre PB, Jones LE, Flecker AS, and Vanni MJ. 2007. Fish ex-
tinctions alter nutrient recycling in tropical freshwaters.
Proc Natl Acad Sci 104: 4461—-6.

Mendes HF and Pinho LC. 2014. Brazilian Chironomid home
page https://sites.google.com/site/brazilianchirono-
mids/home.

Mendes HF and Pinho LC. 2016. Family Chironomidae. Zootaxa
4122:142-53.

Meneses RI, Beck S, Garcia E, et al. 2015. Flora of Bolivia-where
do we stand? Rodriguésia 66: 1025-31.

Menezes ET, Oliveira IB de, Boldrini R, and Boldrini BM de PO.

43



Chapter 3: Biological Diversity and Ecological Networks in the Amazon

2018. Primeiros registros de Climacia (Neuroptera: Sisyri-
dae) para o estado de Roraima, Brasil. Bol do Mus Integr Ro-
raima 12: 11-6.

Mesia Montenegro C. 2014. El periodo formativo en los andes
septentrionales y sus relaciones con los Andes centrales.
Mila B, Tavares ES, Muiioz Saldafa A, et al. 2012. A trans-Ama-
zonian screening of mtDNA reveals deep intraspecific diver-
gence in forest birds and suggests a vast underestimation of

species diversity. PLoS One 7: e40541.

Miles MA, Arias JR, Valente SA, et al. 1983. Vertebrate hosts and
vectors of Trypanosoma rangeli in the Amazon Basin of Brazil.
Am J Trop Med Hyg 32: 1251-9.

Miles MA, Miles MA, Povoa MM, et al. 1981. Chagas’s disease in
the Amazon Basin: Ii. The distribution of Trypanosoma cruzi
zymodemes 1 and 3 in Para State, north Brazil. Trans R Soc
Trop Med Hyg 75: 667-74.

Miraldo A, Li S, Borregaard MK, et al. 2016. An Anthropocene
map of genetic diversity. Science 353: 1532-5.

Miranda-Chumacero G, Alvarez G, Luna V, et al. 2015. First ob-
servations on annual massive upstream migration of juve-
nile catfish Trichomycterus in an Amazonian River. Environ
Biol fishes 98: 1913-26.

Miranda-Chumacero G, Wallace R, Calderon H, et al. 2012. Dis-
tribution of arapaima (Arapaima gigas) (Pisces: Arapai-
matidae) in Bolivia: implications in the control and manage-
ment of a non-native population. Biolnvasions Rec 1.

Mittermeier RA, Mittermeier CG, Brooks TM, et al. 2003. Wilder-
ness and biodiversity conservation. Proc Natl Acad Sci 100:
10309-13.

Mittermeier RA, Mittermeier CG, Pilgrim J, et al. 2002. Wilder-
ness: Earth’s last wild places. México, MX: CEMEX.

Modolo LV and Foglio MA (Eds). 2019. Brazilian Medicinal
Plants. Boca Raton, Florida : CRC Press, 2019. | Series: Natu-
ral products chemistry of global plants: CRC Press.

Monteiro WM, Magalhdes LKC, Sa ARN de, et al. 2012. Trypano-
soma cruzi IV Causing Outbreaks of Acute Chagas Disease
and Infections by Different Haplotypes in the Western Bra-
zilian Amazonia (EM Braga, Ed). PLoS One 7: e41284.

Moraes LICL, Pavan D, Barros MC, and Ribas CC. 2016. The com-
bined influence of riverine barriers and flooding gradients
on biogeographical patterns for amphibians and squamates
in south-eastern Amazonia. J Biogeogr 43: 2113-24.

Moraes LICL, Ribas CC, Pavan D, and Werneck FP. 2020. Biotic
and Landscape Evolution in an Amazonian Contact Zone: In-
sights from the Herpetofauna of the Tapajés River Basin,
Brazil

Moraes RMN, Paniagua Zambrana R, Camara-Leret H, et al
2015. Palmas utiles de Bolivia, Colombia, Ecuador y Peru. In:
Cosecha de Palmas en el Noroeste de Suramérica: Bases

Science Panel for the Amazon

Cientificas para su Manejo y Conservacion. Pontificia Uni-
versidad Catoélica del Ecuador, Quito.

Moreau M-A and Coomes OT. 2006. Potential threat of the inter-
national aquarium fish trade to silver arawana Osteoglossum
bicirrhosum in the Peruvian Amazon. Oryx 40: 152—-60.

Moreira PA, Lins J, Dequigiovanni G, et al. 2015. The Domestica-
tion of Annatto (Bixa orellana) from Bixa urucurana in Amazo-
nia. Econ Bot 69: 127-35.

Morris RJ. 2010. Anthropogenic impacts on tropical forest bio-
diversity: a network structure and ecosystem functioning
perspective. Philos Trans R Soc B Biol Sci 365: 3709-18.

Mors, W., Rizzini, C. T., Pereira, N. A. 2000. Medicinal plants of
Brazil, edited by Robert A. DeFilipps. Algonac, MI.

Mouillot D, Graham NAJ, Villéger S, et al. 2013. A functional ap-
proach reveals community responses to disturbances.
Trends Ecol |& Evol 28: 167-77.

Muneepeerakul R, Bertuzzo E, Lynch HJ, et al. 2008. Neutral
metacommunity models predict fish diversity patterns in
Mississippi-Missouri basin. Nature 453: 220-2.

Muniz CP, Troncoso LL, Moreira MA, et al. 2013. Identification
and Characterization of Highly Divergent Simian Foamy Vi-
ruses in a Wide Range of New World Primates from Brazil (M
Salemi, Ed). PLoS One 8: €e67568.

Myers KA. 2007. Ferndndez de Oviedo’s chronicle of America: a
new history for a New World. University of Texas Press.

Naiff RD, Barrett TV, Naiff M de F, et al. 1996. New records of His-
toplasma capsulatum from wild animals in the Brazilian Ama-
zon. Rev Inst Med Trop Sao Paulo 38: 273-8.

Naiff RD, Mok WY, and Naiff MF. 1985. Distribution of histo-
plasma capsulatum in Amazonian wildlife. Mycopathologia
89:165-8.

Naka LN and Brumfield RT. 2018. The dual role of Amazonian
rivers in the generation and maintenance of avian diversity.
SciAdv 4: eaar8575.

National Research Council. 1989. Lost crops of the Incas: little-
known plants of the Andes with promise for worldwide cul-
tivation. National Academies Press.

Navarro G, Arrazola S, Atahuachi M, et al. 2012. Libro rojo de la
flora amenazada de Bolivia. Minist Medio Ambient y Agua Vi-
ceministerio Medio Ambient Biodiversidad, Cambios Clim y Gest y
Desarro For Cochabamba, Boliv.

Neill DA and Ulloa Ulloa CU. 2011. Adiciones a la flora del Ecua-
dor: segundo suplemento; 2005-2010. Fundacion Jatun Sa-
cha.

Neill DA. 2012. ?Cuantas especies nativas de plantas vasculares
hay en Ecuador? Rev Amaz Ciency Tecnol 1: 70-83.

Nelson JS, Grande TC, and Wilson MVH. 1994. Fishes of the
World. John Wiley and Sons.

Nic Lughadha E, Govaerts R, Belyaeva I, et al. 2016. Counting
counts: revised estimates of numbers of accepted species of

44



Chapter 3: Biological Diversity and Ecological Networks in the Amazon

flowering plants, seed plants, vascular plants and land
plants with a review of other recent estimates. Phytotaxa 272:
82.

Nores M. 2000. Species richness in the Amazonian bird fauna
from an evolutionary perspective. Emu 100: 419-30.

Nores M. 2011. The Western Amazonian Boundary for Avifauna
Determined by Species Distribution Patterns and Geograph-
ical and Ecological Features. Int J Ecol 2011: 1-7.

Noronha D, Vicente JJ, and Pinto RM. 2002. A survey of new host
records for nematodes from mammals deposited in the Hel-
minthological Collection of the Oswaldo Cruz Institute
(CHIOC). Rev Bras Zool 19: 945-9.

Nunes MRT, Souza WM de, Acrani GO, et al. 2018. Revalidation
and genetic characterization of new members of Group C
(Orthobunyavirus genus, Peribunyaviridae family) isolated
in the Americas. PLoS One 13: e0197294.

Nunes MRT, Souza WM, Savji N, et al. 2019. Oropouche orthobun-
yavirus: Genetic characterization of full-length genomes and
development of molecular methods to discriminate natural
reassortments. Infect Genet Evol J Mol Epidemiol Evol Genet In-
fect Dis 68: 16—22.

Oberdorff T, Dias MS, Jézéquel C, et al. 2019. Unexpected fish di-
versity gradients in the Amazon basin. Sci Adv 5: eaav8681.

Ochoa-Ochoa LM, Mejia-Dominguez NR, Velasco JA, et al. 2019.
Amphibian functional diversity is related to high annual
precipitation and low precipitation seasonality in the New
World (F Schrodt, Ed). Glob Ecol Biogeogr 28: 1219-29.

Olesen JM, Bascompte J, Dupont YL, and Jordano P. 2007. The
modularity of pollination networks. Proc Natl Acad Sci 104:
19891-6.

Oliveira BF, Machac A, Costa GC, et al. 2016. Species and func-
tional diversity accumulate differently in mammals. Glob
Ecol Biogeogr 25: 1119-30.

Oliveira MA, Lucia TMCD, Morato EF, et al. 2010. Vegetation
structure and richness: effects on ant fauna of the Amazon-
Acre, Brazil (Hymenoptera: Formicidae). Sociobiology: 471—
86.

Oliveira RS De, Costa LJC da, Andrade FAG, et al. 2015. Virologi-
cal and Serological Diagnosis of Rabies in Bats from an Ur-
ban Area in the Brazilian Amazon. RevInst Med Trop Sao Paulo
57:497-503.

Oliveira U, Paglia AP, Brescovit AD, et al. 2016. The strong influ-
ence of collection bias on biodiversity knowledge shortfalls
of Brazilian terrestrial biodiversity (J VanDerWal, Ed). Divers
Distrib 22: 1232-44.

Oliveira U, Vasconcelos MF, and Santos AJ. 2017. Biogeography
of Amazon birds: rivers limit species composition, but not
areas of endemism. Sci Rep 7: 2992.

Ortiz DA, Lima AP, and Werneck FP. 2018. Environmental tran-

Science Panel for the Amazon

sition zone and rivers shape intraspecific population struc-
ture and genetic diversity of an Amazonian rain forest tree
frog. Evol Ecol 32: 359-78.

Ortiz PA, Silva FM Da, Cortez AP, et al. 2009. Genes of cathepsin
L-like proteases in Trypanosoma rangeli isolates: markers for
diagnosis, genotyping and phylogenetic relationships. Acta
Trop 112: 249-59.

Ortiz-Crespo F.2002 La corteza del arbol sin nombre: Hacia una
historia congruente del descubrimiento y difusién de la
quina. Quito: Fundacion Fernando Ortiz Crespo.

Ortiz-Crespo FI1. 1995. Fragoso, Monardes and pre-Chinchonian
knowledge of Cinchona. Arch Nat Hist 22: 169-81.

Paglia AP, Fonseca GA Da, Rylands AB, et al. 2012. Lista Anotada
dos Mamiferos do Brasil 22Edicdo/Annotated Checklist of
Brazilian Mammals. Occas Pap Conserv Biol 6: 1-82.

Paprocki H and Franca D. 2014. Brazilian Trichoptera Checklist
11. Biodivers Data J 2: €1557.

Parolin P, Simone O De, Haase K, et al. 2004. Central Amazonian
floodplain forests: tree adaptations in a pulsing system. Bot
Rev 70: 357-80.

Passos MI, Hamada N, Fernandes A, and Nessimian J. 2016. In-
secta, Coleoptera, Elmidae, Amazon region. Check List 6: 538.

Patterson BD. 2001. Fathoming tropical biodiversity: the contin-
uing discovery of Neotropical mammals. Divers Distrib 7:
191-6.

Patterson BD. 2020. On drivers of neotropical mammal diversi-
fication. Mastozoologia Neotrop 27(SI): 12—-23.

Pearsall DM. 2008. Plant Domestication and the Shift to Agricul-
ture in the Andes. In: The Handbook of South American Ar-
chaeology. New York, NY: Springer New York.

Peckle M, Luz HR, Labruna MB, et al. 2019. Multi-locus phyloge-
netic analysis groups the New World bacterium Rickettsia sp.
strain ApPR with the Old World species R. africae; proposal of
“Candidatus Rickettsia paranaensis”. Ticks Tick Borne Dis 10:
101261.

Peloso PLV. 2010. A safe place for amphibians? A cautionary tale
on the taxonomy and conservation of frogs, caecilians, and
salamanders in the Brazilian Amazonia. Zool 27: 667-73.

Pereira A de S, Casseb LMN, Barbosa TFS, et al. 2017. Rabies Vi-
rus in Bats, State of Par4, Brazil, 2005-2011. Vector Borne Zo-
onotic Dis 17: 576-81.

Peres CA, Emilio T, Schietti J, et al. 2016. Dispersal limitation in-
duces long-term biomass collapse in overhunted Amazo-
nian forests. Proc Natl Acad Sci 113: 892-7.

Peres CA.1997. Primate community structure at twenty western
Amazonian flooded and unflooded forests. J Trop Ecol 13:
381-405.

Peres CA. 1999. Nonvolant mammal community structure in
different Amazonian forest types. In: Eisenberg JF, Redford

45



Chapter 3: Biological Diversity and Ecological Networks in the Amazon

KH (Eds). Mammals of the Neotropics: the central Neotrop-
ics. Chicago.: University of Chicago Press.

Pérez Arbeldez E. 1956. Plantas utiles de Colombia. Sucesores
de Rivadeneyra.

Pérez Arbeldez E. 1990. Plantas medicinales y venenosas de Co-
lombia: estudio botanico, étnico, farmacéutico, veterinario y
forense.

Pérez SD, Grummer JA, Fernandes-Santos RC, et al. 2019. Phy-
logenetics, patterns of genetic variation and population dy-
namics of Trypanosoma terrestris support both coevolution
and ecological host-fitting as processes driving trypano-
some evolution. Parasit Vectors 12: 473.

Persson L, Amundsen P-A, Roos AM De, et al. 2007. Culling prey
promotes predator recovery—alternative states in a whole-
lake experiment. Science 316: 1743—6.

Petchey OL and Gaston KJ. 2006. Functional diversity: back to
basics and looking forward. Ecol Lett 9: 741-58.

Petrere M, Barthem RB, Cérdoba EA, and Gémez BC. 2004. Re-
view of the large catfish fisheries in the upper Amazon and
the stock depletion of pira{\’\i}ba (Brachyplatystoma fila-
mentosumLichtenstein). Rev Fish Biol Fish 14: 403-14.

Piedade MTF, Junk W, D’Angelo SA, et al. 2010. Aquatic herba-
ceous plants of the Amazon floodplains: state of the art and
research needed. Acta Limnol Bras 22: 165-78.

Pimm SL and Jenkins CN. 2019. Connecting habitats to prevent
species extinctions. Am Sci 107: 162-9.

Pimm SL, Jenkins CN, Joppa LN, et al. 2010. How Many Endan-
gered Species Remain to be Discovered in Brazil? Nat Conserv
08: 71-7.

Piperno D. 2011. The Origins of Plant Cultivation and Domesti-
cation in the New World Tropics. Curr Anthropol 52.

Pires Costa L, Leite YLR, Fonseca GAB, and Fonseca MT. 2000.
Biogeography of South American Forest Mammals: Ende-
mism and Diversity in the Atlantic Forestl. Biotropica 32:
872-81.

Piso G and Marcgrave G. 1648. Historia naturalis Brasilise. Lug-
dun. Batavorum, Franciscum Hackium.

Pitman NCA and Jorgensen PM. 2002. Estimating the Size of the
World’s Threatened Flora. Science 298: 989-989.

Pochettino ML, Cortella AR, and Ruiz M. 1999. Hallucinogenic
snuff from Northwestern Argentina: Microscopical identifi-
cation of Anadenanthera colubrina var. cebil (Fabaceae) in
powdered archaeological material. Econ Bot 53: 127-32.

Pomara LY, Ruokolainen K, and Young KR. 2014. Avian species
composition across the Amazon River: the roles of dispersal
limitation and environmental heterogeneity (L Manne, Ed). J
Biogeogr 41: 784-96.

Poulin R. 2014. Parasite biodiversity revisited: frontiers and
constraints. Int J Parasitol 44: 581-9.

Povoa MM, Souza AA De, Naiff RD, et al. 1984. Chagas’ disease in

Science Panel for the Amazon

the Amazon Basin IV: Host records of Trypanosoma cruzi zy-
modemes in the States of Amazonas and Rondonia, Brazil.
Ann Trop Med |& Parasitol 78: 479-87.

Primack RB, Ibanez I, Higuchi H, et al. 2009. Spatial and inter-
specific variability in phenological responses to warming
temperatures. Biol Conserv 142: 2569-77.

Quesada CACA, Phillips OLOL, Schwarz M, et al. 2012. Basin-
wide variations in Amazon forest structure and function are
mediated by both soils and climate. Biogeosciences 9: 2203—
46.

Rabosky ARD, Cox CL, Rabosky DL, et al. 2016. Coral snakes pre-
dict the evolution of mimicry across New World snakes. Nat
Commun 7: 11484.

Rafael JA, Aguiar AP, and Amorim D de S. 2009. Knowledge of
insect diversity in Brazil: challenges and advances. Neotrop
Entomol 38: 565-70.

Raimondi JP and Camadro EL. 2003. Crossability relationships
between the common potato, Solanum tuberosum spp. tu-
berosum, and its wild diploid relatives S. kurtzianum and S.
ruiz-lealii. Genet Resour Crop Evol 50: 307-14.

Ramalho EE. 2012. Jaguar population dynamics, feeding ecol-
ogy, human induced mortality and conservation in the
varzea floodplain forests of Amazonia. Univ Florida.

Ramalho WP, Machado IF, and Vieira LJS. 2018. Do flood pulses
structure amphibian communities in floodplain environ-
ments? Biotropica 50: 338—45.

Reynel C, Pennington TD, Pennington RT, et al. 2003. Arboles
utiles de la Amazonia peruana y sus usos.

Ribas CC and Aleixo A. 2019. Diversity and evolution of Amazo-
nian birds: implications for conservation and biogeography.
An Acad Bras Cienc 91.

Ribas CC, Aleixo A, Nogueira ACR, et al. 2012. A palaeobiogeo-
graphic model for biotic diversification within Amazonia
over the past three million years. Proc R Soc B Biol Sci 279:
681-9.

Ribeiro Mcl and Petrere JM. 1990. Fisheries ecololgy and man-
agement of the Jaraqui (Semaprochilodus Taeniurus, S. In-
signis) in central Amazonia. Regul Rivers Res Manag 5: 195—
215.

Rios M, Koziol MJ, Pedersen HB, and Granda G. 2007. Plantas
utiles del Ecuador: aplicaciones, retos y perspectivas/Useful
plants of Ecuador: Applications, challenges, and perspec-
tives. Quito: Ediciones Abya-Yala.

Robbings RG, Karesh WB, Lilian EPR, and Rosenberg S. 2009.
Ticks of the genus Amblyomma (Acari: Ixodida: Ixodidae)
from white-lipped peccaries, Tayassu pecari, in northeastern
Bolivia, with comments on host specificity.

Robbins RG and Deem SL. 2002. Ticks of the genus Amblyomma
(Acari: Ixodida: Ixodidae) from a maned wolf, Chrysocyon

46



Chapter 3: Biological Diversity and Ecological Networks in the Amazon

brachyurus, with the first report of A. ovale from this endan-
gered canid. Entomol News 113: 25-8.

Rodrigues MS, Lima L, Xavier SC das C, et al. 2019. Uncovering
Trypanosoma spp. diversity of wild mammals by the use of
DNA from blood clots. Int J Parasitol Parasites Wildl 8: 171-81.

Rodrigues MS, Morelli KA, and Jansen AM. 2017. Cytochrome c
oxidase subunit 1 gene as a DNA barcode for discriminating
Trypanosoma cruzi DTUs and closely related species. Parasit
Vectors 10: 488.

Rodriguez C, Rollins-Smith L, Ibafiez R, et al. 2017. Toxins and
pharmacologically active compounds from species of the
family Bufonidae (Amphibia, Anura). J Ethnopharmacol 198:
235-54.

Rodriguez-Burruezo A, Prohens J, and Nuez F. 2003. Wild rela-
tives can contribute to the improvement of fruit quality in
pepino ( Solanum muricatum ). Euphytica 2003 1293 129:
311-8.

Roll U, Feldman A, Novosolov M, et al. 2017. The global distribu-
tion of tetrapods reveals a need for targeted reptile conser-
vation. Nat Ecol Evol 1: 1677-82.

Roque ALR, Xavier SCC, Gerhardt M, et al. 2013. Trypanosoma
cruzi among wild and domestic mammals in different areas
of the Abaetetuba municipality (Para State, Brazil), an en-
demic Chagas disease transmission area. Vet Parasitol 193:
71-7.

Roque ALR, Xavier SCC, Rocha MG, et al. 2008. Trypanosoma cruzi
transmission cycle among wild and domestic mammals in
three areas of orally transmitted Chagas disease outbreaks.

Rosa APT Da, Vasconcelos PF, Rosa JF Da, and (Ed.) T (Eds). An
overview of arbovirology in Brazil and neighbouring coun-
tries. Instituto Evandro Chagas.

Rosa EST da, Medeiros DBA, Nunes MRT, et al. 2012. Molecular
epidemiology of laguna negra virus, Mato Grosso State, Bra-
zil. Emerg Infect Dis 18: 982-5.

Ruiz H. 1792. Quinologia o Tratado del arbol de la quina ¢ cas-
carilla, con su descripcién y la de otras especies de quinos
nuevamente descubiertas en el Perd, del modo de benefi-
ciarla, de su eleccién, comercio, virtudes, y extracto elabo-
rado con cortezas recientes. Madrid: En la oficina de la viuda
e hijo de Marin, 1792.

Ruiz H. 1801. Suplemento & la Quinologia, en el qual sé au-
mentan las Especies de Quina nuevamente descubiertas en
el Peru por Don Juan Tafalla, y la Quina naranjada de Santa
Fé con su estampa: Anadese la Respuesta & a Memoria de las
Quinas de Santa Fé, que inserté Don Francisco Zea en los
Anales de Historia natural, y la satisfaccion a los reparos 6
dudas del Ciudadano Jussieu sobre los Géneros del
Prodromo de la Flora del Peru y Chile. Por Don Hipolito Ruiz
y Josef Pavon. Marin.

Ruiz-Lopez H and Pavoén J. 1798. Flora Peruviana, et Chilensis,

Science Panel for the Amazon

sive, Descriptiones et icones plantarum Peruvianarum, et

Chilensium, secundum systema Linnaeanum digestae, cum

generum
reformatisauctoribus Hippolyto Ruiz, et Josepho Pavon. Ma-
drid : Typis Gabrielis de Sancha.

Sakschewski B, Bloh W Von, Boit A, et al. 2016. Resilience of Am-
azon forests emerges from plant trait diversity. Nat Clim
Chang 6: 1032—-6.

Salcido DM, Forister ML, Lopez HG, and Dyer LA. 2020. Loss of
dominant caterpillar genera in a protected tropical forest.
Sci Rep 10: 1-10.

Sales L, Culot L, and Pires MM. 2020. Climate niche mismatch
and the collapse of primate seed dispersal services in the
Amazon. Biol Conserv 247: 108628.

Sales LP, Kissling WD, Galetti M, et al. 2021. Climate change re-
shapes the eco-evolutionary dynamics of a Neotropical seed
dispersal system (B McGill, Ed). Glob Ecol Biogeogr 30: 1129—
38.

Santos FCB dos, Lisboa C V., Xavier SCC, et al. 2018. Trypanosoma
sp. diversity in Amazonian bats (Chiroptera; Mammalia)
from Acre State, Brazil. Parasitology 145: 828—-37.

Santos FCB Dos, Lisboa C V., Xavier SCC, et al. 2018. Trypanosoma
sp. diversity in Amazonian bats (Chiroptera; Mammalia)
from Acre State, Brazil. Parasitology 145: 828—-37.

Santos JC, Coloma LA, Summers K, et al. 2009. Amazonian am-
phibian diversity is primarily derived from late Miocene An-
dean lineages. PLoS Biol 7: €1000056.

Santos LL, Benone NL, Soares BE, et al. 2019. Trait--environ-
ment relationships in Amazon stream fish assemblages. Ecol
Freshw Fish 28: 424-33.

Santos LM dos, Braga Domingos SC, Azevedo MIN Dj, et al. 2020.
Small Mammals as Carriers/Hosts of Leptospira spp. in the
Western Amazon Forest. Front Vet Sci 7.

Santos M dos. 2016. Atlas de algas del Paraguay. Asuncion Fac
Ciencias Exactas y Nat.

Scheele BC, Pasmans F, Skerratt LF, et al. 2019. Amphibian fun-
gal panzootic causes catastrophic and ongoing loss of biodi-
versity. Science 363: 1459-63.

Schmitz OJ. 2008. Herbivory from Individuals to Ecosystems.
Annu Rev Ecol Evol Syst 39: 133-52.

Schulman L, Toivonen T, and Ruokolainen K. 2007. Analysing
botanical collecting effort in Amazonia and correcting for it
in species range estimation. J Biogeogr 34: 1388—-99.

Schultz ED, Burney CW, Brumfield RT, et al. 2017. Systematics
and biogeography of the Automolus infuscatus complex (Aves;
Furnariidae): Cryptic diversity reveals western Amazonia as
the origin of a transcontinental radiation. Mol Phylogenet Evol
107: 503-15.

Scott JM, Csuti B, Jacobi JD, and Estes JE. 1987. Species rich-
ness. Bioscience 37: 782-8.

characteribus plurium evulgatorum

47



Chapter 3: Biological Diversity and Ecological Networks in the Amazon

Sexton JP, McIntyre PJ, Angert AL, and Rice KJ. 2009. Evolution
and ecology of species range limits. Annu Rev Ecol Evol Syst 40:
415-36.

Silva LCR, Corréa RS, Wright JL, et al. 2021. A new hypothesis for
the origin of Amazonian Dark Earths. Nat Commun 12: 127.

Silva SM, Peterson AT, Carneiro L, et al. 2019. A dynamic conti-
nental moisture gradient drove Amazonian bird diversifica-
tion. Sci Adv 5: eaat5752.

Silva SP, Dilcher M, Weber F, et al. 2014. Genetic and biological
characterization of selected Changuinola viruses (Reoviri-
dae, Orbivirus) from Brazil. J Gen Virol 95: 2251-9.

Silva SP, Dilcher M, Weidmann M, et al. 2013. Changuinola Virus
Serogroup, New Genomes within the Genus Orbivirus (Fam-
ily Reoviridae) Isolated in the Brazilian Amazon Region. Ge-
nome Announc 1.

Simon MF, Grether R, Queiroz LP de, et al. 2009. Recent assem-
bly of the Cerrado, a neotropical plant diversity hotspot, by
in situ evolution of adaptations to fire. Proc Natl Acad Sci 106:
20359-64.

Sipman HJM and Aptroot A. 2001. Where are the missing li-
chens? Mycol Res 105: 1433-9.

Soares HS, Barbieri ARM, Martins TF, et al. 2015. Ticks and rick-
ettsial infection in the wildlife of two regions of the Brazilian
Amazon. Exp Appl Acarol 65: 125-40.

Sobral M, Silvius KM, Overman H, et al. 2017. Mammal diversity
influences the carbon cycle through trophic interactions in
the Amazon. Nat Ecol |& Evol 1: 1670-6.

Solar RR de C, Barlow J, Andersen AN, et al. 2016. Biodiversity
consequences of land-use change and forest disturbance in
the Amazon: A multi-scale assessment using ant communi-
ties. Biol Conserv197: 98-107.

Solari S, Velazco PM, and Patterson BD. 2012. Hierarchical Or-
ganization of Neotropical Mammal Diversity and Its Histori-
cal Basis. In: Bones, Clones, and Biomes. University of Chi-
cago Press.

Solis Acosta M. 1992. Vademecum de plantas medicinales del
Ecuador. Quito: FESO ;Ediciones Abya-Yala. 243p

Sparre B et al. (Ed). Flora of Ecuador. Flora of Ecuador. Dept. of
Systematic Botany, University of Goteborg, Goteborg, Swe-
den.

Spielman D, Brook BW, and Frankham R. 2004. Most species are
not driven to extinction before genetic factors impact them.
Proc Natl Acad Sci 101: 15261-4.

Stefani MMA, Rosa PS, Costa MB, et al. 2019. Leprosy survey
among rural communities and wild armadillos from Amazo-
nas state, Northern Brazil. PLoS One 14: €0209491.

Stevenson PR and Guzman-Caro DC. 2010. Nutrient transport
within and between habitats through seed dispersal pro-
cesses by woolly monkeys in north-western Amazonia. Am J
Primatol 72: 992-1003.

Science Panel for the Amazon

Steyermark JA. 1988. Flora of the venezuelan Guayana-VI. Ann
Missouri Bot Gard: 1565—-86.

Strona G. 2015. Past, present and future of host--parasite co-ex-
tinctions. Int J Parasitol Parasites Wildl 4: 431-41.

Stuart M, Pendergast V, Rumfelt S, et al. 1998. Parasites of wild
howlers (Alouatta spp.). Int J Primatol 19: 493-512.

Stuart SN, Chanson JS, Cox NA, et al. 2004. Status and Trends of
Amphibian Declines and Extinctions Worldwide. Science
306: 1783-6.

Tantalean M. 1990. Notes on some helminth parasites from Pe-
ruvian monkeys. Lab Primate Newsl 29: 6—8.

Taylor BW, Flecker AS, and Hall RO. 2006. Loss of a harvested
fish species disrupts carbon flow in a diverse tropical river.
Science 313: 833-6.

Tedersoo L, Bahram M, Polme S, et al. 2014. Global diversity and
geography of soil fungi. Science 346.

Tejedor Garavito N, Alvarez E, Arango Caro S, et al. 2012. Evalu-
acion del estado de conservacion de los bosques montanos
en los Andes tropicales. Ecosistemas 21.

Terborgh J, Lopez L, Nuiiez P, et al. 2001. Ecological meltdown
in predator-free forest fragments. Science 294: 1923-6.

Terborgh J.2012. Enemies Maintain Hyperdiverse Tropical For-
ests. Am Nat 179: 303-14.

Terborgh J. 2013. Using Janzen--Connell to predict the conse-
quences of defaunation and other disturbances of tropical
forests. Biol Conserv163: 7-12.

Terborgh JW and Feeley KJ. 2010. High functional redundancy
and diffuse vertical links create multiple pathways for the
trophic cascade in tropical forests. Trophic cascades: 125-40.

Terborgh JW and Feeley KJ. 2010. High functional redundancy
and diffuse vertical links create multiple pathways for the
trophic cascade in tropical forests (JW Terborgh and JA Es-
tes, Eds). Island Washington, DC.

Ter-Steege H, Pitman N, Sabatier D, et al. 2003. A spatial model
of tree $a$-diversity and tree density for the Amazon. Bio-
divers |& Conserv12: 2255-77.

Ter-Steege H, Pitman NCA, Sabatier D, et al. 2013. Hyperdomi-
nance in the Amazonian Tree Flora. Science 342.

Ter-Steege H, Prado PI, Lima RAF de, et al. 2020. Biased-cor-
rected richness estimates for the Amazonian tree flora. Sci
Rep 10: 1-13.

Toews DPL, Campagna L, Taylor SA, et al. 2016. Genomic ap-
proaches to understanding population divergence and spe-
ciation in birds. Auk Ornithol Adv 133: 13-30.

Toussaint A, Charpin N, Brosse S, and Villéger S. 2016. Global
functional diversity of freshwater fish is concentrated in the
Neotropics while functional vulnerability is widespread. Sci
Rep 6: 1-9.

Trivinho-Strixino S. 2019. Ordem Diptera. Familia Chirono-
midae. Guia de identificacdo de larvas ( et al Hamada, Ed).

48



Chapter 3: Biological Diversity and Ecological Networks in the Amazon

Manaus.: Taxonomia, Biologia e Ecologia. Editora INPA.

Trujillo-Arias N, Dantas GPM, Arbeldez-Cortés E, et al. 2017. The
niche and phylogeography of a passerine reveal the history
of biological diversification between the Andean and the At-
lantic forests. Mol Phylogenet Evol 112: 107-21.

Tucker CM, Cadotte MW, Carvalho SB, et al. 2017. A guide to phy-
logenetic metrics for conservation, community ecology and
macroecology. Biol Rev92: 698-715.

Uetz P and Hosec J. 2020. The Reptile Database http://www.rep-
tile-database.org/.

Ulloa Ulloa C and Jgrgensen PM. 2018. From Humboldt’s cross-
section of the Chimborazo to the map of the plants of the
Americas: Making checklists. Taxon 67: 1059-61.

Ulloa Ulloa C and Neill DA. 2005. Cinco anos de adiciones a la
flora del Ecuador. Editorial Universidad Técnica Particular
de Loja, Loja.

Ulloa Ulloa C, Acevedo-Rodriguez P, Beck S, et al. 2017. An inte-
grated assessment of the vascular plant species of the Amer-
icas. Science 358: 1614-7.

Ulloa Ulloa C, Zarucchi JL, and Leoén B. 2004. Diez anos de adi-
ciones a la flora del Pert: 1993-2003.

Ulloa Ulloa C. 2006. Aromas y sabores andinos (MB Moraes, R., L
Qligaard, PF Kvist, et al., Eds). Palmas Ecuatorianas. Publica-
ciones del Herbario QCA, Quito.

Ulloa Ulloa, C. 2006 [2007]. Aromas y sabores andinos. Pp. 313-
328.In: Moraes R., M., B. @llgaard, L. P. Kvist, F. Borchsenius
& H. Balslev (eds.) Botanica Econémica de los Andes Cen-
trales. Universidad Mayor de San Andrés, Plural Editores, La
Paz.

Ulloa Ulloa, C., P. Acevedo-Rodriguez, S. Beck, M.J. et al. (2020).
Vascular Plants of the Americas (VPA) Website. Tropicos,
Botanical Information System at the Missouri Botanical Gar-
den, St. Louis, Missouri, USA. [http://www.tropicos.org/Pro-
ject/VPA]

Vacher J, Chave J, Ficetola FG, et al. 2020. Large-scale DNA-
based survey of frogs in Amazonia suggests a vast underes-
timation of species richness and endemism. J Biogeogr 47:
1781-91.

Val AL and Almeida-Val VMF de. 1995. Fishes of the Amazon and
their environment: physiological and biochemical aspects.
Heidelberg, Springer Verlag.

Val AL, Gomes KRM, and Almeida-Val VMF de. 2015. Rapid reg-
ulation of blood parameters under acute hypoxia in the Am-
azonian fish Prochilodus nigricans. Comp Biochem Physiol
Part A Mol Integr Physiol 184: 125-31.

Val AL. 1995. Oxygen transfer in fish: morphological and molec-
ular adjustments. Brazilian J Med Biol Res 28: 1119-27.

Vale MM and Jenkins CN. 2012. Across-taxa incongruence in
patterns of collecting bias. J Biogeogr 39: 1744-8.

Vale MM, Marquet PA, Corcoran D, et al. 2021. Could a future

Science Panel for the Amazon

pandemic come from the Amazon? The Science and Policy
of Pandemic Prevention in the Amazon. Conservation Inter-
national. 10.5281/zenodo0.4606591

Valencia R, Montufar R (edit., Navarrete H (edit., and Balslev H
(Edit. 2013. Palmas ecuatorianas: biologia y uso sostenible.
Herbario QCA de la PUCE.

Valladares G, Salvo A, and Cagnolo L. 2006. Habitat fragmenta-
tion effects on trophic processes of insect-plant food webs.
Conserv Biol 20: 212-7.

Van-Damme PA, Méndez CC, Zapata M, et al. 2015. The expan-
sion of Arapaima cf. gigas (Osteoglossiformes: Arapaimidae)
in the Bolivian Amazon as informed by citizen and formal
science. Manag Biol Invasions 6: 375-83.

Vazzoler A, Amadio SA, and Daraciolo-Malta MC. 1989. Aspectos
bioldgicos de peixes Amazonicos. XI. reproducao das es-
pécies do género Semaprochilodus (Characiformes, Prochilo-
dontidae) no baixo Rio Negro, Amazonas, Brasil. Rev Bras Biol
49: 165-73.

Vazzoler AEA de M and Amadio SA. 1990. Aspectos biolégicos de
peixes amazonicos. XIII. Estrutura e comportamento de car-
dumes multiespecificos de Semaprochilodus (Chara-
ciformes, Prochilodontidae) do baixo rio Negro, Amazonas,
Brasil. Vol 50, Numero 3, Pags 537-546.

Vieira FM, Luque JL, Muniz-Pereira LC, and others. 2008.
Checklist of helminth parasites in wild carnivore mammals
from Brazil. Zootaxa 1721: 1-23.

Vieira RF, Camillo J, and Coradin L. 2018. Espécies nativas da
flora brasileira de valor econd6mico atual ou potencial:
plantas para o futuro: Regido Centro-Oeste. Embrapa Recur
Genéticos e Biotecnol cientifiico.

Villachica L, H 1996. Frutales y hortalizas promisorios de la
Amazonia. Tratado de Cooperacion Amazonica (TCA), Lima,
367.

Violle C, Navas M-L, Vile D, et al. 2007. Let the concept of trait be
functional! Oikos 116: 882-92.

Vitaliano SN, Soares HS, Minervino AHH, et al. 2014. Genetic
characterization of Toxoplasma gondii from Brazilian wildlife
revealed abundant new genotypes. Int J Parasitol Parasites
Wildl 3: 276—-83.

Voss RS and Emmons L. 1996. Mammalian diversity in Neotrop-
ical lowland rainforests: a preliminary assessment. Bulletin
of the AMNH; no. 230.

Wake DB and Vredenburg VT. 2008. Are we in the midst of the
sixth mass extinction? A view from the world of amphibians.
Proc Natl Acad Sci 105: 11466-73.

Wallace AR. 1853. Palm trees of the Amazon and their uses. J.
van Voorst.

Weir JT. 2006. Divergent timing and patterns of species accu-
mulation in lowland and highland neotropical birds. Evolu-
tion (NY) 60: 842-55.

49



Chapter 3: Biological Diversity and Ecological Networks in the Amazon

Weitzman SH and Vari RP. 1988. Miniaturization in South
American freshwater fishes; an overview and discussion.
Wells KD. 2013. The ecology and behavior of amphibians. Uni-

versity of Chicago Press.

Whitman DW, Agrawal AA, and others. 2009. What is phenotypic
plasticity and why is it important. In: Whitman DW, Anan-
thakrishnan TN (Eds). Phenotypic plasticity of insects:
Mechanisms and consequences. Science Publishers Enfield,
NH.

Wieczynski DJ, Boyle B, Buzzard V, et al. 2019. Climate shapes
and shifts functional biodiversity in forests worldwide. Proc
Natl Acad Sci 116: 587-92.

Winemailler KO and Jepsen DB. 1998. Effects of seasonality and
fish movement on tropical river food webs. J Fish Biol 53:
267-96.

Wirth R, Meyer ST, Leal IR, and Tabarelli M. 2008. Plant Herbi-
vore Interactions at the Forest Edge

Witter R, Martins TF, Campos AK, et al. 2016. Rickettsial infec-
tion in ticks (Acari: Ixodidae) of wild animals in midwestern
Brazil. Ticks Tick Borne Dis 7: 415-23.

Wood CL and Johnson PTJ. 2015. A world without parasites: ex-
ploring the hidden ecology of infection. Front Ecol Environ 13:
425-34.

Young K, Ledn B, Jorgensen P, and Ulloa UC. 2007. Tropical and
subtropical landscapes of the Andes. In: Veblen T, Young K,
Orme A (Eds). The Physical Geography of South America. Ox-
ford University Press.

Zarrillo S, Gaikwad N, Lanaud C, et al. 2018. The use and domes-
tication of Theobroma cacao during the mid-Holocene in the
upper Amazon. Nat Ecol |& Evol 2: 1879-88.

Zerpa C, Keirans JE, Mangold AJ, and Guglielmone AA. 2003.
Confirmation of the presence of Amblyomma ovale Koch 1844
and first records of Amblyomma scalpturatum Neumann 1906
(Acari: Ixodida: Ixodidae) in the Amazonian region of Ecua-
dor. Proc Entomol Soc Wash 105.

Ziccardi M and Lourenco-de-Oliveira R. 1997. The infection
rates of trypanosomes in squirrel monkeys at two sites in the
Brazilian Amazon. Mem Inst Oswaldo Cruz 92: 465-70.

Zimmermann NP, Aguirre A de AR, Rodrigues Vda S, et al. 2018.
Wildlife species, Ixodid fauna and new host records for ticks
in an Amazon forest area, Rondonia, Brazil. Rev Bras Parasitol
Veterindria 27: 177-82.

Science Panel for the Amazon

50



weesiTe theamazonwewant.org
INsTAGRAM @theamazonwewant
TwirTer @theamazonwewant




	Chapter 3 Cover with logo
	Chapter 3 Inside Cover
	Chapter 3 Stand alone Jun 1
	Back Cover

