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Foreword

The Physical Geography of South America is the seventh in a series of advanced books that is being
published by Oxford University Press under the rubric of Oxford Regional Environments.

The aim of the series is to provide a durable statement of physical conditions on each of the
continents. Each volume includes a discussion of the systematic framework (for instance, tectonism,
climate, and biogeography), followed by an evaluation of dominant environments (such as mountains,
forests, and deserts) and their linkages, and concludes with a consideration of the main environmental
issues related to the human use and misuse of the land (for example, interactions of nature and people
through time, modern agricultural and urban impacts, resource issues, and conservation).

While books in the series are framed within an agreed context, individual volumes seek to empha-
size the distinctive qualities of each continent. We hope that this approach will provide a coherent and
informative basis for physical geography and related sciences, and that each volume will be an
important and useful reference source for those concerned with understanding the varied environ-
ments of the continents.

Andrew Goudie, University of Oxford
Antony Orme, University of California, Los Angeles
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Preface

This book, The Physical Geography of South America, is a contribution to the Oxford Regional
Environments series being published by Oxford University Press. It presents a detailed and current
statement of knowledge written by specialists in the many research fields of physical geography and
related fields. With this book we aspire to fill a void in recent scientific literature, namely, the lack of
high-quality interpretative and correlative work that seeks to integrate knowledge of South America
across the environmental spectrum.

South America is an unusually fascinating continent. Although now tenuously linked physically
with other lands to the north, and increasingly enmeshed in human globalization, its character owes
much to prolonged isolation from neighboring continents, diluted only quite recently by infusions of
plants, animals, and peoples from elsewhere. The continent thus reflects a strong element of ende-
mism—of plants and animals that developed more or less in isolation over long intervals of geologic
time, and later of peoples, particularly in the High Andes, who had achieved much long before they
were impacted by colonists from beyond the seas. It is also a continent of dramatic gradients and
elevational patterns. For example, vertical relief of over 13,000 m, in a distance of little more than
200 km, separates peaks in the High Andes from the depths of the Peri-Chile Trench offshore, while
on land alone the highest Andes descend equally abruptly from alpine tundra into rain forest just
above sea level in the Amazon lowlands.

Accordingly, this book seeks to emphasize and explain South America’s distinctive qualities, while
also examining those features that can only be explained by reference to factors, from tectonic forces to
colonization, triggered beyond its shores. It contains 21 chapters that are broadly divided into three
groups: systematic framework, regional environments, and human impacts. The first eight chapters
focus systematically on the broad physical and biogeographic character of South America. Of these,
chapters 1 to 5 examine the shaping of the continent’s physical framework, whereas chapters 6 to 8
provide an overview of South America’s distinctive biogeography. Chapters 9 to 15 examine some of
the continent’s more distinctive regional environments, based on recognition of differing forest,
shrubland, grassland, steppe, and desert biomes, and of ocean coasts. Last, chapters 16 to 21 examine
nature in a human context, showing how nature has influenced people and has in turn been reshaped by
them, producing landscapes that are often quite different from those inherited from nature. This in-
volves examining the roles of native and immigrant peoples, agriculture and urbanism, El Nifio oscilla-
tions, and finally natural and human impacts and resource issues of relevance to future environments.



A book of this nature inevitably involves much synthesis and some subjectivity. Whereas the
chapters are framed within an agreed context, individual authors have been encouraged to be original,
flexible, and selective in their approach. To aid the reader in pursuing various themes, each chapter
offers a substantial bibliography, which includes both selected classic works and much that has been
published within the past two decades.

Thomas T. Veblen

Kenneth R. Young
Antony R. Orme

X Preface
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The Tectonic Framework of South America

Antony R. Orme

Tectonism is the science of Earth movements and the rocks
and structures involved therein. These movements build
the structural framework that supports the stage on which
surface processes, plants, animals and, most recently,
people pursue their various roles under an atmospheric
canopy. An appreciation of this tectonic framework is thus
a desirable starting point for understanding the physical
geography of South America, from its roots in the distant
past through the many and varied changes that have shaped
the landscapes visible today.

Tectonic science recognizes that Earth’s lithosphere
comprises rocks of varying density that mobilize as rela-
tively rigid plates, some continental in origin, some oce-
anic, and some, like the South American plate, amalgams
of both continental and oceanic rocks. These plates shift
in response to deep-seated forces, such as convection in
the upper mantle, and crustal forces involving push and
pull mechanics between plates. Crustal motions, aug-
mented by magmatism, erosion, and deposition, in turn
generate complex three-dimensional patterns. Although
plate architecture has changed over geologic time, Earth’s
lithosphere is presently organized into seven major plates,
including the South American plate, and numerous smaller
plates and slivers.

The crustal mobility implicit in plate tectonics often
focuses more attention on plate margins than on plate in-
teriors. In this respect, it is usual to distinguish between

passive margins, where plates are rifting and diverging, and
active margins, where plates are either converging or shear-
ing laterally alongside one another. At passive or divergent
margins, such as the present eastern margin of the South
American plate, severe crustal deformation is rare but
crustal flexuring (epeirogeny), faulting, and volcanism
occur as plates shift away from spreading centers, such as
the Mid-Atlantic Ridge, where new crust is forming. De-
spite this lack of severe postrift deformation, however,
passive margins commonly involve the separation of highly
deformed rocks and structures that were involved in the
earlier assembly of continental plates, as shown by simi-
lar structural legacies in the facing continental margins of
eastern South America and western Africa. At active con-
vergent margins, mountain building (orogeny) commonly
results from subduction of oceanic plates, collision of con-
tinental plates, or accretion of displaced terranes. Along
the present western margin of the South American plate,
oceanic crust forming the Nazca plate is being consumed
as it subducts toward the mantle, often accompanied by
intense magmatic and seismic activity, even as new crust
is being generated at spreading centers beneath the Pacific
Ocean farther west. At active shearing or transform mar-
gins, such as those along South America’s northern and
southern coasts, orogenic activity is less conspicuous but
seismicity is high and earthquakes are frequent. In contrast,
the nucleus of the South American plate, the continental



cratons exposed in the Guiana and Brazilian shields, is
more stable but by no means quiescent.

1.1 The South American Plate
and Its Neighbors

The South American continent covers nearly 18 x 10% km?
or 12% of Earth’s present land area (table 1.1). It is smaller
than North America or Africa, its neighbors to the north
and east, but larger than Antarctica to the south. Addition
of the continental shelf and slope forms a continental block
of more than 22 x 10% km? in area. Thus, about 80% of the
continental block is presently freeboard, although this
value neared 90% when the continental shelf, widest off
Argentina, was more exposed during low Pleistocene sea
levels. The land mass is roughly triangular in shape, broad-
est toward the north where it extends over 5,000 km from
east to west just south of the Equator, but tapering south-
ward, rapidly so beyond the Tropic of Capricorn. Even so,
the continent extends over nearly 70° of latitude and al-
most 8,000 km from north to south. Unlike North America,
a similarly shaped but mainly temperate continent, South
America has a predominantly tropical and subtropical
character, tempered mostly by elevation and in the far
south by polar influences.

In tectonic terms, the continental crustal block is but
part of the larger South American plate whose passive east-
ern margin includes trailing oceanic crust generated at the
Mid-Atlantic Ridge since the rupture of Gondwana and
South America’s separation from Africa (fig. 1.1). Else-
where, the South American plate and continental limits
closely coincide in active margins. The plate’s western
margin with the Nazca and Antarctic plates occurs where
the Andes abut the subduction zone represented on the
ocean floor by the Peri-Chile Trench, while the Caribbean

and Scotia plates shear eastward and impinge on the far
northern and southern coasts, respectively (Table 1.2).

These relationships between tectonic plates and conti-
nental block are, together with the internal architecture of
the South American continent, the product of prolonged
tectonic development (Coffin et al., 2000; Cordani et al.,
2000). As a guide to understanding the continent’s present
physique, this record is divided into five major phases:
(1) a lengthy period of Precambrian time, before the as-
sembly of Gondwana, during which the continent’s cra-
tonic nucleus was formed; (2) the assembly of Gondwana
in late Neoproterozoic and Cambrian time, the subsequent
provision of cover rocks and orogenic imprints, the sutur-
ing of Patagonia, and the inclusion of Gondwana in the
vastness of Pangea from late Paleozoic to early Mesozoic
time; (3) Mesozoic rupture, first of Pangea and then of West
Gondwana, which interposed the Atlantic Ocean between
Africa and South America, and moved the latter westward;
(4) the episodic formation of the Andes; and (5) Cenozoic
tectonism in the far north and south involving the Carib-
bean and Scotia plates, respectively.

1.2 The Precambrian Nucleus

The ancestral nucleus of the continent, the South Ameri-
can Platform, is an amalgam of Precambrian cratons and
orogenic belts that underlie about 15 x 10° km? or 83% of
the continental freeboard (Cordani et al., 2000). The re-
maining 3 x 10 km? of freeboard lie within the Andean
cordillera, which formed along the continent’s western
margin during Phanerozoic time, dramatically so during
the Cenozoic Era.

The Precambrian cratons comprise the large Amazonian
craton (4.3 x 10% km?) exposed in the Guiana and Guaporé
(central Brazil) shields, and the Sdo Francisco, Sdo Luis,

Table 1.1 South America’s dimensions compared with other continents

Continental Continental Continental Mean
Land Area Shelf Slope Block! Freeboard? Altitude Coastline
Continent (108 km?) (108 km?2) (106 km?) (108 km?2) (%) (m) (103 km)
South America 17.79 2.43 2.14 22.36 79.56 590 29
North America 24.24 6.74 6.68 37.66 64.36 720 76
Africa 30.30 1.28 2.25 33.83 89.56 750 30
Antarctica 14.10 0.36 5.41 19.87 70.96 2200
Asia 44.50 9.38 7.01 60.89 72.57 960 71
Australia 8.56 2.70 1.64 12.90 66.36 340 20
Europe 9.96 3.11 3.13 16.20 61.48 340 37

1The Continental Block is defined as Land Area plus Continental Shelf plus Continental Slope. It is not coterminous with the continental plate

(see text).

2Freeboard refers to the land area above present sea level as a percentage of the Continental Block. Antarctica is a special case because most of
its land area is covered by ice sheets that extend onto the continental shelf. All values are approximations.

Modified from Kossinna (1933) and Orme (2002).
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Table 1.2 Principal tectonic, climatic, and biotic events affecting South America over geologic time. The
logarithmic timescale condenses the distant past, thereby enhancing Mesozoic and Cenozoic events relevant

to the present landscape.

Age Eon| Era Period Plate Orogenic Climate- Biotic
(Ma) [Epoch] Motion Events Forcing Events Events
1 Andean Patagonian Megafaunal
(Quaternary) continuing glaciation extinctions
[Pleistocene]
Central American Great American
Panamanian isthmus closes biotic interchange
[Pliocene] Gulf of
L Guayaquil opens Northern Andes
nearing present
I L Andean height raccoons swim
- Nazca plate maximizes to South America
L Cenozoic moving east
L Neogene Tethys closing Beringia pathway
- fully open
= 10 severe Andean | Antarctic
[Miocene] Scotia plate compression Circumpolar
moving east Current stronger hominids in Africa
=) Caribbean plate Drake Passage
i g moving east Andean main widens
= uplift begins
w0 s ;
I Z Farallon plate Global cooling
% [Oligocene] ruptures Antarctic ice rodents appear
= — Australia leaves Southern Ocean
i Paleogene Antarctica opening early horses appear
L [Eocene] India hits Asia grasses appear
i L., Altiplano rising mammals diffuse
[Paleocene] Caribbean and Altiplano primates diffuse
i Scotia plates near sea level | Atlantic fully dinosaur extinctions
i form open but narrow angiosperms spread
— 100 Cretaceous Brazil separates
Mesozoic from Guinea placental mammals
Parand volcanics Gondwana biota
T West Gondwana Andean Atlantic begins separate
Jurassic ruptures begins unzipping carly birds
- = early mammals
Triassic Pangea ruptures magmatism ‘modern’ vertebrates
Permian Gondwanan continentality major extinctions
i Carboniferous | Pangea forms Alleghanian glaciation conifers appear
Paleozoic Devonian gymnosperms appear
i Silurian Precordilleran land plants appear
i Ordovician Famatinian glaciation fish appear
Cambrian Pampean
i Gondwana forms Brasiliano- continentality multicelled
" Panafrican organisms
i &) Rodinia ruptures oceanicity
[ 1000 | ©
(1 Ga) g Rodinia forms Sunsas continentality
= (~Grenvillian)
= | Precambrian Roraima
= Supergroup several
i R older
orogenies
South American bacteria & algae
- <Z§ protocratons form oldest life forms
=
B L
i 4.6 Ga EE Origin of Earth
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Luis Alves, and Rio de la Plata cratons, which collectively
form Brazil’s Atlantic Shield (fig. 1.2). These cratons are
composed of complex igneous and metamorphic rocks,
flanked by Neoproterozoic orogenic belts, and partly con-
cealed beneath later cover rocks (Cordani et al., 2000). The
Amazonian craton involves six major tectonic provinces, in-
cluding Archean crystalline basement and Proterozoic ig-
neous and metamorphic units that were welded together in
several orogenies some time before 1 Ga (billion years be-
fore present). The Sdo Francisco craton, which contains
3.7 Ga gneiss, and the other cratons, including fragments in
the Andes, also had complex histories in different locations.

These cratons have various origins. The Amazonian
craton was part of Rodinia, a Mesoproterozoic supercon-
tinent that formed with the suturing of Laurentia, the an-
cestral nucleus of North America, and other plates during
the Grenvillian orogeny, 1.2—1.0 Ga. The Grenvillian
event, widely recognized in eastern North America, may
be reflected in the Sunsds orogeny of similar age in the
Amazonian Shield and in certain basement rocks of the
Northern and Central Andes. The subsequent breakup
of Rodinia after 900 Ma (million years before present)
saw its cratons disperse and Laurentia separate from
Amazonia, although the Arequipa craton that later docked
against the proto-Andes may have Laurentian affinities.
Changing plate arrangements then paved the way for the
assembly of a new supercontinent, Gondwana, during
later Neoproterozoic time.

1.3 The Assembly of Gondwana

The assembly of Gondwana involved the closure of exist-
ing seaways, subduction of oceanic crust, and multiple
collisions between continental cratons, culminating in the
Brasiliano-Panafrican orogeny between 650 and 550 Ma. The
orogeny generated fold belts, among which the Borborema,
Tocantins, and Mantiquiere provinces of Brazil are notewor-
thy. Suturing of continental plates also formed enduring
cratonic continua, such as the Sdo Luis—West African and
Séo Francisco-Congo cratons, that only ruptured with the
breakup of West Gondwana and the subsequent opening
of the Atlantic Ocean in later Mesozoic time (Alkmim
et al., 2001).

The Brasiliano-Panafrican orogeny involved in the as-
sembly of Gondwana provided not only high relief to South
America’s ancestral framework but also intracratonic ba-
sins that have been the locus of prolonged if intermittent
sedimentation throughout Phanerozoic time. Thus, while
the exposed cratonic shields are important features of the
present landscape, they are buried elsewhere by great thick-
nesses of sedimentary and volcanic rock, which impart a
quite different texture to the landscape. These basins may
have been zones of crustal weakness in the Brasiliano-
Panafrican framework, but their continued if sporadic sub-
sidence during Phanerozoic time is still difficult to explain.

There are five major intracratonic basins—the Solimdes,
Amazonas, and Parnafba basins in northern Brazil, and the
Parand and Chaco-Parand basins farther south (fig. 1.2;
Milani and Filho, 2000). These basins, which together oc-
cupy about 3.5 x 10° km?, or almost 20% of the continent,
are separated from one another by structural arches whose
influence on drainage and sedimentation has persisted
to the present, notably in the Amazon River basin (see
chapter 5).

The intracratonic basins contain 3,000 to 7,000-m thick
sequences of mostly siliciclastic rocks related to several
Paleozoic transgressive-regressive depositional cycles and
accompanying subsidence, interrupted by episodes of up-
lift and erosion, and capped by later continental and vol-
canic rocks. In general, these sequences begin with an
Ordovician marine transgression, continue from Silurian to
Carboniferous time with alternating shallow marine, deltaic,
fluvial, and aeolian sedimentation, with carbonates and
evaporites in the northern basins, and are topped off by flu-
vial, lacustrine, and aeolian “red beds” of Permian and Tri-
assic age. These red beds were deposited following the final
withdrawal of Paleozoic seas from Gondwana’s western
interior and reflect the desiccation of the intracratonic ba-
sins under truly continental conditions. Aridity continued
through the Jurassic and early Cretaceous with the wide-
spread accumulation of aeolian sands under desert condi-
tions. As the Mesozoic progressed, however, these deserts
were invaded by large volumes of magma, mostly basalt
lavas related to the impending breakup of Gondwana.

Tillites and other glaciogenic deposits are noteworthy
features of the Paleozoic rock record, indicating that the
South American Platform and its Gondwana neighbors
then lay near enough to the South Pole to be affected by
repeated continental glaciation. As Gondwana shifted loca-
tion during the era, so the South Pole appeared to wander
from northwest Africa in the Ordovician to off southeast
Africa in the Permian (Crowley and North, 1991). Earlier
in the twentieth century, observed similarities between
Carboniferous and Permian stratigraphic sequences of
southern Brazil and southern Africa, now separated by
6,000 km of ocean, provided support for the struggling
theory of continental drift (du Toit, 1927, 1937). In both
areas, late Carboniferous to early Permian glaciogenic
deposits, up to 1,500 m thick in the Parand Basin, under-
lie postglacial Permian shales containing the distinctive
Glossopteris flora and the reptile Mesosaurus. These rocks
are now far apart, a circumstance more readily explained
by mobilist concepts involving plate separation than by
former beliefs in continental stability and land bridges.

Despite their thickness, the Paleozoic and Mesozoic
rocks of these intracratonic basins make a variable contri-
bution to the present landscape. In the Solimdes Basin (0.6
x 10 km?), they are wholly concealed by sandy late Creta-
ceous and Cenozoic continental sediment. In the Chaco-
Parand Basin (0.5 x 108 km?), they are concealed beneath a

The Tectonic Framework of South America 7



w \
AFRICAN PLATE

Atlantic Ocean

‘Ocean crust

Continental shelf & borderland

;éﬁj Phanerozoic platform cover rocks
— 40" 0"‘ Ix" Andean orogenic belt, with main cordilleras |
k ;..-'/ Patagonian domain
%4'& ' y Neoproterozoic orogenic belts

ANTARCTIC PLATE

3]

100°

80"
\ \ \ |

Figure 1.2 Tectonic provinces of South America




featureless plain formed of Cenozoic fluvial debris shed
from the rising Andes to the west. However, in the
Amazonas (0.5 x 10° km?) and Parnaiba basins (0.5 x 10°
km?), Paleozoic rocks crop out against the margins of ad-
jacent shields, while late Jurassic and early Cretaceous
aeolian sandstones and basaltic lavas are widely exposed
across the Parand Basin (1.4 x 10% km?2).

During Gondwana’s existence, the South American
Platform was augmented to the south, in Patagonia, by the
suture of the Gondwanides, a discrete Paleozoic deforma-
tional belt of uncertain origin formed from several episodes
of terrane accretion and orogenic activity from the late
Neoproterozoic onward. The culminating Gondwanan
orogeny is well expressed in the Sierra de la Ventana of
southern Buenos Aires province from whence the Permian
suture describes an arc extending northwest toward the
Andes (fig. 1.2). The Gondwanides comprise two distinct
cratons, the Somun Cura and Deseado massifs that fused
in early Paleozoic time to form the Austral continental
plate, together with old mountain chains such as the
Patagonian Precordillera farther west (Ramos and Aguirre-
Urreta, 2000). The Proterozoic and early Paleozoic crys-
talline basement of the Gondwanides is generally overlain
by Paleozoic marine, continental, and glaciogenic sedi-
ment, intruded by Paleozoic and early Mesozoic plutons,
and capped by Mesozoic volcanics portending the rup-
ture of Gondwana. This Patagonian domain, which ex-
tends eastward beneath the broad continental shelf, was
later modified by post-Paleozoic subsidence, notably in
the San Jorge and Austral basins. In Cenozoic time,
Patagonia has been mantled by basaltic lavas and ash-fall
tuffs, derived from volcanic activity linked to transient
hot-spots or to plate subduction farther west, and by con-
tinental sediments derived from the rising Andes and
containing a rich mammalian fauna. Subsequent dissec-
tion of these volcanic and sedimentary formations has
provided the Patagonian landscape with its characteris-
tic mesetas.

Meanwhile, the tectonic forces that had assembled
Gondwana also transformed its western edge from a passive
margin, following the rupture of Rodinia, to an active con-
vergent margin, subject to subduction, peripheral subsid-
ence, and episodic orogenic and magmatic activity as the
supercontinent converged from time to time with various
plates farther west (Dalziel, 1997; Bahlburg and Hervé,
1997). In this way, the stage was set for the initiation of the
Andes, long before the events that culminated in massive
Cenozoic uplift. Thus, in Paleozoic time, a series of pre-
Andean foreland basins developed along the western margin
of the South American Platform. Although their stratigra-
phies were similar to those of intracratonic basins farther
east, rocks in these foreland basins experienced episodic
compression, usually in a back-arc setting, and eventually
became involved in the development of the Andes.

Of the orogenic events affecting the southwestern mar-
gin of Gondwana, three are particularly noteworthy
(Pankhurst and Rapela, 1998; Rapela, 2000). First, the Pam-
pean orogeny (the last phase of the Brasiliano-Panafrican
orogeny) and related magmatism of Cambrian time (~530—
515 Ma) saw Proterozoic terrane from the west collide with
Gondwana, thus providing the crystalline roots of the Si-
erra de Cordoba and eastern Sierras Pampeanas in west-
central Argentina. Second, the Famatinian orogeny of
Ordovician time (~490-450 Ma) was associated with mag-
matic arc subduction, which provided granite batholiths
to several later Andean ranges in western Argentina.
Third, by Silurian time (~430-410 Ma), the distinctive
Precordilleran terrane of western Argentina, comprising
Proterozoic crystalline basement overlain by Cambrian
and Ordovician passive margin shelf carbonates, had
docked against Gondwana, to be followed by intrusion of
post-orogenic Devonian batholiths.

The Precordilleran terrane of the Andean foothills is
noteworthy for its similarity to Neoproterozoic-Cambrian
terranes and faunas along the Appalachian-Ouachita mar-
gin of Laurentia. This has suggested a Laurentian origin for
the Precordilleran terrane, implying that North America
had collided with West Gondwana by Silurian time (e.g.,
Ramos et al., 1984; Dalziel, 1997; Keller, 1999; Thomas and
Astini, 2003). Indeed, collision and rifting may have oc-
curred earlier, perhaps several times, as Laurentia bounced
clockwise along South America’s western margin. Thus,
the earlier Famatinian orogeny has been linked with the
Taconian orogeny (480—440 Ma) of the Appalachians, re-
flecting an earlier collision between Laurentia and West
Gondwana that stranded the Arequipa craton in southern
Peru. Similarly, the later Appalachian Acadian orogeny
(430-360 Ma) may be mirrored in structures in northern
Pert (Dalla Salda et al., 1992).

Finally, during the late Paleozoic, Gondwana as a
whole became sutured to the more northerly superconti-
nent of Laurussia to form a vast single landmass, Pangea
(fig. 1.3). The Iapetus Ocean between the two land masses
closed. This suturing process again involved collision
with Laurentia, this time along the northwest margin of
the Amazonian craton in the Alleghanian orogeny (330-
260 Ma). This collision, which probably involved the
Yucatdn terrane and the Ouachita fold-and-thrust belt of
North America, is reflected in the northern Andes. Pangea
was not to last, however, because, after crustal extension
in Permian and Triassic time, Laurentia began to separate
from Gondwana in the mid-Jurassic (~180 Ma), thereby
returning oceanic conditions to South America’s north
coast. Farther south, crustal extension created subparallel
rifts along the proto-Andean margin of Gondwana. At this
time, however, the northwest continental margin lay 200
km inland of the present coast of Colombia and Ecuador,
where it was later masked by Cenozoic terrane accretion.

The Tectonic Framework of South America 9
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1.4 The Rupture of Gondwana and
Opening of the Atlantic Ocean

The breakup of Pangea was the precursor of a global plate
reorganization that later involved the rupture of Gondwana
and the isolation of South America as a discrete continent
(fig. 1.4). Rifting of South America from Africa and the
opening of the Atlantic Ocean were diachronous events
that ranged over 100 Ma, from early Jurassic to middle
Cretaceous time, and occurred along a 12,000 km diver-
gent margin from northern Venezuela to the Malvinas Pla-
teau. Farther south, South America may have separated
from Antarctica as early as the late Jurassic (Smith et al.,
1994) or as late as the Paleocene (Hay et al., 1999) or Eocene
(Brundin, 1988).

Opening of the South Atlantic Ocean involved three
distinct tectonic styles and locations (fig. 1.4; Milani and
Filho, 2000). In the north, in the central Atlantic domain,
crustal extension began in the late Triassic (~210 Ma), and
sea-floor spreading in early Jurassic time (190-180 Ma)
introduced the western Tethys Ocean to the Venezuela-
Guiana margin (Steiner et al., 1998). In the south, in the
southern Atlantic domain, the Malvinas Plateau began rift-
ing from southern Africa in the early Jurassic (200—-180 Ma).
Then, as fracturing propagated northward, so the South

Atlantic Ocean unzipped and the Parana flood basalts
spewed to the surface around 135-130 Ma, probably from
the Tristan da Cunha hotspot (Peate et al., 1990; Glen
etal., 1997). In the intervening equatorial Atlantic domain,
and in response to these stresses, right-lateral wrenching
along a massive transform system began moving northern
Brazil westward along the Guinea coast of Africa in middle
Cretaceous time (120-100 Ma).

All three domains show certain sequential similarities:
initial crustal extension and enhanced magmatism, subse-
quent rifting of Precambrian cratons and Paleozoic cover
rocks, basin formation along the rifted margin, followed by
transitional then oceanic tectonic and sedimentologic re-
gimes. In the north, opening of the central Atlantic Ocean
was heralded by widespread late Triassic-early Jurassic
magmatism in the Solimdes, Amazonas, and Parnaiba ba-
sins, followed by rifting, the onset of sea-floor spreading,
and the opening of marginal basins to repeated transgressive-
regressive sedimentary cycles. Late Mesozoic and Cenozoic
sandstones of these cycles are found in the Guiana High-
lands and beneath the Demerera Plateau offshore. Farther
east, basin development across Brazil’s north coast was
strongly influenced by transtensional rifting along a com-
plex east-west transform plate boundary. Thick carbonate
sequences in these basins indicate frequent shallow-water
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conditions along the continental margin from the late Cre-
taceous onward.

The southern Atlantic domain is a classic divergent
continental margin. Its impending rupture was marked by
crustal uplift, extension, and volcanism reflected today
in the 2,000-m thick basaltic lavas of the Parand Basin.
Later, massive normal faulting occurred as the unsup-
ported eastern margin of the South American Platform
slipped into the widening rift zone. The coastal escarp-
ment of southeast Brazil, up to 2,200 m high and 1,000
km long in the Serra do Mar, reflects this rifted margin,
extended westward by erosional scarp retreat of the
Santos fault zone, now offshore (Almeida and Carneiro,
1998). As these normal faults were offset by transverse
faulting related to east-west fracture zones in the spread-
ing sea floor farther east, so a series of marginal basins
formed, earlier in the south than in the north. Thus late
Jurassic and early Cretaceous rifting off Argentina and
Uruguay produced grabens and half-grabens with axes
perpendicular or oblique to the continental margin which,
below later sediments, still influence the shape of the Rio
de la Plata and Bahia Blanca embayments (Ramos and
Aguirre-Urreta, 2000). The Pernambuco Basin at Brazil’s
northeast tip became the youngest such feature when it
was initiated in mid-Cretaceous time (120-110 Ma). Most
of the basins offshore, whether parallel or perpendicular
to the continental margin, filled with pre-rift continental
sediment and volcanic rocks, syn-rift deltaic, evaporite,
and shallow-water carbonate rocks, and post-rift open
marine sediment. The location and extent of each unit
reflect the timing of basin formation and changing rela-
tionships among basin tectonics, sea level, and continen-
tal freeboard. In general, continental facies thicken and
coarsen to the west and onshore, while marine facies
thicken and fine seaward and offshore. Owing to contin-
ued faulting, seaward tilting, and thermal subsidence,
these basins now lie mostly offshore, beneath Cenozoic
sediment mantling the continental shelf and slope. There
are also several failed-rift basins along this margin, sys-
tems initiated by early rifting but later abandoned. Among
these are the San Jorge Basin between the Somun Cura and
Deseado massifs in Patagonia, and the Reconcavo-Tucano
Basin in northeast Brazil, a north-south graben initiated
in early Cretaceous time that was later abandoned when
rifting shifted to the present coastal margin.

Noteworthy features of this divergent margin include
the Sdo Paulo Plateau, a submerged fragment of continen-
tal crust now 2,000-3,000 m below sea level off east-cen-
tral Brazil, and the Malvinas Plateau, which forms a
2,000-km wide continental shelf off Patagonia. The latter
plateau supports the Malvinas (Falkland) Islands and is
flanked eastward by a rifted margin descending to oceanic
crust, northward by an east-west fracture zone defining the
3,000-m high Malvinas Escarpment, and southward by the
active transform boundary with the Scotia plate. Its Pre-

cambrian-Paleozoic basement, which has close affinities
with southernmost Africa, supports 4,000 m of post-rift
sediment.

As the Mesozoic and Cenozoic progressed, a broad dis-
tinction thus developed within the eastern part of the South
American plate between the rifted continental margin and
its subsiding basins, and the widening mass of oceanic
crust offset by transform faults farther east. As the conti-
nent moved away from the Mid-Atlantic Ridge, so the
mantle plumes partly responsible for earlier continental
magmatism emerged as hot spots in the oceanic crust. They
occur today on or near the central ridge (e.g., St. Paul,
Ascension, Tristan da Cunha) and farther west (e.g.,
Fernando, Trinidade) (fig. 1.1). These hot spots, fixed with
respect to the mantle, indicate that the South American
plate is presently moving westward away from the Mid-
Atlantic Ridge at a rate of about 25 to 35 mm yr".

1.5 The Formation of the Andes

The Andes are a superb example of a mountain chain raised
by plate subduction, magmatism, crustal shortening, ter-
rain accretion, and isostatic adjustments. The modern
Andes extend over 8,500 km, from latitude 12°N to 56°S,
and vary in width from 250 km to 750 km (fig. 1.2). Struc-
turally, they comprise three segments: (1) the 2,000-km
long Northern Andes trending NNE-SSW from 12°N to 5°S;
(2) the 5,200-km long Central Andes comprising the 2,000-
km long North-Central Andes, trending NW-SE from the
Huancabamba Bend at 5°S to the Arica Bend at 18°S, and
the 3,200-km long South-Central Andes trending N-S from
there to the Chile triple junction near the Gulf of Pefas at
46°S; and (3) the 1,300-km long Southern Andes from 46°S
to 56°S, forming a broad arc through 90° from the Gulf of
Penas to the transform boundary with the Scotia plate in
Tierra del Fuego.

Temporally, the formation of the Andes involves a com-
plex sequence of events that may be divided into four major
stages (Ramos and Aleman, 2000): (1) terrane accretion and
orogenesis along the proto-Andean margin of Gondwana
during Proterozoic and early Paleozoic time; (2) late Pa-
leozoic terrane accretion, episodic subduction, and orogen-
esis during the assembly of Pangea, involving collision of
North and South America in the Alleghanian orogeny and
suturing of the Gondwanides in the south; (3) crustal ex-
tension along the proto-Andean margin during the breakup
of Pangea, punctuated by collision of island arcs and
batholith emplacement; and (4) the Andean orogeny of later
Mesozoic and Cenozoic time that saw subduction of oce-
anic terranes beneath the westward-moving South Ameri-
can plate and closure of remaining trans-Andean seaways
in Venezuela, Ecuador, and Patagonia.

The first three stages, discussed earlier, are only summa-
rized here. Following the assembly of Gondwana, several
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plates foundered against its active western margin dur-
ing the Paleozoic. The resulting Pampean, Famatinian,
Precordilleran, and Alleghanian orogenies may have in-
volved independent peri-Gondwanan terranes, or re-
peated collisions and terrane transfers with Laurentia as
it bounced northward along Gondwana’s western flanks.
Precambrian cratonic fragments and Paleozoic igneous and
sedimentary rocks involved in these orogenies were to be
further deformed, metamorphosed, and mineralized dur-
ing the fourth stage, the Andean orogeny.

The present Andean orogenic system was initiated in
late Mesozoic time and has peaked with massive uplift over
the past 30 Ma, the magnitude and timing of which have
varied from north to south, owing to the nature and rate of
subduction, and from west to east as orogenic forcing has
migrated eastward. During this uplift phase, the South
American continental plate, moving west at 25 to 35 mm
yr!, has overridden the Nazca oceanic plate as it subducts
eastward into the Peri-Chile Trench at 50 to 85 mm yr.
Mountain building and magmatism are thus responding to
net plate convergence of between 75 and 120 mm yr*
(Jaillard et al., 2000). Over time, however, orogenic activ-
ity has been influenced by differing geometric and kine-
matic relations between convergent plates and by variable
crustal shortening, which help to explain anomalies in the
elevation and trend of the modern Andes. In the Andes of
northern and central Pertd between 3°S and 15°S, for ex-
ample, late Miocene orogenic and igneous activity was
initially driven by steep subduction of the Nazca plate
beneath the continent. Over the past 5 Ma, however, sub-
duction of the Nazca Ridge has led to plate flattening be-
neath the Andes, the so-called Peruvian flat slab, which
in turn has driven further tectonic uplift, detachment fault-
ing, and erosional unloading of the Cordillera Blanca
batholith, although volcanic activity has ceased north of
the ridge (McNulty and Farber, 2002).

Volcanism is also linked to the angle at which discrete
oceanic slabs dip beneath the continent. Extensive volca-
nism occurs where these slabs subduct at 25—-30°, notably
in the Northern, Central, Southern, and Austral Volcanic
Zones (see chapter 2). In contrast, volcanic gaps occur
where slabs and ocean ridges subduct more gently and flat-
ten at shallow depth (Gansser, 1973). Flat-slab subduction
inhibits arc-magma generation by preventing wedges of
mobile asthenosphere from penetrating between subduct-
ing and overriding plates. Thus, volcanic gaps coincide
with the Bucaramanga, Peruvian, and Pampean flat slabs,
and farther south with subduction of the Chile Rise (see
fig. 2.4).

The Northern Andes form a distinctive tectonic realm
combining deformed continental crust, accreted oceanic
terranes, magmatism, and strike-slip faulting (fig. 1.5). Ini-
tially, the Jurassic crustal extension that opened the west-
ern Tethys Ocean also separated continental crust in
Colombia’s Central Cordillera from that in the Eastern

Cordillera. Following an interlude of passive margin sedi-
mentation, oceanic terranes related to the Farallén plate
began docking obliquely against the continent from late
Cretaceous time onward, notably the mafic rocks and deep-
sea sediment of the Pifién-Dagua terrane, which now forms
part of the Western Cordillera in Colombia and Ecuador.
Following the breakup of the Farall6n plate into separate
Nazca and Cocos plates in the late Oligocene (~28 Ma), the
Nazca plate converged orthogonally on the west coast,
generating massive crustal shortening, which peaked in
Miocene time but continues today. These events also co-
incided with the formation of the Caribbean plate, whose
eastward thrust from Eocene time onward transformed the
Venezuelan or Mérida Andes into a transpressional oro-
genic belt characterized by extensive strike-slip displace-
ment. Meanwhile, Miocene accretion of the Panam4-Baudd
oceanic arc, now the Serranfa de Baudé in northwest Co-
lombia, reflected processes that would lead to closure of
the Central American isthmus in late Pliocene time.

While the collision of these oceanic volcanic arcs with
the continent formed the Western Cordillera and the
Serrania de Baudo, it also caused compressional uplift of
the Central and Eastern Cordilleras beyond the Romeral
fault zone farther east (Cooper et al., 1995). The latter are
amalgams of ancient and modern fold-thrust structures,
including Proterozoic crystalline basement and Paleozoic
metasedimentary rocks of continental affinity and Creta-
ceous marine sediments (Gémez et al., 2003), which have
been raised by continuing uplift and isostatic adjustments
to great heights in a very short time. Paleobotanical evi-
dence from the Eastern Cordillera suggests that between
15 Ma and 5 Ma this range had reached no more than 40%
of its modern height, but that from 5 Ma to 2 Ma it rose
rapidly, at rates of 0.5-3 mm yr~! to reach modern eleva-
tions by ~2.7 Ma (Gregory-Wodzicki, 2000). Meanwhile,
subsidence formed linear basins along bounding faults,
notably along the present Magdalena and Cauca valleys.
The middle Magdalena valley contains 7,000 m of clastic
debris derived from erosion of the Central Cordillera
(Gémez et al., 2003). The Cauca basin continues south into
the Interandean Graben of Ecuador, where the bounding
Peltetec and Pujili dextral faults are the focus of active
volcanism. West of the graben, the Western Cordillera is
built of deformed oceanic rocks. To the east, Ecuador’s
Eastern Cordillera is composed of Paleozoic and Mesozoic
metamorphic rocks topped and flanked, like Colombia’s
Central Cordillera, by active volcanoes (see chapter 2).
These three linear features disappear south of 3°S.

The Central Andes are the product of deformation that
began in late Cretaceous time, forming a fold-thrust belt
that subsequently migrated eastward (Horton and DeCelles,
1997). In general terms, as orogenic activity propagated
eastward, it generated a forearc zone, a magmatic arc, and
a backarc region, with actively deforming foreland basins
farther east (Isacks, 1988; Jordan et al., 1997). The present
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Figure 1.5 Panorama looking north over the Northern Andes of Colombia and western Venezuela. The main features,
from left to right, are accreted oceanic terranes of the Pacific coastlands and Western Cordillera, the Cauca Valley, the
Central Cordillera, the Magdalena Valley, and the Eastern Cordillera (splitting northward into the Sierra de Perija and
Mérida Andes on opposite sides of the Maracaibo basin). To the lower right lies the Serrania de la Macarena, an arch in
the South American Platform separating the Llanos and Apuré foreland basins to the north from the Putumayo and
Oriente foreland basins to the south. This image is a mathematical simulation of satellite data generated by combining
USGS digital elevation models, NASA Shuttle Radar Topography Mission (SRTM) data, and georeferenced satellite images
from NASA’s Moderate Resolution Imaging Spectroradiometer (MODIS) (courtesy: William A. Bowen, California Geo-

graphical Survey).

relief of this region is largely a result of continuing late
Cenozoic uplift, igneous activity, and erosional exhuma-
tion. The thick crust and high altitudes of the Central Andes
reflect 250-500 km of crustal shortening that began around
25 Ma when reorganized plate motions accelerated Nazca
plate convergence normal to the coast (McQuarrie, 2002).
In the north, oblique plate convergence has raised Perd’s
Cordillera Blanca to 6,768 m in Huascardn, exhuming a
granodiorite batholith that was emplaced a mere 5 to 8 Ma
ago (McNulty et al., 1998).

Farther southeast, in the widest part of the Andes where
continental crust is 75—-80 km thick (Zandt et al., 1994), the
region comprises two major cordilleras reaching over 6,000
m, separated by an elevated plateau averaging 4,000 m
above sea level whose internal drainage flows to lakes
Titicaca (8,135 km?) and Poopo (fig. 1.6). The Western

Cordillera is a late Cenozoic magmatic arc with many ac-
tive volcanic piles such as Sajama (6,520 m). The interven-
ing Altiplano-Puna plateau occupies a 120 to 250-km wide
structural basin containing approximately 10,000 m of
Cenozoic continental deposits whose lowest units were
derived from Brazilian cratons when the Altiplano was still
lowland (Isacks, 1988; Horton et al., 2001). This plateau
was at sea level until about 60 Ma, and paleobotanical
evidence suggests that it had attained no more than a third
of its present elevation by 20 Ma, and no more than half
its elevation by 10 Ma (Gregory-Wodzicki, 2000). The East-
ern Cordillera, whose late uplift echoes the Altiplano, is a
fold-thrust belt of mostly Ordovician sediment intruded by
granite batholiths, which supports extinct volcanoes such
as [llampu (6,550 m) and Illimani (6,457 m) near La Paz
(DeCelles and Horton, 2003). Folding and thrusting have
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Figure 1.6 Panorama looking northwest across the Central Andes. Features shown include the Main Cordillera,
Argentinean Precordillera, and Sierra de Famatina (left center); the Eastern and Western Cordilleras enclosing the
Altiplano (center); Lake Titicaca, Lake Poopo, and the Salar de Uyuni on the Altiplano; and the narrower ranges of
northwest Pert. The tectonic inflection of the Pacific coastline, the Arica Bend, also separates the Atacama Desert from
the Peruvian Desert. Active fold systems of the Subandean Ranges of eastern Pert and Bolivia are prominent below the
Eastern Cordillera, transected by antecedent rivers such as the Pilcomayo, Parapeti, and Grande (courtesy: William A.
Bowen, see fig. 1.5 for explanation of image).

since propagated into foreland belts east of the High Andes,
notably into the Subandean Ranges of Perd, Bolivia, and
northern Argentina where antecedent rivers such as the
Pilcomayo, Parapeti, and Grande flow into the Bolivian
lowlands through actively rising folds (fig. 1.6). Similar
movements have also reactivated basement uplift in the
Sierras Pampeanas. Farther east, basins in the Amazon and
Chaco lowlands have been deformed by forebulge tec-
tonism (Horton and DeCelles, 1997).

South of the Arica Bend, the High Andes are flanked
to the west by an active forearc of discontinuous north-
south lineaments comprising, from east to west, the 2,300-
m high Salar de Atacama depression containing 10,000
m of Permian-Holocene continental debris; the 4,300-m
high, copper-rich Precordillera; a 1,500-m high Central De-
pression that runs southward through Chile; and, beyond
the 1,000-km long Atacama strike-slip fault zone, the 1,000
to 3,000-m high Coastal Cordillera, a Mesozoic magmatic
arc that is again deforming and dislocating, and where

Pleistocene marine terraces reach 600 m above sea level
on the Mejillones Peninsula (Hartley et al., 2000). Space-
geodetic data, which define Nazca plate convergence rela-
tive to stable cratons in Brazil and Argentina, indicate that
the Central Andes continue to rise in response to crustal
shortening of 10-25 mm yr~' (Kendrick et al., 1999).

The Southern Andes reflect uplift along that portion
of the South American plate that is now converging with
the subducting Antarctic plate (fig. 1.7). This occurs south
of the Chile (Aysén) triple junction where the Chile Rise,
the spreading center between the Nazca and Antarctic
plates, dips beneath the South American plate. While
tectonism here has long been dictated by oblique plate
convergence, the present phase began around 14 Ma when
the triple junction first collided with South America
(Hervé et al., 2000). Since then, this junction has migrated
northward, subducting crab-like beneath the continent to
bring the Antarctic plate progressively into contact with
the South American plate. Structurally, the Southern
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Andes comprise the south-trending southern Patagonian
Andes and, south of the fault-guided Strait of Magellan,
the east-trending Fuegan Andes at the northern margin
of the Scotia plate. Lithologically, the Patagonian Andes
are similar both north and south of the triple junction—a
core batholith of Mesozoic and Cenozoic plutons that
extends to Cape Horn; a western metamorphic belt of late
Paleozoic through Cenozoic oceanic subduction com-
plexes; an eastern, weakly metamorphic, fold-and-thrust
belt of Mesozoic and Cenozoic oceanic and terrigenous
sediment; and a variable mantle of Cenozoic volcanic and
sedimentary rocks that thin eastward across Patagonia.

Finally, why have the Central Andes become massively
broader than the Northern and Southern Andes during
late Cenozoic time, despite the fact that the entire west-
ern margin of the South American plate has been over-
riding the Nazca plate since the breakup of Gondwana?
This anomaly has been attributed to various events over
the past 30 Ma, for example: (1) steepening of the subduc-
tion angle of the Nazca plate (e.g., Isacks, 1988); (2) more
intense crustal shortening, plate reorganization, and in-
creased plate convergence (e.g., Somoza, 1998); (3) ac-
celerated westward movement of the South American

plate (e.g., Silver et al., 1998); and (4) increased shear
stress between the two plates caused by increasing aridity
and thus sediment starvation in the Pertd-Chile Trench
(e.g., Lamb and Davis, 2003). Using a coupled thermody-
namic model and assuming a 40-45-km thick crust in a
100-130-km thick continental lithosphere, Sobolev and
Babeyko (2005) have found that accelerated westward drift
of the South American plate, from 20 to 30 mm yr?, coupled
with more intense friction with the subducting Nazca plate,
can produce > 300 km of tectonic shortening for the Central
Andes for the past 30 to 35 Ma, and massive uplift of the
Altiplano over the past 10 Ma. They also found that me-
chanically strong but thinner continental crust and less fric-
tion produce < 40 km of shortening over the same period,
as seen in the narrower and lower Southern Andes. These
model results agree well with observed data.

1.6 Tectonism at the Extremities

The South American plate is flanked in the far north and
south by active transform margins marking the relative
eastward movement of the Caribbean and Scotia-Sandwich

Figure 1.7 Panorama looking north along the spine of the Southern Andes. Among features shown are Tierra del
Fuego, the Strait of Magellan, the Patagonian Cordillera and Ice Field, Chilean archipelagoes, Patagonian plateaus, and
the Rio de la Plata plains (courtesy: William A. Bowen; see fig. 1.5 for explanation of image).
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plates, respectively, during Cenozoic time. These plates
may not have much presence within South America but,
as the Cenozoic progressed, their motion has exerted a
major influence on oceanic, climatic, and biogeographic
processes affecting the continent.

In the far north, the Caribbean plate and the accreted
volcanic terranes of western Colombian and Ecuador are
remnants of one or more oceanic plateaus that formed in late
Cretaceous time (~90 Ma) in the vicinity of the present
Galapagos Islands, or beyond. The Caribbean plate then
migrated northeast, colliding with the South American plate
in early Cenozoic time before moving east (Hoernle et al.,
2002; Kerr and Tarney, 2005). Prolonged interaction be-
tween the Caribbean plate and pursuing volcanic arcs led
eventually, around 3 Ma, to final uplift of the Central Ameri-
can Isthmus and with it closure of the post-Pangean Tethys
Seaway that had linked the Atlantic and Pacific Oceans
(Coates and Obando, 1996; Coates et al., 2003). The south-
ern boundary of the Caribbean plate is presently marked by
the Oca-Sebastian-El Pilar fault system that runs from near
Santa Marta eastward to beyond Trinidad (fig. 1.2). These
are right-lateral, strike-slip faults, dipping vertically into the
crust, that have displaced the northern coastlands from the
Guajira Peninsula to the Paria Peninsula eastward relative
to the South American plate. However, this is also a
transpressional margin in that, as the Caribbean plate el-
bowed its way east, portions of its oceanic crust were thrust
southward as nappes onto the Mérida Andes. The Caribbean
Andes thus formed from a combination of terrane accretion,
crustal shortening, flexural subsidence, and transcurrent
faulting involving both Caribbean and Andean rocks
(Bellizzia and Dengo, 1990; Ramos and Aleman, 2000). The
oil-rich Maracaibo Basin, which originated along the Me-
sozoic passive margin with the Tethys Ocean, has been pro-
gressively modified during Cenozoic time by the uplift of
the Mérida and Perija Andes, to the east and west respec-
tively, and by transpressional tectonics as the Caribbean
plate passed by to the north. This almost-closed basin has
filled with 7,000 m of sediment during the Cenozoic. Glo-
bal positioning data show that the Caribbean plate is pres-
ently moving due east at ~20 mm yr! relative to the South
American plate (Weber et al., 2001).

In the far south, eastward movement of the Scotia-
Sandwich plate complex relative to the South American
plate during later Cenozoic time has deformed and dismem-
bered the Fuegan Andes and enlarged the Drake Passage with
major implications for the oceanic and atmospheric circu-
lation of the region (fig. 1.1, 1.7). This plate complex involves
the East Scotia Ridge, an oceanic spreading center from
which the Scotia and Sandwich plates are diverging at a rate
of 65—-70 mm yr~! (Barker and Lawver, 1988; Cunningham
et al., 1995; Livermore et al., 1997). The oceanic part of the
South American plate is thus now converging at 70-85 mm
yr~' on the Sandwich plate, subducting into the South Sand-
wich Trench, and generating the volcanic arc of the South

Sandwich Islands (Pelayo and Wiens, 1989; Vanneste et al.,
2002). The margins of the Scotia-Sandwich plate complex
are marked by transform faults paralleling the North Scotia
and South Scotia ridges, respectively.

1.7 Rock Distribution
and Relief Hierarchy

Spatial links between past tectonism and present relief
features are reflected in the distribution of different rock
types within the continent. Of the major rock types ex-
posed, South America comprises 25% metamorphic, 2%
intrusive, 11% extrusive, and 62% sedimentary (Blatt and
Jones, 1975). The higher proportion of metamorphic rocks
relative to the global average (17%) reflects mainly their
outcrop in the Precambrian shields. The high value of
extrusive rocks (global average 8%) reflects widespread
volcanism during the rupture of West Gondwana, notably
in the Parand Basin, and the intimate association of volca-
nism with subduction and accretion in the Andes. Al-
though less extensive than the global average (8%),
intrusive rocks are subsumed in the Precambrian shields
and exhumed in the Andes. Sedimentary rocks (global
average 66%) are widespread, ranging from undeformed
Proterozoic platform covers to resistant Paleozoic sedi-
ments in Andean fold belts and poorly consolidated Ceno-
zoic debris subject to reworking in lowland basins and
Andean intermontane valleys. Inland basins such as those
along the Andean foreland also retain sediment deposited
in early Miocene seas and later Miocene lakes (Ramos and
Alonso, 1995).

The impact of tectonism is reflected in the highest three
orders of relief (fig. 1.2). At the primary level, tectonic con-
trols are well expressed along the eastern edge of the conti-
nental platform where the relatively late separation of South
America from Africa is reflected in the mirror image pre-
sented by opposing passive continental margins, and indeed
by much of the present coastline. It was this mirror image
that attracted early attention to the possibility of continen-
tal drift, initially by circumstantial matching of structures,
glaciogenic deposits, and fossil remains across the South
Atlantic, and later by the panoply of evidence invoked to
support plate tectonic concepts during the later twentieth
century. Farther south, off Patagonia where the continen-
tal platform is shallowly submerged, the mirror image is
reflected far offshore, between the outer margin of the
Malvinas Plateau and southernmost Africa. In the far north,
any prior geometric fit with the North American margin has
been destroyed by the Cenozoic intrusion of the Caribbean
plate. The western edge of the continent does of course co-
incide closely with the boundary between the South Ameri-
can and Nazca/Antarctic plates.

At the secondary level, tectonism provides the basis for
the continent’s principal relief triad of shields, lowlands,
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and western cordilleras. The Guiana and Brazilian shields
are the exposed portions of Precambrian cratons and oro-
genic belts that were reactivated during the rupture of
Gondwana. The vast lowlands of the Amazon and Para-
guay-Parand basins overlie ancient intracratonic sags and
arches, still active and variably mantled with Phanerozoic
sedimentary and volcanic rocks. The Andes as a whole are
a Phanerozoic amalgam of orogens and accreted terranes
whose present elevation reflects massive late Cenozoic
uplift supported by continental crust up to 80 km thick.
Their bold western face provides the Earth’s largest rela-
tive relief within such a short distance. In southern Peru,
for example, Coropuna volcano (6,425 m) is separated from
the Peru-Chile Trench (-6,865 m) by a mere 240 km, a
vertical change of 13,290 m.

At the tertiary level are the distinctive morphotectonic
provinces within the main relief triad. By definition, these
provinces were initiated by tectonism and have been re-
shaped by subsequent erosion and sedimentation. Morpho-
tectonic relations are vividly expressed in the Northern
Andes where, depending on relative plate motions, indi-
vidual cordilleras are the products of episodic compres-
sion or transpression, enhanced by terrane accretion and
igneous underplating (fig. 1.5). Similarly, major valleys,
such as those of the Magdalena and Cauca rivers, often
originated from structural subsidence along extensional or
transtensional fault systems between cordilleras. In the
Central Andes, the Altiplano owes its mean elevation of
4000 m to massive crustal shortening and regional uplift
during the late Cenozoic (fig. 1.6; Isacks, 1988; Vandervoort
etal., 1995; Sobolev and Babeyko, 2005). Tectonism is also
reflected in linear relief farther south where the Coastal
Cordillera, Central Valley, and Main Cordillera of central
Chile pass into the Chonos Archipelago, Moraleda Canal,
and Patagonian Cordillera of southern Chile, respectively
(fig. 1.7).

Beyond the Andes, morphotectonic relations are more
subtle, expressed, for example, in the differing orogenic
provenance of Argentina’s Sierra de Cordoba and Sierra de
la Ventana, in Patagonia’s volcanic mesetas, and in differ-
ential weathering and drainage patterns dictated by ancient
rock types and fracture patterns within the Precambrian
cratons and fold belts of the Guiana and Brazilian shields.
Immediately east of the Andes, tectonic compression has
caused structural bow waves to raise the Subandean ranges
across the paths of outflowing rivers in Bolivia (fig. 1.6).
Beyond these ranges, orogenic loading has formed a series
of foreland basins now choked by late Cenozoic alluvial
waste which supports wetlands and lakes from the swampy
Apuré Basin in western Venezuela to the Benf Basin in
northeast Bolivia and beyond. During early Miocene time,
shallow seas may have reached these foreland basins from
one or more directions (Ramos and Alonso, 1995). By late
Miocene time, however, such seaways as may have existed
had been closed by uplift and their legacy of marine sedi-

ments was being progressively buried by terrigenous
deposits.

The rifted continental margin of the Brazilian Shield,
much modified by fault-scarp retreat, is reflected in the
1,000-km long, 2,200-m high Serra do Mar. Buried rift sys-
tems initiated during the breakup of Gondwana also un-
derlie and influence the estuaries of the Amazon and Rio
de la Plata (see chapter 5). Farther west, in the Parand basin,
the shield’s crystalline basement descends beneath Phan-
erozoic cover rocks, which in turn provide some promi-
nent relief features. In Mato Grosso state, for example, the
Serra de Sdo Lourencgo is a bold escarpment formed in
Devonian Chapada sandstone across which rivers such as
the Itiquire and Taquari fall swiftly into the marshy allu-
vium of the Pantanal Basin, where late Cenozoic climate
forcing is reflected in relict and modern alluvial fans and
stream patterns.

Jurassic rifting, uplift, and subsequent erosion of the
Guiana Shield have also produced 1,000-m high escarp-
ments in the Proterozoic platform cover overlying the base-
ment complex, notably along the erosional margins of
tepuis (table mountains) such as the Pacaraima Plateau
(2,870 m), a very old surface underlain by much fractured,
mostly continental, sedimentary rocks of the ~1.8 Ga
Roraima Supergroup (Dalton, 1912; Santos et al., 2003).
Spectacular waterfalls cascade over resistant formations of
both the crystalline shield and cover rocks. These include
Venezuela’s Angel Falls (979 m) on a Caroni tributary, the
world’s highest single drop, and Cuquenén Falls (610 m),
Guyana’s Kaieteur Falls (226 m), where the Potaro drops
off the Pacaraima Plateau, and numerous falls on the
Essequibo and Courantyne rivers farther east. Water also
flows from the plateau through intricate networks of sub-
surface fractures, solution pipes, and cave systems (Urbani,
1986).

1.8 Tectonism and Mineral Resources

South America’s considerable mineral wealth reflects past
tectonic and geomorphic events, and also identifies with
present morphotectonic patterns. Thus, Precambrian rocks
exposed in the Guiana and Brazilian shields contain both
ancient minerals and ore-rich residues from prolonged
weathering; the Andes form one of the world’s richest oro-
genic belts in terms of metallic ores; and lowland sedimen-
tary basins contain about 9% of Earth’s known petroleum
resources.

The amalgam of Precambrian cratons and orogenic belts
forming the South American Platform is rich in minerals,
while Paleozoic intracratonic sags, Mesozoic rifted mar-
gins, and Mesozoic and Cenozoic sedimentary and volca-
nic cover rocks are each reflected in the region’s mineral
resources (Dardenne and Schobbenhaus, 2000). Precam-
brian igneous and metamorphic rocks of the Guiana and
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Brazilian shields contain gold, diamonds, iron, copper,
lead, zinc, and other minerals emplaced in the distant past.
Paleozoic cover rocks contain iron and evaporite miner-
als. Mesozoic rocks contain vein fluorite and diamond-
bearing kimberlite pipes related to syn-rift volcanism, and
evaporites and phosphates deposited in post-rift coastal
basins. Cenozoic sediments include placer gold, diamonds,
and tin released by erosion to rivers, while Cenozoic weath-
ering has produced extensive deposits of lateritic iron,
bauxite, kaolin, and nickel.

The Andes owe their metallic mineral wealth to tectonic
and magmatic events repeated throughout several orogenic
episodes and to the heterogeneity of the rocks involved.
Some nickel-chromium ores in Pert may be of Precambrian
age, while the porphyry copper ores of northern Chile have
been forming since at least the Carboniferous (Oyazun,
2000). Nevertheless, most minerals relate to the latest oro-
genic events of Cretaceous and Cenozoic age. In essence,
magmatic activity has provided the direct source and
mechanisms for ore generation, while tectonic forces have
controlled the location and movement of intrusive and
extrusive magmas and ore-bearing fluids. Four major me-
tallic belts run more or less parallel with the strike of the
Andes. Nearest the Pacific is the iron belt, comprising ores
ranging in age from Proterozoic to Neogene, and richest in
southern Perd and northern Chile. Farther inland is the
copper belt, dominated by the rich porphyry copper ores
of the same regions, which formed as metal-rich magmas
ascended through thick continental crust. This belt ac-
counts for 25-30% of the world’s reserves of copper and
associated molybdenum. Farther east, and throughout the
length of the Andes, lies a polymetallic belt rich in gold,
silver, lead, zinc, and copper. Finally, in the eastern Andes
of Bolivia, the 500-km long tin belt is associated with
Mesozoic batholiths and Cenozoic subvolcanic activity.
Many of these minerals have long attracted interest—from
prehistoric workings for gold and silver, which lured later
colonial adventurers seeking El Dorado, to mining of tin
and copper that began in earnest during the later nineteenth
century and continues today, together with mining of
evaporite minerals such as nitrate from the desert regions.

Petroleum and natural gas resources occur in five
megasystems involving similar formative conditions,
mostly in marine gulfs and deep lakes, in which hydrocar-
bons were generated from algae and other organisms, and
then selectively preserved in lowland basins by later tec-
tonic events (Figueiredo and Milani, 2000). Foremost
among these is the Andean foreland megasystem extend-
ing from the Caribbean coast to the foreland basins of south-
ern Venezuela, eastern Colombia, Ecuador, and northern
Peru. These basins contain 90% of South America’s known
reserves, in Cretaceous and Cenozoic reservoir rocks rang-
ing from the century-old Maracaibo and Maturin oil fields
of Venezuela to developing fields within the Llanos,
Oriente, Marafion, and other basins east of the Andes (fig.

1.2). The second largest megasystem, with ~5% of the
continent’s reserves, comprises passive-margin basins of
post-Jurassic age associated with the South Atlantic Rift
system, from the Reconcavo Basin in coastal Bahia state
and the Campos Basin offshore from Rio de Janeiro to the
Magallanes Basin in the far south. The three other mega-
systems comprise the Subandean basins of southern Perq,
eastern Bolivia, and northern Argentina, where petroleum
derived from Paleozoic sources is trapped; the Austral Rift
system of Cretaceous and Cenozoic back-arc basins in Ar-
gentina, notably the Neuquén Basin; and the Paleozoic
intracratonic sags overlain by later rocks beneath the cen-
tral Amazon, Parnaiba, and Parana river basins. Coal de-
posits formed in late Paleozoic wetlands prior to rifting of
the South Atlantic are preserved beneath later rocks in the
intracratonic Parand Basin, while coal formed in Mesozoic
and Cenozoic lakes is preserved within and flanking the
Andes (Lopes and Ferreira, 2000).

Exploitation of these mineral resources to date has gen-
erated environmental impacts locally from surface mines
such as Chile’s vast Chuquicamata copper pit, and more
widely from air and water pollution related to mineral
processing, as in the Atacama Desert, from subsidence re-
lated to fluid withdrawal, for example in the Venezuelan
oil fields, and from toxic spills from trans-Andean and
other pipelines. Future discoveries and exploitation, espe-
cially of hydrocarbons in the Andean foreland and off the
Atlantic coast from the Guianas to the Malvinas Plateau,
will generate further environmental impacts from transpor-
tation and industrial activities. As recent events have
shown, mineral exploitation may also trigger political
changes and even conflict within and between nations.

1.9 Conclusion

The fundamental character of the South American landscape
is driven by tectonic forcing, which has given the continent
its location and general architecture and provided it with
its major relief features and mineral resources. While tec-
tonism is a mostly slow process on human timescales, it
involves pulses that are frequent reminders of underlying
forces. Earthquakes along the active Pacific Rim are a pri-
mary expression of these forces, and great earthquakes
(Magnitude [M] > 8) occur somewhere along the continent’s
western margin every few years. For example, a M8.8 earth-
quake off northern Ecuador in January 1906 caused wide-
spread destruction. The M9.5 earthquake along the Chilean
coast in May 1960 caused over 2,000 deaths, rendered two
million persons homeless, and triggered massive landslides
and surface ruptures between Concepcién and Puerto
Montt. It also generated a tsunami that swept across low-
lying areas of Hawaii and Japan. The M8.0 Antofagasta
earthquake of July 1995 was related similarly to thrusting
of the South American plate over the subducting Nazca
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plate, with rupture propagating upward to the Perd-Chile
Trench from a depth of 46 km (Delouis et al., 1997). Though
less common, the more passive eastern portions of the South
American plate also suffer occasional modest earthquakes
related to the compression of Brazil between the continent’s
westward push of 25 to 35 mm yr' from the Mid-Atlantic
Ridge and the eastward subduction of the Nazca plate of 50
to 85 mm yr! into the Peri-Chile Trench (DeMets et al., 1990;
Bezerra and Vita-Finzi, 2000). Such events are but recent
expressions of continuing tectonic adjustments within the
South American plate and of the latter’s changing relation-
ships with its neighbors.
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Tectonism, Climate, and Landscape Change

Antony R. Orme

Earth’s physical landscapes are framed initially by tec-
tonism, reshaped by climate, garnished by plants and
animals, and modified by human activity. Tectonism con-
structs the physical framework of the continents and ocean
floors. Climate, the synthesis of weather, generates the
surface processes that reshape this framework through ero-
sion and sedimentation, and also provides the conditions
necessary to support life. In various guises, tectonism and
climate have played these roles from early in Earth history,
although 90% of Earth time had passed before the conti-
nents began to acquire vascular plants and land animals.
However, because Earth’s crust is ponderously mobile and
climate depends ultimately on the variable receipt of
solar radiation, tectonic and climatic forcing vary across
time and space. Consequently, continents come to acquire
distinctive suites of landscapes that reflect changing
locational, tectonic, climatic, and biotic influences over
time. South America exemplifies this concept—a continent
whose distinctive qualities owe much to the roles played
by tectonism and climate over time, including their im-
pacts on landforms and biota.

Tectonism and climate are interactive forces. By deter-
mining the distribution and shape of land masses and
ocean basins, tectonism influences the relative importance
of continentality and oceanicity to climate. Over time, tec-
tonism also influences climate change by promoting up-
lift favorable to prolonged cooling and perhaps glaciation,
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by opening and closing seaways to ocean circulation, and
by influencing atmospheric composition by the generation
and consumption of crustal rocks. Though more subtle,
climate may in turn affect tectonism by redistributing con-
tinental mass through erosion and deposition, thereby gen-
erating isostatic adjustments to crustal loading and
unloading. Tectonism also influences plant and animal
distributions directly, for example by providing linkages
or barriers to migration, while climate and biota are inti-
mately linked in the biome concept and the feedback ef-
fect of biomes on climatic processes.

This chapter examines the interactive roles of tectonism
and climate in changing the South American landscape
over the 200 million years that have passed since the ini-
tial breakup of Pangea. It then discusses the implications
of these changes for geomorphology and biogeography, and
concludes with a brief evaluation of the pace of landscape
change.

2.1 Tectonism and Environment:
Premises and Linkages

The basic premise of this chapter is that the many compo-
nents of the physical environment are interdependent,
linked by couplings and feedbacks at various spatial and
temporal scales (fig. 2.1). Under the pervading effect of



gravity, the tectonic architecture of the continents both
shapes climatic responses and is in turn reshaped by cli-
mate-induced erosion and sediment transfers. However, as
high tectonic relief is lowered by erosion, so Earth’s crust
responds to unloading by rising isostatically, even as tec-
tonic basins subside to accommodate eroded waste. Mean-
while, from habitats provided initially by tectonism and
climate, plants and animals exert feedback effects on cli-
mate and relief through their impact on atmospheric com-
position, surface albedo, water budgets, mass wasting, and
soil formation.

Simple notions of dependence, of cause and effect, have
long been part of environmental science, for example in
the assumed dependence of relief on rock type and of
vegetation distributions on climate. In the earlier twenti-
eth century, despite some awareness of isostasy, the pre-
vailing model of landform development assumed structural
uplift as its starting point and ignored it thereafter. Notions
of interdependence emerged more slowly but, during the
later twentieth century, the concept of plate tectonics and
a re-awakened interest in climate change paved the way
for improved understanding of Earth’s surface as a shift-
ing stage that both influences and responds to physical and
biological processes.

Acceptance of plate tectonic concepts has had signifi-
cant implications for the understanding of changes in cli-
mate and biota. Earth’s climate is driven by solar radiation
whose receipt is influenced by Earth’s orbital relations with
the Sun which change in cycles over timescales of 104-10°
years. While such changes are affecting Earth’s radiation
environment, however, tectonic forces are also slowly
changing the location and shape of continents and ocean
basins, the dimensions of seaways so important for ocean
heat transfers, and the nature and composition of the at-
mosphere. Such changes are more or less continuous but
become more obvious at timescales exceeding 10° years.
Thus climate change is intimately linked both to the shift-
ing tectonic geometry of Earth’s surface and to Earth’s or-
bital relations with the Sun. In addition, biota are
influenced directly by Earth’s crustal mobility, for example
by the provision of structural links between continents that
favor exchanges of terrestrial biota. These influences on
biota augment the indirect effects of tectonism expressed
through changing climates and may complicate the biologi-
cal roles of evolution, competition, extinction, and chance.

2.2 Tectonism and Climate

Driven by solar radiation, Earth’s climates change through
time in response to solar output, asteroid impacts, and
Earth’s variable relations with the Sun. These relations
involve the eccentricity of Earth’s orbit, the tilt of its rota-
tional axis, and the wobble on that axis that change on
cycles of ~95 ka, ~41 ka, and ~22 ka (thousands of years),

respectively. Cyclic change is thus a basic property of
Earth’s climate systems, more or less predictable on
timescales ranging from seasonal to 10° years.

But climates also respond to changes in Earth’s surface
features. Because a significant amount of solar radiation
penetrates the atmosphere, how it is treated depends
largely on the nature of this surface. This implies differ-
ences between land and sea, mountain and plain, bare soil
and vegetation cover, and between surfaces that are cov-
ered by snow and ice and those that are not. It is in this
context that tectonism exerts a profound influence, directly
or indirectly, on climate. Tectonism and climate interact
at three scales: the global scale related to the formation,
location, and shape of continents and ocean basins; the
continental scale related to major relief features such as the
Andes; and regional scales involving individual mountain
ranges and volcanic eruptions. The effect of tectonism
through time is to change the playing field on which cli-
mate performs and to influence the composition and mo-
bility of the atmosphere overlying that playing field. Thus
the ostensibly independent effects of tectonic and solar
forcing become closely interwoven.

2.2.1 Changing Mesozoic
and Cenozoic Climates

South America’s climatic patterns have developed over the
past 200 Ma in response to four major tectonic events: (1)
the breakup of Pangea; (2) the related opening of the At-
lantic and Southern oceans; (3) formation of the Central
American Isthmus; and (4) uplift of the Andes (see chap-
ter 1 and table 1.2). These events, intimately linked with
global climatic and eustatic changes, saw the greenhouse
world of mid-Cretaceous (110—90 Ma [million years before
present]) and late Paleocene-early Eocene times (6149
Ma), when frost-intolerant palms lived in Tierra del Fuego
(Romero, 1993), replaced by more variable climates. Late
Eocene-early Oligocene cooling (37—29 Ma) then allowed
Antarctic ice to expand; late Miocene (8—6 Ma) cooling and
drying favored expansion of tropical and temperate grass-
lands and mammal radiation (Pascual et al., 1985); and
warm-cold oscillations typified the Quaternary (2.5-0 Ma).
Owing in part to orogenic forcing, Cenozoic oceans reached
high levels in mid-Miocene time (15-12 Ma) when seas
entered the Orinoco and Parand basins (Ramos and Alonso,
1995), and may have invaded the persistent freshwater
lakes and wetlands of the western Amazon lowlands, per-
haps as late as 11-8 Ma through the Parand Seaway from
the south (Webb, 1995; Vonhof et al., 2003; Hovikoski
et al., 2005).

The formation of Pangea caused South America to be-
come embedded in a supercontinent, much of it far re-
moved from deep oceans. Except along its western margin,
the climate was profoundly continental. Most reconstruc-
tions place South America wholly within the Southern

24 Systematic Framework



SOLAR RADIATION

CLIMATIC FORCING

ATMOSPHERE [/
BACK RADIATION |

[

TERRESTRIAL

ATMOSPHERE - LITHOSPHERE RADIATION

voleanic activity, seollan dust,
erosion, albedo

ATMOSPHEFI E

COSMIC RADIATION

CUTER EDGE OF ATMOSPHERE

0,0, CH, CO,

syntl
respiration, albedo

& < cloup
pnacwrr.n'ncu (AS RAIN)
Y . \\
% o
NN
AN

OLCANIC AEROSOLS & GASES
[H,0, GOy, My CH,, H.5, NHy)

, EVAPOTRANSPIRATION

'y aeounfnll

TERRIGES
SEDIMENT

1 SUBDUCTION ZONE %
[ puare convenaence

LITHOSPHERE

1SCAL Mg, Fa)

)

i
HYDROSPHERE - LITHOSPHERE
land-ccean geomatry, salinity,
streamflow, sediment loading,
hydroisostasy, groundwater

ACTIVE MARGIN PASSIVE MARGIN

TECTONIC FORCING

Figure 2.1 Linkages between Earth systems (from Orme, 2002)

Hemisphere during late Paleozoic time, from the Equator
to just within the Antarctic Circle (fig. 1.3; Ziegler et al.,
1997; Coffin et al., 2000). More southerly areas were thus
well placed for the repeated continental glaciations found
in the late Paleozoic stratigraphic record while continen-
tality elsewhere was reflected in red beds and evaporites.

The subsequent rupture of Pangea began isolating South
America as Atlantic rifting introduced ocean waters to the
north and east coasts between 180 Ma and 120 Ma. Initially,
narrow seas limited marine influences but, as the Tethys
Ocean to the north and the Atlantic Ocean to the east wid-
ened, oceanicity strengthened and ocean-atmosphere cou-
pling moved surface winds and ocean currents westward
toward South America’s ruptured margins. While the con-
tinent still lay south of the Equator, however, equatorial
winds and currents must have passed mostly to the north.
Then, as the continent has shifted northward by 10-12° of
latitude over the past 120 Ma, the South Atlantic gyre has
strengthened, tropicality linked to the Intertropical Con-
vergence Zone has increased, summer monsoons have
become common over the Amazon basin, while polar in-
fluences farther south have diminished.

In the south, even as the South Atlantic Ocean widened,
South America remained tenuously linked to Antarctica
for most of the Cretaceous (Hay et al., 1999) and beyond.
This, together with Antarctica’s bonds with Australia and
the Kergeulen Plateau, favored meridional ocean flows and
postponed the development of a circumpolar ocean. Fed
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by the Brazil Current, surface waters of the South Atlantic
remained warm, as shown by oxygen isotope evidence from
the Malvinas Plateau (Huber et al., 1995).

The subsequent separation of South America and Aus-
tralia from Antarctica between 80 Ma and 40 Ma, and the
widening of the Drake Passage from 30 Ma to 20 Ma, led to
progressive opening of the Southern Ocean (Kennett, 1977;
Cunningham et al., 1995; Lawver and Gahagan, 2003). Al-
though the timing and rate of opening are still uncertain,
the resulting increase in oceanicity around South America’s
southern margins strengthened westerly winds, reduced
meridional flows and heat transport, and initiated the mod-
ern ocean circulation.

The Antarctic Circumpolar Current could now encircle
the globe from west to east, uninterrupted by any land
barrier or, after 20 Ma, by any major submarine sill. To-
day, while wind-driven surface flows in the 800-km wide
Drake Passage (56°-62°S) rarely exceed 0.4 m s7, the Ant-
arctic Circumpolar Current extends 4000 m down to the
sea floor and yields a total mean discharge of around 130
x 10% m® s7!, by far the largest of Earth’s ocean currents.
Also today, this current sends nutrient-rich flows north-
ward off South America, allowing the Humboldt Current
off the west coast to move cool water north to the Equator,
and the cool Malvinas (Falkland) Current to invade the
South Atlantic and reach northward across the Malvinas
Plateau to the Rio de la Plata and Cabo Frio. The Humboldt
and Malvinas currents would certainly have been affected
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by the opening of the Drake Passage and the strengthening
of ocean-atmosphere interactions directed eastward across
the Southern Ocean. Although these impacts are as yet
poorly understood, maritime polar air masses and cool
windy conditions probably penetrated farther north into
Patagonia.

Ocean-atmosphere interaction in the Southern Ocean
has also been affected in later Cenozoic time by cold wa-
ter gyres and dense brines in the Ross and Weddell seas,
by ocean-atmosphere-cryosphere coupling reflected in the
Antarctic Circumpolar Wave, and by pulses of Antarc-
tic glaciation and related eustatic and sea-ice changes,
which may have begun as early as 40 Ma and reached
present conditions by 14 Ma (Hannah, 1994; Diester-Haass,
1996).

In contrast to the expanding Southern Ocean, the Ceno-
zoic shrinkage of the Tethys Ocean and formation of the
Central American Isthmus progressively restricted ocean-
atmosphere interaction across northern South America. By
late Miocene time, Central America existed as a complex
island-arc archipelago. Three principal corridors linked
Pacific and Caribbean waters: the San Carlos Strait across
Nicaragua, the Panama Strait, and the deeper Atrato Strait
across northwest Colombia (Coates and Obando, 1996;
Coates et al., 2003). These straits varied in size from ~25
Ma to 3 Ma, as seen in marine sediment in Panama, where
benthic foraminifera in the late Miocene Gatun Formation
(~12—-8 Ma) show strong Caribbean affinity, whereas those
in the overlying Chagres Formation (8—5 Ma) have Pacific
affinity. By 8 Ma, the waters between these islands were
<150 m deep and by 4 Ma only 50 m deep (Coates, 1997).
Even before closure, shallow waters and islands must have
caused east-west ocean currents to falter (Mikolajewitz and
Crowley, 1997).

With closure of the Central American Isthmus around
3 Ma, decoupling of the Atlantic and Pacific systems was
finalized. The present circulation of the Atlantic Ocean was
confirmed and reinforced meridional transfers, most no-
tably a stronger Gulf Stream and enhanced production of
North Atlantic Deep Water, may have been major triggers
for high latitude cooling and ensuing Northern Hemisphere
glaciation. Ocean cores indicate higher temperatures and
increased salinity for Caribbean waters after 3 Ma (Haug
et al., 2001). Conversely, deprived of a warm Atlantic in-
flux, tropical Pacific coastal waters became less saline and
may have seen equatorward extensions of the cool
Humboldt and California currents. With Pacific Ocean cir-
culation now barred to the east, the El Nifio—La Nifia cycle,
dependent on thermally induced gravity forcing of equa-
torial ocean waters, may have intensified when the isth-
mus closed, while the Intertropical Convergence Zone over
both oceans may have relocated southward (Hovan, 1995;
Billups et al., 1999).

Lastly, Cenozoic uplift of the Andes interposed a mas-
sive north-south barrier to zonal atmospheric circulation

across South America. Some 8,500 km long, this “climatic
wall” is now the most continuous mountain barrier on
Earth and influences weather systems and climate patterns
across the continent and beyond. Within the Andes,
paleosols and fossil floras suggest that Cenozoic uplift gen-
erated distinctive local climates for individual ranges and
intermontane valleys. The rain-shadow effects of the ris-
ing Eastern Cordillera had helped impose an orographic
desert on the Puna by 14 Ma (Vandervoort et al., 1995).
Farther south, uplift of the Sierra Pampeanas to 4,000—
5,500 m similarly restricted inflow of Atlantic-derived
moisture, transforming the Santa Maria valley from a hot,
seasonally wet foreland around 12 Ma to a semiarid inter-
montane basin by 3 Ma (Kleinert and Strecker, 2001). Since
at least Miocene time, Andean uplift has imposed rain
shadows westward on the Pacific coastlands from the
Sechura Desert around 5—7°S in northern Peru through the
Atacama Desert of northern Chile to as far as 30°S. Farther
south, Andean uplift has formed rain shadows eastward
on the Monte and Patagonia from 28° to 50°S and has seen
the warm humid Miocene climate of Patagonia, reflected
in coal swamp floras, replaced by colder drier conditions
(Volkheimer, 1983).

The present hyper-aridity of the Atacama Desert reflects
the combination of this rain shadow with the stabilizing
effects of cool offshore waters and tropospheric subsidence,
both of which further inhibit precipitation. These latter
effects were linked to later Cenozoic cooling trends related
to closure of warm oceanic seaways through the rising
Andes, poleward shifts in the westerly wind belt, opening
of the Drake Passage, growth of Antarctic ice, and to their
collective impacts on global climate. The onset of hyper-
aridity in the Atacama Desert is more controversial. It has
been placed as early as ~25 Ma, based on the lack of ero-
sion since then (Dunai et al., 2005) and the cessation of
supergene enrichment of ore bodies after 14 Ma (Alpers and
Brimhall, 1988), and as late as 3 Ma based on curtailed flu-
vial sediment inputs and increased evaporite precipitation
in northern Chile’s Central Depression (Hartley and Chong,
2002). Sediment starvation in the Peri-Chile Trench, in-
duced by increasing aridity, may even have influenced the
uplift of the High Andes (Lamb and Davis, 2003).

Meanwhile, climate patterns induced by tectonism were
also responding to changing Earth-Sun relations. During
quasi-periodic changes in the Pleistocene, colder, wetter
phases combined with uplift to favor glaciation at higher
elevations and in the far south, rainier conditions on the
eastern slopes of the Andes farther north, and episodic
expansions of lakes Titicaca and Poopo on the Altiplano
(see chapter 4). Conversely, during drier phases, savanna-
type climates characterized eastern Andean slopes, as well
as large portions of the Amazon basin, while Altiplano
lakes contracted to expose broad evaporite basins or salars.
During the Holocene, glacier advances in the Patagonian
Andes may correlate with millennial-scale changes in the
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path and intensity of the snow-bearing westerly winds
(Douglass et al., 2005).

2.2.2 Present Climate Patterns

Three-quarters of South America now lie within tropical
latitudes and within the influence of the Intertropical Con-
vergence Zone and related circulation systems. With ocean-
atmosphere coupling in the lower troposphere directed
mostly westward, the bulk of this area is exposed to At-
lantic influences whereas, owing to the marginal location
of the Andes, only a narrow western coastal strip is directly
influenced by the Pacific Ocean (see chapter 3). Tropical
Atlantic influences are favored by onshore surface winds
and poleward ocean heat transport along the continent’s
eastern margin (fig. 2.2). The upward tilting of ancient cra-
tons along Brazil’s southeast coast enhances seasonal trade-
wind rainfall against their seaward slopes, but hinders
penetration farther inland. Farther north, there is no such
barrier and, attracted by deep seasonal convection over
Amazonia, moist surface winds off the equatorial Atlantic
penetrate far inland toward the Andes, bringing much
cloud and rain to the foothills of the Eastern Cordillera.
During the summer monsoon, low-level northwesterly jets
in turn deflect this moisture southward into the Gran Chaco
or carry it aloft to irrigate the Altiplano, which in turn may
recharge aquifers in the central Atacama Desert (Nogués-
Paegle and Mo, 1997; Rech et al., 2002). Tectonic relief
favors highly variable local climates within the Andes,
including distinct altitudinal zonation on major ranges and
volcanic piles. Along the mountain-girt west coast, tropi-
cal Pacific influences are more restricted, and aided by
tropospheric subsidence, the cool Humboldt Current, and
local upwelling of coastal waters, arid conditions prevail
from near the Equator to beyond the Tropic of Capricorn.
The limited moisture available to this arid coast is mostly
squeezed from stratus and fog moving onshore over cool
ocean waters (fig. 2.3; see chapter 10).

Despite plate motion to the north and west over the past
120 Ma, however, the continent still protrudes farthest into
the Atlantic south of the equator. Cabo Sdo Roque, at 5°S,
forces much of the west-flowing South Equatorial Current
along the north coast, as the Guyana Current, to feed the
formidable North Atlantic gyre. Denied this flow, the Bra-
zil Current and the South Atlantic gyre have long been
weaker than the Gulf Stream and the North Atlantic gyre,
with major implications for regional climates. A further
change in coastal tectonic alignment near 23°S forces the
Brazil Current offshore toward the Southern Convergence
Zone, thereby allowing the cool waters of the Malvinas
Current to penetrate weakly northward to the aptly named
Cabo Frio.

The continent’s temperate southern cone is also influ-
enced by tectonic relief asymmetry, with a narrow wind-
ward belt of wet or foggy coastlands and mountains, the

latter sufficiently cold to support glaciers, and a leeward
semidesert in the Andean rain shadow of the Monte and
Patagonia. Near the ragged southern tip, annual precipita-
tion ranges from 2,600 mm on islands off the Pacific coast
to 4,000 mm at sea level on the western mainland coast to
around 10,000 mm atop the Andes, but declines rapidly
eastward to 430 mm at Punta Arenas on the Strait of
Magellan (Schneider et al., 2003). Owing to South
America’s southward taper, continental polar influences
are muted but still sufficient to support glaciers near sea
level in the far south and for cold winds to sweep north-
ward across Patagonia. Subtle changes in Earth-Sun rela-
tions during Pleistocene time favored expanded glaciation
in these southern mountains and foothills. However, un-
like North America, which widens poleward, temperate
South America has never been large enough in post-
Pangean time to support continental ice sheets or the wide-
spread permafrost, tundra, and boreal forest found in
interglacial and postglacial North America.

2.3 Tectonism, Climate,
and Geomorphology

Apart from tectonism’s impact on rock distributions and
morphotectonic provinces, discussed in chapter 1, inter-
actions between tectonism and climate are also reflected
in the tectonic forcing of volcanism and its impact on cli-
mate; the continent’s asymmetric drainage patterns; the
tectonic and climatic forcing of geomorphic processes, past
and present; and complex relationships between denuda-
tion and isostasy.

2.3.1 Volcanism

Volcanism is a recurrent feature of South America’s tec-
tonic record, having peaked during the crustal extension
that prefaced plate separation in Mesozoic time, notably
in the Paranad flood basalts that heralded the opening of the
South Atlantic, and again during orogenies involving plate
convergence and subduction, most recently during the late
Cenozoic phase of the Andean orogeny. The focus here is
on recent volcanism in the Andes, where four distinct
volcanic zones are linked to relatively steep subduction of
oceanic crust beneath the continental plate (fig. 2.4). These
are mainly stratovolcanoes composed of andesitic lavas
and pyroclastic deposits which, with the Andes as their
base, are high enough to sustain glaciers and thus the po-
tential for devastating lahars (volcanic debris flows) when
volcanic eruptions melt snow and ice.

The Northern Volcanic Zone extends NNE-SSW from
5°N to 3°S, where the Nazca plate is subducting at 30°
beneath the continent and active faults and old terrane
sutures provide vents for escaping magma, mostly basal-
tic andesite. Thus, in Ecuador, the Pujili and Peltetec dex-
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tral fault systems bounding the Interandean Graben are the
loci of widespread volcanism, culminating in the great
piles of dormant Chimborazo (6,310 m), and active
Cotopaxi (5,911 m) and Sangay (5,230 m, fig. 2.5). This is
also a zone where devastating lahars punctuate the Ho-
locene landscape. Nevado del Ruiz (5321 m) in Colombia’s
Central Cordillera has seen many historic lahars, for ex-
ample in 1595 when they killed 600 people, in 1845 when
1,000 people died, and in 1985 when pyroclastic flows
mixed with melting snow and ice to trigger pulses of la-
hars that swept down Rio Lagunillas to entomb 23,000
people in Armero (Pierson et al., 1990). This last tragedy,
Earth’s fourth deadliest volcanic event in historic time,
could have been mitigated with more effective disaster
preparedness. In 1994, earthquakes and heavy rains com-
bined to mobilize lahars from volcanic ash on Nevado del
Huila (5,700 m). Cotopaxi has seen recurrent lahars, nota-
bly around 4,700 B.P. (radiocarbon years before 1950) and
historically in 1744 and 1768, and in 1877 when one la-
har traveled more than 240 km and buried 1,000 people
(USGS, 2005). Nevado Cayambe has also seen many lahars
over the past 4,000 years (Samaniego et al., 1998).

On the Equator 1,000 km offshore, the Galapagos vol-
canic archipelago rises above a hot spot fed by a mantle
plume that now lies near the spreading center between the
Cocos and Nazca plates. Submarine basalts spewing from
this hot spot have been involved with plate motions north-
west of the continent over the past 95 Ma and probably

Figure 2.3 Characteristic weather patterns over
South America. This, the first image from NOAA’s
GOES satellite on 25 October 1975, shows (1) the
ITCZ cloud belt extending across Colombia into
the central Atlantic; (2) extensive stratus and fog
off the Peruvian and Atacama deserts; (3)
scattered clouds of the austral spring over Brazil;
and (4) midlatitude cyclonic systems off the
Pacific and Atlantic coasts (photo: GOES image,
NOAA, 1975).

formed the oceanic plateau that later became the Caribbean
plate (Hoernle et al., 2002). The present islands, which
emerged above sea level around 3 Ma, comprise mostly
basaltic lavas and pyroclastic deposits. Because plate
movement across this hot spot is eastward, active volcan-
ism propagates westward. The western islands are thus
more active than those farther east and include six impres-
sive calderas on Isabela and the solitary active caldera of
Fernandina.

The Central Volcanic Zone extends along the Western
Cordillera from 16°S around the Arica Bend to 27°S. The
most recent volcanic episode began here around 26 Ma and
has continued episodically ever since, although few of the
600 volcanoes that rise above 5,000 m are now active.
Nevertheless, majestic stratovolcanoes provide some of the
region’s highest peaks, notably Coropuna (6,425 m) and
Ampato (6,310 m) in southern Pertd, Sajama (6,522 m) in
western Bolivia, Llullaillaco (6,750 m) at 25°S, and the
highest active volcano on Earth—Ojos del Salado (6,887
m) at 27°S. The andesitic and dacitic lavas and ignimbrites
(welded tuffs) of this zone owe their differentiation to
lengthy ascent through 70 km of continental crust. The 100
km?® of ignimbrites that erupted from the Cerro Galdn
caldera around 2.5 Ma are noteworthy. The largest explo-
sive eruption in historic time in the Andes occurred in A.D.
1600 at the Huaynaputina volcano in southern Perd
(Thouret et al., 1999). Some 13 km? of tephra, pyroclastic
flows, and surge deposits devastated an area of 2,800 km?
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Figure 2.5 Sangay (5,230 m), a frequently active, dominantly andesitic stratovolcano in the Eastern Cordillera, Ecuador
(photo: Fairchild Collection, UCLA, October 1939)

and killed 1,500 people. Such an eruption, if repeated to-
day, could affect 750,000 people in and around the city of
Arequipa.

The Southern Volcanic Zone, which extends 1,000 km
from 33°S to 46°S, is linked to subduction of the Nazca
plate at a steep angle of 30—-40°. At these latitudes, repeated
Quaternary volcanism has been intimately involved with
glacial erosion and deposition, notably in the Tatara—San
Pedro eruptive center (Singer et al., 1997). Volcanic ejecta
are mostly andesite and dacite in the north, rhyolite and
basalt farther south. The Pacific slope of the Main Cordil-
lera contains several active stratovolcanoes, notably
Tupungato (6,797 m), San José, Longuimay, and Hudson,
the last of which shed huge volumes of airborne tephra
across Patagonia in 1991.

By comparison, active volcanoes in the Austral Volca-
nic Zone south of 47°S are fewer and smaller. Their andes-
ite cones reflect subduction of the Antarctic plate, while
their lavas and pyroclastic flows disrupt drainage and gla-

cier movement, dam lakes, and interfinger with glacial and
marine sediment. Mount Cook in the Fuegan Andes is the
southernmost active volcano in South America.
Volcanism plays a significant role in the present land-
scape, presenting both hazards and opportunities to human
life and livelihood. During eruptive phases, volcanoes pose
major threats to nearby life as a result of lava and pyroclas-
tic flows, airfall tephra, and surges of solid, liquid, and
gaseous matter. Lava flows and coarse airfall tephra tend
to remain near their vents, although ignimbrite flows
erupted from large calderas cover more than 500,000 km?
of the Puna. Lahars generated when volcanic waste is
mobilized by water, including glacier meltwater, may pose
hazards far beyond their source areas. Over the longer term,
volcanic dust veils and CO,, SO,, and other gasses gener-
ated by large eruptions may diffuse widely and linger long
enough to reduce insolation and disrupt radiation trans-
fers through the atmosphere, and thus impact regional cli-
mate. Although debate continues regarding the impact of
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volcanic emissions on global climate change, the high el-
evation of most active Andean volcanoes, many 6,000 m
above sea level, means that their eruptive columns easily
reach the stratosphere, where dust and gas may be trans-
ported far downwind. On the positive side, volcanism also
provides South America with some of its most fertile soils
and for this reason, despite the risks, the slopes of volca-
noes have long been favored by farmers.

2.3.2 Drainage Asymmetry

Tectonic uplift of the Andes has imposed a remarkable
asymmetry to South America’s drainage patterns. Rivers
draining the Pacific and Caribbean slopes are mostly short
and steep; those draining to the Atlantic have, after steep
initial descents from the Andes, lengthy runouts across
broad sedimentary basins. This asymmetry is a response
to the late Cenozoic completion of a continuous intercon-
tinental divide along the Andes and thereby tectonic clo-
sure of earlier outlets to the Pacific. Although the
evidence is fragmentary, and allowing for areas of inter-
nal drainage, it is likely that West Gondwana’s major riv-
ers probably flowed seaward toward a western ocean.
Shallow marine and floodplain deposits of late Cretaceous
and Paleocene age beneath the Altiplano, for example,
indicate a provenance in Brazilian cratons, whereas over-
lying Eocene and Oligocene fluvial deposits derive from
rising land to the west (Horton et al., 2001). Farther north,
until the middle Miocene, the drainage of the northwest
Amazon and upper Orinoco basins flowed northward to
a delta beyond modern Lake Maracaibo (Hoorn et al.,
1995). Then, around 12—10 Ma, uplift of Colombia’s East-
ern Cordillera closed this outlet, separated the Magdalena
River from the Orinoco, and diverted the latter’s drain-
age eastward. Uplift of the Vaupes arch between the Ll-
anos and Oriente basins then separated the Orinoco and
Amazon systems. Meanwhile, with final closure of path-
ways through the Ecuadorian Andes, the Amazon adopted
its present route to the Atlantic. Epeirogenic flexuring of
structural arches continues to influence drainage within
the Orinoco and Amazon basins (see chapter 5). Drain-
age asymmetry also characterizes temperate South
America, although Atlantic rivers become shorter as the
continent tapers southward and Andean basins have been
modified by glaciation.

Drainage asymmetry and variations in erosion intensity
are also evident along and across the Andes. Between 2°S
and 42°S, most of the Andes lie east of the intercontinen-
tal drainage divide, whereas farther north and south most
of the cordillera lies west of the divide. This may reflect
the dominance of precipitation-driven erosional processes
in the humid north and south, while tectonic processes
remain dominant in the drier central sector (Montgomery
et al., 2001). Late Cenozoic alluvial fans along the Pacific
slope of the Andes, though impressive, are modest com-

pared with the vast fans that spill debris eastward into the
Andean foreland.

2.3.3 Geomorphic Processes

In South America, as elsewhere, a general relationship
exists between tectonism, climate, and surface processes.
Tectonism provides the physical stage for erosion and
deposition, while average climate conditions explain the
particular mix of geomorphic processes normally found in
different regions, for example in the persistent weathering
and stream flows of the perennially humid tropics and the
effect of winds in arid areas largely devoid of vegetation.
Over millennial or longer timescales, however, tectonism
and climatic forcing may change locales and emphasis,
thereby clouding their relative roles in shaping the land-
scape. Nevertheless, despite massive Andean uplift to the
west, terrigenous oxide minerals trapped on the Ceara Rise
off the Atlantic coast appear to favor climatic forcing of
erosion in the Amazon basin under relatively dry condi-
tions over the past 13 Ma (Harris and Mix, 2002).

During historic time, however, it is easier to assign cause
and effect to tectonism or climate because major events
such as earthquakes and prolonged droughts may be docu-
mented. Even so, from the instrumental record of the past
century, it is clear that departures from average conditions
often do most of the work of erosion and deposition, and,
because they are less predictable, cause most of the result-
ing human problems. Such variability includes synoptic-
scale weather systems lasting a few days that generate storm
seas, single floods, and strong winds; intraseasonal changes
that, over several weeks, may change conditions from fre-
quent rain to searing drought; and fluctuations measured
over annual, decadal, and longer time scales. Of these, the
episodic return of El Nifio rains, on time scales from 3 to 8
years, may cause lasting changes to hillslopes, mountain
valleys, and coastal floodplains (see chapters 3 and 19).

The ancient rocks of the Guiana and Brazilian shields
have long been subdued by recurrent episodes of weath-
ering and erosion, particularly by the persistently warm
humid climates of Cretaceous and early Cenozoic time. A
large volume of rock has been affected by these processes,
generating deep weathering residues and plinthites rich in
quartz, iron, manganese, and clay minerals such as kaolin-
ite and gibbsite, but poor in many nutrients and trace ele-
ments such as boron, copper, sulfur, and zinc. With
prolonged weathering, these iron-rich but nutrient-poor
residues endow cratonic landscapes with resistant plinthite
crusts, such as laterites cemented by iron and silica, that
limit infiltration and erosion. The weathering residues
often provide low grade but extensive and economically
viable minerals—iron and manganese ores from laterites;
bauxite ores from residues rich in gibbsite and other alu-
minum oxides but leached of iron, manganese, and silica.
However, their naturally infertile soils (Oxisols, Latosols)
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favor scrub and open savanna rather than forest, and re-
strict agricultural opportunities (see chapters 7 and 9). With
modest slopes and stream gradients compared to the
Andes, the removal of these weathering products by mass
movement and streams is relatively slow—although accel-
erating where forest clearance has occurred. Waste removal
may also exhume relatively resistant crystalline rocks, such
as the granitic Sugar Loaf near Rio de Janeiro.

In wetter areas of the Andes, heavy rains and snowmelt
have long triggered rockfalls, landslides, and debris flows.
The vast avalanches from Huascardn (6,768 m) in Perd
probably owe their lengthy travel paths to reduced friction
arising from rock waste mixed with melting ice (Platker and
Erickson, 1978). Intense rains related to El Nifio events
generate debris flows (huaicos) that cause considerable
damage along the coasts of Ecuador and Peru (see chapter
19). In recent times, mass movement has been often exac-
erbated by mining and road construction. In March 1993,
for example, 30 x 10 m® of rock waste slipped into the Rio
Paute at La Josefina in Ecuador, forming a temporary dam
whose later breaching caused devastating floods and ero-
sion downstream (Harden, 2001). This rockslide, caused
by a combination of heavy rain and mining activity, killed
35 people and displaced a further 7,000. Landslides in-
duced by heavy rains are now hazardous to many Andean
cities where settlement has spread onto unstable hillsides
(see chapter 20). Along the mountainous coast of Vargas
state, Venezuela, heavy rains in December 1999 (1,100 mm
from 2 to 16 December) led to massive flooding and debris
flows on piedmont alluvial fans, killing some 19,000 per-
sons in Caraballeda and other urbanized communities (fig.
2.7; Larsen et al., 2001). Similarly, heavy rains triggered
devastating landslides along the Brazilian coast near Rio
de Janeiro in 2002. Mass movement is also triggered by
earthquakes and the collapse of volcanic cones. For ex-
ample, a mid-Holocene earthquake may have caused the
Alemania rockfall in northwest Argentina, which for sev-
eral hundred years dammed the Rio de las Conchas before
dam breaching led to massive downstream flooding
(Wayne, 1999).

Cenozoic uplift of the Andes has generated steep un-
stable slopes and massive transfers of rock waste
downslope onto foreland wedges and into stream channels,
aggravated in recent times by overgrazing and poor tillage
practices (see chapter 18). Deeply incised river valleys,
notably those descending from the Central Andes, reflect
continuing adjustments between tectonic deformation and
fluvial processes (Le Roux et al., 2000). Many valleys have
become choked with fluvial debris shed from the moun-
tains, more so during wetter Pleistocene intervals than
today.

Just how much of this debris ultimately reaches the
ocean depends on stream competence, and thus on
hydroclimate and gradient, on stream capacity as a reflec-
tion of discharge, and on the trap efficiency of downstream

basins. Steep Andean rivers draining onto Pacific coastal
deserts often have insufficient discharge to deliver much
sediment to the coast, depositing most of their load instead
onto piedmont alluvial fans and bajadas. Nevertheless,
flash floods may be unpredictably effective, especially
during peak El Nifio events. Conversely, tropical rivers
draining toward the Atlantic, supplied by frequent precipi-
tation, are more efficient conveyors of rock waste. How-
ever, long runout distances and low gradients cause much
of the sediment delivered by Andean headwaters to be
deposited and stored, at least temporarily, in foreland ba-
sins and floodplains farther downstream, for example along
the Napo River in the Oriente Basin of Ecuador (fig. 2.8).
Nevertheless, much sediment eventually reaches the At-
lantic Ocean, where suspended clay and fine silt are en-
trained by density currents, coarse silt and sand move as
littoral drift, and the continental shelf becomes plastered
with a mix of sediment textures and types. Thus, the broad
shelf off the mouths of the Amazon sees suspended mud

Figure 2.7 Caraballeda alluvial fan at the mouth of the Rio San
Julidn basin below the 2,000-m high Coastal Cordillera,
Venezuela: (a) the highly urbanized fan before December 1999,
looking north to the Caribbean Sea; (b) destruction of the
urbanized area involving 1.8 million tons of fresh sediment
delivered by floods and debris flows in December 1999,
looking south toward the Coastal Cordillera (photos: USGS,
Larsen et al., 2001).
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and littoral sand moving northwest toward the Orinoco
delta, while waste reaching the Rio de la Plata is reworked
along the coast to feed barrier beaches in southern Brazil
(see chapter 15). The vast Amazon fan, a terrigenous pile
up to 8000-m thick beyond the continental shelf, testifies
to the long-term effectiveness of Cenozoic denudation
(Flood and Piper, 1997). Sediment cores from this fan sug-
gest an increased influx of terrigenous sediment after ~10
Ma for which either Andean uplift or climate change, or
both, may be invoked (Curry et al., 1995).

Because South American rivers are discussed more fully
in chapter 5, only a few salient points are introduced here.
Rivers reaching the mouths of the Amazon, primarily the
6,400-km long main stem of the Amazon, drain around one-
third of the continent and, despite some storage en route,
are by far the largest suppliers of rock waste to the ocean,
with a total sediment load of around 1200 x 10° t yr~! and
a sediment yield (load divided by basin area) of 195 t km
yr~! (Milliman and Syvitski, 1992; see tables 5.1, 5.2). The

2,600-km long Orinoco River drains a smaller area (1.1 x
10¢ km?) and carries less total sediment but, draining in
part from the wet unstable Northern Andes, its sediment
yield of 140 t km=2 yr~! approaches that of the Amazon.
Smaller Andean rivers generate much higher sediment
yields—from Colombia’s sizeable Magdalena basin (716
t km=2 yr~! from 270,000 km?) to the spectacular yields
of many small rivers such as Venezuela’s Tuy (1,800 t
km=2 yr! from a 6,600 km? basin) and Maticora (2,200 t
km=2 yr! from a 2,500 km? basin)(Milliman and Syvitski,
1992).

In contrast, rivers draining long denuded shields and
resistant platform covers transport much less waste. Thus
the 3,200-km long Sdo Francisco River, draining South
America’s fourth largest but seasonally dry basin, carries
relatively little sediment from the Brazilian Shield, while
the 1,650-km long Uruguay River yields little more. The
Paraguay-Parand system is more complex because the
2,500-km long Paraguay River, whose headwaters drain

\

-

Figure 2.8 Confluence of Rio Napo and Rio Yasuni in the Amazon rain forest, Oriente Basin, eastern Ecuador, 400 km from
the Napo’s confluence with the Amazon and 3,400 km by river from the Atlantic Ocean (photo: Fairchild Collection, UCLA,

October 1939)
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the seasonally dry Mato Grosso, loses water and sediment
downstream to the alluvial fans and wetlands of the
Pantanal, while the 4,000-km long Parand carries rela-
tively little sediment from the Brazilian Shield but down-
stream receives waste from the Paraguay and Andean
tributaries. The Iguagu Falls discharge an impressive
volume of water from the Parand volcanic terrain of south-
ern Brazil (fig. 2.9).

Wind is most effective as a geomorphic process where
the vegetation cover is thin or absent, notably along the
Pacific coastlands from the barchan fields of the Sechura
Desert of northern Pert to the hyper-arid Atacama Desert
of northern Chile. On the Paracas peninsula of central
Pert, star dunes, yardangs, and corridors of lag gravels
bear witness to the strength of prevailing southerly to
southeasterly winds and northwesterly onshore breezes
(McCauley et al., 1977). The streamlined yardangs, up to
2 km long between Pisco and Icd, have been sculpted
mostly from erodible Miocene siltstones. On the wind-
swept Altiplano, vast ignimbrite sheets have been simi-
larly sculpted into yardangs by northwesterly winds and,
aided by flowing water, into quebradas (gullies). Across
the “arid diagonal,” wind is similarly effective in the
semi-arid rain shadow of the more southerly Andes (see
chapters 10 and 14). Thus did Pleistocene rivers descend-
ing the eastern Andes introduce vast quantities of hetero-
geneous fluvial debris to the Monte and Patagonia, much
of it since winnowed and reworked by Holocene winds
into aeolian dunes and loess sheets, leaving a legacy of
lag gravels, desert pavement, and discrete dune systems
to the west but also providing for the fertile loess plains
and sand seas of the Pampas to the east. In the latter area,
paleosols interbedded with aeolian deposits testify to
alternating humid and dry phases over the past 100,000

years. During winter, the Monte along the eastern foot-
hills of the Andes in Argentina sees much aeolian activ-
ity related to the zonda, the strong downslope wind
triggered by lee troughs that form as low pressure systems
pass eastward across the cordillera (see chapters 3 and 10).
In recent decades, wind erosion and dust storms have
been aggravated by farming activities spreading into sen-
sitive semi-arid regions such as the Chaco of northwest
Argentina (see chapter 18). The semi-arid caatinga of
northeast Brazil is also vulnerable to wind erosion.

Glacial processes are generally restricted by South
America’s predominantly tropical climates, but many
Andean peaks and volcanoes above 5,000 m are sufficiently
high to support modern perennial snowfields and glaciers
near the Equator, notably on Chimborazo (6,272 m) and
Cotopaxi (5,896 m) in Ecuador. The highest peaks of Per,
western Bolivia, and northern Chile also support glaciers
amid perennial snowfields but, as precipitation lessens
from east to west across the Central Andes, so modern
snowlines rise from about 4,400 m on the eastern slopes
of the Eastern Cordillera to near 6,000 m in the Western
Cordillera (see chapter 4; Klein et al., 1999). From ~27°S
in northern Chile, modern snowlines decline southward
to below 1,000 m in Tierra del Fuego.

In the far south, where uplift and climate change
spawned glaciation in the Patagonian Andes as early as late
Miocene time, a major linear ice cap covered the Andes
and adjacent foothills during the Pleistocene (Mercer,
1976). At its maximum around 1.2 Ma, this ice cap ex-
tended 3,000 km from Tierra del Fuego northward to 32°S,
spilled westward as far as tidewaters on the narrow Chil-
ean continental shelf would allow, and eastward onto the
broad shallow shelf off the Strait of Magellan. Subsequent
glacial denudation and tectonic subsidence may have re-

Figure 2.9 Iguacu Falls occurasa
tributary of the Rio Parana spills off
the Jurassic basalt plateau of southern
Brazil. Although only 70 m high, these
falls are among the world’s largest in
terms of annual discharge (photo:
Diane Blackburn, 2001).
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duced the relief available for ice accumulation and may
explain why Pliocene and early Pleistocene glacial depos-
its lie far beyond the limits of later Pleistocene glaciations
(Clapperton, 1990). Even so, a large ice cap, 2,000-km long
and 100-300-km wide, still existed during the Last Glacial
Maximum around 20 ka, and the present spectacular re-
lief of the Patagonian Andes owes much to glacial processes
past and present. Similarly, much of the Patagonian land-
scape to the east, notably its widespread plateau gravels,
reflects fluvial reworking of glacial and glaciofluvial de-
bris derived from the Andes (see chapter 14). Today, frag-
mented Patagonian glaciers still form Earth’s third largest
ice field. Ice covers 30,000 km?, mostly in two large masses,
one extending 200 km southward from Hudson volcano
and the other 300 km south past Lautaro volcano. A small
ice field occurs in Tierra del Fuego.

2.3.4 Denudation and Isostasy

The rapid uplift and impressive denudation of the Andes
pose interesting questions regarding South America’s
crustal response to massive transfers of rock waste from the
mountains to the lowlands and oceans. These questions
involve complex issues relating denudation to isostasy.

Denudation is the lowering of the landscape by the com-
bined processes of mass wasting and erosion. It is condi-
tioned partly by the resistance of the underlying rocks,
reflecting tectonism and crustal processes, and partly by
the efficacy of climate-induced geomorphic processes.
Denudation is often measured indirectly by reference to the
volume and density of the solid load (mechanical denu-
dation) and dissolved load (chemical denudation) removed
from a drainage basin by rivers. The resulting data are trans-

lated into a millennial lowering of the basin surface (mm
ka=) or as annual volume lost per unit area (m® km=2 yr1).
This approach is subject to errors of measurement and
extrapolation, essentially because denudation is spatially
variable and episodic rather than continuous. Even so,
useful data often emerge, as shown in table 2.1. Clearly,
denudation rates for the three South American basins lie
below the high rates from Asian basins draining erodible
loess (Huang He) and the rugged Himalayas (Ganges), but
above the low rates recorded from arid basins (Nile, Rio
Grande), glaciated cratonic oldlands (St. Lawrence), and
forested lowlands (Congo, Yenisei). Given their Andean
links, higher denudation rates might be anticipated for the
Amazon and Orinoco basins but, apart from storage up-
stream, sediment supplied from the Andes becomes diluted
in the denudation equation when joined by lower yields
from large subbasins, such as those of the Negro and Xingu
draining to the Amazon from the drier, more resistant
Guiana and Brazilian shields, respectively. Nevertheless,
the Andes are unraveling remarkably fast, as shown by the
high sediment yields by Venezuelan rivers and for the Beni
and Pilcomayo rivers in the foothills of the Bolivian Andes
(see chapter 5). This raises the issue of isostatic response
to denudation.

Relations between surface relief and Earth’s lithos-
phere have long intrigued scientists. Thus, when geod-
esist Pierre Bouguer sought to define Earth’s equatorial
shape in Ecuador in the eighteenth century, he was
puzzled by the lack of deflection of survey plumb lines
predicted by the apparent mass of the Andes (Bouguer,
1749). His observation triggered much debate regarding
the density of Earth’s crust and its gravity anomalies.
Then, from the 1830s, questions began to be raised about

Table 2.1 Estimated denudation rates for selected drainage basins in South America and elsewhere.
The two groups of basins are ranked by total denudation.

Total Mechanical Chemical Mechanical

Basin Area Denudation Denudation Denudation Denudation

River (10° km?) (mm ka™) (mm ka™?) (mm ka™) of Total (%)
Orinoco 1.10 91 78 13 86
Amazon 6.15 70 57 13 81
Parana 2.60 19 14 5 74
Huang He 0.77 529 518 11 98
Ganges 0.98 271 249 22 92
Colorado (USA) 0.63 84 78 6 93
Mississippi 3.27 44 35 9 80
Yukon 0.84 37 27 10 73
Mackenzie 1.81 30 20 10 67
Nile 2.96 15 13 2 87
St. Lawrence 1.03 13 1 12 8
Rio Grande 0.67 9 6 3 67
Yenisei 2.58 9 2 7 22
Congo 3.82 7 4 3 57

Sources: Meybeck (1976); Summerfield (1991); Milliman and Syvitski (1992).
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the effects of denudation and sedimentation on the be-
havior of Earth’s lithosphere, leading Dutton (1882) to
coin the term isostasy. Isostasy describes the potential
hydrostatic equilibrium that Earth’s crust seeks in re-
sponse to changes in mass at and below the surface. Just
as wood floats in water, so Earth’s relatively light and rigid
outer crust usually floats in a denser, more mobile lower
crust and upper mantle. Isostasy was soon invoked to
explain regional crustal uplift following deglaciation (as
in southern Patagonia) and crustal subsidence caused by
massive sediment loading (as in the Amazon and Orinoco
deltas), but the concept was long ignored at larger scales,
until England and Molnar (1990) distinguished between
surface uplift, which reflects tectonic forcing, and rock
uplift, which combines tectonic forcing with isostatic
rebound driven by denudation (Orme, 2007). Invoking
evidence from survey data and crustal properties, Gre-
gory-Wodzicki (2000) has suggested that the rapid uplift
of Columbia’s dissected Northern Andes, which rose at a
remarkable rate of up to 3 mm yr during the Pliocene,
incorporates both tectonic forcing and isostatic rebound
resulting from denudation. Isostatic adjustments of this
magnitude imply that, while denudation may offset tec-
tonic uplift, the Andes are likely to persist for a very long
time. In contrast, rapid tectonic uplift has raised the Al-
tiplano into an arid zone where, apart from wind action,
dissection is limited and support for denudation-driven
isostatic rebound is less strong.

2.4 Tectonism, Climate,
and Biogeography

Because biomes are closely linked to climate, much that
has been said about tectonism and climate also applies to
biogeography. The tectonic forces that brought South
America to its present location, shaped its initial relief, and
influenced its climate, also affected the nature and distri-
bution of its plants and animals. There are thus broad cor-
relations among terrain, climate, and biomes. But there are
also significant differences. Plants and animals exhibit
preferences for particular habitats that may become inac-
cessible because of tectonic or climatic change. Further,
through time, direct correlation of biota with climate may
become clouded by evolution, opportunism, radiation,
competition, selective survival, extinction, and delayed
response, or simply by chance. Past and present relation-
ships are further complicated by seed dispersal by winds
and birds, and by floating rafts of vegetation and animal
stowaways moving with ocean currents. And although
land plants tend to be more responsive to environmental
change, land animals, being mobile, are more adaptable.
Some land animals also swim, at least for short distances
between island archipelagoes. Thus tectonism may not

generate a predictable sequence and distribution of biota
in quite the same way that climate responds to tectonism.

2.4.1 Developing Mesozoic
and Cenozoic Biogeographies

The four principal forcing factors identified in post-
Pangean relations between tectonism and climate also in-
fluenced developing biogeographies although, for the
reasons outlined above, the effect on plants and animals
was less predictable (see table 1.2).

First, the breakup of Pangea initiated a prolonged epi-
sode of biogeographic fragmentation set against a backcloth
of continuing evolution, diversification, and extinction.
Initially, the narrow seas, continental fragments, and vol-
canic islands between diverging plates probably allowed
episodic exchanges of terrestrial biota to continue for a
time. Later, however, the progressive separation of the
northern continents from Gondwana favored evolutionary
divergence as many elements in the flora and fauna were
rafted away from their common heritage.

By late Mesozoic time, distinct dinosaur faunas had
evolved on each landmass, with titanosaurs and cerato-
saurs in Gondwana while tyrannosaurs, hadrosaurs, and
ceratopsids dominated Laurasia (Sereno, 1991). One titano-
saur, Argentinosaurus huinculensis, in Patagonia was
40 m long and weighed 90 tonnes. When dinosaurs met
their end at the close of the Mesozoic, probably from the
environmental effects of massive asteroid impact (Alvarez
etal., 1980), perhaps for other reasons such as global warm-
ing initiated by prolonged volcanic emissions of dust and
greenhouse gasses (Officer and Page, 1996), South America
was well isolated from North America and mainland Af-
rica. In contrast, similarities between certain dinosaurs,
crocodiles, gondwanathere mammals, and insects from late
Cretaceous deposits in South America, India, and Mada-
gascar suggest that these areas remained linked via Ant-
arctica and the Kerguelen Plateau to the close of the
Cretaceous (Krause et al., 1997, 1999), perhaps later
(Brundin, 1988). By early Cenozoic time, however, South
America’s land mammals were developing qualities dis-
tinct from those elsewhere.

Among the unusual South American land mammals that
evolved during the later Cenozoic were giant anteaters
(Myrmecophagidae), almost modern forms of which ap-
peared around 15 Ma; tree sloths (Bradypodidae) and ground
sloths (Megalonychidae, Mylondontidae, Megatheriidae);
armadillos (Dasypodidae, Chlamytheriidae) and glyptodonts
(Glyptodontidae); opossums (Didelphidae); porcupines
(Erethizontidae); and rhinoceros-like ungulates (Toxi-
dontidae). A tusked gomphothere, Amahuacatherium peru-
vium, found below 9 Ma tephra in southwest Amazonia,
poses intriguing questions regarding the arrival or survival
of gomphotheres in South America (Campbell et al., 2001).
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Sites of Miocene age at La Venta (Colombia) and Urumaco
(Venezuela) also contain noteworthy fossils. The latter, in
the vast Caribbean delta of the proto-Orinoco, contains the
world’s largest fossil rodent (the 700 kg Phoberomys
pattersoni), which was prey for the largest crocodiles
(Purussaurus spp.) (Sanchez-Villagra et al., 2003). There
were also flightless, predatory birds of the Phorusrhachidae
family in Brazil and Argentina, one 4-m tall descendant of
which, Titanis walleri, migrated to Florida. Several genera
of crocodiles, gavialids, and turtles evolved from Mesozoic
stock.

Second, the Cenozoic opening of the Southern Ocean
severed land links between South America, Antarctica,
Australia, and New Zealand. That these land masses once
shared a common biotic heritage is suggested by Cretaceous
monotremes in South America and Eocene marsupials in
Antarctica, mammals now most strongly associated with
Australia (Woodburne and Case, 1996). Former links be-
tween these southern continents are also suggested by flo-
ristic similarities, for example between Nothofagus trees
(beech family), whose antecedents lived in Antarctica be-
tween 80 and 30 Ma, and whose successors still occupy
parts of southern South America, Australia, and New
Zealand (see chapter 13). Nevertheless, the loss of these
land links favored the exchange of marine organisms across
the Southern Ocean. Upwelling in the divergence zone
between the east-flowing Antarctic Circumpolar Current
and the west-flowing Polar Current farther south now
yields one the world’s biologically most productive re-
gions. High primary productivity supports the large popu-
lations of zooplankton and larger organisms, ranging from
krill to seals, whales, and penguins, that characterize
coastal seas off South America.

Third, no tectonic forcing of biogeography has been
more dramatic than the closure of the Central American
Isthmus and, with it, initiation of the Great American Bi-
otic Interchange—the mass migration of plants and animals
between North and South America and the ensuing, at least
temporary, enrichment of both continents (Stehli and
Webb, 1985). Although final closure of the isthmus came
around 3 Ma, biotic exchange between these continents
began earlier, perhaps much earlier, depending on how the
Caribbean plate and the Aves Ridge are reconstructed
(Hoernle et al., 2002). More certainly, fossil evidence shows
that by 8 Ma swimming mammals, such as a now extinct
North American raccoon (Procyonidae) and two kinds of
South American ground sloth, were island-hopping across
warm shallow seas between the continents (Webb, 1997).
After 3 Ma, biotic exchange suddenly became common-
place. North American land mammals, waiting in the Cen-
tral American highlands, flooded southward onto the South
American scene, where they began displacing the long
resident fauna. Diffusion between 3 Ma and 2 Ma was rapid.
Late Pliocene and early Pleistocene deposits in seacliffs

southeast of Buenos Aires and in the Patagonian steppes
contain abundant remains of North American mammals—
llamas, horses, tapirs, bears, cats, peccaries, deer, and
mice—whose early Pliocene records are confined to North
America. Most of these immigrants were grazers or mixed-
feeding herbivores suited to grassy savannas and open
woodlands. After 2 Ma, migration seems to have slowed
and some late Eurasian immigrants to North America, such
as mammoth and bison, never reached South America. This
was perhaps because the grassy savannas began develop-
ing into dense tropical rainforest, especially after 0.8 Ma
(Colinvaux, 1997). However, several families of carni-
vores—bears, raccoons, otters, dogs, and cats, including the
saber-tooth cat (Smilodon)—did cross, with devastating
impact on native South American animals who had no
previous experience of efficient mammalian carnivores
(Webb, 1997).

In contrast, the northward migration of South Ameri-
can land mammals, accustomed to mostly tropical habi-
tats, was less successful, and many that crossed between
islands or over land bridges, such as the now submerged
Aves Ridge off Venezuela, did not survive (Webb, 1997;
Orme, 2002). Toxidonts died out; ground sloths diffused
north to Alaska but did not survive the Pleistocene; ant-
eaters are now found no farther north than Guatemala,
while only one armadillo species survives farther north.

Conversely, closure of the isthmus prevented the ex-
change of marine animals between the tropical Atlantic and
Pacific Oceans. Marine invertebrates of the Caribbean and
eastern Pacific are similar until around 5 Ma but then di-
verge rapidly as the isthmus shallowed and closed (Jack-
son and d’Croz, 1997). A remarkable pulse of origination,
evolution, and extinction in marine mollusks and reef-
building corals occurred between 3 Ma and 2 Ma, probably
due to the changing ecology and opportunities presented
by closure of the isthmus. Thereafter, shallow-water
branching corals in the genus Acropora came to dominate
Caribbean reefs, while finger corals of the genus Pocillopora
typify less-developed Pacific reefs across the isthmus. In
general, Pacific waters have rich pelagic fisheries while
Caribbean waters are dominated by carbonate-associated
benthic foraminifera (Coates et al., 2003).

Fourth, uplift of the Andes had a dramatic impact on
biotic distributions by imposing physical barriers and
elevational constraints on plant distributions and animal
migration, and by generating greater habitat diversity and
resulting biotic specialization (see chapters 12 and 13). For
example, fossil evidence suggests that Andean uplift frag-
mented what was once a rich earlier Cenozoic subtropical
flora that straddled the continent from southern Brazil
through Bolivia and Argentina to Chile (Hinojosa and
Villagrdn, 1997). This helps to explain why the distinctive
semi-arid vegetation of central Chile exhibits close affini-
ties with similar formations east of the Andes, and why the
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relict Olivilla forest of the Chilean coast, now so depen-
dent on sea fog, may be descended from subtropical
rainforests that survived the summer drought brought on
by Neogene uplift of the Andes (see chapter 11). Further-
more, pollen and macrofossil evidence from Columbia’s
Eastern Cordillera indicate that Miocene floras were mostly
lowland types (van der Hammen et al., 1973; Wijninga,
1996). Miocene floras from the Altiplano formerly lived
1500-2000 m lower than where they are now found (Gre-
gory-Wodzicki et al., 1998). Such evidence illustrates the
disruptive ecological impacts of tectonism.

Andean uplift has also been invoked to explain the di-
vergent lineages of many birds and iguanas in western
Amazonia (Blumfield and Capparella, 1996; Schulte et al.,
2000). Fish in the Magdalena basin of Colombia once
shared common drainages with fish in the Guianas and
Amazon basin (see chapter 7). In addition, uplift combined
with Earth’s changing orbital relations to produce episodic
changes in biome patterns. Thus the eastern slopes of the
tropical Andes may have seen the rainforest of wetter,
warmer stages, such as today, alternate with open wood-
land and savanna during drier, cooler stages. Following
closure of the Central American Isthmus, North American
animals may have used these more open corridors to spread
rapidly southward (Marshall and Sempere, 1993).

In the Amazon lowlands farther east, Neogene flexuring
has been invoked to explain diversification among small
mammals and amphibians on opposing sides of low struc-
tural arches straddling the basin (Lougheed et al., 1999;
Lara and Patton, 2000). Superimposed on these slow tec-
tonic flexures, however, are the faster environmental
changes triggered by late Cenozoic climate changes, most
notably those involving the changing patterns of tropical
rain forest and savanna in the Amazon Basin. A variety of
geological and biological evidence suggests that during
drier, cooler intervals, such as the Last Glacial Maximum
(~20 ka), the savannas expanded at the expense of the tropi-
cal rain forest (e.g., Haffer, 1969; van der Hammen, 1974;
Whitmore and Prance, 1992; Behling and Hooghiemstra,
2001; see chapters 8 and 9). The forest retreated into dis-
crete refugia, preserved its diversity, and then reemerged
to supplant the savannas during wetter, warmer intervals,
such as the present Holocene. Further, the complex inter-
play of late Cenozoic tectonic, hydroclimatic, and sedimen-
tary processes in Amazonia may have stressed the biota,
resulting in faster speciation and thus greater modern
biodiversity (Rossetti et al., 2005). Understandably, the
nature and details of these interesting scenarios are con-
tentious issues (e.g., Colinvaux et al., 2000; Kastner and
Goiii, 2003).

Finally, the Cocos Ridge between the 3 Ma-old
Galapagos Islands and Costa Rica may have been an emer-
gent volcanic archipelago for some time after 15 Ma
(Werner et al., 1999), thus increasing the time over which
evolution of Galapagos biota could occur. The presence of

a long emergent ridge would help solve the riddle of spe-
ciation and divergence of Galapagos marine and land igua-
nas that so puzzled Charles Darwin.

2.4.2 Present Biogeographic Patterns

The present distribution of biomes reflects the broad in-
terplay of fluctuating climatic factors and biotic processes
on a slowly changing tectonic stage. Most components of
the present vegetation of the forest, savanna, steppe, and
desert biomes are readily identified with specific ranges
of thermal and moisture conditions, modified by local re-
lief and edaphic constraints. Nevertheless, there are anoma-
lies, components of the vegetation that challenge simple
interpretation. In central Chile, for example, fragments of
the fog-dependent Olivilla forest may have survived from
an earlier range disrupted by Andean uplift, while the
Nothofagus forest here seems to have survived from colder,
wetter stages of the Pleistocene (see chapters 11 and 13).
The caatinga woodlands of northeast Brazil may have been
isolated by climate changes combining Earth’s orbital
cycles with regional crustal uplift (see chapter 9). A fur-
ther imponderable is the extent to which certain modern
plants may have evolved from lineages in the deep past,
for example from organisms that flourished in the Pangean
landscapes of the Brazilian and Guiana Shields (see chap-
ter 6).

Over much of the continent, primeval vegetation pat-
terns and composition have been changed directly or in-
directly by a wide range of human impacts involving forest
clearance, livestock grazing, changing fire frequencies,
drainage and irrigation works, demise of native herbivores
such as the guanaco and the spread of exotic deer, goats,
wild boar, and rabbits, and competition between native
plants and exotic trees, shrubs, crops, weeds, and above
all annual grasses (see chapters 13, 14, 16, and 17).

The modern fauna of South America has evolved in part
from isolated Gondwana roots and in part from North
American immigrants. Diffusion and speciation of the lat-
ter have been so effective over the past 3 Ma that around
half of the South American animals now have North Ameri-
can origins. The emergence of the Panama isthmus changed
South America from a continent with no deer, cats, or mice
to one where they are now common, and where cats large
and small became major predators. The large cats include
jaguar (Panthera onca), puma (Puma concolor), and a rare
Andean cat (Felis jacobita). Nevertheless, ecological
changes during and since the Pleistocene have taken their
toll on both immigrant and native stock (see chapter 8, table
8.1). Horses and saber-tooth cats became extinct through-
out the Americas, while in South America jaguars retreated
to the shelter of the forest, and bears were reduced to one
species, Tremarctos, the spectacled bear. Among the na-
tive stock, ground sloths did not survive the Pleistocene,
while tree sloths retreated to forest habitats.

40 Systematic Framework



The effect on animals of prehistoric human predation
has been the subject of much debate. Many Pleistocene
genera, such as the saber-tooth cat, became extinct before
people arrived, while the latter’s impact on other animals
was probably highly selective. Thus, some large game ani-
mals, such as the gomphothere (mastodon), Cuvieronius
tropicus, may have been hunted to extinction by early
immigrants in the more open habitats of the savannas and
Andean foothills, but there is no evidence for animal ex-
tinctions by pre-European peoples in Amazonia (see chap-
ter 16). Many herbivores of the deer and llama families
were also hunted to extinction, but related genera survived
and, in the absence of larger competitors, became the domi-
nant animals of the savannas and grasslands (see chapter
14). Some rheas, large flightless birds, also lingered on,
notably in the Argentinean grasslands and steppes. Even
so, all those that survived suffered increasing competition
for food from introduced herbivores such as cattle and
sheep, some as early as the sixteenth century, but others
in Patagonia only as late as the twentieth century. The net
result today is a depleted yet still distinct Neotropical
fauna, embracing both ancient and immigrant elements,
that extends across South America and has penetrated as
far north as southern Mexico.

2.5 Conclusion

The fundamental character of the South American land-
scape is driven by tectonic and climatic forcing. Tectonism
has given the continent its location and general architec-
ture. Climate has generated the contexts whereby this crude
tectonic framework has been refashioned by surface pro-
cesses. Abetted by evolution, migration, and extinction,
biological responses to these physical scenarios have in
turn clothed this landscape with vegetation and colonized
it with animals and, ultimately, with people.

These forcing factors operate over vastly different
timescales and rates of change. Tectonic changes are nor-
mally very slow and, except for earthquakes and volcanic
eruptions, become more apparent over periods exceeding
10° years. For example, the South American plate is pres-
ently moving westward at barely perceptible rates of 25 to
35 mm yr!, but over geologic timescales this is a respect-
able 25 to 35 km Ma'. Similarly extrapolated, net conver-
gence of South America with the eastward-moving Nazca
plate is occurring at rates of between 75 and 120 km Ma.

In contrast, major climate changes related to Earth’s
orbital relations with the Sun operate at intermediate
timescales of 104710° years. These are expressed, for ex-
ample, in asymmetric rates of change—from full intergla-
cial to full glacial conditions over 100,000 years, but
returning more quickly to full interglacial conditions in less
than 20,000 years. When two or more orbital cycles coin-
cide, feedback within the ocean-atmosphere system and

resulting climate changes may occur over millennial or
even centennial timescales. Further, as the synthesis of
weather, climate also contains short-term departures from
mean conditions that function at decadal, annual, and sea-
sonal timescales—the timescales best understood by, and
most likely to affect people during their lifetimes. These
pulses are expressed in exceptional rainfalls, high winds,
and desiccating droughts, which in turn impact the land-
scape through landslides, floods, storm damage, and de-
sertification. The coincidence of tectonic instability and
climatic variability is particularly troubling to Andean
landscapes and the people that inhabit them.

While plants and animals may well respond within
these longer timescales, for example in changes from for-
est to savanna and back over an interglacial-glacial cycle,
many biological changes are more rapid, while those in-
volving extinction are irreversible. Rates of change are
now fastest among plant and animal communities because,
regardless of natural forcing factors, their habitats are most
vulnerable to human interference. The impacts generated
by prehistoric peoples were mostly subtle and reversible,
although in the tropical and subtropical Andes centuries
of lengthy human occupance, vegetation change, and do-
mestication of selected species were more enduring. Nev-
ertheless, over the past 500 years, these early impacts have
been augmented and accelerated by those of colonizers
from Europe and elsewhere whose cultural ethos, practi-
cal needs, and technical abilities are now firmly imprinted
across much of the South American landscape. The na-
tive plants and animals of the savannas and grasslands
have been diluted or displaced by introduced species;
native grasslands have been converted to cropland;
steppes have been irrigated or afforested; the vast forests
of Amazonia, once thought almost impenetrable beyond
their waterways, are being cleared; and, despite some re-
silience, many landscapes may be lost forever. Only in
recent decades have the feedback effects of these changes,
for example on Earth’s carbon cycle, begun to be measured
and understood.

To a greater or lesser extent everywhere, those environ-
mental changes wrought by nature on a slowly shifting
tectonic stage beneath a pulsing climatic canopy are now
being augmented, often swiftly, by the direct and indirect
effects of human activity. These processes generate com-
plex responses, understanding of which must be incorpo-
rated into the proper management of the South American
landscape.
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Atmospheric Circulation and Climatic Variability

René D. Garreaud
Patricio Aceituno

Regional variations in South America’s weather and cli-
mate reflect the atmospheric circulation over the continent
and adjacent oceans, involving mean climatic conditions
and regular cycles, as well as their variability on timescales
ranging from less than a few months to longer than a year.
Rather than surveying mean climatic conditions and vari-
ability over different parts of South America, as provided
by Schwerdtfeger and Landsberg (1976) and Hobbs et al.
(1998), this chapter presents a physical understanding of
the atmospheric phenomena and precipitation patterns that
explain the continent’s weather and climate.

These atmospheric phenomena are strongly affected by
the topographic features and vegetation patterns over the
continent, as well as by the slowly varying boundary con-
ditions provided by the adjacent oceans. The diverse pat-
terns of weather, climate, and climatic variability over
South America, including tropical, subtropical, and
midlatitude features, arise from the long meridional span
of the continent, from north of the equator south to 55°S.
The Andes cordillera, running continuously along the west
coast of the continent, reaches elevations in excess of 4 km
from the equator to about 40°S and, therefore, represents a
formidable obstacle for tropospheric flow. As shown later,
the Andes not only acts as a “climatic wall” with dry con-
ditions to the west and moist conditions to the east in the
subtropics (the pattern is reversed in midlatitudes), but it
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also fosters tropical-extratropical interactions, especially
along its eastern side. The Brazilian plateau also tends to
block the low-level circulation over subtropical South
America. Another important feature is the large area of
continental landmass at low latitudes (10°N—-20°S), condu-
cive to the development of intense convective activity that
supports the world’s largest rain forest in the Amazon
basin. The El Nifio—Southern Oscillation phenomenon,
rooted in the ocean-atmosphere system of the tropical Pa-
cific, has a direct strong influence over most of tropical and
subtropical South America. Similarly, sea surface tempera-
ture anomalies over the Atlantic Ocean have a profound
impact on the climate and weather along the eastern coast
of the continent.

3.1 Mean Climatic Features
and Regular Cycles

In this section we describe the long-term annual and
monthly mean fields of several meteorological variables.
These climatological fields are obtained by averaging many
daily fields, each of them constructed on the basis of sur-
face, upper-air, and satellite meteorological observations.
The atmospheric circulation (winds, pressure, etc.) is char-
acterized by using the NCEP-NCAR reanalysis from 1979



to 1995 (Kalnay et al., 1996). The precipitation fields are a
blend of station data (Legates and Willmott, 1990) and
precipitation estimates from the Microwave Sounding Unit
(MSU) covering the period 1979 to 1992 (Spencer, 1993).
While the averaging procedure does not have any physi-
cal a priori significance, the regional climate is defined by
the relevant features in the mean fields, which in turn are
forced by the fixed (or very slowly varying) boundary con-
ditions of the atmosphere: land-sea distribution, continen-
tal topography, and the time/space changes of the solar
radiation reaching the surface. Figure 3.1 shows the annual
mean precipitation, sea-level pressure, and low-level winds
[1,000-850 hecto-Pascal (hPa) average]. The maximum
precipitation occurs over the tropical oceans along a band
at approximately 8°N that coincides with a belt of low pres-
sure and low-level wind convergence. This band, the so-
called Intertropical Convergence Zone (ITCZ), is a major
feature of the global circulation, and its year-round posi-
tion to the north of the equator is ultimately related to the
land-sea distribution and orientation of the coastlines
(Mitchell and Wallace, 1992). The rainfall in the ITCZ
decreases slightly as it straddles northern South America,
in part due to the decrease in surface evaporation, but still
produces the highest continental precipitation over the
equatorial Andes, the western Amazon basin, and near the
mouth of the Amazon River. The rainfall in this part of the
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continent is produced by deep, moist convection—the very
energetic ascent of buoyant air from near the surface to the
tropopause that sustains the largest rainforest of the world
(see chapter 9).

Two other bands of high annual mean rainfall are evi-
dent in figure 3.1. The western band has its origin in the
western equatorial Pacific (central Pacific during El Nifio
years), reaching the continent between its tip and 40°S.
Precipitation in the South Pacific Convergence Zone
(SPCZ; Vincent, 1998) is largely produced by extratropi-
cal frontal systems. The annual mean rainfall is high in
southern Chile due to the enhanced uplift over the west-
ern slopes of the Andes (Lenters and Cook, 1995), but it
decreases sharply to the east, producing rather dry condi-
tions in Argentina’s Patagonia (see also chapters 13 and 14).
The eastern band has its root over the central part of the
continent, and extends southeastward forming the South
Atlantic Convergence Zone (SACZ; Kodoma, 1992;
Figueroa et al., 1995). Rainfall over the central part of the
continent is largely produced by deep convection, but as
one moves into the subtropics, Southern Hemisphere (SH)
frontal systems become more important in promoting deep
convection and eventually produce most of the precipita-
tion (Lenters and Cook, 1995). For instance, the uniformly
large amounts of rainfall observed year round on the coast
of southern Brazil and Uruguay are produced by deep con-

Figure 3.1 Annual mean rainfall
(shading scale at bottom), sea level
pressure (contoured every 2.5 hPa),
and low-level winds (arrow scale at
bottom). Dashed white line indicates

20w fow

—_
15 [m/s] mean position of the ITCZ. Letters H
and L indicate approximate center of
0.1 25 mm/day the subtropical anticyclones and
36 900 1800 3600 7200 10800 mm/year continental low, respectively.
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vection during the warm season (November to March) and
by frontal systems during the cold season (Montecinos
et al., 2000).

Rainfall is nearly absent over broad areas of the subtropi-
cal oceans owing to large-scale midtropospheric subsid-
ence (fig. 3.1). The rate of subsidence is mainly dictated
by the radiative cooling of the air parcels that have reached
the upper troposphere over the ITCZ (Rodwell and
Hoskins, 1996). The subtropical subsidence together with
the ascent over the ITCZ, the low-level trade winds, and
the upper-level poleward flow form the Hadley cell, a major
feature of the atmosphere’s general circulation. The sub-
siding air also maintains the very persistent cells of sur-
face high pressure and low-level anticyclonic circulation
over the southeast Pacific and Atlantic oceans, with only
minor seasonal variations. Over the continent, deep con-
vection (either moist or dry) offsets the large-scale subsid-
ence, so that mean upward motion prevails over the central
part of South America, enhancing the subsidence over the
southeast Pacific Ocean (Gandu and Silva Dias, 1998).

Consequently, sea-level pressure over the continent is
lower than the corresponding value over the adjacent
oceans throughout the year, thus forcing the trade winds
over the tropical Atlantic to penetrate into the continent
in a nearly east-west direction, until they become conver-
gent near the Andes cordillera. On the western side of the
tropical-subtropical Andes (which act as an effective bar-
rier to the flow), the equatorward low-level winds promote
coastal upwelling of cold waters, maintaining a coastal
tongue of low sea surface temperature (SST) that extends
westward at the equator, where it is enhanced by equato-
rial upwelling. The adiabatically warmed air aloft and the
cold SST result in a cool, moist marine boundary layer of
500-1,000 m thick capped by a strong temperature inver-
sion over the subtropical southeast Pacific (e.g. Garreaud
et al., 2002). A very extensive deck of shallow, non-
precipitating stratocumulus clouds is typically observed
at the top of the marine boundary layer (e.g., Klein and
Hartmann, 1993). This cloud layer plays an important role
in the regional and global climate by substantially reduc-
ing the amount of solar radiation reaching the ocean sur-
face (the so-called albedo effect; e.g., Hartmann et al., 1992)
and by cooling the lower troposphere due to the strong
upward emission of infrared radiation at the top of the
clouds (Nigam, 1997).

Two conspicuous dry regions occur over tropical-sub-
tropical South America (fig. 3.1; see also chapter 11). The
first region encompasses the western side of the continent,
a 100-300 km strip of land between the coastline and the
Andes cordillera from ~30°S as far north as 5°S. The coastal
desert of northern Chile and Peru is primarily explained
by the strong, large-scale subsidence over the subtropical
southeast Pacific Ocean, but its extreme aridity (places with
no precipitation for several years) seems related to regional
factors (Abreu and Bannon, 1993; Rutllant et al., 2000). At

these latitudes, the central Andes (including the Altiplano)
become a truly climatic border between the extremely arid
conditions to the west and the wet conditions to the east
(e.g., Garreaud 2000a; see also chapters 10 and 12). The
second region corresponds to the eastern tip of the conti-
nent, in northeast Brazil, where the annual mean precipi-
tation is less than half of the inland values at the same
latitude and the rainy season is restricted to March to May,
when the ITCZ reaches its southernmost position (e.g.,
Kousky and Ferreira, 1981; Hastenrath, 1982). The dryness
of this region appears to result from a local intensification
of the Hadley cell in connection with the strong convec-
tion over the equatorial Atlantic (Moura and Shukla, 1981;
Mitchell and Wallace, 1992).

The area affected by deep convection experiences sig-
nificant changes during the year, leading to a pronounced
mean annual cycle in rainfall over tropical and subtropi-
cal South America, as shown by seasonal maps of mean
precipitation (fig. 3.2). Such changes are controlled by the
annual north-south march of insolation, resulting in
changes in land surface temperatures, and also by complex
interactions with changes in low-level moisture transport
(Fu et al., 1999). During the austral winter (June—July—
August, JJA), the heaviest precipitation and thunderstorms
are found over northern South America and southern Cen-
tral America, connected with the oceanic ITCZ (fig. 3.2a).
At this time of year, the central part of the continent (in-
cluding southern Amazonia) experiences its dry season,
interrupted occasionally by the passage of modified cold
fronts from the southern midlatitudes. By the end of Octo-
ber, there is a rapid shift of the area of intense convection
from the northern extreme of the continent into the cen-
tral Amazon basin (e.g., Horel et al., 1989), marking the
onset of the so-called South American summer monsoon
(fig. 3.2b, Zhou and Lau, 1998; Vera et al., 2006).

The area of convective precipitation reaches its south-
ernmost position during the austral summer (December—
January—February, DJF), encompassing the southern
Amazon basin, the Altiplano, and the subtropical plains
of the continent (southern Bolivia and Brazil, Uruguay,
Paraguay, and central Argentina), and extending over the
South Atlantic Convergence Zone (fig. 3.2c). In this sea-
son, a low pressure cell forms over the extremely hot and
dry Chaco region (Seluchi and Marengo, 2000), forcing the
southward flow of the trade winds and their subsequent
convergence over the subtropical plains. Observational and
modeling evidence has shown that the northerly flow be-
tween the Andes and the Brazilian highlands is often or-
ganized in a low-level jet with its core (wind speed often
in excess of 12 m/s) at about 1 km above the ground and
less than 100 km from the eastern slopes of the Andes (e.g.
Saulo et al., 2000). The poleward moisture transport by this
low-level jet feeds the convective rainfall over the subtropi-
cal plains, a major agricultural region and heavily popu-
lated area (Berbery and Collini, 2000; Saulo et al., 2000).
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Figure 3.2 Seasonal mean rainfall (shading scale as figure 1) and 200 hPa winds (shown as streamlines) for (a) austral winter, (b)
spring, (c) summer, and (d) fall. Maximum wind speed in midlatitudes is 60 m/s. Letter H indicates the approximate center of
upper level anticyclones. Letter L in (c) indicates the center of the upper level trough over northeast Brazil.

During early fall, deep convection gradually diminishes
over the subtropics and begins to shift northward, thus
leading to the demise of the South American summer
monsoon by the end of April (fig. 3.2d).

The seasonal maps in figure 3.2 show the upper-level
atmospheric circulation in terms of the mean 200-hPa
winds superimposed on the precipitation field. During the
austral winter (JJA), strong Southern Hemisphere (SH)
westerly flows prevail over South America as far north
as 5°S, consistent with the equatorward displacement of
the maximum tropical-extratropical thermal gradient (fig.
3.2a). During the course of the austral spring (SON), the
subtropical jet stream moves southward, while a weak
anticyclonic circulation develops over the tropical part

of the continent (fig. 3.2b). During the austral summer
(DJF), the SH westerlies over the continent are restricted
to the south of 22°S, while the Northern Hemisphere (NH)
westerlies reach the northern extreme of the continent. In
this season, an upper-level anticyclonic circulation, re-
ferred as the Bolivian High, becomes firmly established
over the central part of the continent (with its center lo-
cated at 15°S and 65°W). This High is accompanied by a
cyclonic circulation downstream over the northeast coast
of Brazil, and a convergence region along the coast of Perd
and Ecuador (fig. 3.2c; Virji 1981; Lenters and Cook, 1997).

It was originally proposed that the Bolivian High had a
thermal origin, maintained by the strong sensible heating
over the central Andes and the release of latent heat in the
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summertime convection over the Altiplano (Schwerdtfeger,
1961; Gutman and Schwerdtfeger, 1965). Modeling stud-
ies (reviewed in Lenters and Cook, 1997), however, indi-
cate that the Bolivian High is instead a dynamical response
to the warming of the upper troposphere generated by the
cumulus convection over the Amazon basin. Diabatic heat-
ing over the Altiplano does not appear essential for the
existence of the Bolivian High, although the Andes play
an indirect role by organizing the low-level flow and con-
vection over the central part of the continent. On the other
hand, the presence of the Bolivian High is instrumental for
the occurrence of summertime precipitation over the Alti-
plano, since the easterly flow aloft favors the transport of
moist air from the lowlands toward the central Andes
(Garreaud, 1999b). Furthermore, the Bolivian High contrib-
utes to the intensification of the SACZ during summer,
owing to vorticity advection aloft (Figueroa et al., 1995).
During the austral fall (MAM), the SH westerlies return to
the subtropics, and a pair of anticyclones is found over
tropical South America, consistent with the convection
centered on the equator (fig. 3.2d).

During the rainy season, there is a well-known prefer-
ence for an afternoon / evening maximum of deep convec-
tion over continental areas, since land-surface heating
tends to destabilize the lower troposphere (e.g. Meisner and
Arkin, 1987). Nevertheless, detailed analyses of the mean
diurnal cycle of rainfall (Negri et al., 1994) and convective
clouds (Garreaud and Wallace, 1997) demonstrate that the
timing of the maximum convection is location-dependent,
and closely linked to regional topographic features such
as mountain ranges and concave coastlines. To illustrate
this point, figure 3.3 shows the evening and early morn-
ing frequencies of cold cloudiness, a proxy for convective
rainfall, during the austral summer (DJF). Maximum con-
vection during the evening is very pronounced over the
central Andes, along the northeast coast of the continent,
and in two parallel bands over central Amazonia (fig. 3.3a).
The first two bands arise from the concurrent timing of the
thermodynamic destabilization and the maximum strength
of dynamical forcing: plain-to-mountain wind convergence
over the Andes, and land-sea breeze convergence along the
coast. The intervening parallel bands are interpreted as the
afternoon reactivation of recurrent Amazon coastal squall
lines (ACSL; e.g., Cohen et al., 1995). ACSLs are forced at
the coast by sea breezes and move inland, maintaining their
identity for 12—-36 hours, most notably in early autumn. On
the other hand, convection tends to peak during night-time
and early morning along the eastern slopes of the central
Andes, over the subtropical plains, and off the northeast
coast of the continent, highlighting the dynamical forcing
in these areas (fig. 3.3b; Berbery and Collini, 2000).

The mean annual and diurnal cycles of the precipitation
to the south 0f 40°S are generally less pronounced than those
at lower latitudes, because of the dynamical forcing (in con-
trast with thermodynamic forcing) of frontal rainfall. A no-
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Figure 3.3 (a) Late afternoon and evening (1,800-2,100 UTC
average; UTC: Universal Time Coordinated = Greenwich Time)
frequency of cold clouds (cloud-top temperature less than
235°K) during the austral summer (DJF). Solid lines within the
continent indicate terrain elevation at 2,000 and 4,000 m
above mean sea level. (b) As (a) but for late night and early
morning (0900-1,200 UTC average; modified from Garreaud
and Wallace, 1997).

table feature of the SH midlatitudes is the circumpolar ring
of strong westerly flow throughout the depth of the tropo-
sphere; this intersects the southern tip of South America
between 50°S and 40°S. As described later, the zonal sym-
metry observed in figure 3.2 is the result of averaging many
daily maps, each of them containing significant departures
from zonal symmetry and strong meridional flow. The
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position of the jet axis coincides with a zone of maximum
meridional temperature gradient, and therefore is a proxy
for the preferred path, or storm track, of synoptic-scale dis-
turbances (Trenberth, 1991). Although subtle, there is an
intensification and equatorward shift of the storm track and
similar changes in the strength and position of the subtropi-
cal anticyclones during the austral winter (JJA; Physick,
1981), thus leading to the rainy season in central Chile and
Argentina (30—-40°S) (fig. 3.2; see also chapter 11).

3.2 High-Frequency
Climatic Variability

Temporal changes in atmospheric conditions, such as tem-
perature, rainfall, and wind, over a given region exhibit
nonregular fluctuations across a broad range of scales su-
perimposed on the mean diurnal and annual cycles. These
fluctuations include synoptic-scale variability, broadly
associated with weather, as well as intraseasonal, inter-
annual, interdecadal, and longer-scale variations, that arise
from the internal variability of the atmosphere and its cou-
pling with other components of the Earth system such as
the oceans, land vegetation, and sea-ice. In this section, we
describe fluctuations in the atmospheric circulation and
rainfall that occur on timescales ranging from a few days
to a few months, usually termed high-frequency variabil-
ity. These fluctuations are important in themselves because
they influence weather patterns, while changes in their
frequency and intensity constitute the building blocks of
longer-scale variability.

3.2.1 Synoptic-Scale Variability

Synoptic variability refers to changes in atmospheric con-
ditions over periods ranging from 3 to 14 days. These
changes are caused by synoptic-scale disturbances, that is,
troposphere-deep phenomena with horizontal dimensions
of thousands of kilometers in at least one direction that
maintain their identity for several days. The prime source
of synoptic disturbances are the baroclinic waves that grow,
reach maturity, and decay while embedded in the
midlatitude westerly flows. Details on the dynamics, struc-
ture, and evolution of baroclinic waves can be found in
most textbooks of meteorology (e.g. Wallace and Hobbs,
1977; Holton, 1992). In addition to midlatitude waves,
synoptic variability can also be produced by phenomena
of pure tropical origin, such as tropical depressions. Ex-
cept for the influence of easterly waves along the north-
east coast, these kinds of synoptic phenomena are seldom
observed in South America, a fact attributed to the rela-
tively cold sea surface temperature in the adjoining oceans
(Satyamurti et al., 1998).

As mentioned earlier, the circumpolar SH storm track
intersects the continent to the south of 40°S, with only

minor seasonal changes. More detailed analysis by Berbery
and Vera (1996) indicates the existence of two preferred
west-to-east paths of baroclinic waves in the South Ameri-
can region: one along the subpolar jet, about 60°S, and the
other along the subtropical jet that crosses the Andes be-
tween 30°S and 45°S. The baroclinic waves in the former
path are little affected by continental topography, and they
evolve smoothly as they move to east-southeast over the
southern oceans (Vigliarolo et al., 2000). In contrast, waves
evolving along the subtropical path are blocked by the
Andes cordillera and experience substantial distortion in
their structure. The effect of the Andes on baroclinic waves
has been addressed in statistical analysis by Gan and Rao
(1994b), Berbery and Vera (1996) and Seluchi et al. (1998),
among others. At upper levels, the waves tend to move to
the northeast, slightly departing from the general zonality.
The equatorward dispersion of the wave activity is consis-
tent with the conservation of potential vorticity of the air
columns crossing the Andes cordillera (Seluchi et al.,
1998). Upper level mid-latitude waves can also spawn
closed cyclonic vortices (cutoff lows) that subsequently
move irregularly in the subtropics, as discussed later. At
lower levels, midlatitude disturbances experience major
distortion due to mechanical blocking. To the west of the
subtropical Andes, pressure anomalies tend to be out of
phase with respect to the incoming disturbance farther
south, especially in the anticyclonic case (Garreaud et al.,
2001). To the east of the Andes, both low- and high-pressure
cells are markedly deflected to lower latitudes. Near the
east coast of the continent, cyclones usually deepen dra-
matically (Taljaard, 1972; Sinclair, 1994), in part because
of the diabatic effect of the warm waters of the subtropical
Atlantic (Seluchi and Saulo, 1998).

Low-Level Effects To describe further the effects of topog-
raphy on weather systems, the life cycle of low-level low-
and high-pressure cells (steered by a trough-ridge wave in
the middle troposphere) moving across South America is
schematized in figure 3.4. Over the southeast Pacific Ocean,
the persistent subtropical anticyclone limits the equator-
ward extent of the low cell to about 35°S (fig. 3.4a), while
the blocking effect of the Andes upon the northwesterly
flow (ahead of the surface low) tends to delay the arrival
of the cold fronts to the west coast of the continent (Rutllant
and Garreaud, 1995). Eventually, the low-pressure cell
moves into the southern tip of the continent and the cold
front is able to reach the coast, producing rainfall in south-
ern and central Chile and snowfall over the high subtropi-
cal Andes (fig. 3.4b).

At the same time, strong westerly winds over the Andes
produce lee-side subsidence in western-central Argentina,
leading to the formation of a thermal-orographic depres-
sion. This later effect, acting in concert with cyclonic vor-
ticity advection aloft, produces the advance of the surface
low toward lower latitudes (fig. 3.4b). During the warm
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Figure 3.4 Conceptual model of a midlatitude wave moving across South America (for clarity, only surface and low-level
features are shown). Solid lines represent isobars at the surface. Recall the clockwise (counter-clockwise) circulation of
geostrophic winds around a low (high) pressure cell in the Southern Hemisphere. Hs = subtropical anticyclone; Hm =
migratory (cold) anticyclone; L = migratory low pressure cell; LT = lee trough; CL = coastal low. Also shown are surface cold
fronts (solid lines with filled triangles), warm fronts (solid lines with filled semicircles), the approximate position of the low-
level jet (LLJ, shaded arrow), and the path of the cold air surge (shaded arrow pointing northward). The whole sequence takes
about 4 days.

season, the lee-side subsidence deepens the climatologi-
cal Chaco low, which in turn intensifies the transport of
moist, warm air from the Amazon basin toward the subtropi-
cal plains, fueling severe storms in the form of prefrontal
squall lines or other mesoscale convective complexes
(Velasco and Fritsch, 1987; Garreaud and Wallace, 1998;
Seluchi and Marengo, 2000). The latent heat release in these
storms further deepens the surface low as it moves eastward,
thus triggering a positive feedback mechanism (Seluchi and
Saulo, 1998). The increasing availability of moist air toward
the east coast also contributes to storm intensification. Con-
sistently, explosive cyclogenesis (or cyclone redevelopment)
is observed near the east coast of the continent between 25—
35°S, especially in the spring and fall, when the synoptic
forcing at these latitudes is still strong and the troposphere
is unstable (Gan and Rao 1994a;Sinclair, 1994). During the
austral winter, thermodynamic conditions over the subtropi-
cal plains are less conducive to moist convection but the

formation of the lee-trough can, under some conditions,
forces severe damaging downslope wind storms along the
eastern foothills of the Andes, locally known as Zonda
events (Norte and Silva, 1995).

To return to the synoptic sequence of figure 3.4, as the
surface low moves eastward into the Atlantic, a migratory
cold-core anticyclone approaches the west coast of the
continent and merges with the subtropical anticyclone over
the southeast Pacific (fig. 3.4c). Off the coast of central
Chile, the easterly geostrophic winds in the lower tropo-
sphere force downslope flow over the Andean slope, so that
cool marine air is replaced by warm, continental air. Con-
sequently, the surface pressure drops along the subtropi-
cal west coast of the continent, leading to the formation of
a coastal low and broad clearing of the stratocumulus
clouds over the subtropical Pacific (Garreaud et al., 2001),
with significant impacts on regional weather. To the east
of the subtropical Andes, the easterly flow along the north-
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ern flank of the migratory high is dammed by the moun-
tains, breaking down the geostrophic balance and leading
to southerly wind over a band of country about 1,000 km
wide beyond the Andean foothills. The cold, dry air surges
equatorward between the Andes and the Brazilian plateau,
displacing relatively warm, moist air (fig.3.4d). This latter
effect results in a hydrostatic rise in surface pressure, ex-
plaining the expansion of the surface anticyclone into sub-
tropical and tropical latitudes (Garreaud, 1999a).

Cold surges are a year-round feature of the synoptic cli-
matology of the South American continent (e.g., Kousky
and Cavalcanti, 1997; Garreaud, 2000b; Vera and Vigli-
arolo, 1999; Seluchi and Marengo, 2000), with a near-
weekly periodicity but a large range in their intensity and
meridional extent. Extreme wintertime episodes (one ev-
ery few years) produce freezing conditions and severe ag-
ricultural damage from central Argentina to southern
Bolivia and Brazil (locally known as friagems or geadas),
and have motivated case studies by Hamilton and Tarifa
(1978), Fortune and Kousky (1983), and Marengo et al.
(1997), among others. Summertime episodes produce less
dramatic fluctuations in temperature and pressure, owing
to the smaller seasonal temperature gradient between mid-
and low latitudes, but they are accompanied by synoptic-
scale bands of deep convection at the leading edge of the
cool air (Ratisbona, 1976; Kousky, 1979; Garreaud and
Wallace, 1998; Liebmann et al., 1999). The banded cloud
pattern extends from the eastern slopes of the Andes south-
eastward into the South Atlantic Ocean, where it intensi-
fies the SACZ. These bands account for up to 40% of the
summertime precipitation over subtropical South America
(Garreaud and Wallace, 1998) and can reach as far as the
northeast coast of Brazil (Kousky, 1979) and across the
equator (Parmenter, 1976; Kiladis and Weickmann, 1997).

Cutoff Lows Cutoff lows are isolated cyclonic vortices in
the upper troposphere at subtropical and higher latitudes,
which develop from preexisting cold troughs (Carlson,
1998). Over South America, cutoff lows are observed over
the northeast coast of Brazil and to the west of the subtropi-
cal Andes. In the former location, they are a frequent sum-
mertime phenomenon (Kousky and Gan, 1981) that dra-
matically intensifies the climatological trough in this
region (fig. 3.2c). Kousky and Gan documented that cutoff
lows tend to form near the axis of a SH trough crossing the
eastern side of the continent, and they exhibit a direct ther-
mal circulation, with colder air subsiding in their core (in-
hibiting convection) and warmer air ascending on their
periphery (fostering deep convection). Once formed, the
vortex may persist for several days, with an irregular hori-
zontal movement, and is associated with excessively dry
or wet conditions over northeast Brazil (Kousky and Gan,
1981, Satyamurty et al., 1998).

Cutoff lows to the west of the subtropical Andes also
form from a SH trough approaching this region. The segre-

gation of the cold vortex occurs when the zonal flow far-
ther south is very strong (Pizarro and Montecinos, 2000).
Once formed, the cutoff low moves rather irregularly along
the west side of the Andes, causing strong windstorms and
heavy precipitation on the Andean slopes. In contrast with
cold fronts that rarely affect latitudes to the north of 30°S,
wintertime cutoff lows can produce significant snowfall at
higher elevations in northern Chile and Argentina (Pizarro
and Montecinos, 2000) and the southern Altiplano (Vuille
and Ammann, 1997) a few times a year.

3.2.2 Intraseasonal Variability

Atmospheric fluctuations with periods ranging from 10 to
90 days are generally termed intraseasonal (IS) variability.
IS variability in the tropics has been the subject of substan-
tial research since a planetary-scale tropical oscillation with
a 40- to 50-day period was discovered in the early 1970s
(Madden and Julian, 1971, 1972). It is believed that the
Madden-Julian Oscillation (MJO) is primarily forced by
anomalies in tropical SST and their feedback in circulation
and convection (Madden and Julian, 1994). The MJO-related
convection does not directly affect South America, since the
associated tropical region of active convection normally
moves from the eastern Indian Ocean to the western Pacific
and then decays over the eastern Pacific (Salby and Hendon,
1994). In contrast, the MJO-related circulation anomalies at
low-latitudes are circumglobal, causing a reversal in the
upper level zonal wind over tropical (10°S to 10°N) South
America over an ~30-day period. Whether these circulation
fluctuations could produce IS variability in the convection
over the equatorial Andes and western Amazonia needs to
be addressed. IS variability in the subtropics and higher
latitudes, although generally less pronounced than the fluc-
tuations associated with individual disturbances, can modu-
late the regional weather over extended periods of time. IS
variability in the extratropics can result from internal non-
linear atmospheric dynamics, or be remotely forced from the
tropics by so-called atmospheric teleconnections (see details
in Kiladis and Mo, 1998).

Over tropical and subtropical South America, the most
notable IS fluctuation is a seesaw of dry and wet condi-
tions with periods ranging between 2 and 3 weeks during
the austral summer (Nogués-Paegle and Mo, 1997;
Liebmann et al., 1999, Aceituno and Montecinos, 1997).
Convection and precipitation over the Altiplano is also
organized in rainy episodes of about 1 to 3 weeks, inter-
rupted by similar dry episodes (Aceituno and Montecinos,
1997, Garreaud, 1999b, Lenters and Cook, 1999), and tend
to be out-of-phase with convection over the eastern side
of the continent (Garreaud, 1999b). The IS variability of the
convective rainfall is associated with continental-scale
anomalies of the tropospheric circulation, illustrated in
figure 3.5 by the 200-hPa height difference and 850-hPa
wind difference between positive and negative events (each
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of them lasting a week or longer) of the rainfall seesaw
identified by Nogués-Paegle and Mo (1997). This difference
is associated with rainy conditions over the subtropical
plains and dry conditions over the SACZ (wet-continent
phase of the seesaw). The anticyclonic anomalies at lower-
levels enhance the northerly flow and moisture transport
to the east of the Andes that in turn feeds convection over
the subtropical plains. At upper level, the anticyclonic
anomalies intensify and extend southward the region of
easterly flow over the Andes associated with the Bolivian
High. Easterly flow aloft is typically connected with rainy
conditions over the Altiplano, since it fosters the transport
of moist air from the Bolivian lowlands to higher elevations
(Garreaud, 1999b). Finally, the dry conditions over the
SACZ are explained by subsidence downstream of the
upper-level anticyclone. Roughly opposite mechanisms act
during the dry-continent phase of the seesaw.

It has been proposed that the summertime circulation
anomalies over South America (fig. 3.5) are part of large-
scale wave train emerging from the South Pacific, referred
to as the Pacific South American (PSA) modes. During
wintertime, the PSA modes dominate the intraseasonal
variability in the SH (Ghil and Mo, 1991; Mo and Higgins,
1997). Mo and Higgins (1997) suggest that tropical convec-
tion over the western Pacific serves as a catalyst in the
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Figure 3.5 200 hPa height difference (con-
toured every 20 m) and 850 hPa winds (scale in
m/s at bottom) difference between the wet-
continent and dry-continent phases of the
subtropical rainfall seesaw during summer
(from Nogués-Paegle and Mo, 1997).

development of standing PSA modes, therefore connect-
ing intraseasonal variability in the remote tropics with
intraseasonal variability in subtropical South America.

The PSA modes have also been associated with the onset
of blocking anticyclones in the south Pacific to the west of
the Antarctic Peninsula (Renwick and Revell, 1999), and
whose subsequent maintenance arises from a complex in-
teraction between the mean flow and the transient distur-
bances (Marques and Rao, 1999). The tropospheric-deep
anticyclonic anomalies (barotropic structure) tend to split
the mid-latitude zonal flow into equatorward and poleward
branches. As the blocks in the southeast Pacific remain
stationary for 5 to 15 days (Sinclair, 1996; Renwick, 1998),
the mid-latitude storm track shifts equatorward, produc-
ing stormy conditions in central Chile and dry, cold con-
ditions at the southern tip of the continent (Rutllant and
Fuenzalida, 1991).

3.3 Low-Frequency Climatic Variability

Low-frequency climate variability includes changes occur-
ring between consecutive years, usually identified as inter-
annual variability (IA), and slower changes at timescales of
decades (interdecadal variability) or longer periods (trends).

Many factors determine interannual climate variability
in South America. As elsewhere in the world, those asso-
ciated with the occurrences of El Nifio (EN) and La Nifia
phenomena in the tropical Pacific, during the extreme
phases of the Southern Oscillation (SO), have received
much more attention, particularly concerning their impacts
on rainfall. The worldwide signatures of ENSO in surface
pressure and rainfall were first recognized by Walker and
Bliss (1932), and the link between the atmospheric anoma-
lies and tropical Pacific SST anomalies was discovered in
the late 1950s and 1960s (e.g. Bjerknes, 1966). Because of
its impact and complex dynamics, research literature on
ENSO is extensive, and the reader is referred to the vol-
umes of Philander (1990), Diaz and Markgraf (2000), and
Glantz et al. (1991) for in-depth treatments of this phenom-
enon (see also chapter 19).

The sign and strength of the ENSO-related anomalies are
geographically and seasonally dependent, rendering a com-
plex picture of the functioning of this phenomenon in the
South American region (Aceituno, 1988; Kiladis and Diaz,
1989; Ropelewski and Halpert, 1987, 1989). The negative
phase of the SO is typically accompanied by positive SST
anomalies in the tropical Pacific, while relatively cold con-
ditions prevail during the positive phase of the SO. When
these SST anomalies are relatively intense and last for sev-
eral months, an episode of El Nifio (warm conditions) or La
Nifia (cold conditions) is defined (Trenberth, 1997).

Studies of ENSO-related rainfall anomalies at a global
scale indicate that El Nifio episodes are typically associ-
ated with below-normal rainfall in the northern part of
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South America and anomalously wet conditions in the
southeastern portion of the continent, including south-
ern Brazil, Uruguay, southern Paraguay, and northeast Ar-
gentina (fig. 3.6; Ropelewski and Halpert, 1987). Opposite
rainfall anomalies are typically observed in both regions
during La Nifa events (Ropelewski and Halpert, 1989).
This large picture of the ENSO impacts on rainfall in South
America exhibits considerable variation when analyzed
at a regional scale.

Hydrological records for the two largest rivers in the
northern Andes, the Magdalena and Cauca, show a distinct
ENSO signal, indicating a tendency for drought during El
Nifio episodes and flooding conditions during La Nifia
events (Aceituno and Garreaud, 1995). The strength of this
signal reaches a maximum during the boreal winter (Janu-
ary—February) that coincides with one minimum in the
rainfall semi-annual cycle that characterizes this region
(Aceituno, 1988; Hastenrath, 1990). Mechanisms involved
in this ENSO-related anomaly in the rainfall regime are not
well understood. The weakening of the temperature con-
trast between the continent and adjacent oceans (Pacific
and the Caribbean) and the enhanced convection over the
eastern tropical Pacific during an El Nifio episode are two
factors favoring a weakening of convection over the Colom-
bian Andes.

Flood conditions along the semi-arid coastal areas in
southern Ecuador and northern Peru during El Nifio epi-
sodes are one of the trademarks of the climatic impacts of
this phenomenon in South America (see Chapter 19). In fact,
many decades before coherent global-scale climate anoma-
lies were linked to ENSO, the damaging floods during epi-
sodes of anomalously warm waters along the coast of
northern Peru had been well documented (e.g., Murphy,
1926). As in most regions having a significant ENSO signal

ENSO-related changes
in rainfall

— Warm-Dry / Cold-Wet

-+ Warm-Wet / Cold-Dry

on climate variability, rainfall anomalies here are phase-
locked with the annual rainfall cycle. Thus, flood conditions
during El Nifio events develop from around December to
May, and there is evidence that strong convection-produc-
ing rainfall is triggered by anomalously high values of SST
in the adjacent ocean (Horel and Cornejo-Garrido, 1986).
Although enhanced convection and rainfall are confined to
lowland areas near the coast, the impact on river discharges
is extremely large. As an example, at the peak of the major
1982-1983 El Nifio episode, in May 1983 when SST sur-
passed 28.0°C along the coast of northern Perd, the discharge
of the Piura River neared 1,200 m?/s, well above its average
flow of about 40 m?/s for that month!

Over the central Andes, especially along the western
side of the Altiplano, a relatively weak tendency for drier-
than-average conditions during the wet season (December—
March), when positive SST anomalies prevail in the
tropical Pacific, has been documented in several studies
(Francou and Pizarro, 1985; Ronchail, 1995; Vuille, 1999).
This anomalous behavior in the rainfall regime produces
a significant mark on hydrological and glaciological
records. Specifically, El Nifio episodes are associated with
a relatively low seasonal increment in the level of Lake
Titicaca (Kessler, 1974; Aceituno and Garreaud, 1995)) and
below-average snow accumulation on glaciers (Thompson
etal., 1984; Wagnon et al., 2001). Negative rainfall anoma-
lies during El Nifio are consistent with stronger-than-av-
erage subtropical westerlies over the Altiplano, conditions
that inhibit the advection of moisture from the warm and
humid environment of the Bolivian lowlands. Opposite
upper-level circulation anomalies tend to occur during wet
seasons coinciding with La Nifia episodes, thus enhanc-
ing the moisture transport toward the Altiplano and favor-
ing wetter-than-average conditions.

Figure 3.6 Main areas with ENSO-related
changes in rainfall. The affected regions
are approximately outlined by dashed
lines. The correlation between rainfall
anomalies and tropical Pacific SST (an
index of ENSO) is indicated by plus and
minus signs, the thickness of which
indicates the relative strength of the
correlation. The strongest rainfall
anomalies tend to occur during the corre-
sponding climatological wet season.
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Long recognized is the tendency for drought to occur
in semiarid northeast Brazil (the Brazilian Nordeste) when
El Nifio conditions prevail in the tropical Pacific (e.g.,
Caviedes, 1973). Nevertheless, the interannual rainfall
variability in this part of the continent has stronger links
to anomalous SST, surface wind, and convection patterns
in the tropical Atlantic, conditions that are partially modu-
lated by ENSO (Hastenrath and Heller, 1977; Moura and
Shukla, 1981). A dipole of SST anomalies over the Atlan-
tic on both sides of the equator sometime persists for sev-
eral months. Warm SST anomalies to the north of the
equator lead to enhanced convection in the ITCZ and stron-
ger-than-normal subsidence and drought over the Nordeste
(Moura and Shukla, 1981). When SST warm anomalies
occur to the south of the equator, the ITCZ encompasses
the Nordeste, causing wetter than normal conditions there.

Changes in the global atmospheric circulation induced
by anomalies in the ocean-atmosphere system in the tropi-
cal Pacific are at the origin of many ENSO-related climate
anomalies in subtropical and extratropical areas around the
globe (that is, teleconnection patterns). In South America,
these signals are significant along the subtropical western
border (central Chile) and over the southeast portion of the
continent. Regarding the links between SST anomalies in
the tropical Pacific and rainfall, a warm-wet / cold-dry
relationship over central Chile and the subtropical Andes
during the wet season (May—September) has been docu-
mented in several studies (Quinn and Neal, 1983; Kiladis
and Diaz, 1989; Aceituno and Garreaud, 1995). A detailed
analysis of this ENSO signal revealed that the tendency for
positive (negative) rainfall anomalies during El Nifio (La
Nifa) is significant in the 33°S to 36°S latitudinal band
during the austral winter, while from 36°S to 39°S the same
signal is best defined during the spring (Montecinos et al.,
2000). The tendency to above average wintertime rainfall
during El Nifio years is consistent with a relatively higher
frequency of blocking anticyclones to the west of the Ant-
arctic Peninsula, and the subsequent northward displace-
ment of the South Pacific storm track (Rutllant and
Fuenzalida, 1991).

Over southeastern South America, anomalously wet
conditions typically occur during El Nifio that generate
extensive flooding in the lowlands of southern Brazil,
southern Paraguay, Uruguay, and northeast Argentina.
Several studies have described this ENSO-related signal
based on the analysis or rainfall and streamflow records
(Kousky et al., 1984; Aceituno, 1988; Pisciottano et al.,
1994; Diaz et al., 1998; Grimm et al., 1998). This relation-
ship between ENSO and rainfall has been linked to the
intensification of the subtropical jet and its associated
baroclinic activity (Kousky et al., 1984; Lenters and Cook,
1999). Its strength is greatest during the austral spring and
early summer (Montecinos et al., 2000).

It has been recognized that central Pacific SST anoma-
lies during warm and cold episodes are accompanied by

temperature anomalies of the same sign in the tropical tro-
posphere throughout the globe. Over South America, there
is a clear tendency for above (below) normal air tempera-
ture during warm (cold) ENSO years, from the northern
margins of the continent south to about 30°S (Aceituno,
1988, 1989). The opposite relationship (that is, cold air
anomalies during El Nifio years) is observed in mid-
latitudes year-round and along the subtropics during the
early summer, probably because ENSO-related increased
precipitation over these regions is also associated with a
reduction of solar radiation (Aceituno, 1988).

One must keep in mind that the relationships between
ENSO and regional rainfall and temperature, as described
above, are typically obtained from data records during the
last 30 to 40 years. The strength of these relationships might
vary significantly when viewed on longer timescales
(Aceituno and Montecinos, 1993). It is also important to
remember that ENSO is only one of the significant factors
modulating interannual climatic variability in South Amer-
ica. In fact, many studies have demonstrated the significant
influence that changes in the tropical Atlantic ocean-atmo-
spheric system have on rainfall variability over many areas
of tropical South America (Hastenrath and Heller, 1977;
Marengo, 1992; Nobre and Shukla, 1996; Diaz et al., 1998)

Recent work has focused on interdecadal variability of
the ocean-atmosphere system that may explain slow or
abrupt changes in climate. The broadly known “regime
shift” of 1976 appears to be an outstanding example (e.g.,
Graham, 1994). Yet our capacity to identify, describe, and
explain this interdecadal climate variability is hampered
by the relatively short length of the instrumental records
relative to the timescale to be addressed (Garreaud and
Battisti, 1999). At even longer timescales, slow changes in
the climate are present as trends in almost all climatic
records. Slowly evolving boundary conditions of the atmo-
sphere (mostly SST) seem to be the most important factors
influencing this type of variability. In subtropical South
America, a marked contrast is apparent in the long-term
evolution of rainfall on both sides of the continent. On the
western margin (central Chile), a negative trend character-
ized most of the rainfall records during the twentieth cen-
tury (Aceituno et al., 1992), while on the eastern side a
remarkable upward trend has been observed on rainfall and
streamflow records, especially after 1950 (Krepper et al.,
1989; Castaileda and Barros, 1994; Minetti and Vargas,
1997; Robertson and Mechoso, 1998).
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Late Quaternary Glaciation of the Tropical Andes

Geoffrey O. Seltzer

The effects of climate change are intrinsic features of
Earth’s landscapes, and South America is no exception.
Abundant evidence bears witness to the changes that have
shaped the continent over time—from the glacial tillites
inherited from late Paleozoic Gondwana to recent terrig-
enous sediments and life forms trapped in alluvial, lacus-
trine, and nearby marine deposits (see chapters 1 and 2).
Preeminent among this evidence are the landforms and
sediments derived from the late Cenozoic glaciations of the
Andes, which have been the focus of so much recent and
ongoing research. Because South America has long been a
mainly tropical and subtropical continent, most of it es-
caped the direct effects of these glaciations. Nevertheless,
portions of the continent extend sufficiently far poleward
and rise high enough to attract snowfall and promote gla-
ciers today. Glaciers were more emphatically present dur-
ing Pliocene and Pleistocene cold stages, and it is their
legacies that provide information about the changing en-
vironments of those times, and more especially of the past
30,000 years.

There is evidence for glaciation in the tropical and extra-
tropical Andes as early as Pliocene time (Clapperton, 1993).
In southern South America, along the eastern side of the
Patagonian Andes, Mercer (1976) dated a series of basalts
interbedded with glacial tills that suggest multiple glacial
advances after ~3.6 Ma (million years before present). In
the La Paz Valley, Bolivia, volcanic ashes dated by K/Ar
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(potassium/argon) methods are interbedded with glacial
tills indicative of at least two phases of glaciation in the
late Pliocene, at 3.27 and 2.20 Ma (Clapperton, 1979, 1993).
This evidence for early glaciation in disparate parts of the
Andes indicates that portions of the cordillera were high
enough and climatic variations were great enough in the
Pliocene for glaciers to form long before the cold episodes
of the Pleistocene.

Glacial deposits in Ecuador, Perd, and Bolivia provide
evidence for climate variability in tropical South America
in the recent geological past. In the late Pleistocene, gla-
cier equilibrium-line altitudes were as much as 1,200 m
lower than they are today on the eastern slopes of the
Andes, indicative of a significant depression in mean an-
nual temperature in the tropics at maximum glaciation
(e.g., Klein et al., 1999). After the last maximum glaciation
(~21 ka, thousand years before present), glaciers appear to
have expanded and retreated quickly in response to rela-
tively rapid climate changes prior to retreating well within
their modern limits by the start of the Holocene (e.g., Selt-
zer et al., 1995; Rodbell and Seltzer, 2000). Today, glaciers
are in fast retreat, thus providing evidence for continual
climate change during and since the twentieth century that,
in part, may be exacerbated by global warming (e.g.,
Hastenrath and Ames, 1995; Brecher and Thompson,
1993). Glaciers are tuned to contemporary climatic condi-
tions by their relationship between the accumulation and



ablation (primarily through melting) of snow on an annual
basis at the glacier surface. If conditions should become
warmer and drier, glaciers retreat, such as is happening
today. In contrast, should conditions become colder and
wetter, there is a likelihood of glacier advances, such as
occurred during the late Pleistocene glacial maximum. The
challenge for scientists is to determine not only the tim-
ing of these variations in the extent of glaciation, but also
to apply reasonable climatic interpretations to the glacial
record.

Although there is evidence from deep sea sediments for
multiple climate changes at a global scale, and for frequent
glaciations at regional scales, over the course of the Qua-
ternary (e.g., Shackelton and Opdyke, 1973), the strati-
graphc and geomorphic record of glaciation in the Andes
is discontinuous and primarily represents the late Quater-
nary. Subsequent erosion and later glaciations that over-
rode earlier glacial features have made the older glacial
record difficult to determine. In the Northern Andes of
Venezuela and Colombia, Helmens (1988) reported four
glacial moraine stages, three of which are related to the
most recent episodes of Pleistocene glaciation. High-eleva-
tion areas around Bogotd, in the Eastern Cordillera of Co-
lombia, and in the Andes of central Venezuela all show
morphologic indicators of these four stages of glaciation,
supported by some radiocarbon chronologies for the three
most recent stages. The focus in this chapter, however, is
on late Quaternary glaciation in the tropics south of the
Equator (fig. 4.1), as this is where most of the new data on
the topic have emerged since the most recent reviews of
South American glaciation (Clapperton, 1990, 1993, 2000;
Clapperton and Seltzer, 2000).

4.1 Glacial Chronology, Evidence,
and Implications

The absolute chronology of late Quaternary glaciation de-
pends primarily on the association with glacial moraines
of organic material that is suitable for radiocarbon dating.
Glacial moraines in the tropical Andes are typically ridges
of rock debris that were deposited by glaciers in terminal
and lateral positions. Radiocarbon dating of organic mate-
rial, either buried by moraines or deposited in lakes and
wetland basins since deglaciation, can provide important
absolute chronologies of glaciation. Other means of assem-
bling relative or semi-quantitative glacial chronologies
include lichenometry and the degree of soil development
(fig. 4.2; e.g., Rodbell, 1992, 1993; Goodman et al., 2001).
The dating of organic material buried beneath glacial de-
posits provides a maximum age for glaciation because the
organics accumulated prior to burial by advancing ice (fig.
4.3). These types of deposits are very limited in the tropi-
cal Andes because the high and dry environment limits
primary productivity and the accumulation of organic
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material on the landscape. This contrasts with the exten-
sive data set of maximum ages for glaciation from the Lake
District of Chile, where trees were buried during glacial
advances in the late Pleistocene (fig. 4.4; Lowell et al.,
1995). Much more common in the tropical Andes are lakes
and wetlands that formed during deglaciation from glacial
maxima (fig. 4.5). If the basal organic material in these
basins can be retrieved by sediment coring, then radiocar-
bon dating of this material provides minimum ages for
deglaciation. In this manner, much of the absolute chro-
nology of glaciation in the tropical Andes has been estab-
lished by bracketing glacial episodes between maximum
and minimum limiting radiocarbon ages on organic mate-
rial. More recently, the dating of cosmogenic nuclides on
bedrock surfaces and erratic boulders exposed by de-
glaciation has offered a new dimension to problems of
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Figure 4.2 Examination of a soil pit on a
moraine that dates to ~16,000 cal yr B.P.
on the north side of the Cordillera
Vilcanota, Per

chronology. This method is beginning to be applied in the
tropical Andes (e.g., Smith et al., 2001) and may provide
an unparalleled chronology of glaciation extending back
several hundred thousand years.

A further challenge to deciphering the paleoclimatic
signal from glacial deposits lies in understanding the va-
riety of climate changes that can impact glacial mass bal-
ance. The mass balance of a glacier, which ultimately
controls the extent of glaciation, reflects a complex inter-
play between the energy balance and the delivery of snow
to a glacier surface. The energy balance of a glacier surface
is impacted by a number of factors, including solar radia-
tion, the net longwave and shortwave energy balance, and
the temperature and humidity of the overlying atmosphere
(Seltzer, 1994a). As a result, the climatic interpretation of
glaciation is often non-unique. It is therefore necessary to
make a number of simplifying assumptions in order to
interpret glaciation in terms of climate change.

Other proxy data derived from lake deposits and ice
cores complement the glacial record and provide a more
complete picture of late Quaternary climate change in the
tropical Andes. Lacustrine deposits are found throughout
the region and are distributed similarly to glacial depos-
its. The advantage of these records is that they are continu-
ous and contain a number of potential proxies of both
terrestrial and aquatic change. Glacial moraines typically
provide snapshots in time of when relative glacial maxima
occurred, but subsequent glaciations bury or destroy the
moraine record of earlier, less extensive glaciations. In
contrast, lakes accumulate sediment more or less continu-
ously, unless they have desiccated or been destroyed by
later glaciers, and this provides the opportunity to moni-
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et al., 1995).

tor paleoenvironmental conditions throughout all stages
of glaciation. Most lakes in the Andes formed during
deglaciation as a result of the damming of glacial drainage
by terminal and recessional moraines across valleys. How-
ever, there are a number of intermontane basins, such as
Lake Titicaca, beyond the limits of glaciation where thick
lacustrine sequences have accumulated. These provide

unprecedented records of environmental change over long
periods (e.g., Baker et al., 2001a, 2001b; D’Agostino et al.,
2002; Seltzer et al., 2002).

Ice cores from high-altitude glaciers also provide impor-
tant records of past climatic change (e.g., Thompson et al.,
1985, 1995, 1998). At these sites little or no ablation has
occurred, so the geochemical, dust, and mass accumula-
tion records are nearly pristine. However, the ice-core
records have presented some of their own challenges, such
as those involving the development of firm chronologies
and the interpretation of geochemical proxies (e.g., Vuille
et al., 2003). Nonetheless, these records provide evidence
of significant variability of the tropical Andean climate
over the late Quaternary.

The establishment of the glacial record in the tropical
Andes provides the opportunity to assess several impor-
tant issues in paleoclimatology. For example, the magni-
tude of temperature change at the Last Glacial Maximum,
around 21,000 cal yr B.P. (calendar years before present),
when glaciers were at their maximum extent in middle to
high latitudes of the Northern Hemisphere, has remained
a significant issue in paleoclimatology (e.g., Rind and
Peteet, 1985; Hostetler and Clark, 2000). The resolution of
this issue for the tropical Andes would address the poten-
tial magnitude of temperature change in the tropics more
generally. Associated with this are the questions of whether
or not the tropics changed in synchrony with regions at
higher latitude and, if so, what the mechanisms were that
could explain these episodes of global change.

The late glacial period, between the maximum of the last
glaciation and about 11,500 cal yr B.P., also provides an
opportunity to test ideas about the nature and synchrony
of global climate change over shorter periods. In the ter-
minal Pleistocene of northern Europe, for example, the

Figure 4.5 Example of a moraine-dammed
lake in the Cordillera Real, Bolivia. Lago
Taypi Chaca Kkota lies within a glacial
valley on the west side of the Cordillera
Real and is dammed by a late-glacial
terminal moraine.
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Younger Dryas interval was a brief episode of cooling be-
tween 13,000 and 11,500 cal yr B.P., preceded and followed
by warming trends (e.g., Alley et al., 1993). Was a similar
climatic oscillation manifested in the tropical Andes, and
if so, what are some of the mechanisms that could explain
these changes? A Younger Dryas equivalent has been re-
ported from glacial deposits in the middle latitudes of the
Southern Hemisphere (Denton and Hendy, 1994), but un-
equivocal deposits related to the Younger Dryas have yet
to be identified in the tropics (e.g., Rodbell and Seltzer,
2000).

The record of glaciation for the Holocene, the last 11,500
years, may also provide insight into the occurrence of
millennial-scale changes as detected in other regions, spe-
cifically the North Atlantic (e.g., Bond and Lotti, 1995;
Bond et al., 1997). These types of climate changes, similar
to the Younger Dryas in duration but not necessarily in
magnitude, occur on suborbital time scales, which means
that they are not subject to the same interpretation of cli-
mate changes that may occur with periods of ~20,000,
~41,000, or ~100,000 years (see chapter 2). Again, the geo-
graphic range of such changes, and their phasing, may
provide important clues to the mechanisms that could
explain millennial-scale climate change. Related to the
intriguing possibility of climate changes that occur on sub-
orbital time scales is whether or not there has been modu-
lation of the frequency of El Nifio climatic events over the
Holocene (e.g., Moy et al., 2002; Rodbell et al., 1999). If E1
Nifio has varied in magnitude and frequency over the Ho-
locene, this may be tied to internal oscillations in the tropi-
cal climate system or some other mechanism operating on
suborbital time scales (see chapter 19).

Finally, the behavior of tropical glaciers over the twen-
tieth century may provide an opportunity to assess the
impact of global warming (Mann et al., 1998). The recent
retreat of glaciers in the tropical Andes needs to be ana-
lyzed carefully to determine the rate at which glacier vol-
ume is actually decreasing. This change can then be related
to potential climate forcing involving temperature, radia-
tion balance, and precipitation. The recent retreat of tropi-
cal glaciers will also have an important impact on alpine
hydrology and the downstream use of water, including
domestic water supplies, irrigation, and hydroelectric
power. Thus we can anticipate that glacier records, in con-
cert with other proxy records, will provide a wealth of
paleoclimatic information on a variety of timescales. The
challenge is to provide plausible interpretations of these
records.

4.2 Glaciers in the Tropical Andes

The first step in deciphering the glacier record for the
tropical Andes is to understand the modern distribution
of glaciers. An essential condition for glaciers to form in

the tropics is that sufficient topography must lie at eleva-
tions high enough for the predominant form of precipita-
tion to occur as snow. Compared with midlatitude regions,
diurnal temperature variations in the tropics are greater
than the change in monthly mean temperatures. This lack
of temperature seasonality means that the atmospheric
0°C isotherm occurs at about the same elevation through-
out year, and for the tropical Andes this is between 4,800
and 5,000 m above sea level (Klein et al., 1999). The ele-
vation of the 0°C isotherm puts some constraints on the
lower limit of the equilibrium line altitude (ELA) in the
region. The ELA is the unique zone on a glacier where
annual snow accumulation is balanced by the ablation of
snow, primarily through melting. For example, on the
eastern slope of the Bolivian Andes, modern snowlines
are found at about 4,400 m (fig. 4.6; Klein et al., 1999).
Snowline was defined by Klein et al. as the lower limit
of perennial snow, which is probably lower than a true
glaciological ELA. Below 4,400 m on the eastern slope of
the Bolivian Andes, temperatures are warm enough such
that melting and rainfall are common throughout the year.
In contrast, to the west, snowlines rise to about 5,000 m
on the western slope of the Eastern Cordillera of the
Andes. This is because of the strong orographic effect of
the Andes on precipitation totals. Mountains less than
4,800 to 5,000 m above sea level in the Eastern Cordil-
lera of Bolivia do not support modern glaciers because
of the predominance of melting at these elevations.
Snowlines rise significantly (to altitudes >5,800 m) above
the 0°C isotherm to the south and west in the Bolivian
Andes. This is a result of a strong precipitation gradient
from >1,000 mm yr~! on the eastern slope of the Andes to
<200 mm yr~! in the Western Cordillera of southern Bo-
livia. These observations indicate that glaciers in the
Eastern Cordillera would be most sensitive to tempera-
ture variation as they occur in an environment where
precipitation is not the main limitation on their
elevational extent. In contrast, in the Western Cordillera
where glaciers are almost entirely above the elevation of
the 0°C isotherm, a precipitation increase would be im-
perative to produce a more extensive glaciation.

4.3 The Last Glacial Maximum
(~21,000 cal yr B.P.)

Considerable debate surrounds the magnitude of tempera-
ture change that occurred in the tropics during the Last
Glacial Maximum (LGM). This debate emerged from the
observation that tropical sea-surface temperatures, as de-
termined by CLIMAP (1981), appeared to have changed
little in comparison to significant temperature reductions
interpreted from palynological and snowline studies. For
example, terrestrial evidence from various tropical moun-
tains suggested to Rind and Peteet (1985) that treelines
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and snowlines were depressed by at least 1,000 m com-

pared to today, and when multiplied by a temperature
lapse rate for a moist atmosphere, mean annual tempera-
ture appeared to have been >5°C colder than today. This
is not easily reconciled with a tropical ocean where sea-
surface temperatures were not much colder than today
(e.g., Webster and Streten, 1978; Rind and Peteet, 1985).
Thus the resolution of this debate, at least with regard to
snowlines, has centered on two issues: the timing of the
LGM in the tropics and the temperature reduction asso-
ciated with glaciation.

An important objective of CLIMAP (1981) was to map
sea-surface temperatures for the LGM based on microfos-
sil assemblages contained in deep sea cores. The target age
for the LGM was ~21,000 cal yr B.P., which represents the
maximum enrichment in 8'®0 of calcite in planktonic fora-
minifera (e.g., Shackleton and Opdyke, 1973). CLIMAP
(1981) recognized that, given the variations in sedimenta-
tion rates and other uncertainties, the target time frame for
the LGM was really ~16,800 to ~26,000 cal yr B.P. Given
what we know today about the frequency of potential cli-
mate changes, this is a broad time span and may integrate
anumber of important events, such as the Heinrich I event,
with other climatic events (Bond and Lotti, 1995). None-
theless, the challenge in dating the glacial sequence is to

Figure 4.6 Modern snowline in the Peruvian and
Bolivian Andes. Contour interval is 100 m, dashed
where approximate. Dots represent individual
snowline observations (after Klein et al., 1999).

see whether or not the LGM in the tropical Andes corre-
sponds to marine isotope stage 2, or ~30,000 to ~20,000
cal yr B.P., when presumably Northern Hemisphere conti-
nental glaciers were at their maximum extent.

4.3.1 The Last Glacial Maximum
in the Tropical Andes

Until recently, the best data on the timing of the LGM in
the tropical Andes have been minimum ages for
deglaciation. One of the few sites that have close limiting
ages is Laguna Kollpa Kkota, Bolivia, located in a small
cirque with a headwall elevation of 4,560 m (Seltzer,
1994b). The glacier that formed here covered <l km? and
formed a distinct end moraine that dammed a lake in the
cirque following deglaciation. That lake is now dry. This
site represents the lowest elevation headwall-lake-moraine
complex that has been sampled in the tropical Andes, and
it is a reasonable assumption that the age of the basal lake
sediments at the site should provide a good minimum age
for deglaciation. Various organic fractions (i.e., humin,
humic, and bulk organic carbon) from the basal lake sedi-
ments have yielded a minimum age of at least 21,000 cal
yr B.P. for deglaciation here. At the time of the LGM, gla-
cier ELA was about 600 m lower than it is today. At other
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sites in the Eastern Cordillera of Bolivia, basal ages from
lakes formed during deglaciation are ~14,000 cal yr B.P.,
which clearly postdate the onset of deglaciation from the
LGM (e.g., Seltzer, 1992). This discrepancy probably arises
because these other sites have high headwall elevations
(>5,000 m) and continued to experience glaciation follow-
ing the LGM.

Sediment cores from Lake Titicaca, Peri-Bolivia, and
Lake Junin, central Perd, confirm an age for deglaciation
from the LGM at ~19,500 to 22,000 cal yr B.P. (Seltzer et
al., 2000; Baker et al., 2001a; Seltzer et al., 2002). Both of
these lakes lie beyond the glacial limit and received
glaciofluvial outwash during the last glaciation. In both
records a drop in magnetic susceptibility of the sediments
and a decrease in sediment accumulation rates signify
when glaciers retreated within their outermost limits at the
end of the LGM (fig. 4.7). At this time proglacial lakes
formed in the surrounding cordillera and acted as sediment
traps for the glacially derived silts. At Lake Junin there is
an apparent shift to glacial sedimentation manifested by
high magnetic susceptibility and low organic carbon
around 30,000 cal yr B.P., which would date the onset of
the LGM in this region. The sedimentology from these two
sites indicates that the LGM in the tropical Andes roughly
corresponded with the LGM of the Northern Hemisphere,
in other words, marine isotope stage 2, from ~30,000 to
20,000 cal yr BP.

Deglaciation from the LGM appears to have been asso-
ciated with an increase in mean annual temperatures as
climatic conditions remained wet at this time (Seltzer et al.,
2002). Both Lake Titicaca and Lake Junin appear to have
been deep and fresh during and after maximum glaciation.
The principal controlling factor on glacier mass balance
that could lead to deglaciation would therefore be an in-
crease in mean annual temperature. This warming in the
tropics predates the significant warming of the Northern
Hemisphere indicated by ice-core records from Greenland
(fig. 4.7), which suggests that the tropics and the Southern
Hemisphere may have played important roles in the last
global deglaciation.

Cosmogenic isotope dating of erratic boulders on gla-
cial moraines and of glacially eroded bedrock surfaces in
the Peruvian Andes does, however, challenge some of our
concepts concerning which moraines in the landscape may
date to the LGM. For example, 1°Be ages of erratics in the
Alcacocha Valley east of Lake Junin indicate that the LGM
most likely dates to marine isotope stage 2, but the LGM
moraines do not represent the most extensive Pleistocene
glaciation in the valley (Smith et al., 2001). Moraines
>250,000 years old are found at the mouth of this valley
(fig. 4.8). Thus it should not be assumed that the outermost
moraines in a valley always date to the last glaciation,
because it is clear that there have been a number of ear-
lier, more extensive glaciations during Pleistocene time in
the tropical Andes.
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Figure 4.7 Deglaciation at Lakes Titicaca and Junin repre-
sented by a sharp drop in the magnetic susceptibility of lake
sediments compared to the isotopic proxy for temperature
from ice cores in Antarctica and Greenland. Solid triangles
represent radiocarbon ages used to develop the chronology of
the lake-core sequences (after Seltzer et al., 2002).

4.3.2 Climatic Significance

Determination of the climatic significance of past glacia-
tions requires both a quantitative reconstruction of the
magnitude of glaciation and modeling of the impact of
possible climatic changes on glacier mass balance. Often
this type of paleoclimatic reconstruction produces non-
unique solutions and is best viewed as an attempt to un-
derstand the range in possible past climate scenarios.
Additional proxy records from lakes, ice cores, and other
archives can be used to constrain some of the potential
solutions in these reconstructions. In the case of the tropi-
cal Andes, the reconstruction of temperature change at the
LGM has been a major objective, and it has therefore been
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important to determine the glacial environment that might
produce the most reliable paleotemperature information.

The simplest way of seeking climatic interpretations for
past glaciations is to assess the magnitude of glacial ELA
depression from the modern values. Methods have been
derived from observations of modern ELAs of midlatitude
glaciers that use a ratio based on a glacier’s accumulation
area relative to the entire reconstructed glacier surface area.
The application of these methods for past glaciations may
rely on the hypsometry of reconstructed glacier surfaces
or simply on a determination of the elevations of terminal
moraines and associated cirque headwalls (e.g., Meierding,
1982). For midlatitude glaciers, typical ratios for the ac-
cumulation area relative to the entire surface area range
from 0.4 to 0.65. Some studies of tropical glaciers, how-
ever, have suggested that this ratio may be as high as 0.8
(Kaser and Osmaston, 2002). The reason that tropical gla-
ciers may have larger accumulation areas than midlatitude
glaciers is that ablation occurs throughout the year in the
tropics and therefore the ablation zone does not have to
be as large to waste the requisite mass that is accumulated
in the upper reaches of a glacier.

During the LGM in the tropical Andes, glacier ELAs
were depressed as much as 1,200 m beneath modern val-
ues on the eastern slopes (fig. 4.9; Klein et al., 1999). To
the west, especially over the Altiplano, ELA depression
appears to have been significantly less, reaching about half
the magnitude of ELA depression on the eastern slopes. To
the south, in the more arid parts of the Central Andes, to-
tal ELA depression was also less than on the eastern slope.
This pattern of ELA depression is similar to the modern
pattern of lower snowlines to the north and east, and re-
flects the orographic impact of the Andes on precipita-
tion totals.

Figure 4.8 Left and right (in shadow)
lateral moraines in the Alcacocha Valley
on the Junin Plain, Perd. These moraines
are >250,000 years old and are several
kilometers downvalley from the LGM
(~21,000 cal yr B.P.) moraines.

The occurrence of the modern snowline at or below the
elevation of the 0°C atmospheric isotherm on the eastern
slope of the Andes suggests that glacial ELAs there are lim-
ited not by the amount of moisture but by temperature.
Following this reasoning, Klein et al. (1999) used an ap-
proach first proposed by Kuhn (1981, 1989) to relate a
change in ELA to climate change based on energy-balance
parameters of a glacier surface. In their analysis, Klein et al.
considered changes in temperature, insolation, precipita-
tion, and humidity and their impact on glacier ELA along
the eastern slope of the Andes. They found that even large
changes in precipitation had little impact on the ELA. In
contrast, changing the altitude of the 0°C isotherm, or es-
sentially the mean annual temperature, had the most sig-
nificant impact on the ELA. Thus the modeled estimates
of depression of mean annual temperature varied from 5°
to 9°C. The range in reconstructed values for mean annual
temperature is related to uncertainties in the magnitude of
ELA depression and the factors that make up the energy
balance of a glacier. Nonetheless, these results confirmed
that there was a substantial depression in mean annual
temperature in the tropical Andes during the LGM that
would not be consistent with little change in sea-surface
temperature (e.g., Hostetler and Clark, 2000).

Why were glacial ELAs depressed twice as much along
the eastern slopes of the Bolivian Andes compared to the
Altiplano to the west? Assuming that ELA depression on
the eastern slopes reflects a significant reduction in mean
annual temperature, it is reasonable to expect this amount
of reduction to be similar across the region. If this were the
case, then it seems that glaciers in the Altiplano were ei-
ther limited by the amount of precipitation change or that
other factors caused significantly less reduction in ELA.
One possibility is that, as glaciers expanded beyond the
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cordillera onto the Altiplano, their hypsometry changed
such that much more of their surface area was subject
to ablation. Thus topography may explain the difference
in the magnitude of ELA depression between these two
regions.

There is support from other paleoclimatic archives for
the climatic interpretation of a major LGM temperature
depression associated with glaciation in the eastern tropi-
cal Andes. Piston cores from Lake Titicaca indicate that the
lake was fresh and overflowing during the LGM, compared
to the moderately saline conditions that developed in post-
glacial times (Baker et al., 2001a). Thus precipitation was
most likely higher at the LGM and appears to have re-
mained so until at least 15,000 cal yr B.P. even while
deglaciation was taking place (Seltzer et al., 2002). This
further supports the belief that deglaciation was respond-
ing primarily to an increase in mean annual temperature
(Klein et al., 1999).

Isotopic evidence from Nevado Sajama, Bolivia, and
Nevado Huascardn, Pert, also indicates much colder tem-
peratures at the LGM (Thompson et al., 1995, 1998). The
oxygen isotope ratio in ice of the last glacial stage has been
interpreted to indicate a temperature reduction of 8° to
12°C. This interpretation assumes that a midlatitude lin-
ear relationship between isotopic depletion and mean an-

Bolivia

Figure 4.9 Change in snowline, LGM minus modern.
Contour interval 100 m, dashed where approximate

64°W (after Klein et al., 1999).

nual temperature can be applied to these ice-core records.
In the tropics, however, the isotopic composition of gla-
cial ice is probably also strongly related to the amount of
precipitation in a given year (e.g., Grootes et al., 1989).
Studies of isotopic variability of glacial ice at high altitudes
in the Andes also suggest that there may be a close rela-
tionship between synoptic climate patterns over the tropi-
cal Pacific and the ice-core record, further complicating the
quantitative reconstruction of temperature change from the
ice cores (Vuille et al., 2003). At this time, given the un-
certain relationship between temperature and the isotopic
composition of precipitation in the tropics, it is equivocal
whether or not the ice cores provide an independent test
of the ELA interpretations.

Archives from low elevations in the tropics do provide
some verification that mean annual temperatures in tropi-
cal South America were significantly colder at the LGM.
Noble gases trapped in Brazilian groundwater during the
LGM indicate that the recharge areas for these waters were
4° to 5°C cooler (Stute et al., 1995). Paleoecological evi-
dence also indicates that temperatures were ~5°C cooler
in tropical South America and in Central America (Bush
et al., 2001). Recent reevaluations of sea surface tempera-
tures in the tropical Pacific further indicate that tempera-
tures were significantly cooler at the LGM (Hostetler and
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Mix, 1999; Lea et al., 2000) and that warming at the end of
the LGM preceded deglaciation in high northern latitudes
(Lea et al., 2000).

4.4 The Late Glacial Interval
in the Tropical Andes
(~21,000 to 11,500 cal yr B.P.)

The late glacial interval in the tropical Andes spans the
period from the end of the LGM (~21,000 cal yr B.P.) to the
beginning of the Holocene (11,500 cal yr B.P.). Elsewhere,
this has been a period characterized by abrupt climate
changes as glaciers retreated from maximum positions. In
the North Atlantic region, the late glacial was interrupted
by both the Heinrich I event (Bond and Lotti, 1995) and
the Younger Dryas event (e.g., Alley et al., 1993). The
Heinrich events were large discharges of icebergs into the
North Atlantic Ocean associated with cooler atmospheric
and sea surface temperatures. The Heinrich I event oc-
curred ~17,000 cal yr B.P., after a period of cooling that
lasted ~3,000 years. The Younger Dryas was a return to
cold, often glacial conditions between 13,000 and 11,500
cal yr B.P. Both events indicate that, at least in the North
Atlantic region, climate can change abruptly. Such changes
may have an impact at a hemispheric or global scale. In
the glacial record from the Southern Hemisphere, both the
Heinrich events and the Younger Dryas have been identi-
fied in the Lake District of Chile and in the Southern Alps
of New Zealand (Lowell et al., 1995). If these events were
truly global in extent, then it should be possible to detect
them in the tropics as well. Complicating this search for
global millennial-scale climate changes in the glacial
record is the difficulty in establishing a chronology suffi-
ciently accurate for comparison with the North Atlantic
records.

In the Cordillera Vilcanota, southern Pert, there is a
moraine sequence dated to <16,000 cal yr B.P. (Mercer and
Palacios, 1977; Mercer, 1984; Goodman et al., 2001; Mark
et al., 2002). These moraines occur ~8 km downvalley
from the modern glacier and overlie peat that has been
independently radiocarbon dated in a number of studies
(fig. 4.2). Thus the age from this peat is a maximum age
for glaciation in the valley. Upvalley from this site, a
modern wetland has a basal age of 12,250 cal yr B.P., and
provides a minimum age for the moraines. This site has
been considered a type locality for several other studies
in the Peruvian and Bolivian Andes that identify a late
glacial advance around 16,000 cal yr B.P. (e.g., Seltzer,
1992; Rodbell, 1993).

The recognition of a moraine stage equivalent to the
Younger Dryas in the tropical Andes has been contentious.
At Papallacta Pass, Ecuador, Clapperton et al. (1997) dated
a glacial till to the Younger Dryas time interval. They con-

tended that this till was deposited by an ~140 km? ice cap
that formed as a result of a global Younger Dryas cooling
event. In contrast, Heine and Heine (1996) viewed the
Younger Dryas time period at Papallacta Pass as a period
of soil formation and no glaciation. Both groups apparently
worked in the same region but in different stratigraphic
sections through the late Pleistocene deposits. Earlier,
Clapperton (1993) had also identified proglacial lacustrine
deposits at Chimborazo, farther south in Ecuador, which
he attributed to a Younger Dryas glacial advance. Again,
Heine and Heine (1995) questioned this interpretation and
suggested alternatively that the Chimborazo organic depos-
its, considered interstadial by Clapperton, formed as a re-
sult of lake-level lowering in a proglacial environment.

In the Cordillera Blanca, Perd, a glacial advance that
culminated at the beginning of the Younger Dryas may also
correlate with a similar glacial advance at the Quelccaya
Ice Cap (Rodbell and Seltzer, 2000). The evidence from
both sites suggests that glaciers were in fast retreat during
Younger Dryas time. Thus the evidence for a late glacial
equivalent of the Younger Dryas in the North Atlantic re-
gion remains equivocal, given the variety of dating results
on glacial moraines. At this time, the moraines in Perd
identified as late glacial in age most likely do not date to
the Younger Dryas interval. Throughout the Ecuadorian,
Peruvian, and Bolivian Andes, glaciers had retreated to
within their modern limits by 11,500 cal yr B.P., which
marked the end of the late glacial interval in the region
(Seltzer et al., 1995).

Additional information on late glacial climatic condi-
tions in the tropical Andes comes from ice-core and lake
records. Two ice cores recovered in 1993 from Nevado
Huascardn, Perd, were drilled some 60 m through the ice
to bedrock. Based on an ice-thinning model and fitting
to an isotopic record of planktonic foraminifera off the
coast of Portugal, Thompson et al. (1995) hypothesized that
the record extended back to 25,000 cal yr B.P. and that it
revealed a record of Younger Dryas cooling. In the basal
meters of the ice cores, they measured an ~2 per mil deple-
tion in 880 in the ice, which they attributed to millennial-
scale cooling in the late glacial. The chronology for this
event was derived by fitting the isotopic record from the
ice core to the planktonic foraminifera record of 8180 from
Bard et al. (1987) off the coast of Portugal. Their reason-
ing for this correlation was that the source of moisture for
Nevado Huascardn was the tropical Atlantic and that
therefore the isotopic record off Portugal should reflect
how the source of precipitation to the region might have
changed. A problem with this reasoning is the assump-
tion that the isotopic event revealed in the ice core is time
synchronous with the event off Portugal. Once this as-
sumption is made, there is no means to test independently
whether, in fact, the Younger Dryas event occurred in the
tropical Andes.
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The chronology of the ice-core record from Nevado
Sajama, Bolivia, is better constrained by radiocarbon dates
on organic material at the base of the core and in the Ho-
locene section of the record (Thompson et al., 1998). How-
ever, there is a lack of absolute age control between ~25,000
and 10,000 cal yr B.P., and therefore their recognition of
late glacial cooling in the stable isotope record has only
tentative correlation with the Younger Dryas. In fact, Th-
ompson et al. refer to this cooling event at Nevado Sajama
as the Deglacial Climate Reversal because it started one
thousand years before the Younger Dryas and lasted ~2,500
years (~14,000 to 11,500 cal yr B.P.). This interval also
appears to coincide with higher snow accumulation. The
oxygen isotopes, if correctly interpreted, thus suggest a
longer, cooler interval, and the ice accumulation rate sug-
gests wetter conditions than either before or immediately
after the Deglacial Climate Reversal.

At Lake Titicaca, overflow conditions are recognized
from >25,000 to ~15,000 cal yr B.P., followed by intervals
during which the lake may have dropped below its out-
let and then overflowed again in the Younger Dryas, be-
fore falling below its outlet for an extended period (Baker
etal., 2001a). The important proxy used for making these
lake-level interpretations was the relative quantity of
benthic diatoms in the sedimentary record. Essentially,
when the percentage of benthic diatoms in a standard
assay exceeded 20%, then the lake level was thought to
be at most 30 m above the coring site (Tapia et al., 2003).
An alternative hypothesis for lake-level variation in the
late glacial at Lake Titicaca can be derived from the car-
bon isotopic composition of bulk organic matter in the
sediment. The isotopic composition of bulk organic mat-
ter provides a guide to the mix of planktonic versus
nearshore organic carbon that has accumulated in the
sediment. Presumably distinct isotopic end members can
be identified and used in this way to trace the organic
carbon sources to the coring site. From the isotopic com-
position of bulk organic matter, Rowe et al (2002) sug-
gested that lake levels were becoming progressively
shallower throughout the Younger Dryas. Thus, whether
or not the Younger Dryas coincides with a high lake level
at Lake Titicaca remains equivocal.

At the Salar de Uyuni in the southern Altiplano, con-
ditions remained wet until ~15,000 cal yr B.P., when lake
levels fell and the Salar began to desiccate. Based on the
natural gamma-radiation log of the drill hole in the Salar,
Baker et al. (2001b) suggested that a return to lacustrine
conditions may have been associated with the Younger
Dryas, but there is presently no independent dating to
support this hypothesis. There was a brief return to wet
conditions in the early Holocene, which Sylvestre et al.
(1999) referred to as the Coipasa event, followed by dry
conditions throughout the remainder of the Holocene.
Thus, in general terms, the Altiplano experienced wet

conditions until ~15,000 cal yr B.P., followed by progres-
sive desiccation that may or may not have been punctu-
ated by brief wet intervals.

At Lake Junin (11°S), Pert, authigenic carbonates pro-
vide a record of the isotopic composition of lake water
throughout late glacial and Holocene time. This record
generally shows progressive drying from ~16,000 to 10,000
cal yr B.P., without any wet interludes (Seltzer et al., 2000).
The isotopic record of ice at Nevado Huascaran (9°S) can
be used as a monitor of the changing isotopic composition
of precipitation in the region. By juxtaposing these two
records, Seltzer et al. (2000) deconvolved the contribution
of changes in temperature, source precipitation, and pre-
cipitation-minus-evaporation balance to the isotopic com-
position of the lacustrine carbonates. The resulting
interpretation, shown in figure 4.10, allows for a unique
determination of the moisture balance of the region.

In summary, the late glacial interval in the tropical
Andes includes periods of glaciation, particularly at
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Figure 4.10 (A) Stable isotope records from Lake Junin and
Nevado Huascaran, Perd. (B) The difference between the
Huascaran and Junin isotope records (Junin minus Huascaran)
on the VPDB scale. Larger values indicate drier conditions in
the watershed and more evaporative enrichment in 80 in the
lake water (after Seltzer et al., 2000).
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~16,000 and ~13,000 cal yr B.P., but it is uncertain how
ubiquitous these glacial advances were and what consti-
tutes a regionally coherent signal of climate change. In the
lake records, there is equivocal evidence for wet conditions
during the Younger Dryas at Lake Titicaca, while dry con-
ditions apparently prevailed at the Salar de Uyuni and Lake
Junin. At Nevado Sajama, the ice core record contains an
apparent deglacial cold reversal from ~14,000 to 11,500 yr
cal yr B.P. associated with wet conditions, but the chro-
nology of the isotopic record at Nevado Huascaran has been
fitted to a higher-latitude site in the North Atlantic, which
reduces its usefulness for assessing independently the oc-
currence of the Younger Dryas in the tropical Andes. By
11,500 cal yr B.P., glaciers were within their modern lim-
its and climatic conditions were generally drier and
warmer.

4.5 Holocene Glaciation

4.5.1 The Early to Middle Holocene (11,500
to 3500 cal yr B.P.)

The early to middle Holocene is characterized by little
evidence for glacial activity. Glaciers were at or near their
modern limits throughout this period. Evidence for re-
newed glaciation does not become widespread until after
~4,000 cal yr B.P., when climatic conditions became cooler
and wetter (Seltzer, 1992). Many of the summits <6,000 m
above sea level in the region may have deglaciated entirely
during the early and middle Holocene (e.g., Abbott et al.,
1997). For example, the Quelccaya Ice Cap has a basal age
of only ~1,500 years (Thompson et al., 1985). Apparently
the glacier is frozen to its base, so it should not be losing
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mass over time at its base. The summit of the ice cap is
~5,400 m above sea level, which is 400 m above the cur-
rent 0°C isotherm for the region. A temperature rise of ~2°C
would raise the ELA to >5,400 m and would result in com-
plete deglaciation of the plateau that supports the ice cap.
It is possible that this happened in the early to middle
Holocene, which would explain the truncation of the ice-
core record and the observation that the Quelccaya Ice Cap
was less extensive than today, between ~2,750 and 1,500
cal yr B.P. (Mercer and Palacios, 1977; Seltzer, 1990).
Additional evidence for a dry early to middle Holocene
comes from lakes in the region. Lake Titicaca dropped ~85
m below its current level in the early to middle Holocene
as aresult of a decrease in effective moisture, or precipita-
tion-minus-evaporation (fig. 4.11; Seltzer et al., 1998; Cross
et al., 2000; Baker et al., 2001a; D’Agostino et al., 2002).
The lake level began to rise again around 4,000 cal yr B.P.,
and the shallow basin of the lake flooded ~3,500 cal yr B.P.
(Abbott et al., 1996; Baker et al., 2001a). The Lake Junin
isotopic record shows a maximum in aridity at ~10,000 cal
yr B.P., followed by an increase in effective moisture
throughout the Holocene, with some significant steps to
higher levels of effective moisture in the late Holocene
(Seltzer et al., 2000). At Laguna Palcacocha, Ecuador, a
record of detrital laminae in a lake core has been inter-
preted as an emergence of modern El Nifio-Southern Os-
cillation (ENSO) variability about 6,000 cal yr B.P.,
culminating about 1,100 cal yr B.P. (Rodbell et al., 1999; Moy
etal., 2002). Generally, the warm phase of ENSO (EI Niiio),
which brings heavy rainfall to coastal Peru, is associated
with drier conditions in the tropical Andes, whereas the cool
phase (La Nifia) is associated with wetter conditions (see
chapter 19). For the Holocene as a whole, an increase in
ENSO variability may be linked with increasing effective
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Figure 4.11 Erosional truncation of seismic reflections in Lake Titicaca as much as 85 m below the
modem lake level. These reflections are representative of stratigraphic units in the lake sediments
that have been eroded when lake level was 85 m lower than today (after Seltzer et al., 1998).
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moisture in the tropical Andes, while increased summer
insolation may also have been important for driving
changes in effective moisture (Abbott et al., 1997; Seltzer
et al., 2000; Wolfe et al., 2001).

4.5.2 Neoglaciation and Recent
Glacier Retreat

Relatively minor glacier advances (neoglaciation) have
occurred in the late Holocene throughout the tropical
Andes (e.g., Seltzer, 1990, 1992; Seltzer et al., 1995;
Rodbell, 1992). Accurate dating of these advances is diffi-
cult, although in some cases there are maximum limiting
ages on organic material that was buried by advancing gla-
ciers. These glacial advances may have occurred as a re-
sult of relatively subtle climate changes, certainly modest
when compared to the presumed temperature reduction
that resulted in the LGM in the region.

Recent glacier retreat has been widespread in the tropi-
cal Andes (Brecher and Thompson, 1993; Hastenrath and
Ames, 1995; Mark et al., 2002). This retreat phase prob-
ably began with the waning of the global Little Ice Age
during the eighteenth and nineteenth centuries, but has
accelerated in the latter half of the twentieth century (Selt-
zer, 1990). Accelerated glacier retreat has been attributed
by some scientists to recent climatic warming of the tropi-
cal Andes, which can be clearly detected in the instru-
mental records from the region (Mark, 2002). The
challenge in the study of modern glacier retreat is to
measure the volumetric loss of ice, not just the retreat of
ice fronts, to determine quantitatively the energy trans-
fer necessary to produce glacier recession. In this man-
ner it is possible to evaluate more definitively the forcing
factors that have produced glacier retreat in the twenti-
eth century (e.g., Mark, 2002).

Modern deglaciation in the Andes is also important in
terms of the hazards it poses and the hydrologic changes
that affect alpine watersheds. For example, proglacial lakes
may form as glaciers retreat and meltwaters are dammed
by moraines. If these moraine dams burst, the large volumes
of water and mud suddenly released pose a major hazard
to people living downstream (Kaser and Osmaston, 2002).
Melting of glacier ice during the extended dry season (No-
vember to April) is also important in moderating the im-
pact of seasonal drought in the tropical Andes (fig. 4.12;
Francou et al., 1995; Ribstein et al, 1995; Mark and Selt-
zer, 2003). The potential loss of the water reservoir trapped
in glacier ice may produce stream flows that are more vari-
able and the availability of water for hydropower, irriga-
tion, and domestic water supplies will be diminished
during the dry half of the year (Seltzer, 2001). Thus the fate
of the tropical Andean glaciers may have a serious impact
on the growing populations in Ecuador, Pert, and Bolivia
that depend on waters discharged from high altitude gla-
ciers for a variety of uses.
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Figure 4.12 (a) Specific discharge and (b) variability in
discharge in glaciated watersheds of the Cordillera Blanca,
Pera (after Mark and Seltzer, 2003).

4.6 Conclusion

Tropical Andean glaciers are dynamic and indicative of
significant climatic variation in tropical South America
over at least the last 30,000 years. Generally, Andean gla-
ciers were more extensive during the same period (i.e.,
marine isotope stage 2) as glaciers expanded in high lati-
tudes of the Northern Hemisphere, reaching their maxi-
mum extent around 21,000 cal yr B.P. At this time climatic
conditions were colder and wetter than later. This obser-
vation differs from earlier assessments of minimal tempera-
ture change in the tropics during the last glaciation
(CLIMAP, 1981), and is more in line with several proxies
that now indicate that the LGM was significantly colder
than today in the tropical Andes. Glaciers retreated rap-
idly at the end of the LGM, and this may have predated
similar temperature warming at higher latitudes, a possi-
bility that suggests that the Southern Hemisphere and the
tropics may have had an important role in contributing to
global deglaciation (e.g., Seltzer et al., 2002).

In the late glacial there are several documented ad-
vances of glaciers, but their regional coherency in terms
of timing and how they may be related to millennial-scale
changes in the extent of glaciers in the North Atlantic re-
gion has still to be determined. By the early Holocene, gla-
ciers had retreated within their modern limits, and they
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may have disappeared entirely from lower summits by
mid-Holocene time in response to warmer and drier con-
ditions. Neoglaciation was under way by about 4,000 cal
yr B.P., yet glaciers never expanded more than a few
kilometers beyond their modern limits. Glaciers have
been in retreat throughout the tropical Andes since at least
the end of the nineteenth century, and this recession ap-
pears to be accelerating. The loss of glaciers on many
tropical mountains in the twenty-first century could cause
significant problems in terms of natural hazards and water
availability.

Intriguing yet unresolved problems are generated by the
late Quaternary glaciation of the tropical Andes. For ex-
ample, what produced the cold glacial conditions that
impacted the Southern Hemisphere and the tropics at the
LGM? Why might the tropics have warmed more rapidly
than higher latitudes in the Northern Hemisphere at the
end of the LGM? Were there millennial-scale climatic os-
cillations in the tropical Andes, and can glacial sequences
be used to evaluate this question? What may have led to
dry conditions in the early to mid Holocene in the tropi-
cal Andes—was it a decrease in summer insolation? Is there
a consistent relationship between ENSO variability and the
overall hydrologic status of the tropical Andes? Finally, do
we fully understand what the impact on regional hydrol-
ogy will be if current rapid rates of deglaciation continue?
The glaciers of the tropical Andes are not large compared
with the ice fields of Patagonia, but they do pose intrigu-
ing questions of regional and even global significance, and
may yet yield some answers.
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Rivers

Thomas Dunne
Leal Anne Kerry Mertes

River basins and river characteristics are controlled in part
by their tectonic setting, in part by climate, and increasingly
by human activity. River basins are defined by the tectonic
and topographic features of a continent, which determine
the general pattern of water drainage. If a major river drains
to the ocean, its mouth is usually fixed by some enduring
geologic structure, such as a graben, a downwarp, or a su-
ture between two crustal blocks. The largest river basins
constitute drainage areas of extensive low-lying portions of
Earth’s crust, often involving tectonic downwarps. The
magnitude of river flow is determined by the balance be-
tween precipitation and evaporation, summed over the
drainage area. Seasonality of flow and water storage within
any basin are determined by the seasonality of precipitation
in excess of evaporation, modified in some regions by wa-
ter stored in snow packs and released by melting, and by
water stored in wetlands, lakes, and reservoirs. Increasingly
the flows of rivers are influenced by human land use and
engineering works, including dams, but in South America
these anthropogenic influences are generally less intense
and widespread than in North America, Europe, and much
of Asia. Thus the major rivers of South America can be
viewed in the context of global and regional tectonics and
climatology (see chapters 1, 2, and 3). For reference, figure
5.1 outlines South America’s three largest river basins—the
Orinoco, Amazon, and Paraguay-Parand systems—while
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figure 5.2 shows the locations of rivers referred to in the text
against a background of the continent’s density of popula-
tion per square kilometer.

5.1 Structural Controls
over River Basins

The geologic history of South America has bequeathed to
the continent a number of structural elements that are rel-
evant to the form and behavior of its three major river sys-
tems (fig. 1.2). These structural elements are (1) the Andes;
(2) a series of foreland basins, approximately 500 km wide
immediately east of the Andes and extending southward
from the mouth of the Orinoco to the Chaco-Paranad basin,
where the crust is depressed by the weight of the Andes
and the sediment derived from the mountains; (3) the
Guiana and Brazilian shields reflecting Precambrian cra-
tons and orogenic belts of mostly crystalline metamorphic
rocks, partly covered with flat-lying sedimentary rocks and
deeply weathered regolith; and (4) the Central Amazon
Basin, a large cratonic downwarp with some graben struc-
tures dating back to early Paleozoic time, which runs gen-
erally east-west between the two shields, connecting the
foreland basins to the west with a graben that localizes the
Amazon estuary at the Atlantic coast.
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Figure 5.1 The three largest river basins of

South America: Orinoco (0), Amazon (A),
and Paraguay-Parana or Rio de la Plata

system (P). Data for suspended sediment
transport are shown for each river (Orinoco,
R.H. Meade, personal communication;
Amazon—Subandean Trough and Madeira

555 River, Aalto et al., 2006; Amazon main-

In the above context, the assembly and development of
these river basins have been plausibly linked to several
tectonic and climatic factors. The Mesozoic opening of the
Atlantic Ocean fixed the mouths of the Amazon and Para-
guay-Parand systems in rifts that extended into the conti-
nent (Potter, 1978). The Oligocene-Pliocene rise of the
Andes then closed off the marine embayments in the Cen-
tral Amazon Basin from former outlets westward to the Gulf
of Guayaquil and northward to the Gulf of Maracaibo. This
closure caused the drainage of a vast area (soon to be the
modern Amazon Basin) to seek a path eastward towards
the topographic low provided by the still active graben that
presently localizes the mouth of the Amazon (fig. 5.1). Si-
multaneously, orogenic uplift also created the foreland
basins east of the Andes, as the mountains pushed over the
downwarping cratons, thereby forming a partial trap for a
large fraction of the sediment emanating from the moun-
tains. Meanwhile, mantle-plume driven fracturing of the
crust at triple junctions and aulacogens, and hotspot dom-
ing during continental separation, caused topographic
highs to develop near the rifted margin of southeast Bra-

Rivers

30w stem, Dunne et al., 1998).

zil, producing a drainage system that converges first inland
into the Parand basin before leaving the continent through
the Rio de la Plata estuary (Cox, 1989). Within the cratonic
shields, transcurrent sets of faults at angles of 90 to 100°
to one another appear to have resulted from crustal ten-
sion since at least Miocene time when collapse of the Nazca
and Caribbean plates began. Most rivers and lakes on the
central Brazilian Shield are aligned with these fracture
systems and have reticulated courses with sharp bends
(Sternberg and Russell, 1952). Finally, tilting and folding
have occurred within the basins between the cratons, as
exemplified by the presence of structural highs or arches
along the Amazon River valley (Tricart, 1977; Caputo,
1984, 1991). These apparently ongoing structural processes
have been shown to impact the fluvial geomorphology in
their vicinity, with the arches associated with the narrow-
ing of the valley and changes in modern water-surface gra-
dients (Birkett et al., 2002; Dunne et al., 1998; Latrubesse
and Franzinelli, 2002; Mertes et al., 1996).

Potter (1978) originally systematized the relationships
between large rivers and tectonic context, illustrating that
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not only their sizes but also other features such as their sedi-
ment loads and valley geomorphology could be related to
their geological context. Figure 5.3 summarizes the classi-
fication scheme that Potter developed to express the tectonic
contexts of certain kinds of rivers across the globe. Examples
of each class in his scheme, which we have labeled with P-
values in the figure, can be recognized in South America.

P1 rivers are those that flow from an active orogen that
fringes a craton (Amazon) or a stable crustal platform such
as Patagonia (Colorado). A large debris load is injected into
the upper end of the river system, but little is supplied from
the downstream parts of the basin. River systems transport
a portion of their load across the lowland, depositing large
fractions of it along the way, especially in foreland or
intracratonic basins. Floodplains usually increase in width
with distance downstream, but with significant variations
in width because of structural patterns. Since the Amazon
is exceptionally long, only a small fraction of the input
reaches the ocean.

P2 rivers, such as the Paraguay, flow roughly parallel
to an orogen and receive all their sediment loads from the
tributaries on one bank. These rivers therefore often con-
struct depositional wedges and large alluvial fans at tribu-
tary junctions, thereby diverting the main stem away from
the mountain front. The Orinoco is intermediate between
the P1 and P2 types.

P3 rivers flow in tectonic depressions along the strike
of mountain ranges. South American examples include the
Magdalena in Colombia, with an alluvial plain 30 to 100
km wide (Garcia Lozano and Dister, 1990), and the
Marafion in Pert, which travels northwest through the high
north-central Andes before crossing to the east to join the
Amazon main flow.

P4 rivers are those that flow across mountain ranges,
exemplified by the irregular courses of the Ucayali in east-
ern Perd and the Pilcomayo in eastern Bolivia, which flow
through Subandean ranges toward the Amazon and Para-
guay-Parand systems, respectively.
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P5 rivers drain large cratonic areas without a significant
mountain source. These rivers, such as Brazil’s Negro,
Araguaia, and Taquari, have relatively low sediment loads
and thus narrow or no floodplains, except where they flow
into large structural depressions, such as the Taquari,
which flows into the Pantanal wetland before reaching the
Paraguay River (Ussami et al., 1999).

5.2 Long-term Climate Controls
over River Basins

Late Cenozoic climate changes have directly affected the
modern form and behavior of South American rivers. Gla-
cial-interglacial cycles of the past few million years have
influenced the magnitude, frequency, and seasonality of
precipitation and runoff, the nature of sedimentation on
the megafans of the Andean foreland and in river flood-
plains, and the vegetation cover of river basins (see chap-
ters 2 and 9). The growth and decay of glaciers in the
tropical Andes have affected the Amazon system (see chap-
ter 4), just as the waxing and waning of the Patagonian ice
cap have shaped proglacial lakes and drainage systems in
the southern Andes (Clapperton, 1993).

Indirectly, the late Cenozoic eustatic sea-level changes
that accompanied these climate cycles have had major
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impacts on the mouths of most rivers, and these have been
transmitted upstream for varying distances. The low sea
levels that coincided with Pleistocene glacial stages low-
ered the base levels of erosion for rivers, causing them to
scour sediment from their estuaries and floodplains. Many
of the river valleys on the western slopes of the Andes in
central and southern Chile were also deeply scoured by
glaciers and then dammed by glacial debris, causing mod-
ern rivers to flow through glacial lakes into fjords (see chap-
ter 15; Clapperton, 1993). In contrast, the higher sea levels
of warm interglacial stages raised base levels and favored
sedimentation in these scoured lower reaches. Thus, in
response to high Holocene sea level, the scoured depres-
sion of the lower Orinoco floodplain and delta, which lies
relatively close to its Andean sediment source, has filled
with sediment. Similar infilling is occurring in the lower
reaches of many smaller rivers flowing from the Andes.
By contrast, the mouth of the Amazon, though having a
huge sediment source in the Andes, has not yet filled dur-
ing the Holocene because the mountains are far from the
coast and separated from it by large foreland basins that
trap sediment. During episodes of low sea level in the lower
Amazon valley, knickpoint recession appears to have ex-
tended upstream at least to the vicinity of the Purts arch,
a structural high several hundred kilometers above Manaus
(Mertes and Dunne, in press; Mertes et al., 1996), and up
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each of the tributaries farther downstream (Tricart, 1977),
and to have removed a wedge of sediment that exceeded
100 m thick at the coast. Postglacial sea-level rise has
caused sedimentation in the lower river valley, but this
reach remains underfilled with sediment, with large irregu-
lar lakes and a large delta plain several hundred kilome-
ters from the mouth of the estuary, in which 300—400 x 108
t yr' of sediment are being trapped (Dunne et al., 1998).
Rapid aggradation of the lower Amazon floodplain has also
raised the base level of major tributaries draining the for-
ested cratons. However, because these rivers supply only
small amounts of sediment, they are unable to fill in be-
hind the natural dams produced by main-stem sedimenta-
tion, thereby forming ria lakes with small deltas at their
heads (Siolli, 1968; Tricart, 1977).

During episodes of low sea level, the Amazon flushed
sediment across the continental shelf to feed the massive
Amazon Cone beyond the continental slope (fig. 5.1;
Damuth and Kumar, 1975; Manley and Flood, 1988;
Milliman et al., 1975; Nittrouer et al., 1986b). In contrast,
under present high sea level at the mouth of the Amazon,
deltaic sedimentation is minimal owing to the strength of
tidal currents and littoral drift on the shelf, with currents
transporting the majority of the sediment plume to the
north (see chapter 15; Augustinus, 1982; Kuehl et al., 1982,
1986; Nittrouer et al., 1986a, 1986b; Pujos et al., 1997).
Similarly, in the lower Paraguay-Parand valley, modern
sedimentation is focused on the delta at the head of the Rio
de la Plata estuary, hundreds of kilometers from the open
ocean.

5.3 Patterns of River Flow

A convenient separation of the rivers of South America
occurs at about 15°S latitude, dividing rivers flowing north-
ward from those flowing to the south. The northern rivers
drain a very wet region which, together with the sizes of
the tectonic basins, creates rivers with exceptionally large
discharge, width, depth, and extensive floodplain inunda-
tion lasting for months, particularly for the Amazon,
Orinoco, Tocantins, Magdalena, and Sdo Francisco rivers.
Lewis et al. (1989) calculated that the northern region of
12 x 105 km?, with a mean annual precipitation of 1,700
mm, generates more river runoff (averaging 850 mm) than
any other comparably sized region in the world. The south-
ern portion of the continent is smaller and drier, and there-
fore its rivers are generally smaller, and the largest by far,
the Paraguay-Parand system, drains the subtropical and
tectonically most active southern basin. For present pur-
poses, we will compare rivers according to their annual
volume of flow, expressed as depth of runoff (annual run-
off as volume per unit area of drainage basin in table 5.1);
their mean annual discharge; and their seasonality, ex-
pressed in terms of the range and timing of monthly flows.

Table 5.1 presents these statistics for a sample of rivers,
selected to illustrate differences within the continent.

5.3.1 Inter-Annual Variability

Even in the largest rivers of the continent, there is a sig-
nificant and persistent deviation from average annual flows
(fig. 5.4). Richey et al. (1989) demonstrated that low an-
nual flows for the Amazon have occurred during El Nifio
years when ocean circulation anomalies associated with
El Nifio—Southern Oscillation modify both the intensity
and location of the energy source for atmospheric heating
and circulation (see chapter 19; Molion, 1990). The ascend-
ing east-west branch of the Walker Circulation that usu-
ally covers the Amazon basin is displaced westward over
the abnormally warm east Pacific Ocean, and intensifies.
The descending branch of the circulation then covers the
Amazon, reducing rainfall. Molion (1990) quotes reduc-
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Figure 5.4 Long-term hydrographs (early 1900 to 1990s) for (A)
the Amazon at Manacapurd (Richey et al., 1989, fig. 3), and (B)
the Paraguay at Corumba, Bolivia (Ponce, 1995, fig. 9), showing
inter-annual variability and persistence. Data for the Amazon
River are discharge and probability of recurrence for maximum
and minimum annual flows. Recurrence represents the
average interval in years between events equaling or exceeding
a given magnitude. The stage data for the Paraguay River have
not been transformed to discharge.
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Table 5.1 Flow characteristics of selected South American rivers

Mean Maximum Minimum
Basin annual Annual monthly monthly
area flow runoff discharge discharge
Scale [km?] Country River [m3 s1] [mm] [m?3 s1] [m?3 s1] Source
Large
4,620,000 Brazil Amazonas 173,167 1182 229,000 103,000 5
3,100,000 Argentina Rio de la Plata 18,200 185 4
2,300,000 Argentina Parana 20,663 283 23,700 17,350 4
1,306,000 Brazil Madeira 29,300 707 54,000 5,400 5
1,100,000 Venezuela Orinoco 38,000 1300 81,100 1,330 1
1,095,000 Argentina Paraguay 4,550 130 4
727,900 Brazil Tocantins 8,318 360 16,657 2,053 4
510,800 Brazil Sdo Francisco 2,162 133 3,799 1,163 4
468,000 Brazil Negro 29,560 1990 58,000 13,200 5
320,290 Brazil Araguaia 6,100 601 23,000 800 4
266,600 Colombia Magdalena 7,018 830 11,374 1,800 2
199,200 Colombia Caquetd 13,180 2090 2
166,200 Colombia Guaviare 8,200 1560 2
Medium
95,000 Argentina Negro 581 193 934 373 4
69,000 Bolivia Beni 2,274 1039 5,388 728 4
63,000 Uruguay Negro 1,139 570 3,749 285 4
53,160 Colombia Putumayo 6,250 3707 2
35,700 Colombia Atrato 4,155 3670 2
35,000 Brazil Taquari 732 659 4,470 92 3
29,000 Argentina Salado 12 13 40.5 0.5 4
24,300 Chile Bio Bio 1,014 1300 2,000 230 4
22,300 Argentina Colorado 85 120 288 31 4
Small
13,100 Colombia Patia 205 491 310 105 4
2,300 Ecuador Zapotal 297 4072 627 64 4

Data sources: 1. Warne et al. (2002); 2. Garcia Lozano and Dister (1990); 3. Souza et al. (2002); 4. Vérosmarty et al. (1996, 1998); and 5. Richey et al. (1989).

tions of up to 1.8 standard deviations in rainy season to-
tals in the northwest Amazon basin (the wettest region) and
0-1.2 standard deviations in the central and eastern por-
tions of the basin. By contrast, the southwest Amazon ba-
sin, at 10°S latitude and closer to the perturbed offshore
area of the east Pacific, shows an increase of up to 1.2 stan-
dard deviations in rainy season rainfall. In agreement with
this pattern, figure 5.4A illustrates the trend in Amazon
discharge at Manaus for much of the twentieth century,
calibrated by Richey using modern discharge measure-
ments. A more persistent, but still unexplained pattern of
low- and high-flow years is exhibited by the record from
the upper Paraguay River near Corumb4, Bolivia (fig. 5.4B).

5.3.2 Seasonality

Runoff responds to the seasonal pattern of rainfall (see
chapter 3) but lags behind the rainfall record as a result of
storage as groundwater and along the floodplains of large

Rivers

alluvial rivers. Figure 5.5 shows the mean monthly
hydrographs for several of the rivers listed in table 5.1. The
hydrographs are arranged to correspond generally to large
(A), medium (B), and small (C) rivers. The largest rivers
have discharge maxima ranging from 10,000 to 240,000 m?
s71, with marked seasonality that varies based on their lo-
cations relative to the Equator. With decreasing size, the
yearly rise and fall observed for the largest rivers becomes
more irregular, with the Negro in Argentina showing the
greatest number of peaks.

The seasonality of precipitation over South America is
controlled mainly by the annual north-south interhemi-
spheric march of the insolation maximum and consequent
land-surface heating (see chapter 3, especially fig. 3.2). This
is the signal, lagged by one to three months as a result of
groundwater and floodplain storage, that is reflected in the
hydrographs of the largest rivers (fig. 5.5). The Tocantins
River, a major Southern Hemisphere tributary of the Ama-
zon, has a peak flow in March—April, soon after the rainfall
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Figure 5.5 Seasonal hydrographs of mean monthly discharge for representative large, medium, and small rivers for which
discharge data are available (see table 5.1). Solid lines relate to the left y-axis for the Amazonas, Beni, Negro (Uruguay),
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charge data for the Taquari River are based on Souza et al. (2002) and for all other rivers on Vérosmarty et al. (1996, 1998).

peak, whereas the Orinoco River in the Northern Hemi-
sphere peaks in August. The main-stem Amazon at Obidos
peaks in May—-June because Southern Hemisphere tribu-
taries contribute most of its drainage area and runoff. The
regime of the Parand is radically altered by storage in large
reservoirs, which can accommodate up to 60% of the river’s
average annual flow.

The most influential alteration of a river regime through
wetland storage occurs in the Pantanal of Mato Grosso,
which delays the flow of the upper Paraguay River between

Céceres, Brazil, and Concepcién, Paraguay, by about six
months. From March to August, the river floods into the
Pantanal, and drains out through a system of distributary
channels, including the Taquari River (Souza et al., 2002),
between September and February. In the central Pantanal,
the river usually peaks in June, but in exceptionally high-
flow years, the maximum flow is advanced to May or April,
roughly in proportion to the magnitude of the flood stage;
the flood also occurs earlier in exceptionally dry years
when the water remains within the river banks. The smaller
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rivers, with less wetland storage to modify their regimes,
respond more directly to the seasonality of rainfall, with
for example the Salado River of southern Argentina exhib-
iting a March runoff peak of 25 m?® s, and the Zapotal River
of Ecuador also showing a March peak of 650 m? s

5.3.3 Inundation

The generally low gradients (1-10 cm km™) of the
continent’s large rivers, the breadth of their structurally
controlled alluvial valleys with extensive floodplains, in-
land deltas, and alluvial fans, and the limited extent of
channel engineering or impoundment all favor massive
overbank flows and seasonal storage of water in wetlands
(Junk and Furch, 1993; Richey et al., 1989). Inundation thus
occurs from the lower Parand delta plain in Argentina to
the vdrzeas of the central Amazon basin (Mertes et al.,
1996), the ciénagas and lakes of the Magdalena valley
(Garcia Lozano and Dister, 1990), the llanos of the west-
ern Amazon in Bolivia and Peru (Goulding et al., 2003),
and the fringing floodplains, inland delta, and coastal delta
of the Orinoco basin (Hamilton and Lewis, 1990). Hamilton
et al. (2002) used satellite technology to monitor seasonal
changes in the extent of inundation in six large wetlands
in South America (fig. 5.6). Large seasonal changes in in-
undated area correlated well with water levels in adjacent
rivers, and averaged a continent-wide total of 187,000 km?,
with a nonsynchronous maximum exceeding 500,000 km?,
although the passage of the annual flood wave exaggerates
this flooded area above that which is flooded simulta-
neously (463,000 km?). Maximum depths of inundation
range up to 15 m. Inundation is also caused at the mouths
of the many tributaries entering the major rivers through
the backwater effects of large seasonal changes in water
levels (e.g., Meade et al., 1991).

5.4 Sediment Supplies and Transport

Sufficient data are available to report on sediment trans-
port for very few South American rivers, but a useful
sample of annual sediment yields per unit area of drain-
age basin is presented in table 5.2. As with large rivers
everywhere, the quantity of sediment supplied to the riv-
ers reflects mainly the lithology and topography of their
drainage basins. Thus most sediment enters the large riv-
ers of the continent from the mechanically weak rocks and
steep topography of the Andes. The most extensive dataset
presently available on sediment fluxes in South America
was compiled by Bolivian and French hydrologists, and
summarized by Guyot and his colleagues (Guyot, 1993;
Guyot et al., 1988, 1990). Aalto et al. (2006) made a statis-
tical summary of these data, correlating long-term annual
sediment yields in the east-flowing Andean tributaries of
the Madeira River in Bolivia with indices of basin-averaged
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Figure 5.6 Seasonal variations of inundated area in South
American wetlands (Hamilton et al., 2002, fig. 7)

hillslope steepness and of lithologic resistance to weath-
ering and erosion. Yields range from 30 to 8000 t km=2 yr*
on igneous rocks, from 100 to 10,000 t km=2 yr' on
metasedimentary rocks, and from 200 to 18,000 t km=2 yr*
on weakly consolidated sediments. More than 70% of the
annual load carried by these tributaries leaves the Andes
in a three-month period from January to March.
Deposition of much of this sediment in structural ba-
sins adjacent to the Andes and in the long floodplain
reaches of the major rivers alters the sediment transport
patterns and limits the amount of sediment reaching
the ocean. Guyot (1993) estimated that, of the annual
sediment load of 550 Mt (million tonnes) leaving the East-
ern Cordillera of Bolivia for the Madeira River, about 60%
is trapped in the floodplains of the foreland basin, with
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Table 5.2 Sediment yields of selected South American rivers

Basin area Sediment yield
River Station Country [km?] [t km=2 yr'] Source
Magdalena mouth Colombia 266,600 716 Garcia Lozano and Dister (1990)
Beni Rurrenabaque Bolivia 68,000 3220 Guyot (1993)
Beni Cachuela Esperanza  Bolivia 282,500 570 Guyot (1993)
Madeira Guayaramerin Bolivia 903,500 250 Guyot (1993)
Negro Manaus Brazil 691,000 10 Dunne et al. (1998)
Orinoco Ciudad Bolivar, Venezuela 1,100,000 140 Warne et al. 2002)
Pilcomayo Villamontes, Bolivia 81,000 1000 Guyot et al. (1990)
Paraguay Parand confluence Paraguay 1,095,000 100 Anderson et al. (1993)
Upper Parand  Porto Sédo Jose Brazil 670,000 30* Orfeo & Stevaux (2002)
Middle Parand Corrientes Argentina 1,950,000 80 Orfeo & Stevaux (2002)

*after impoundments

the amount retained ranging from 80% in the Mamore
basin to 43% in the steeper Beni River with its narrower
floodplain.

The main-stem Amazon carries a load of more than 1000
Mt yr~', with an irregular downstream reduction due to
variations in channel gradient, valley width, and tributary
input. Dunne et al. (1998) calculated sediment budgets for
the various processes (bar deposition, bank erosion, and
diffuse and channelized overbank deposition) exchanging
sediment between the channel and the floodplain along a
2,010-km reach of the Amazon. These lateral exchanges
exceed the total annual sediment load moving past Obidos
at tidewater (~1200 Mt yr'), and a further 300—400 Mt yr-
1 of deposition was estimated to occur in a delta plain at
the head of the estuary.

In the lowland Amazon basin, erosion rates on the for-
ested Brazilian and Guiana shields are very slow. Guyot
(1993) estimated a sediment yield of 16 t km=2 yr! for the
Rio Guaporé in southeast Bolivia, and Dunne et al (1998)
reported a yield of 10 t km=2 yr~* for the Rio Negro in Bra-
zil. Latrubesse and Stevaux (2002) reported a yield of 49 t
km~2 yr~* from the 364,000 km? Araguaia River basin, which
drains the ecotone between savanna and seasonally dry
forest into the Tocantins River on the eastern Brazilian
Shield. Thus the Andes remain the dominant sediment
source of the main-stem Amazon all the way to the Atlan-
tic Ocean.

The interacting effects of runoff, lithology, gradient
change, and to some extent impoundment are reflected in
the contrasting sediment transport regimes feeding into the
Rio de la Plata system, between those tributaries emerging
from the Andes and those draining from the more resistant
rocks of the upper Parand Highlands and the Brazilian
Shield (Orfeo and Stevaux, 2002). Downstream of large
dams, the upper Parana River has suspended sediment
concentrations of only 6—30 mg L' (Orfeo and Stevaux,
2002), and 90-200 mg L at the confluence with the Para-
guay River (Drago and Amsler, 1988, 1998). The river’s
large annual discharge transports about 15 Mt yr~! of mea-

sured fine washload, and a calculated sandy bed-material
load of about 5 Mt yr!, the coarser component of which
travels as large sand waves on the wide channel bed. The
smaller Paraguay River, at its confluence with the Paran4,
has an average flow of about 4,500-5,000 m® s~! and a sedi-
ment yield of 1,188 Mt yr! of finer sediment and a sandy
bed—-material load of about 40 Mt yr'. Most of this load
derives from the Andean tributaries: the Rio Pilcomayo
(81,300 km?) with a sediment load averaging 80 Mt yr!
(Guyot et al., 1990), and the Rio Bermejo (16,000 km?),
where concentrations average about 6,000 mg L' (Drago
and Amsler, 1988). The wave of suspended sediment en-
ters the middle and lower Parand weeks after the main
flood wave from the upper Parand.

5.5 Fluvial Geomorphology

In order to illustrate the variety of riverscapes of the Ama-
zon basin, figure 5.7 presents schematically a generalized
cross-section showing the distinctive fluvial geomorphol-
ogy of various sectors from the headwaters to the down-
stream delta plain near the Xingu confluence.

On the forested Brazilian and Guiana shields (exempli-
fied by the northeast corner of figure 5.7D), most rivers
receive small sediment loads, mostly silt and clay, and little
bed material, so that they flow in bedrock channels that
exhibit strong structural control along fractures or faults,
irregular alignments, and rapids with intervening sand bars
and little if any floodplain. However, some structural ba-
sins within the shields have extensive alluvial plains with
actively meandering rivers and floodplains that contain
paleo-channels and various other off-channel water bod-
ies and marshes, some of them supplied only by local run-
off. Latrubesse and Stevaux (2002) described one example
in the alluvial plain of the middle Araguaia, central Brazil,
which drains about 200,000 km? of savanna that is being
aggressively deforested for agriculture. An extreme example
of a sediment-starved river with a bedrock-dominated
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channel is the lower Negro River in Amazonas state
(Franzinelli and Igreja, 2002). The river, which exceeds 20
km in width in some reaches, flows in a half-graben be-
tween cliffs of friable sandstone and around long linear
islands that are believed to be founded on up-faulted bed-
rock ridges. Blocks of bedrock and unconsolidated sedi-
ment also surrounded the wide bedrock channel in various
attitudes and elevations. The river transports only enough
sediment to maintain narrow beaches capping and lining
the islands and in pockets where the valley-side alignment
changes sharply.

Steep Andean rivers (fig. 5.7A) flow in narrow valleys,
over bedrock and sparse gravel bars, occasionally inter-
rupted by wider sand and gravel floodplains in intra-
montane basins that are also lined with gravel terraces
reflecting the tectonic and climatic history of the range.
When these rivers enter the Subandean basins, below the
500—-m contour, they rapidly deposit sandy point and
midchannel bars and crevasse-splay deposits, and overlay
them with silt and clay levees and flood basin deposits. The
rapid channel shifting and oxbow formations along the
Beni and Mamore Rivers in the Beni Basin, for instance,
create extensive and diverse habitats for fish and river
dolphins (Lauzanne et al., 1990).

Larger rivers formed entirely within the Amazon low-
land carry small sediment loads and have tortuous irregu-
lar planforms with sinuosities often exceeding 2.4, as
exemplified by the Jurud River in western Amazonas state
(fig. 5.7B; Latrubesse and Kalicki, 2002; St6lum, 1998). The
rate of meander migration is generally unknown, but the
Holocene floodplains are broad and contain many oxbow
lakes that may be thousands of years old, since the rate of
overbank sedimentation is probably limited by the small
loads of these rivers.

Along the main-stem Amazon (figs. 5.7C-5.7F), depo-
sition and channel migration have constructed an intricate
valley-floor topography consisting of scroll-bar complexes,
levees, and flood basins, many of them still occupied by
perennial lakes. The main channel shifts at rates of <10 to
>100 m yr!, depending on the degree to which the flood-
plain is confined between cohesive terraces. Mertes et al.
(1996) described a structurally controlled alternating pat-
tern of confined and freely meandering reaches with vary-
ing representation of alluvial features such as lakes and
scroll bars (fig. 5.7C) that are scaled by three types of chan-
nel: the main Amazon channel, its occasional anabranches,
and smaller floodplain channels that originate either in the
main river (and therefore are sediment-rich) or in local
floodplain or terrace drainage (and are sediment-starved).
Latrubesse and Franzinelli (2002) emphasized the seg-
mented alignment of the middle Amazon, which they at-
tribute to neotectonic activity of tilted fault blocks. They
also added detail and historical perspective concerning the
development of the middle Amazon floodplain, differen-
tiating between an older (late Holocene), smoother flood-

plain created dominantly by vertical accretion, and a later
regime of lateral accretion of bars, levee complexes, chan-
nels, and lake deltas fringing the modern channel within
the past millennium (fig. 5.7D).

Much of the Amazon valley downstream of Manaus was
excavated of sediment as sea level fell to 120 m below the
present during the Last Glacial Maximum, about 20 ka
(Mertes and Dunne, in press). With the subsequent post-
glacial rise of sea level, sedimentation began refilling this
valley, which may also still be subsiding due to continued
graben dynamics (fig. 5.7E). The same lowering of base
level scoured sediment from the lower reaches of each
tributary entering the central and eastern Amazon, but the
low sediment supply from these tributaries has not been
able to keep pace with the rise of sea level and of the
Amazon floodplain, leaving long bays at the mouths of all
tributaries except for the sediment-rich Madeira (figs. 5.7E,
5.7F; Sioli, 1968; Tricart, 1975, 1977). At the mouth of the
Amazon, a 25,000 km? delta plain and a subaqueous delta
represent the continuing response of sedimentation to
postglacial sea level rise (Nittrouer et al., 1986a, 1995).

The Orinoco River is confined to the southern edge of its
valley by southeastward tilting associated with the uplift of
the Venezuelan Andes and by the clastic wedge spreading
from the mountains (fig. 5.8). This confinement forces the
channel to cross eight bedrock outcrops that form rapids and
reduce channel migration (Warne et al., 2002). The valley
alluvium is thus limited to a narrow fringing floodplain with
more extensive inland deltas at the mouths of left bank tribu-
taries, such as the Apure and Arauca rivers, where deposi-
tion is induced by backwaters from the Orinoco as their flow
isrestricted by bedrock outcrops. Almost the entire sediment
supply to the Orinoco is provided by left-bank tributaries
draining from the Andes, but only after depositing much of
their load on the gently sloping sedimentary wedge south
and east of the mountains. The right-bank tributaries from
the Guiana Shield have very low sediment loads. The
Orinoco has built the continent’s only large ocean-front
delta, with a 22,000 km? plain consisting of sandy and silty
fluvial deposits near its apex and southern margin, and along
tributaries, grading into muddy and peaty inter-distributary
plains with increasing tidal influence to the north and east
(Warne et al., 2002).

In the upper Paraguay basin, between the Andes and the
Brazilian Shield, the Pantanal of Mato Grosso do Sul, Bra-
zil, comprises a series of low-gradient coalescing alluvial
fans and inland deltas that cover nearly 200,000 km? and
merge with the floodplain of the Paraguay River. Souza
et al. (2002) described the downstream variation of chan-
nel form, inundation, and sedimentation along the largest
of the fans, on the Taquari River. Near the fan apex, the
channels are entrenched, single threaded, and sinuous,
grading downstream to a multi-threaded channel more or
less at the fan surface, which then merges with the Para-
guay floodplain via fans, crevasses splays, and lakes. The
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lower Paraguay floodplain contains extensive sand-bar de-
posits, although significant meander activity also produces
scroll bars and oxbow lakes. Older meander belts, now
distant from the channel, receive only local sediment from
smaller streams that are gradually resurfacing the plain
(Drago, 1990).

The major channels of the upper and middle Parana ba-
sin are exceptionally wide and shallow (width-depth ratio
>100), with significant multi-thread reaches and frequent,
complex sand bars, some of them eroded from older flood-
plain sediment and others deposited directly from the flow
(Orfeo and Stevaux, 2002). Channel shifting by bend defor-
mation occurs at rates of tens of meters per year, but chute
cutoffs can displace the channel suddenly by several kilo-
meters (Ramonell, 2002). The channel thalweg of the middle
Parand also shifts rapidly and erratically within its wide
banks. As the bed narrows and widens, and scours and fills
by up to 15 m in a flood season, the channel vacillates be-
tween single thread and multi-thread behavior, except where
it impinges on resistant terrace materials of Neogene age
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(Drago, 1990). The modern floodplain consists of a complex
of scroll bars, channels, lakes, lacustrine deltas, marshes, and
islands, grading into a delta plain (Drago, 1990).

5.6 The Future
of South American Rivers

The rivers of South America have as yet suffered relatively
little disturbance from human activities, but this situation
is likely to change in coming decades. The most perva-
sive changes are likely to arise through large impound-
ments, channel engineering works to improve navigation,
forest and scrub clearance for agriculture, and urban and
industrial pollution. Large dams have been spreading
throughout the continent since the 1970s, mainly for hy-
droelectric power generation, and the potential for fur-
ther development is large because of the generally high
rates of runoff, the availability of favorable sites for large
dams and reservoirs, and improvements in the efficiency
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of power transmission (Petts, 1990). The Parand River is
the basin most intensively developed for hydropower,
with at least 20 dams on the main stem and tributaries of
the upper Parand already storing 60% of the mean annual
flow. The seasonal flow pattern of the river has already
been significantly altered, and together with toxic efflu-
ent from agriculture and industry, the regulation of the
river-floodplain flow system appears to be reducing fish
catches (Quiros, 1990). There are also major water im-
poundments in the Sdo Francisco and Tocantins rivers in
Brazil, and in the Andes where countries from Venezu-
ela to Chile have constructed reservoirs in the face of high
rates of sedimentation (see chapter 18) and where Bolivia,
Perd, and Ecuador contain large canyons with attractive
dam sites. It is likely that the alteration of flows and sedi-
ment dynamics downstream of large dams throughout the
continent will change channel geometry and channel-
floodplain connections.

The long rivers of the continent also provide navigation,
but the frequent rapids, tortuous mobile bends, and sand
bars limit the access of large modern barges. Several ma-
jor dredging projects aimed at improving navigation have
been initiated or proposed. The general nature of their
impact is likely to be to deepen and simplify channels,
thereby reducing connections with their floodplains and
draining the wetlands of the major alluvial valleys. These
events will likely have a major impact of aquatic and ri-
parian ecosystems.

Deforestation for pasture and cultivation has spread
widely through the continent and is likely to continue
expanding through the Amazon basin for decades. Accel-
eration of sediment supply from deforested areas has ap-
peared in savanna regions of the Brazilian Shield from
widespread cultivation on the drier margins of Amazonia
(Latrubesse and Stevaux, 2002), but sedimentation prob-
lems have not yet been reported in the wetter parts of the
Amazon. However, pollution from urban and industrial
development has already been recognized there (Biggs et
al., 2004). Severe pollution problems also have been asso-
ciated with urbanization and industrialization in more
intensely developed drainage basins of the continent, no-
tably along rivers flowing through the developed coastal
regions of southeast Brazil, the Rio del la Plata estuary of
Argentina and Uruguay, central Chile, and the Caribbean
coast (see chapter 20, Bartone, 1990; Filoso et al., 2003).
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South America’s shape, size, and geographic position, now
and in the past, have acted to influence the development
of diverse coverings of land surfaces with plants of differ-
ent sizes, adaptations, and origins. Underlying geologic
structures have been exposed to weathering regimes,
thereby resulting in a multiplicity of landforms, soil types,
and ecological zones (see chapters 2 and 7). The most no-
table large-scale features are the Andes, which curl along
the western margin of the continent, and the broad swath
of the Amazon lowlands in the equatorial zone. However,
there are also extensive, more ancient mountain systems
in the Brazilian Shield of east-central Brazil and the Guiana
Shield in northern South America. The interplay of envi-
ronmental factors has given rise to a panoply of vegetation
types, from coastal mangroves to interior swamplands,
savannas, and other grasslands, deserts, shrublands, and a
wide array of dry to moist and lowland to highland forest
types (fig. 6.1). The narrower southern half of South
America is also complex vegetationally because of the
compression of more vegetation types into a smaller area
and the diverse climatic regimes associated with subtropi-
cal and temperate middle latitudes.

Alexander von Humboldt began to outline the major
features of the physical geography of South America in his
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extensive writings that followed his travels in the early
nineteenth century (von Humboldt, 1815-1832). For ex-
ample, he first documented the profound influences of
contemporary and historical geologic processes such as
earthquakes and volcanoes, how vegetation in mountain-
ous areas changes as elevation influences the distributions
of plant species, and the effect of sea surface temperatures
on atmospheric circulation and uplift and their impacts on
precipitation and air temperatures (Botting, 1973; Faak and
Biermann, 1986). His initial insights, in combination with
modern observations (Hueck and Seibert, 1972; Cabrera
and Willink, 1973; Davis et al., 1997; Lentz, 2000), still
serve to frame our synthesis of the major vegetation for-
mations of South America.

In this chapter, we relate vegetation formations to spa-
tial gradients of soil moisture and elevation in the context
of broad climatic and topographic patterns. This task is
framed in the context of the three latitudinal subdivisions
of South America that are associated, respectively, with
tropical latitudes and the trade winds, subtropical latitudes
and seasonally shifting air circulation patterns, and middle
latitudes dominated by the westerlies (see chapter 3).

Charles Darwin was also a prominent nineteenth-century
traveler to South America. He journeyed through these three
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latitudinal belts in the 1830s on his voyage in the Beagle
and during excursions on land, and he used those expe-
riences to develop his theory of the evolution of living
organisms (Darwin, 1859). A variety of evidence collected
on his travels served to show that plants and animals
change through time or sometimes go extinct as they are
exposed to natural selection and natural catastrophes.

Thus, it is also important to consider historical and evo-
lutionary changes in the biota, which can leave an imprint
on what species are found in particular places. The flora
of a particular place consists of a listing of all the plant
species to be found there. The number of species, their
respective distributions, and their adaptations to environ-
mental conditions can be described, mapped, and quan-
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tified in a variety of ways. Explanations of those patterns,
however, will often need to consider processes associated
with evolution, in addition to ecological and physiologi-
cal processes.

The early perspectives of Darwin and von Humboldt
presaged modern attempts to understand the nature and
distribution of the flora and vegetation of South America.
Today we relate the modern flora to historical changes in
environments and land connections that were so impor-
tant to the migrations and extinctions of organisms. We also
stress the role of contemporary climates and other aspects
of modern environments that determine the continued suc-
cess of different plant species and their shaping into com-
munities of different structures. Thus, this chapter first
considers the broad vegetation patterns of the continent,
and then reviews the floristic implications of some of the
major paleo-environmental legacies for subdivisions of the
South American flora and vegetation. It concludes with
brief comments about the rapidly changing land cover and
plant and animal distributions of the continent, produced
by the now dominant role of humans on large sections of
the landscape. This approach provides a preface to the
regional environments discussed in more detail later in this
book.

There are a variety of ways in which the vegetation
types of South America have been mapped and classified
(Hueck and Seibert, 1972; Cabrera and Willink, 1973;
Dinerstein et al., 1995; Josse et al., 2003; Eva et al., 2004).
Most of these systems combine both the structural or
physiognomic aspects of the vegetation itself (e.g., grass-
land, forest, swamp, desert), as well as the floristic or
biogeographical aspects of the plants that determine the
actual species composition of a particular region. To rep-
resent best the broad scale of plant formations in South
America, we chose the approach developed by Nature-
Serve (Josse et al., 2003) and depicted in their map, “Eco-
logical Divisions of South America” (fig. 6.1). Their system
further divides these 18 broad-scale units into nearly 700
terrestrial ecological systems, which are defined as “groups
of plant community types that tend to co-occur within
landscapes with similar ecological processes, substrates,
and/or environmental gradients.” The intent is to facilitate
the recognition of these units through remote imagery, so
that they may be mapped; in addition, they should be
readily identifiable in the field. Although the detailed map
is beyond the scope of this chapter and is still being refined
by NatureServe (www.natureserve.org), it should provide
an excellent tool for conservation monitoring and man-
agement in the future. Vegetation surveys in the field can
measure the abundance of plants in terms of their sizes,
layering, and composition along transects, typically lin-
ear sampling units that are arranged along or across im-
portant environmental gradients. In this chapter, we
describe what might be found using imaginary transects
placed across South America.

6.1 Tropical South America

We can begin our vegetation survey of South America with
hypothetical transects radiating out from the city of
Manaus, located in the heart of the Amazon basin in Bra-
zil. Manaus was once an economic powerhouse with close
links to North America and Europe during the rubber boom
of the late 1880s. It now owes its development largely to
factories that produce computers and other electronic con-
sumer items. Secondarily, it is the center of an active
ecotourism business that features nearby examples of the
high biological diversity of the Amazon region. Surround-
ing the city are tropical rain forests, some growing on
nutrient-poor white sands, tropical swamps dominated by
palms, and Amazon waterways with blackish clear waters,
muddy sediment-laden waters, and oxbow lakes (see chap-
ter 5; Goulding et al., 1996).

6.1.1 Transect 1: From Manaus to
the Southeast Coast of Brazil

A 3000-km transect beginning in Manaus and heading
southeast would cross a strong physical environmental
gradient, especially in terms of decreasing soil moisture
(see chapter 9; Prance, 1989; Daly and Mitchell, 2000). The
tall, multistory rain forest of the Amazon lowlands gradu-
ally becomes more seasonal, with an increasing proportion
of deciduous trees, until a mixture of grass and low scrub
known as the Cerrado occurs in places where the yearly
dry season can be five or more months long (fig. 6.1). The
seasonally dry southeastern portion of the Amazon basin
is where the major arc of today’s tropical deforestation is
located (Achard et al., 2002), because the marked dry sea-
son allows people to set fires that convert forests to grass-
lands. A large percentage of the Cerrado biome recently has
been converted to industrial soybean production (Oliveira
and Marquis, 2002).

Toward the Brazilian coast near its prominent eastern
bulge (fig. 6.1) are drylands known as Caatinga that were
originally covered by small-leaved and often thorny shrubs
several meters tall. This scrub vegetation type has been
used extensively as ranchlands and, when irrigation is
possible, is suitable for agriculture such as arabica coffee
production. Moving southward along the coast, the coastal
uplands are exposed to humid air masses from the Atlan-
tic Ocean. These moister environments support the Atlan-
tic rain forests, originally extending over 3,000 km from
6° to 32°S latitude, and isolated from the Amazon rain for-
ests to the west and north. These 20-30 m tall forests are
much threatened by deforestation and the pernicious in-
fluences of habitat fragmentation (Ranta et al., 1998;
Galindo-Leal and de Gusméao Camara, 2003). They are in
fact the epitome of the concept of threatened biological
hotspots, as defined by Myers et al. (2000), in that over
75% of the habitats are strongly degraded, yet the area still
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harbors exceptionally high levels of endemism due to nu-
merous species only found locally.

Close inspection of the Amazonian forests through large
inventory plots that identify thousands of individual trees
reveals that the dominant tree species shift from place to
place (Pitman et al., 2001), undoubtedly with parallels in
the Atlantic rain forests. This aspect in turn suggests that
variations in modern and historical environments as well
as disturbance-related phenomena form important, some-
times subtle, spatial gradients that organize the flora into
different forest types or phases. Tuomisto and Ruokolainen
(1994) and Duivenvoorden (1995) documented the role of
relatively minor changes in topography, soil type, and soil
moisture in determining different species’ compositions in
both the canopy and the understory layers. Junk (1989) had
already pointed out that differences in flooding tolerance
sort out tree species along environmental gradients going
from upland to floodplain to swamp forests. Fine et al.
(2004) suggested that these Amazonian environmental gra-
dients also have consequences over evolutionary time. Not
only do closely related tree species grow on different soil
types in the same area in the western Amazon, but the
species adapted to the more impoverished white sand soil
type are apparently more protected by their leaf chemis-
try from herbivory by insects. Plant-animal interactions can
be antagonistic, as in the case of herbivory, but also include
hundreds of cases of mutualisms, for example when flow-
ers are adapted to provide nectar to visiting pollinators,
which then carry pollen to other flowers, thus allowing
cross-pollination to take place.

Important site-to-site differences in species composi-
tion also characterize the Neotropical savannas, again due
torelatively subtle environmental changes in conjunction
with disturbances and interactions with animals. Furley
(1999) described how the mosaics formed by open wood-
lands, arboreal grasslands, and open grasslands in the
Cerrado in turn include fine-grained differences that are
associated with minor shifts in edaphic conditions or are
the product of disturbances such as fires. The tropical dry
forests are ecotonal to these savannas and as a result can
also be affected by fires, and indeed may have a grass un-
derstory. Other dry forests are only partly deciduous and
may rival their rain forest neighbors in their stature and
diversity. Pennington et al. (2000) documented their mar-
ginal but wide geographic distribution and used that
information to suggest that these forests, in addition to
the drier forms found in the Caatinga, Cerrado, Chaco, in-
termontane valleys of the Andes, and the dry phases of
Caribbean forests, were remnants of an even wider dis-
tribution under more seasonally dry conditions in the
past. The distribution of many plant groups across this
entire subhumid and semi-arid belt suggests that under
Pleistocene climatic episodes of major glacial expansion
in the tropical Andes and at higher latitudes, such forests

would have persisted over much larger areas of the tropi-
cal lowlands.

6.1.2 Transect 2: From Manaus Northward
to the Atlantic and Caribbean Coasts

A 1,000-1,500-km transect extending north from Manaus
would illustrate a different set of changes in the present
physical environment. This hypothetical transect would
cross from the Amazon rain forests into the fringes of the
largely sandstone mountains of Guiana Shield and then
into the Llanos of Venezuela and Colombia (fig.6.1). The
Llanos are renowned for their tropical savannas, with a
progression from extensive palm swamps to seasonally
inundated grasslands, and then mixed savanna-shrublands
similar to some of the Cerrado vegetation farther south in
Brazil. Plant adaptations include mycorrhizal mutualisms
between plant roots and fungi that permit survival on nu-
trient-poor soils. Plants found in wetlands have special-
ized tissues that keep their root systems aerated. Those
species subjected to fire often are able to resprout, quickly
replacing damaged leaves and branches and so recovering
their ability to photosynthesize.

North of the Llanos in Colombia, Venezuela, and
Guyana, the flora and vegetation along the coast and some-
what inland show strong affinities with the Caribbean re-
gion farther north (fig. 6.1). Much of this vegetation is
deciduous forest or scrub, but there are many variations
present, from deserts along the Colombian-Venezuelan
border to cloud forests on the coastal mountain chains and
in offshore islands like the Venezuelan Isla Margarita or
nearby Trinidad.

Particularly in southern Venezuela, the sandstone-
topped tepuis are a prominent feature of the landscape;
these are parts of the Guiana Shield that have proven es-
pecially resistant to weathering (fig. 6.1). They serve as
dramatic outposts for plants that can thrive at elevations
1,000-2,000 m above adjacent lowlands, often growing in
bogs or on bare rock. Because of their isolation from other
tropical uplands, the species here are unique, and the re-
gion is recognized as one of the foremost centers of ende-
mism in the New World (Berry et al., 1995; Davis et al.,
1997), especially for plant families such as Bromeliaceae,
Ochnaceae, Orchidaceae, Rapateaceae, Velloziaceae, and
Xyridaceae.

Givnish et al. (2000) used both DNA and morphologi-
cal data to reconstruct the likely evolutionary lineages of
the Rapateaceae in the tepuis and nearby lowlands of the
Guiana Shield. They hypothesized a family origin 65 mil-
lion years ago, subsequent colonization and evolution on
individual tepuis uplands, and occasional long-distance
dispersal among the uplands, including at least one event
that crossed the Atlantic and resulted in the colonization
of a similar environment in west Africa. Floristic unique-
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ness is thus due to evolution and isolation, but also can
show evidence of long distance dispersal at times in the
past to help explain the plants found in these unique
places, called the “Lost World” by novelist Arthur Conan
Doyle. Such phylogenetic reconstructions are beginning to
elucidate the confounding and at times complementary
roles of vicariance by plate tectonics and by dispersal
(Young, 2003; Givnish and Renner, 2004; Berry and Riina,
2005).

To the east of the Guianan highlands and north of the
Amazonian region lies another extensive area of lowland
humid forests (fig. 6.1). These are designated the Guianan
lowlands because they differ somewhat in floristic com-
position from central Amazonian forests, reflecting the
influence of poor soils derived from the erosion of the
Guiana Shield. They also occupy drainage basins that
empty directly to the Atlantic Ocean rather than to the
Amazon system.

6.1.3 Transect 3: From Manaus to the Andes

A third hypothetical transect from Manaus, this time ex-
tending 1,500—2,000 km to the northwest or west or south-
west, would traverse some of the wettest and most diverse
areas of the Amazon basin (ter Steege et al., 2003), and then
extend into the Andes of Venezuela, Colombia, Ecuador,
Perd, or northern Bolivia. Such a transect would cross more
marked environmental gradients, with an initially gradual
but then abrupt transition from the Amazon lowlands to
the slopes of the Andes (see chapter 12; Luteyn and
Churchill, 2000). The forest trees grade from tall rain-
forest specimens, with the canopy often at 25 to 35 m and
emergents to 50 m, to the Andean foothills where Amazo-
nian trees of those heights intermingle with the lower limit
of Andean trees and shrubs. The tropical premontane for-
ests of the foothills, and the belts of montane forests found
sequentially up to timberline at around 3,500 m, become
progressively shorter in stature with rising elevation. How-
ever, they remain dense, with understory shrubs or bam-
boos, and are often immersed in fogs resulting from the
uplift and cooling of humid air. Trees become festooned
by epiphytes, from mosses and filmy ferns to some of the
several thousand species of orchids for which the region
is well known.

Both von Humboldt and Darwin visited the Andes in
different locations on their travels, observing how the veg-
etation changes along steep elevational gradients. Above
the upper limits of tree growth, even up to snowline, plants
are still present, where they form grasslands or open mead-
ows of low-growing herbs or miniature shrubs. These plants
are often exposed to freezing temperatures during the night,
then warm temperatures during the day. Since they occur
in the tropics, there is no lengthy cold season, and plants
appressed to the ground are able to photosynthesize as long

as solar radiation reaches them. Elsewhere in the Andes,
moisture is the main limitation to plant growth, particu-
larly in places not reached by the direct influences of the
trade winds or where rain-shadow effects dry out air par-
cels. In these localities, the dominant vegetation is usually
some kind of shrubland, dominated by heavily branched,
woody plants just a few meters high. Drier places have
thorny woodlands, cacti, or possibly tropical dry forests,
depending on the intensity of past deforestation and the
persistence of goats and sheep.

The Andes are also home to millions of farmers, work-
ing their lands for the production of field crops such as
maize and potatoes, and for the grazing of livestock
(Denevan, 2001). The mosaic of shrublands, seasonal grass-
lands, and forest patches found in these humanized land-
scapes still contain much diversity, in particular the
high-beta diversity that signifies much species turnover
from place to place. The native flora contains many en-
demic species, the result of internal barriers due to topog-
raphy and to limited extensions of particular ecological
zones, both of which add to speciation processes that re-
sult in the presence of numerous species with small ranges
(Young et al., 2002). As a generalization, tropical highlands
have higher levels of endemism than do tropical lowlands,
even though alpha diversity, the number of species found
in one place, of the highlands may never rival that found
in most tropical rain forests.

6.1.4 Transects 4 and 5:
From the Andes to the Pacific

The western side of the tropical Andes collectively in-
cludes the widest gamut of physical environments on the
continent, where a relatively short 200-km-long transect
from over 5,500 m on the highest peaks in Ecuador or Co-
lombia would end in some of the wettest lowland tropical
rain forests in the world, namely the Moist Pacific-
Mesoamerican region (fig. 6.1), known more commonly as
the Chocé forests. This area is renowned both for rainfall
totals nearing 10 m yr~! and for its high plant diversity
(Gentry, 1982a, 1986). While many plants are endemic or
show close evolutionary relationships to relatives on the
eastern side of the Andes (Gentry, 1982b), others come from
Central American groups that have dispersed along the
Pacific coast from the tropical forests of lowland Panama
(Jackson et al., 1996). The extensive mangrove forests in
Pacific intertidal waters are considerably more diverse in
tree species than those along the Caribbean and open At-
lantic coasts of South America (Tomlinson, 1986; Seeliger,
1992).

A similar hypothetical elevational transect farther to the
south would begin with the highest peaks in Peru or Bolivia,
traverse the bare high-elevation steppes or deserts and salt
pans of the dry central Andes, and then descend southwest
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to the Peruvian Desert or west to the Atacama Desert (fig.
6.1). These coastal deserts are among the driest places in
the world, with much of the region receiving, on average,
only 2—20 mm of precipitation a year. Most precipitation
arrives as tiny droplets of moisture derived from the per-
sistent fogs and low stratus clouds that move onshore over
cold Pacific waters (see chapter 10). Plants here either
depend on slight atmospheric moisture, or else go dormant
as seeds to await infrequent rains, notably those associated
with major El Nifio events that occur once or twice a de-
cade (see chapter 19).

6.2 Subtropical South America

The subtropics include mixtures of floras, vegetation types,
and climatic influences from both the tropical and higher
to middle latitudes. In the Southern Hemisphere’s late spring
and summer months (December to March), the tropical in-
fluences predominate as the Intertropical Convergence Zone
shifts southward and warm moist air masses from the cen-
tral Atlantic Ocean and the Amazon basin are carried far to
the south (see chapters 2 and 3). The lowlands include trees
from the southern Amazon basin that reach southward into
northern Argentina. However, the species must also resist
the cold air masses that press their way to the north in the
winter months (June to September), originating with cold
fronts pushed along by the westerlies and then directed to
the north by the Andes (see chapter 3). This seasonal shift
in air circulation patterns has been termed the South Ameri-
can monsoonal system (Zhou and Lau, 1998).

Similarly, the vegetation types of the subtropical Andes
come from a mixture of plant species, some having their
principal distributions to the north in the tropics, with
neighbors that have mainly temperate distributions in
mountains farther south (Cleef, 1979a, 1979b). This effect
creates a regional diversity pattern of relatively high num-
bers of plant species in the lower latitudes of the subtrop-
ics (Zuloaga et al., 1999).

Much of Paraguay and northern Argentina is covered by
the dense shrublands and woodlands of the Chaco (fig. 6.1).
Plant growth is seasonal; the shrubs leaf out and maximize
photosynthesis when seasonal rains begin and danger of
frost has passed. Farther to the north, in eastern Bolivia and
adjacent parts of Brazil, lie the wetlands of the Pantanal.
This region, which receives water and groundwater re-
charge from seasonal rains and runoff, is covered by
marshes, palm swamps, and flood-tolerant tree species. The
Pantanal lies between the Chaco and Cerrado regions, and
grades northward into tropical savanna and lowland rain
forests (fig. 6.1).

A 1,500 km-long hypothetical transect from the Pantanal
to the east would cross the scrub and forested mountains
of southeast Brazil, eventually ending in the subtropical
portion of the Atlantic rain forest, where numerous plant

groups are found that have affinities with plants occurring
either in the Andes or to north in the Amazon basin.

6.3 Temperate South America

Along the southwest coast of South America, a north-south
transect of approximately 3,000 km would extend from the
southern limit of the hyper-arid Atacama Desert near 30°S,
cross the Mediterranean-type shrubland and woodland
ecosystems of central Chile, then transition through the
mixed evergreen-deciduous forests south of 36°S into the
Moist Pacific temperate ecological region, and terminate
in the bleak landscapes of Tierra del Fuego (fig. 6.1). West
of the Andes, between 30 and 36°S (38°S in the Central
Depression), are sclerophyllous shrublands, consisting of
plant species with small, rigid, xeromorphic leaves adapted
to hot, dry summers and wet, cool winters. Moist, moder-
ate springs and autumns provide two seasons in which
plant growth is feasible. The mostly evergreen vegetation
is an adaptation to this climatic seasonality shared with
other Mediterranean-type climate regions around the
world, such as California, the southwestern tip of Africa,
southwest Australia, and the Mediterranean basin itself.
The plants of the Chilean matorral (shrubland) are among
the most unique in South America, with almost 60% en-
demic and some with their closest relatives in North
America, in the shrublands or deserts of California (see
chapter 11). Although there is clear evidence that long-
distance dispersal has operated repeatedly between the
Mediterranean regions of Chile and western North America
(Berry, 1995; Simpson et al., 2005), the physiognomic simi-
larity of the vegetation of central Chile with that of central
and southern California appears to be primarily due to
convergent evolution under similar climates.

A hypothetical transect from the lowlands of the Medi-
terranean zone of Chile into the Andes would reflect the
high degree of vegetation heterogeneity associated with
topography and precipitation gradients. In the lowlands,
which have been heavily transformed by human activities,
remnant vegetation includes sclerophyllous shrublands
and dry thorn woodlands. At higher elevations in the
Coastal Cordillera and the Andes foothills, sites are more
mesic and are dominated by evergreen sclerophyllous trees
and tall shrubs. The highest elevation forests consist of
winter-deciduous Nothofagus trees, a strictly Southern
Hemisphere genus that continues to dominate forests to the
southernmost limit of forest on Tierra del Fuego.

South of the Mediterranean-type ecosystems is a rela-
tively narrow zone of deciduous Nothofagus forests that
grades into mixed deciduous-evergreen Nothofagus forests
at about 36°S (fig. 6.1). The former is interspersed with
sclerophyllous forests and shrublands, and has been highly
altered by human activities. The evergreen Nothofagus spe-
cies are typical of areas with higher precipitation and less
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extreme temperatures, whereas deciduous species occur in
lowland sites with hot dry summers, in subalpine forests
ecotonal to Andean tundra, and on sites transitional to the
dry Patagonian steppe at high latitudes (see chapter 13).

The highest precipitation in middle and high latitudes
(37 to 56°S) is found in coastal and foothill locations where
persistent westerly winds bring in moisture-laden air
masses from the Pacific Ocean. These air masses also bring
high precipitation, as rain or snow, to elevations above 800
m at these latitudes. Temperate rain forests occur over most
of the area along the western side of the continent south of
approximately 37°S (fig. 6.1). In southern Chile, maximum
forest biomass and woody species diversity occur in the
north (around 40°S) and gradually decline southward along
the environmental gradient toward cooler temperatures
and shorter growing seasons (see chapter 13). The floristic
composition of these rain forests, specifically the abun-
dance of endemic species and genera, reflects a long pe-
riod of isolation from other major floras (Arroyo et al.,
1996). It is in this region that the Neotropical elements mix
with Gondwana elements shared with other Southern
Hemisphere land masses. The plant species here have
evolved in isolation from other temperate forests over at
least the past 50 million years.

The temperate rain forests of South America, like their
counterparts in the Pacific Northwest of North America, are
characterized mainly by evergreen trees of great age and size,
and high total biomass. In the South America, however, the
evergreen trees are primarily angiosperms, whereas in North
America the conifer (gymnosperm) element is overwhelm-
ingly dominant. Temperate rain forest zones in both hemi-
spheres are characterized by cool summer temperatures,
relatively mild winters, and abundant moisture throughout
the year, but owing to the smaller size of the land mass at
higher latitudes in South America, temperature seasonality
there is relatively muted (Veblen and Alaback, 1996).

A hypothetical west-east transect across the Andes at
about 40°S would reveal shifts in land cover from tall rain
forests in Chile to the low vegetation of the high Andes, pass
through mesic (but less species-rich) forests on the Argen-
tinean side of the Andes, and then transition to xeric wood-
lands in the Andean foothills and Patagonian plains. Farther
east, the aridity of the Andean rain shadow combines with
the interior location to provide for vast areas of steppe with
low shrubs and bunchgrasses (see chapter 14). To the north-
east, these steppes grade into the grasslands of the Pampas
of east-central Argentina, renowned for their good soils and
grasses, and for high plant and crop productivity. Originally,
the Pampas extended to the Atlantic coast but they have been
strongly transformed by humans, for both cattle and sheep
ranches as well as for crop agriculture. Here, and in the
steppe and temperate forest regions of both Chile and Ar-
gentina, industrial forestry has planted thousands of square
kilometers of tree plantations with species from North
America and Australia.

South America ends southward in the wind-swept
steppes of low shrubs and grasses of Patagonia (see chap-
ter 14), and in the bogs and forests of Tierra de Fuego (fig.
6.1). Some 7,000 km of latitudinal change separate these
natural environments from the Caribbean habitats of for-
ests and scrub along the north coast of Venezuela. Plant
adaptations to mutualisms with animals and fungi, to dif-
fering degrees of stress due to moisture or nutrient limi-
tations, and to the magnitude and predictability of natural
disturbances can be identified across the continent. It was
in the southern cone of South America where Darwin
found fossils of extinct ground sloths and other large
mammals in 1832 and began thinking about possible ex-
planations of Earth’s biotic history. Further inspired by
the remarkable biota of the Galapagos Islands, where ev-
ery small island had unique species of ground finches and
forms of the tortoise (Moorehead, 1969), Darwin eventu-
ally developed a theory to explain changes in evolution-
ary lineages that result in dramatic place-to-place changes
in the composition of floras and faunas (Browne, 1995,
2002).

6.4 Historical Legacies

Detailed observations on the Galapagos finches by Grant
and Grant (1995) expand upon Darwin’s original hypoth-
eses and show the harsh ways in which natural selection
removes individuals from populations, eliminating over
time their particular gene combinations from the breeding
pool. Average beak size and shape in the finches are quite
responsive to the stresses in a particular year, a popula-
tion-level result of these sources of differential mortality.
Over much longer time periods, new species and novel
adaptations appear.

The legacies of past evolutionary regimes, of selective
extinctions of some but not other lineages of plants and
animals, and the direct or indirect connections to other con-
tinents have left their marks on the flora of South America.
Given the multiple influences and the length of time in-
volved, deciphering these factors is a difficult and incom-
plete task. Nonetheless, it is possible to detect the influence
of the ancient breakup of the supercontinent Pangea into its
Southern Hemisphere land masses belonging to Gondwana,
and then the further separation of Gondwana into the con-
tinents of today (see chapters 1, 2, and 8; Parrish, 1993).
Podocarpus trees, for example, are an ancient lineage of
conifers, with leaves similar to those contained in fossils
from 100 million years ago. They are found today in the
lowland and upland forests of the Southern Hemisphere
continents that were once united in Gondwana: Africa,
South America, Australia, New Zealand, New Guinea and
others. Thus, podocarps are found throughout South
America, but typically are not the dominants, rather shar-
ing ecological space with more recently evolved tree groups,
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including some that originated in tropical areas to the north
of the equator.

Over geologic time, the tectonic movements that raise
hills and mountains may be counteracted by weathering and
erosion that wear down those land surfaces into areas of
relatively low relief. Thus, the rocks in the Guiana and Bra-
zilian Shields are amalgams of ancient lands that have ex-
isted in one form or another for over a billion years (see
chapter 1). These and other such places may have served in
the past as sources of plant lineages that currently occupy
other areas, for example those formed as the Andes began
to rise during later Cenozoic time. The products of weath-
ering and erosion can be found deposited in thick sediments
at the base of the Andes, in the Amazon and Orinoco ba-
sins, and beneath the plains supporting the Pantanal wet-
lands and Chaco shrublands. For example, some of the
modern ecological diversity in the Amazon basin is due to
the presence of white sands and other unique soil types
embedded into a general matrix of Oxisols and Ultisols; these
sands originate from the weathering, erosion, transportation,
and deposition of materials from sandstones originally
found in distant uplands (see chapter 7).

The Andean orogenesis that has dominated the western
margin of South America during later Cenozoic time has
been the key to the development of aridity in a large sector
of the southern and western parts of South America and to
the evolution of the flora adapted to it. The development of
the Andes has involved a complex sequence of events ex-
tending back over more than 500 million years, but the most
recent phase of uplift, over the past 25—-30 million years, has
shut off the westward flow of moist tropical air masses from
the Atlantic Ocean from the Pacific coast (see chapters 1, 2,
and 3). Similarly, prior to this blockage, the eastward flow
of moist Pacific air masses would have maintained a wetter
climate, at least seasonally, over a much larger area of sub-
tropical and midlatitudes in the southern part of the conti-
nent. The legacies of this Andean uplift are thus reflected
in peculiar biotic distributions across the continent.

Pleistocene glaciations have also left their legacy, both
on the physical landscape (see chapter 4) and on the organ-
isms inhabiting areas under their influence. The repeated
glacier advances of the Pleistocene, followed by the retreat
ofice and upslope shifts of many plant and animals species,
have been a particular feature of the last two or three mil-
lion years. Direct impacts can be seen in the topography and
soils of the Andes, certainly in the Patagonian Andes but
also in the tropical and subtropical Andes above 3,000 m,
with the indirect legacies of related climate changes expe-
rienced over much of the rest of the continent. However, the
persistent effect of these changes on the composition and
distribution of lowland plant species is controversial. Some
scholars detect current distributions that have resulted from
past climate change acting over large areas of the Amazon
lowlands (Prance, 1982), while others question their data,
methods, and conclusions (Colinvaux, 1996, 1997). Given

the complexity and size of the areas involved, multiple ex-
planations are likely to be needed (Bush, 1994; Bates et al.,
1998; Ron, 2000).

6.5 Recent Changes

Flora and vegetation are affected by current ecological
processes acting upon the legacies of past Earth history,
including speciation, adaptations, and extinctions. Over
short time periods, rapid changes in land cover and plant
usage may be outside the range of those kinds and magni-
tudes of change experienced by plant species in their evo-
lutionary past. If so, increased extinction rates are possible
and indeed likely. This concern is one of the factors driv-
ing research interests in mapping the locations of defores-
tation and other land cover conversions (Eva et al., 2004),
and predicting the consequences for biological diversity.
In some places, the conversion might predate European
colonization, given the antiquity of dense human settle-
ment in some parts of the tropical Andes and western
coastal South America (Lynch, 1980; Sandweiss et al.,
1998; Shady et al., 2001), and perhaps elsewhere. Else-
where, the growth of cities and globalization is currently
producing novel land covers and usages (see chapter 20;
Gwynne and Kay, 2004).

The regional differences in biota described in this chap-
ter and exemplified elsewhere in this book speak to the
importance of understanding the underlying biogeographi-
cal patterns and processes of South America’s biological
diversity. Knowledge of specific places is crucial, as is sci-
entific understanding of the reasons for spatial changes,
including those affecting plant cover. Land-use systems
imposed by people upon those living systems create both
opportunities and responsibilities (e.g., Kellman and
Tackaberry, 1997). The resiliency of vegetation in relation
to natural disturbances, and the environmental gradients
that define the distributions and range limits of species,
can be used to help predict future changes in flora and veg-
etation cover, given trends of change in current land use
and population density. It is likely that von Humboldt and
Darwin would be pleased by the further insights into physi-
cal geography that have accumulated since their respec-
tive expeditions to South America two centuries ago. They
would probably be distraught, however, by the profound
shifts that have occurred in the environment since their
visits, shifts imposed by human activities, both deliberately
and inadvertently.
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Soils

Stanley W. Buol

Soil is a physical, chemical, and biological medium at the
upper surface of Earth’s land areas capable of accepting
plant roots and thereby enabling plants to extend their
photosynthetic tissues upward and intercept radiant en-
ergy from the sun. Each day, chemical and biological ac-
tivities in soil change in response to temperature and
moisture dynamics. Each soil has a range of physical,
chemical, and biological properties determined by inher-
ited mineral composition and biogeochemical processes
existing in a quasi-steady state of flux.

Most primary minerals in soil formed in geologic envi-
ronments of high temperature and pressure. When exposed
to lower temperatures and pressures, meteoric water, and
organic compounds near Earth’s surface, primary miner-
als slowly decompose in response to weathering processes.
As primary minerals weather, some elements necessary for
plant growth are released as inorganic ions, some reas-
semble to form secondary silicate and oxide clay miner-
als, and some elements are lost via dissolution and
leaching. After prolonged or intense weathering, few
minerals containing elements necessary for plant growth
remain.

Weathering most often occurs in or slightly below the
soil but may not be entirely related to the present soil.
Material from which a present soil is formed may have been
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weathered in a soil environment, and eroded and de-
posited many times before coming to rest in its present
location. Such materials are often almost devoid of nu-
trient-bearing minerals, and the soils formed provide scant
amounts of the elements essential for plant growth. In con-
trast, minerals exposed to a soil environment for the first
time on rapidly eroding slopes, fluvial deposits, or as vol-
canic ejecta succumb more rapidly to weathering and re-
lease essential elements in forms needed by plants.

Plants ingest inorganic ions and water from the soil
through their roots and combine them with carbon secured
as carbon dioxide from the air, and with hydrogen and
oxygen from water to form organic tissues. Organic resi-
dues are added to the soil as various plant parts, insects,
and animals die. Microorganisms in and above the soil then
decompose the organic residues, carbon returns to the air
as carbon dioxide, and essential elements contained in the
organic compounds are released as inorganic ions within
the soil. With the exception of carbon, nitrogen, hydrogen,
oxygen, and some sulfur, all of the elements necessary for
plant growth are derived from decomposition of minerals
in the soil.

Some accumulation of organic compounds is a univer-
sal process in the uppermost layer of all soils. Organic
carbon content of each soil exists at a level determined by



the rate of accumulation via photosynthetic production of
plant material and rate of organic decomposition by mi-
crobes in the soil. Organic compounds in plant and ani-
mal residues contain all the elements necessary for plant
growth, but as organic compounds these elements are un-
available to plants. Also, the content of essential elements
in organic residue is highly variable. Plants growing on
soils formed in mineral material deficient in specific es-
sential elements return organic residues deficient in those
elements. The rate at which organic compounds decom-
pose and release the essential elements as inorganic ions
in the soil is critical to the growth of new plants. In fre-
quently saturated soils, organic residue decomposition is
slowed by lack of oxygen needed by microbes, and these
soils have higher organic carbon contents than unsaturated
soils. Colder soils have higher organic carbon contents than
warmer soils because microbial decomposition is slowed
at lower temperatures. Soils maintain higher organic car-
bon contents under forest shade than when cultivated and
exposed to direct radiation and higher maximum diurnal
temperatures for much of the year. Clearing, artificially
draining, and burning are all techniques used by humans
to accelerate organic decomposition and temporally en-
hance the availability of essential nutrients in the soil.

Processes of soil formation are controlled by the mate-
rials available and the energy available to alter those ma-
terials (Buol et al., 1997). Many properties of the mineral
material from which present soils are formed were deter-
mined by ancient geologic events. Within each type of
mineral material temperature and moisture conditions
unique to location on the landscape and ambient vegeta-
tion influence soil properties and processes. However, the
chemical fertility of soil is ultimately limited by the com-
position of the mineral material in which it forms.

Human societies uniquely alter natural soil-bio-
geochemical processes by transporting essential elements,
in the form of food and fiber, from the site where food
plants are grown to distant sites for consumption and waste
disposal. This depletes essential nutrients that originate
from soil minerals at the site where human food is grown.
Although the function of soil is similar in both natural
ecosystems and human food production, distinct quanti-
tative differences are present. Most human food crops
grow and mature more rapidly than native vegetation.
Therefore they require rates of nutrient uptake from the soil
that are several times greater than natural vegetation (Buol,
1995). Human societies are capable of enhancing rates of
nutrient uptake via the application of externally produced
inorganic fertilizer, thereby enabling food crop produc-
tion on soils long considered too infertile for crop pro-
duction. Therefore, in this chapter the role of soil is related
to both undisturbed ecosystems and systems of human
food production.

Many classification systems have been devised to aid
communication of the evolving human understanding of

soils (Buol and Sanchez, 1986). Criteria of soil texture,
color, and to a lesser degree chemistry and mineralogy are
used in most soil classifications. Most soil publications in
South America reflect soil-classification nomenclature in
the United States at the time of publication or that of the
World Soil Map (FAO-UNESC, 1971), and do not identify
soil temperature and moisture regimes. Soil temperature
and soil-moisture regimes are closely related to climate and
although they profoundly dictate many soil uses were not
directly considered criteria for soil classification until the
advent of Soil Taxonomy in 1960 (Soil Survey Staff, 1999).
Nomenclature from both Soil Taxonomy and the World
Soil Map is utilized in this chapter.

7.1 Soil-Temperature Regimes

Mean annual soil temperatures are from 2 to 4°C warmer
than mean annual air temperatures. Soil-temperature re-
gimes (STRs) are defined by two criteria, mean annual soil
temperature and seasonal temperature difference deter-
mined as the mean soil temperature of June, July, and
August compared to the mean soil temperature of Decem-
ber, January, and February (Soil Survey Staff, 1999). If the
mean soil temperature differs seasonally by less than 6°C
the prefix “iso” is placed before the identification of the
mean annual soil temperature. In South America, almost
all soils north of the Tropic of Capricorn, and along the
entire extent of the Pacific coast where the ocean molli-
fies seasonal temperature differences, have “iso” STRs.
Seasonal soil temperatures seldom have to be considered
when planting food crops in soils with “iso” STRs. Cold
soil temperatures seasonally limit crop growing only in the
“non-iso” STRs of southern temperate latitudes (Van
Wambeke, 1991).

Figure 7.1 outlines the location of STRs in South
America. Complexes of isomesic, isothermic, and cryic
regimes are delineated at the scale of the figure, indicat-
ing warmer temperatures at lower elevations and colder
temperatures at higher elevations in the Andes.

Soils with mean annual soil temperatures of 22°C or
higher are classified as hyperthermic and isohyperthermic
STRs. Freezing conditions that may kill citrus trees are
unlikely in these STRs. Thermic and isothermic STRs have
mean annual soil temperatures of 15°C or higher but less
than 22°C. Freezing conditions are seldom a problem in
the isothermic STR. In the thermic STR, summers are warm
enough for cotton and most grain crops but freezing con-
ditions often occur during the winter months. Mesic and
isomesic STRs have mean annual soil temperatures of 8°C
or higher but less than 15°C. Freezing conditions occur
seasonally in the mesic STR but summers are frost-free and
warm enough for most grain crops. In the isomesic STR,
soil temperatures are cool throughout the year and crop
growth is slow. At high elevations, nighttime freezing is
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Figure 7.1 Soil-temperature regimes in South America
(generalized from Van Wambeke, 1981

common and even cold-tolerant crops like potatoes seldom
survive in that part of the isomesic STR with a mean an-
nual soil temperature below 10°C. The cryic STR has mean
annual soil temperatures less than 8°C, and only limited
forage is available for grazing.

7.2 Soil-Moisture Regimes

Soil-moisture regimes (SMRs) are defined in Soil Tax-
onomy to classify a soil’s ability to supply water to plants
without irrigation (Soil Survey Staff, 1999). In soils where
the ground-water table is not reached by the roots of most
crop plants, the SMR is determined by the average reliabil-
ity and seasonal distribution of rainfall in “normal” years.
“Normal” years are plus or minus one standard deviation
of long-term averages. Most food crops require a reliable
supply of water for at least 90 consecutive days. To calcu-
late SMRs, the average monthly precipitation is compared
to the calculated potential evapotranspiration for that
month. A soil-water balance is then constructed for an
average rainfall amount in the area, assuming the available
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water-holding capacity of the rooting zone in the soil to
be five centimeters of water. The SMR is determined by the
duration of time during which water is reliably available,
either from average rainfall or as stored available water in
the soil during a period when soil temperatures are warm
enough to grow the crop.

Figure 7.2 outlines the upland soils in each of the SMRs
in South America. Soils with aquic soil moisture condi-
tions are related to local landscape relief and cannot be
delineated at the scale of the figure. Each of the SMRs can
be briefly summarized as follows.

The aridic SMR has less than 90 consecutive days in
which plant-available water is present in the rooting zone
in normal years. It is not possible to grow most food crops
without irrigation. In normal years, the ustic SMR has at least
90 consecutive days when moisture is available in the root
zone but more than 90 cumulative days when water is not
available in the rooting zone. On soils with an ustic SMR,
at least one crop can be reliably grown each year, and on
some soils it is possible to grow two crops per year, but there
is a seasonal dry period of 90 days or more when crop pro-
duction is not possible without irrigation. The reliable dry
season of the ustic SMR is a distinct advantage for weed and
disease control and grain-crop harvest in isohyperthermic
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Figure 7.2 Soil-moisture regimes in South America (general-
ized from Van Wambeke, 1981)
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and isothermic STRs (Buol and Sanchez, 1988). The udic
SMR has less than 90 cumulative days when water is not
available in the rooting zone in normal years. It is possible
to grow food crops any time of the year without irrigation
when the temperature is warm enough for that crop. In most
udic SMR areas, available water is less reliable during some
part of the year, and farmers often select more drought-
tolerant crops or may choose not to plant during that period,
but perennial plants are adequately supplied with water
throughout most years. The perudic SMR has precipitation
that exceeds potential evapotranspiration during every
month of normal years. Although this may seem desirable,
these areas present weed, insect, and disease problems, and
the constantly humid conditions make it difficult to harvest
mature grain crops. The xeric SMR—often referred to as a
Mediterranean-type climate—has hot dry summers with
cool moist winters. A small area of the xeric SMR utilized
for grape and olive growing is present on the western flanks
of the Andes in central Chile (see chapter 11).

The above SMRs are used to classify only the well-
drained upland soils. Within each SMR area there are soils
where the ground water often saturates the rooting zone.
These soils are identified as having an aquic soil-moisture
condition and are commonly referred to as poorly drained
soils. Soils with such conditions most often occur in ar-
eas adjacent to rivers and lakes, or in broad level areas
within perudic, udic, and ustic SMRs. Soils with aquic
soil-moisture conditions are normally saturated with water
during only a part of the year. As such, they are often sea-
sonally utilized for subsistence food crops, but most require
engineered drainage systems before commercial agricul-
tural production is possible.

7.3 Chemical and Mineralogical
Properties of Soils

Most chemical and mineralogical properties of soils are
derived from the geologic material within which the soil
is formed. Although some chemical and mineralogical al-
terations take place within soil, the initial composition of
the mineral material often determines a soil’s chemical
composition. Among the chemical elements needed for
plant and animal physiology, only carbon, oxygen, hydro-
gen, nitrogen, and to some extent sulfur are derived from
air and water. The other life-essential elements are obtained
from the minerals in the soil. Although an inadequate sup-
ply of any life-essential element limits plant growth, the
most frequent limitations result from insufficient plant-
available nitrogen, phosphorus, potassium, calcium or
magnesium.

Practically no nitrogen is present in soil minerals. Al-
most all of the nitrogen in the soil is in the organic remains
of plants, animals, and microbes. Small amounts of nitro-
gen enter the soil as ammonia and nitrate dissolved in rain-

water, but most enters via fixation from the air by nitro-
gen-fixing microbes. Some nitrogen-fixing microbes in the
soil are symbiotic and the nitrogen they extract from the
air is incorporated into their legume-plant host. Other
nitrogen-fixing microbes are not symbiotic and the nitro-
gen they extract from the air is incorporated into their cells.
Nitrogen is concentrated in organic residues in the surface
layers of soil. As organic residues decompose, inorganic
forms of nitrogen are released into the soil solution and
become available to growing plants, leach into the ground-
water during periods of excessive rainfall, or return to the
air as nitrogen gas during periods when the soil is saturated
with water.

Phosphorus is present in only a few minerals. The iron
and aluminum phosphates are extremely insoluble and do
not release phosphorus rapidly enough for rapid plant
growth. The release rate is so slow that soils with high iron
and aluminum contents tend to absorb phosphate applied
as fertilizer and decrease its availability to plants. Apatite,
a rather soluble calcium phosphate mineral capable of
supplying plant-available phosphorus, is a common source
of phosphorus and often present in limestone.

Potassium is most often present in mica and feldspar
minerals. These minerals are rather easily weathered and
consequently are seldom present in materials that have
been repeatedly transported and deposited on the land
surface.

Calcium and magnesium are most abundant in carbon-
ate minerals associated with limestone and some sand-
stone. Carbonate minerals are also relatively unstable when
subjected to weathering and therefore are present only in
recent sediment, limestone, and some sandstone.

Soil pH is a measure of acidity or alkalinity of water in
the soil and has a direct effect on how rapidly many of the
essential elements are available to growing plants. In the
absence of carbonate minerals, soils are often acid in reac-
tion, and only limited quantities of essential elements
present in the soil are available for plant growth. Acid soils
with pH values less than about 5.2 also have a concentra-
tion of aluminum ions that is toxic to some, but not all crop
plants. To reduce or eliminate aluminum toxicity and in-
crease the availability of the essential elements to plants
growing in acid soils, additions of lime (finely ground cal-
cium and calcium:magnesium carbonates) are desirable
and often necessary for most crop plants (Sanchez, 1976).

The rate at which essential elements in the soil become
available to plants is critical to understanding soil fertil-
ity. Plants extract the elements they need from the soil as
inorganic ions in the soil solution. Of the total amount of
each essential element in the soil, less than approximately
1% is present in an available form. The available amount
of each essential element changes rapidly as the moisture
content of the soil changes and also depends on the rate at
which organic compounds are decomposed to release or-
ganically bound elements as available inorganic ions. Plant
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species differ greatly in the rate at which they need to ac-
quire essential elements for adequate growth. The rate at
which nutrients become available influences natural plant
communities, as can be observed in the succession of fast-
growing species immediately after a fire oxidizes a large
quantity of organic material and releases the essential ele-
ments as inorganic ions available for plant uptake. As quan-
tities of available essential elements in the soil are
transferred into the plant biomass, slower-growing species
invade the area, obtaining the nutrients needed from the
slow decomposition of organic residue deposited by the
death of the fast-growing species that first invaded the site
of the fire.

Human activities in food production are directly related
to the rate at which nutrients are available in the soil. Most
human food crops require from 90 to 120 days to mature.
During their growing period, food crops must have a rate
of nutrient availability in the soil that is many times faster
than required by native ecosystems. For example, a high-
yielding grain crop of rice, wheat, or corn must acquire
approximately as much phosphorus in 90 days as trees
acquire from the same area of land in more than 20 years.
Also, tree roots usually penetrate more deeply and exploit
a larger volume of soil than do the roots of food crops.
Therefore the concentration of available nutrient elements
near the soil surface must be considerably greater to sup-
ply adequately the needs of a food crop than to support tree
growth.

Humans harvest their food crops, transport them to a
domicile that is some distance from the site where the crop
was grown, and return only a portion of the total elements
in the crop plant as residue or manure. Often the seed
portion of the plant is consumed and the less nutrient-rich
stems and leaves are returned to the site of growth. Often
only the root system of the crop plant remains as organic
residue.

Humans have developed many strategies to obtain the
high rate of nutrient availability required for the produc-
tion of food crops. Historically people have populated
areas of soil with high levels of mineral fertility. These are
commonly igneous or volcanic materials of basic mineral
composition, sedimentary rocks such as limestone rich in
calcium, magnesium, and phosphorus, and recent flood
plains frequently renewed with deposits of material de-
rived from fertile geologic materials and eroded surface
soil. Where domestic animals are available and allowed to
forage large areas of native vegetation, essential elements
from that vegetation are concentrated in their excrement
and collected near human settlements, enabling food crop
growth on those sites.

Where the mineral composition of the soils contains
only small amounts of essential elements and a large
amount of slow-growing natural biomass is present, a sys-
tem of food production known as “slash-and-burn” is prac-
ticed. Although some amounts of essential elements are
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volatilized and lost, fire is the primary method of rapidly
decomposing organic material and creating a short period
when a high rate of nutrient availability is present in the
soil. As the biomass is burned the essential elements con-
tained are released as inorganic ions. If there is enough
biomass at least one 90-day food crop can be successfully
grown from the essential elements released from organic
compounds by the fire. If correctly done, burning also as-
sures that the surface temperature of the soil becomes high
enough to reduce weed competition by killing most weed
seeds near the soil surface. A second and third crop is of-
ten possible before the available supply of essential ele-
ments is exported from the field as human food and the
rate of nutrient availability is reduced to a point that crop
yields are so low and/or weeds become such a major prob-
lem that the farmer plants no more crops. After the farmer
abandons the land, it is invaded by a succession of native
communities that are able to grow with lower rates of nu-
trient flow from the soil. After some years the vegetation
can again be cut, dried, and burned to obtain a site for
another brief sequence of crop plants. This method of nu-
trient availability management has numerous variations
among different indigenous cultures (see chapter 16). Be-
cause of the long periods of time, usually between 10 and
30 years, that must be allowed for natural vegetation to
accumulate sufficient quantities of essential elements
needed to fertilize a food crop after burning, only low hu-
man population densities are sustained by slash-and-burn
agriculture. In areas where infrastructure enables crops to
be exported and essential nutrients imported as concen-
trated fertilizer, continuous food-crop production is prac-
ticed on even the most chemically infertile soils. Many
combinations and variations of these strategies presently
are in use in parts of South America.

The mineral composition of soils results not only from
the initial underlying rocks but also from geologic materi-
als that have been altered by exposure to weathering dur-
ing many cycles of surface erosion and sedimentation prior
to deposition in the location of the present soil. A large
portion of South America encompasses land surfaces ex-
posed to weathering, soil formation, and erosion since
Precambrian time (see chapter 2). In these areas, the geo-
logic materials from which the present soils have formed
are almost devoid of minerals that contain essential ele-
ments, and soil acidity renders the low quantities present
only slightly available to plants. Soils formed in such
materials are not only deficient in available forms of the
major plant-essential elements but also often deficient in
plant-available forms of copper, zinc, boron, and sulfur.
The limited amount of nutrient-poor natural biomass grow-
ing on such areas has an inadequate content of essential
nutrients for slash-and-burn agriculture. Without import-
ing essential nutrients, human habitation is often nomadic
and limited to small isolated sites of somewhat more fer-
tile soil.
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Where tectonic uplift has exposed areas rich in carbon-
ate and other nutrient-bearing rocks, the soils are relatively
rich in essential elements. Other areas with relatively
nutrient-rich material are those derived from volcanic ac-
tivity. Sediments eroded from limestone and volcanic up-
lands, and rather recently deposited in lowlands, often
have high to intermediate mineral fertility. If the mineral
composition of the soil is relatively rich in essential ele-
ments, people are able to grow and harvest food with little
or no attention to the chemical fertilization of the soil. Crop
yields are usually low but reliable.

Regardless of soil’s natural fertility, importing essen-
tial elements to compensate for those harvested in human
food can increase crop yields. Applying animal and hu-
man wastes, wherein the essential elements have been
gathered from sites distant from the food-growing area,
is a partial solution in many cultures (see chapter 16).
However, the concentration of essential elements in or-
ganic residue and waste materials is low, transportation
is difficult and expensive, and the rate at which the resi-
dues decompose to release inorganic ions for crop uptake
is slow. Where commercial infrastructure is available,
concentrated inorganic fertilizers have proven to be the
most economical method for supplying nutrients har-
vested in human food. In areas where all the soils are acid
and extremely deficient in essential elements, importa-
tion of lime and fertilizer is the only method of food pro-
duction possible.

The broad soil regions of South America are outlined
in figure 7.3. Within each region, significant soil differ-
ences related to topographic position, geologic material,
and moisture conditions are present. Such localized con-
ditions may depart significantly from the general charac-
ter of each region and form the basis for further distinctions
in plant cover and land use.

7.4 Soils of Mountainous Regions (M)

The major mountainous region in South America is the
Andean chain along the west coast of the continent.
Formed by repeated tectonic uplift and associated volca-
nic activity, the mineral composition of the soils is diverse.
Some of these materials are limestones rich in carbonate,
while other parts of the Andes expose granites and schists
relatively poor in essential elements. Volcanic ash and
basalts of various ages, including recent volcanic activity,
form Andisols (Andosols).! Tectonic instability, steep
slopes, and glaciers at the highest elevations have resulted
in rapid erosion of surface materials in the Andes.
Inceptisols (Cambisols) are prevalent on mountain slopes

1. Nomenclature of Soil Taxonomy (Soil Survey Staff, 1999) is used to
identify soils and, where applicable, the corresponding units of the Soil Map
of the World (FAO-UNESCO, 1971) follow in parentheses.
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Figure 7.3 Soil regions of South America (generalized from
FAO-UNESCO, 1971)

not covered by volcanic ash. When formed in basic rock,
the soils are fertile Eutrudepts and Haplustepts (Eutric
Cambisols), but on acid igneous rock the soils are acid,
infertile Dystrudepts and Dystrustepts (Dystric Cambisols).
Orographic control of moisture-laden air masses results in
locally contrasting SMRs. Elevation is inversely related to
STRs.

The broad intermountain valleys of the Andean Altipl-
ano have deep soils with mineral composition that reflects
the composition of adjacent mountains but is often mixed
with contrasting materials and admixtures of volcanic
materials. Many of these valleys have nutrient-rich Alfisols
(Luvisols) and Mollisols (Phaeozems) but, where material
is derived from acid igneous rocks such as granite, some
contain nutrient-poor Ultisols (Nitosols). In the broad cen-
tral portions of the larger valleys, the water table is near
the surface and aquic soil-moisture conditions (Gleysols)
are present. Organic soils, Histosols, are present in some
areas near rivers and lakes. Rainfall decreases southward
in the Altiplano. A udic SMR is present in the northern
valleys, and a ustic SMR occurs toward the south. Eleva-
tions in most of the Altiplano are above 3,500 meters, and
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the STR is isomesic with extreme diurnal temperature flux.
The year-round cool temperature slows the rate of crop
growth, but the relatively fertile soil mineralogy of recent
sediments and volcanic ash support limited agriculture and
grazing.

The western slopes, valleys, and coastal plains between
the equator and 32°S latitude have an aridic SMR and are
dominated by Aridisols (Yermosols) and associated
Torriorthents (Regosols). Over many centuries, humans
have constructed irrigation systems that collect runoff
water from higher elevations for use in food-crop produc-
tion on portions of the coastal plain and in narrow pied-
mont valleys (see chapter 19). Most of the soils selected
for irrigation are formed in nutrient-rich sediments and
have an isohyperthermic or isothermic STR and abundant
solar radiation. Conditions are more humid north of the
equator where the coastal plain is broader and outlined as
lowlands (L6) in figure 7.3.

South of 32°S latitude, most of the western slopes are
thickly blanketed by rather acidic Andisols (Andosols) and
have xeric, ustic, udic, and perudic SMRs. The STR near
the coast is isomesic due to year-long temperature modifi-
cation by the ocean, but inland the STRs range from mesic
to cryic at higher elevations. The rugged topography is
primarily used for forestry and grazing, with mixed farm-
ing and dairy operations in the warmer valleys.

The eastern slopes of the Andes north of about 25°S
latitude have deep and usually infertile Ultisols (Nitosols)
and Dystrudepts (Dystric Cambisols), with udic and
perudic SMRs. Most areas are sparsely populated with
subsistence slash-and-burn agriculture. To the south, the
lower elevations of the eastern slopes have Aridisols
(Yermosols) and associated soils with an aridic SMR. Low-
intensity grazing is the primary land use.

7.5 Upland Soils (U)

The upland areas portrayed in figure 7.3 include the an-
cient Guyana, Brazilian, and Patagonian shields. The
Guyana shield uplands of eastern Venezuela, the interiors
of Guyana, Surinam, French Guiana, and the northern ex-
tremity of Brazil are a complex of hilly to mountainous
uplands of igneous and sandstone rock surrounded by
more level plateaus of soil material that has been repeat-
edly weathered, transported, and redeposited over geologic
time (U1). Except for rare intrusions of basic rock where
Alfisols (Luvisols) are present, all of the soils have low
contents of essential elements, and most are Ultisols
(Acrisols). Many of the sandy soils in the plateaus are
Psamments (Arenosols) and the finer textured soils are
Oxisols (Ferralsols). Some of the soils contain appreciable
amounts of ironstone gravel and iron-enriched plinthite
horizons. On steep slopes, soils tend to be shallow, namely
Lithic subgroups of Inceptisols (Lithosols). Most of the area

Soils

is covered with tropical forests. Limited populations prac-
tice shifting slash-and-burn cultivation for subsistence.

The Brazilian shield, centered on the watershed uplands
between the Amazon and Parand rivers, dominates central
Brazil (U2). It is a geologically old land where the soils form
in thick deposits of material that has been weathered
through several cycles of erosion and deposition (Lepsch
etal., 1977). Quartz, kaolinite, gibbsite, and iron oxides are
the predominant minerals in this material. Content of es-
sential elements is very low and the majority of the soils
are Oxisols (Ferralsols).2 The most infertile of these soils,
Acrustox (Acric Ferrosols) support a sparse native vegeta-
tion of grass and low shrubs called cerrado (Lopes and Cox,
1977a,1977b). Each year, wildfires seasonally burn exten-
sive areas during the dry season of the ustic SMR. The
sparse and nutrient poor natural vegetation on these soils
defies even slash-and-burn attempts at utilization for hu-
man food crops. Attempts to graze the native vegetation
often result in nutrient deficiencies in the cattle. With re-
liable infrastructure for marketing and importation of lime
and fertilizer, however, large-scale modern agriculture and
production of beef on fertilized pastures now flourish in
parts of the area (Buol and Eswaran, 2000). On inclusions
of limestone, basalt, and sediment from these more fertile
materials, Eutrustox (Rhodic Ferralsols) are present.? These
more fertile soils, often present in broad bands where an-
cient basalt flows followed valleys in the landscape, were
naturally forested with seasonal deciduous forest. Most of
the deciduous forests were removed as early European
settlers sought the more fertile soils for food-crop produc-
tion. Ultisols (Nitosols) predominate on less infertile sedi-
ment in the southern part of the region in Brazil and eastern
Paraguay. Extensive areas of these soils, augmented by lime
and fertilizer from external sources, are now being utilized
for mechanized agriculture. In addition to wheat, soybeans,
and other food crops, sugar cane for ethanol fuel produc-
tion is grown. With fertilization, much coffee production
has moved into the southern margins of the region. Large
areas of Quartzipsamments (Ferralic Arenosols) formed in
very sandy sediments are near the northern boundary of
the shield as it merges with the Amazon lowlands.

The uplands of northeast Brazil (U3) merge with the
central Brazilian uplands. Infertile Oxisols (Ferralsols)
formed in sediments from the Brazilian shield are present
on ancient plateaus. Psamments (Arenosols) are present on
sandy deposits. In the northeast of Brazil, south of the
Amazon basin, the uplands are nearly level, with some
dissection. The soils formed from sedimentary rocks and
associated local sediment in the valleys have a moderate

2. Oxisols (Ferrosols) are Latossolos in the Brazilian Classification sys-
tem (EMBRAPA, 1981; 1999). “Eutroficos” and “Dystroficos” phases iden-
tify high base saturation and low base saturation, respectively, in the
Brazilian system.

3. See note 2.
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supply of essential nutrients, but moisture is a limiting
factor. Alfisols (Luvisols) are common in the ustic SMR and
Aridisols (Yermosols) in the aridic SMR. Vertisols (Ver-
tisols) are present on some of the more clayey sediments
derived from limestone. The soils in the river valleys are
fertile Fluvents (Fluvisols), many with aquic soil condi-
tions (Gleysols). The chemical fertility of the soils attracted
European settlers to the area but, as population density
increased, attempts to farm the less fertile soils resulted in
low yields, further aggravated by lack of water in the ustic
SMR. Lack of leaching water and improper irrigation tech-
niques have created salinity problems in some irrigated
croplands.

The udic SMR upland along the southeast coast of Bra-
zil (U4) from Rio de Janeiro northward is hilly to moun-
tainous. Some higher areas are blanketed by nutrient-poor
Oxisols (Ferralsols). In the valleys, the soils are a mixture
of Ultisols (Acrisols), formed on nutrient-poor materials,
and Alfisols (Luvisols), formed on nutrient-rich material
eroded from base-rich rock. Most of the native vegetation
has been altered by agriculture and grazing. Some soils
rich in calcium and phosphate are renowned for cocoa
production. On level areas of the coastal plain, under
aquic soil-moisture conditions (Gleysols), nutrient prop-
erties vary with the underlying sediment but, with proper
drainage and fertilization, soils support modern agricul-
tural production.

South of Sdo Paulo, to the border with Uruguay, erosion
has carved a landscape from basalt whose high calcium and
magnesium content provides quite fertile soils. These nu-
trient-rich soils with udic to perudic SMRs once supported
vigorous vegetative growth that contributed abundant or-
ganic matter to the soil, as shown by dark-colored surface
layers. Alfisols (Luvisols) and nutrient-rich Eutrudox (Hu-
mic Ferralsols) are common. On the more clayey sediments
Vertisols (Vertisols) are present, while Eutrudepts (Humic
Cambisols) occupy less stable hillsides. Pasture and tree
plantations have replaced coffee growing in many of the
isothermic STR hills subject to infrequent frosts. Sugar cane
for ethanol fuel production has become an important crop
in much of the area. Argiaquolls (Mollic Gleysols) predomi-
nate in the broad valleys near the border with Uruguay,
where most soils have aquic soil moisture conditions
(Gleysols). The upland soils in this region have a thermic
STR and udic to perudic SMRs that, coupled with a nutri-
ent-rich mineralogy, have supported sustained agricultural
production since European settlement.

East of the Andes in Argentina is a broad upland plain
crossed by wide valleys (U5). The soils are formed in min-
eral-rich sediments and basalt, with admixtures of volca-
nic ash. Most materials are nutrient-rich and contain
carbonates. The soils have an aridic SMR. Most soils are
Aridisols (Yermosols) with inclusions of more sandy
Psamments (Arenosols) and some clayey Vertisols
(Vertisols). Dunes occur in some of the sandier areas, desert

pavement gravels are locally widespread, and sparse graz-
ing is the primary land use.

7.6 Lowland Soils (L)

The lowlands areas include the Amazon, Orinoco, and
Paraguay River basins and broad low-lying coastal plains
(figure 7.3). The mineral composition of the sediments in
which the soils form reflects the composition of the up-
lands and mountains from which they have been derived.

The western portion of the Amazon basin (L1) has udic
and perudic SMRs, while a ustic SMR with a pronounced
dry season is present east of the confluence with the Rio
Negro and Amazon rivers near the city of Manaus, Brazil.
Sediments in the central part of the basin west of Manaus
are derived from the Andes and are slightly more nutrient-
rich than those to the east that are derived from the Guyana
and Brazilian shields. Ultisols (Nitosols) predominate in
the upper basin (Osher and Buol, 1998; Tyler et al., 1978),
while Oxisols (Ferralsols) predominate in the lower por-
tion of the basin. Although both Ultisols and Oxisols are
nutrient poor, significant inclusions of more nutrient-rich
material are present within the basin. Although long un-
detected in the poorly explored and sparsely inhabited
basin, large areas of Alfisols (Luvisols and Eutric Nitosols)
are formed in base-rich sediments in western Brazil pri-
marily in the states of Rondonia and Acre (EMBRAPA,
1981). Many areas of these more chemically fertile soils
have recently been cleared of forest vegetation for crop
production and cattle grazing.

Some areas in these basins are sandy sediments, form-
ing very infertile Quartzipsamments (Arenosols) where the
water table is deep, and Spodosols (Podzols) where the
water table is near the soil surface. It has been estimated
that perhaps 10% of the Amazon basin has these kinds of
soils (Cochrane et al., 1985). One major area of sandy soils
is in the headwaters of the Rio Negro where it merges with
the Orinoco watershed; smaller sandy areas are scattered
throughout the basin, often detectable by the coffee-colored
waters of the rivers that drain these watersheds.

The flood plains along the various rivers in the Amazon
basin are composed of recent sediments, many quite fertile
and high in montmorillonite clay, especially where derived
from base-rich materials. Where the sediments are derived
from siliceous materials, soils are often infertile. Most of
these soils have aquic soil-moisture conditions (Gleysols).
These flood plains are often quite broad and subject to flood-
ing and stream-bank erosion from the seasonal rise and fall
of river levels. With road maintenance difficult, the rivers
provide routes for travel, and most human settlements are
located near the rivers (see chapter 16).

In the lower Amazon basin most soils are pale yellow
Oxisols (Ferralsols) and infertile. Exceptions occur where
basic rock protrudes above the basin sediments. Some of
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these areas are known and identified, but much of the re-
gion is poorly explored due to sparse population and lack
of infrastructure. Shifting slash-and-burn cultivation is the
primary form of agriculture.

The Orinoco basin (L2) imperceptivity merges with the
Amazon basin in an area of deep sands. The western wa-
tersheds in the Orinoco basin, south of the Meta River in
Colombia, have deep infertile Oxisols (Ferralsols) and
Ultisols (Nitosols). North of the Meta River and west of the
Orinoco River the soils are more fertile Alfisols (Luvisols)
with some Mollisols (Phaeozems) and Vertisols (Vertisols)
on the more clayey sediments. Many of these areas have
aquic soil conditions (Gleysols). This broad level area,
known as the llanos of Venezuela and extending south and
west into Colombia, is subject to seasonal flooding from
waters discharged from the Andes. Except for slightly
higher areas near the base of the Andes that are less sub-
ject to flooding, there is little agronomic use, other than
grazing, because of severe seasonal flooding. The eastern
portion of the Orinoco basin rises abruptly onto the Guyana
uplands. Most soils in the eastern portion of the basin are
infertile Ultisols (Nitosols).

The Parand basin (L3) extends from the central Brazil-
ian uplands south to the Rio de la Plata. The northern part
of the basin is filled with infertile quartz sand and kaolin-
ite clay sediment from the Brazilian shield. Infertile
Ultisols (Acrisols) and Oxisols (Ferralsols) predominate.
Many of the soils have aquic soil-moisture conditions
(Gleysols). In the southern portion of the basin, admixtures
of mineral-rich sediments from the Andes enter the basin
and montmorillonite clay is more abundant (Troeh, 1969).
Clayey Mollisols (Phaeozems), often with aquic soil con-
ditions (Gleysols), predominate. Vertisols are present in
some clayey sediments where montmorillonite is the pre-
dominate clay mineral.

The Argentine pampas (L4) is the largest area of chemi-
cally fertile soil in South America. Mollisols (Phaeozems)
are present in wind-deposited loess derived from calcare-
ous sediments rich in plagioclase, pyroxenes, hornblende,
and volcanic glass. The loess material becomes finer from
west to east, and Vertisols (Vertisols) predominate in the
finer textured materials of old lakebeds. The STR is ther-
mic and the SMR udic merging to ustic in the southern part
of the region. Sodium-rich Natrudolls (Solonetz) are
present in some areas. Aquic soil-moisture conditions
(Gleysols) are common on the broad flat landscape. Famed
for agricultural production and lush pastures, much of the
pampas requires drainage, and the more clayey soils are
often physically difficult to cultivate.

To the west of the Argentine pampas and the Parand
basin is a region dominated by sediment derived from the
Andes (L5). In most of area the SMR is aridic. Saline and
alkali-affected Aridisols (Kastanozems, Solonetz, and salic
phases of Xerosols) are common. The clayey texture of the
subsoil and the level topography make the area susceptible
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to flooding during infrequent rain events. Extensive graz-
ing is the primary land use.

Coastal lowlands in Ecuador, Colombia, and the Atlan-
tic coast of Venezuela, Guyana, Surinam, French Guiana,
and Brazil have a similar yet contrasting array of soil con-
ditions (L6). Most soils have aquic soil-moisture conditions
(Gleysols) and are chemically fertile. In Colombia and Ec-
uador, some sediment contains appreciable quantities of
volcanic ash. The Maracaibo basin has a few salt-affected
Aridisols (salic phases of Xerosols) in the driest areas near
the lake. As precipitation increases inland, infertile Ultisols
(Acrisols), many with aquic soil-moisture conditions
(Gleysols), are formed on the more stable terraces (Paredes
and Buol, 1981). Small fruit plantations are irrigated in the
aridic SMR. Beef and dairy pastures are located in the ustic
and udic SMRs. The coastal lowlands north and south of
the mouth of the Amazon River have clayey soils with
aquic soil-moisture conditions (Gleysols). In some of these
areas, canals have been dug to facilitate drainage and serve
as waterways for transport of sugar cane and other crops.
In some areas, Sulfaquents (Thionic Fluvisols) containing
appreciable amounts of iron sulfide are present. These
soils, commonly known as “cat-clays,” become extremely
acid when drained. Farther inland, areas of deep sandy
Quartzipsamments (Arenosols) border the uplands. Some
of these deep sandy soils are Spodosols (Podzols), where
organic-rich spodic horizons are present in the subsoil.
Infertility and poor water-holding capacity of the sands
have precluded agricultural use.

7.7 Implications for Agriculture

The predominant soil limitation for agriculture in South
America is low chemical fertility. Major portions of the
soils on the continent are formed in materials that have
been repeatedly weathered, transported, and redeposited
several times over geologic time. Minerals containing life-
essential phosphorus, potassium, calcium, and magnesium
were depleted from these materials, leaving a mixture of
quartz sand, kaolinite and gibbsite clays, and often rather
high concentrations of iron oxide to serve as parent mate-
rial for soil formation.

The most chemically infertile soils are present as up-
lands in the interior of the continent on and around the
ancient Guyana and Brazilian shields. The Brazilian shield
upland has level to rolling topography. Its soils are physi-
cally deep and have reliable moisture for one or two food
crop seasons each year, and the small amount of biomass
in the natural cerrado vegetation is frequently burned in
wildfires during the dry season. Nevertheless, except for
small areas where more fertile soils have formed from ba-
salt or limestone, crop production is impossible without
importation of fertilizer. Since about 1985, large-scale
grain-crop farming has expanded into this area, which
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previously was almost devoid of inhabitants. Before crops
can be grown, quantities of phosphorus must be applied and
mixed into the soil to saturate the iron and aluminum ox-
ide surfaces to the extent that sufficient phosphorus becomes
available to crop plants. Carbonate, in the form of crushed
limestone, must be applied to raise the pH of the soil and
inactivate the exchangeable aluminum. Nitrogen fertilizer
is needed for nonlegume crops. Potassium is required for
high yields, and small amounts of copper, zinc, boron, and
molybdenum are needed in many areas. After an initial in-
vestment is made for altering the chemical conditions, fer-
tilizer requirements are annually no greater than in other
grain-growing soils around the world. Modern soil-testing
technology is utilized to determine annual fertilizer formu-
lations and rates. Economic analyses indicate that grain
production in this region competes favorably in world grain
markets. Approximately 23 percent of the cerrado area is
now developed for improved pasture and grain production
and produces one-third of Brazil’s total food production
(Lopes, 1996). Rapid and reliable overland transportation
is essential to develop and sustain commercial agriculture
that relies on export of grain and import of fertilizer and fuel.
In most parts of the region economical road construction is
favored by physical stability of inert soil minerals, paucity
of river systems that must be bridged, and gentle topogra-
phy. This is not the case in most of the more rugged Guyana
shield region with similar soils.

Infertile sediments from the uplands fill the lower Ama-
zon basin and major portions of the Orinoco and upper
Parand basins. Most soils formed in these materials are
Oxisols (Ferralsols). Although these soils have the poten-
tial for food-crop production if chemically improved, the
many wet and unstable river floodplains make it difficult
to provide the necessary transportation infrastructure. In
the upper Amazon basin, Ultisols (Nitosols) are formed in
slightly more fertile sediments derived from the Andes.
Most food production is limited to slash-and-burn subsis-
tence farming. Reliable overland transportation is difficult
to construct westward over the Andean mountains in Perd,
Ecuador, and Colombia. Significant crop and cattle produc-
tion is developing in areas of western Brazil where roads
from developing areas in the central Brazilian shield pro-
vide access to areas of more fertile Alfisols (Luvisols).

Along the continent’s western perimeter, volcanic ash,
basalt, and limestone within, or derived from, the Andes
have injected more fertile mineralogy to the soils of this
mountainous region. Within the Andean mountains and
intermountain valleys, fertile Andisols (Andosols) and
Alfisols (Luvisols) have historically supported human
settlement. Most of the intermountain valleys have a cool
isomesic STR that limits food crop yields. Development
and maintenance of roads to population centers is expen-
sive due to the rugged relief, earthquakes, and volcanic
activity. Transportation infrastructure is seldom reliable
beyond local markets.

Nutrient-rich sediments eroded from the eastern slopes
of the southern Andes lie as Aridisols (Kastanozems) and
other potentially fertile soils in western Argentina, but the
aridic SMR creates conditions too dry for agricultural pro-
duction without irrigation. In contrast, loess from similar
sources in semiarid central Argentina has been deposited
across the pampas around Buenos Aires, where very fer-
tile Mollisols (Phaeozems) and Vertisols (Vertisols) are
formed. Much of this traditionally productive area has
aquic soil-moisture conditions that require artificial drain-
age. Increased yields and the continued export of nutrients
in the products marketed have increased the need for fer-
tilizer. Fertile sediments from the eastern flanks of the
Andes are also spread across the nearly level western
Orinoco basin in Venezuela and north of the Meta River
in Colombia, but an aquic soil-moisture regime and sea-
sonal flooding restrict land use to grazing, except at higher
elevations near the western edge of basin.

The narrow coastal plains of Chile and Perd have an
aridic SMR, and irrigation is required to support agricultural
production. In Ecuador and Colombia, where the Pacific
coastal lowlands have udic and perudic SMRs, aquic soil-
moisture conditions and seasonal floods limit infrastructure
maintenance, food-crop production, and grazing.

The eastern margin of the continent comprises uplands
of igneous and basalt rock, intermingled with plateaus un-
derlain by ancient sediment, and with narrow coastal val-
leys. In areas where they are formed in basalt, or sediment
derived from basalt, the soils tend to be rather fertile Alfisols
(Luvisols) and their associates. Where soils are formed from
acid igneous rock or less fertile sediment, Ultisols (Acrisols)
are present. The more fertile soils have long been sites of
agricultural production. South of Sdo Paulo much of the area
has a thermic STR, but seasonal winter temperatures present
a frost hazard to coffee and citrus production. Aridic and
severe ustic SMRs limit production in northeast Brazil and
southern Argentina, but perudic and udic SMRs with ther-
mic to hyperthermic STRs are nearly ideal for rapid tree
growth on the more fertile soils. Where the relief is too rug-
ged for mechanized agriculture, commercial tree plantations
of exotic trees are now replacing the natural forests once
cleared for agricultural crops.

Narrow low-lying coastal plains on the north coast of
the continent have relatively fertile soils. Because many
of these soils have aquic soil moisture conditions
(Gleysols), artificial drainage has been developed to sus-
tain a wide range of subsistence and commercial agricul-
tural activities.

7.8 Conclusion

Human habitation of South America is concentrated in
areas of naturally fertile soils on the coastal perimeters and
mountainous areas of the continent. The chemically infer-
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tile soils of the interior are not capable of sustaining food
production unless essential elements are imported as fer-
tilizer. The impressive amount of vegetative biomass
growing in the interior jungles depends upon complete
biocycling of essential elements and is possible only when
there is little or no exportation of plant material. The sili-
cate and oxide minerals in the soil contain and release
such small amounts of essential elements that the produc-
tion of fast-growing food crops is not possible, except for
short periods of time after jungle biomass is burned and
the essential elements it contains are released into the soil
solution as inorganic ions. Modern agricultural methods
are economically overcoming the fertility constraints in
areas where it has been possible to establish reliable roads
and make world markets accessible to commercial farm-
ers. Areas of infertile but well-watered soils not served by
reliable transportation are limited to traditional subsis-
tence slash-and burn-agriculture. In the central Atlantic
uplands, greater food production is now possible through
nutrient replenishment, and cultivation is concentrating
on the more level areas, with plantation forestry replac-
ing cropland on hills once cleared of native forests. Food
production in arid areas is determined by availability of
irrigation water. The chemical fertility of cool to cold
mountain valleys in the Andes continues to nourish in-
digenous peoples via traditional agriculture. Technology
can do little to warm the soils and increase production
in these mountains. The Andes also physically hinder
infrastructure development necessary for increased food
production in the warmer interior areas of those nations
along the Pacific coast.
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South America forms the greater part of the Neotropical
faunal realm, which extends northward through Central
America to tropical southern Mexico. Although making up
only 12% of the world’s land area, South America is the
richest continent for virtually all organismal groups, in-
cluding vertebrates. For example, of the known 23,250
species of fish (Eschmeyer, 1998), 41% or 9,530 species are
freshwater, and of these, more than 2,800 species (29%)
are in South America (Moyle and Cech, 2000). A compa-
rable level of diversity exists for amphibians and birds. Of
Earth’s 5,900 species of amphibians, at least 1,749 or 30%
occur in South America (Duellman, 1999a, 1999b; Kohler
et al., 2005; www.amphibiaweb.org). More than 3,200 (or
nearly 32%) of Earth’s 9,900 species of birds occur in South
America (Sibley and Monroe, 1990). For reptiles and mam-
mals, diversity is only slightly lower; at least 1,560 (19%)
of 8,240 reptile species (Uetz and Etzold, 1996; www.reptile-
database.org), and 1,037 (19%) of 5,416 mammal species
(Nowak, 1999; Wilson and Reeder, 2005) are found in
South America.

Four major geological events or features are important
to understanding South America’s contemporary zooge-
ography. The first was the breakup of Pangea, and then
of Gondwana (see chapter 1). South America and Africa
remained close for an extended period of the Mesozoic,
and thus share important similarities in their faunas, in-
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cluding groups not fully evolved at the time of separation.
South America also maintained connections to other
Gondwanan continents, directly with Antarctica, indi-
rectly with Australia, until the early Cenozoic. The sec-
ond major feature was South America’s long period of
isolation in the Cenozoic, particularly from North
America pending establishment of the late Pliocene land
bridge after 3 Ma (million years before present). The lat-
ter resulted in “The Great American Interchange” (Webb,
1976; Marshall et al., 1982), which had profound conse-
quences for the fauna. The third major feature of South
America has been the Andes, which, in addition to modi-
fying climate, have been a center of speciation, a dispersal
route, and a barrier. The cordillera has had an overriding
effect on distributions and histories of both past and cur-
rent biotas on the continent. Finally, the Amazon basin
continues to challenge scholars and conservationists alike
as they attempt to catalog its extraordinary diversity in
the face of an accelerating pace of tropical rainforest de-
struction. Yet underlying explanations for its diversity
remain controversial.

This chapter concentrates on patterns of South Ameri-
can vertebrate distributions and diversity. Although com-
prising a small proportion of the total biota (currently 2.7%
of all species; Jeffries, 1997), our current knowledge of
vertebrates is significantly greater than, for example, the
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more than one million insects (Stork, 1999). Valuable ref-
erences for nonvertebrates include Fittkau et al. (1969a,
1969b) and Bandrescu (1990, 1995) on aquatic invertebrates
and selected terrestrial arthropods, Briggs (1995) on the
paleogeography of some invertebrates, and Goldblatt
(1993), and George and Lavocat (1993) for some insect
groups and their relevance for past connections between
South America and Africa.

8.1 Zoogeographic Patterns

8.1.1 Fish

There is a vast range of taxonomic diversity among South
American fish. Projections of the actual number of obliga-
tory freshwater species are much higher than the presently
accepted number of 2,800 species in 32 families (Moyle
and Cech, 2000). Up to 8,000 species, perhaps a quarter
of all fish, may be in the Neotropics (Vari and Malabarba,
1998) and 2,000 in the Amazon basin alone (Lundberg and
Chernoff, 1992). Over 400 new species are being described
per year, many in South America. Ostariophysan fish
make up about 28% of the world species but about 72%
of the freshwater species (Briggs, 1995). Cyprinids (min-
nows and carp; Cyprinidae: Cypriniformes), the dominant
group of ostariophysan fish elsewhere (except Australia),
are entirely absent as native species in South America.
In their place, the dominant families are other ostario-
physan fish, including characins (order Characiformes,
14/18 families, of which 7 are endemic, comprising about
1,200 species; Buckup, 1998; Moyle and Cech, 2000), and
catfish (order Siluriformes, 11/30+ families, 8 endemic,
around 1,300 species; de Pinna, 1998). A third order, the
electric knifefishes (Gymnotiformes, 5 families, 100+
species; Albert and Campoz-da-Paz, 1998), shows strong
morphological convergence with the African knifefishes
(Notopteridae) and unrelated mormyrids (Helfman et al.,
1997; Moyle and Cech, 2000). Nonotophysan elements
making up >10% of the ichthyofauna include the cichlids
(Cichlidae: Perciformes, around 50 genera and 450 spe-
cies; Kullander, 1998), pupfishes (Cyprinodontidae: Cypri-
nodontiformes, 80+ species) and poeciliids (Poeciliidae:
Atheriniformes, 20+ species). Finally, two ancient fresh-
water families, the bonytongues (Osteoglossidae: Osteo-
glossiformes, 2 species) and South American lungfish
(Lepidosirenidae: Lepidosireniformes, 1 species) are here;
osteoglossids and other lungfish families are also found
in Africa and Australia (Moyle and Cech, 2000).

In terms of geographic distribution, Géry (1969) identi-
fied eight faunistic regions for South American freshwater
fish, namely the (1) Orinoco-Venezuelan, (2) Magdalenean,
(3) Trans-Andean, (4) Andean, (5) Paranean, (6) Patagonian,
(7) Guianean-Amazonian, and (8) East Brazilian (figure 8.1).

Three regions (1, 2, and 7) possess <70% of the species but
differ greatly in richness of the ichthyofauna. The Trans-
Andean, Andean, and East Brazilian regions contain high
endemicity, ranging from 26% to over 50%. In the Andes,
the trend is for impoverishment of the ichthyofauna as
elevation rises from 1,000 to 4,500 m, and toward the south-
ern tip.

These patterns to some extent reflect the geological his-
tory of South American drainage patterns, involving not
only uplift of the Andes but also flexuring of cratonic
shields and structural arches, and changes in sea level and
climate. Most diversification of the modern freshwater ich-
thyofauna took place over a 70-million-year period be-
tween the late Cretaceous and late Miocene. Little or none
of the present diversification at the family and genus group
level has occurred since then (Vari and Weitzman, 1990;

Figure 8.1 Faunistic regions for freshwater fish: 1. Orinoco-
Venezuelan, 2. Magdalenean, 3. Trans-Andean, 4. Andean, 5.
Paranean, 6. Patagonian, 7. Guianean-Amazonian, and 8. East
Brazilian. Dotted lines delimit ancient shields. Modified from
Helfman et al. (1997).
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Lundberg, 1998). Thus, the ichthyofaunas of some regions
now isolated by the Andes had common drainages in the
more distant past and shared important elements, such as
the Magdalena and Guianean-Amazonian ichthyofaunas on
the Atlantic slope (Lundberg and Chernoff, 1992; Lundberg
et al., 1998).

8.1.2 Amphibians

Earth’s living amphibians include 5,873 species in three
clades: caecilians (order Gymnophiona), salamanders (or-
der Caudata), and frogs and toads (order Anura; Duellman,
1999a, 1999b; Kohler et al., 2005; www.amphibiaweb.org).
Of 170 known species of caecilians, which occur in the
tropics worldwide except for Madagascar and Papua-Aus-
tralia, almost half are in South America. Two families
(Caeciliidae and Rhinatrematidae) are represented; per-
haps 95% and one family are endemic. Of the 549 known
species of salamanders, only one family (Plethodontidae)
is represented in South America; at least 20/24 species
(83.3%) are endemic. In contrast, of the 5,154 currently
recognized species of anurans, at least 1,651 species (32%)
in 12 families are found in South America and of these,
1,580 species (95.7%) and four families are endemic. Five
families (Leptodactylidae, Hylidae, Dendrobatidae, Bu-
fonidae, and Centrolenidae) account for 1,341 species or
81.2% of the South American anurans. At least 96% of a
minimum 1,749 amphibian species in South America are
endemic, the highest such proportion for any vertebrate
class or continent except for mammals in Australia. South
America also has the highest density of amphibian spe-
cies per unit area, 97.9 per 10 km?, or twice as high as
the next highest continent, North America (44.4 per 108
km?); 94.4% of this density is due to anurans. Around 100
new species are being identified per year, and the docu-
mented diversity of South American amphibians in-
creased 59% from 1979 to 1999 (Duellman, 1979a, 1999a).

With respect to the herpetofauna, Duellman (1979a)
recognized 18 eco-physiographical regions in South
America. This was simplified to 12 morphoclimatic do-
mains by Ab’Saber (1977) and termed “natural biogeo-
graphic regions” by Duellman (1999b; figure 8.2). The
resemblance of this latter map to the climatic maps of
Hueck and Seibert (1972) is close. The most diverse regions
for amphibians are the Andes (753 species, 95.0% en-
demic), the Amazonia-Guianan domain (335 species,
82.6% endemic), and the Atlantic Forest domain (340 spe-
cies, 92.9% endemic). At the lower end of the diversity
range, the Atacama, Patagonia, and Austral Temperate
Forest domains have 5, 10, and 32 species, and high levels
of endemism (100, 100, and 80%), respectively (Duellman,
1999b). One of the most unusual families in the latter re-
gion is the Rhinodermatidae or mouth-brooding frogs rep-
resented by only two species, which are wholly endemic
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Figure 8.2 Faunistic regions for amphibians based on
morphoclimatic domains recognized by Ab’Saber (1977). From
Duellman (1999b).

to the southern temperate rainforests of Chile and Argen-
tina (figure 8.3).

8.1.3 Reptiles

Of the 8240 currently recognized species of reptiles on
earth, 4,930 or 59.8% are saurians [lizards and amphib-
aenians (burrowing forms), 2,978 or 36.1% are serpents
(snakes, including 60 marine species], and 332 are other
groups [testudines (turtles), crocodilians, and tuataras
(Rhynchocephalia); Uetz and Etzold, 1996; www.reptile-
database.org. Of the minimum 1,560 reptile species in
South America, about 53% are lizards and 43% are snakes
(Bauer, 1993). Most (89%) are endemic (Dixon, 1979; Duell-
man, 1979a). The lower proportion of lizards relative to
snakes may be due to the high proportion of tropical rain
forest and other mesic habitats in South America
(Duellman, 1979a; Bauer, 1993), since 48.3% and 51.4%
of the reptile genera and species, respectively, are snakes
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Figure 8.3 Rhinoderma darwinii (Darwin’s frog), an endemic
mouth-brooding frog, is found only in the southern temperate
rainforests of Chile and Argentina. Males shelter developing
embryos in vocal sacs, and tadpoles metamorphose into
froglets, which emerge through the mouth, giving the appear-
ance of parturition there (photo: P.L. Meserve).

in those habitats (vs. 42.3% and 43.0% for lizards; Dixon,
1979). In the rain forest, colubrid snake assemblages are
predominantly generalized terrestrial and/or arboreal
predators feeding on frogs or lizards (Cadle and Greene,
1993). Proportions of snakes reverse toward the Andes and
the southern triangle (Cei, 1979; Formas, 1979). Only five
snakes are found in Chile (vs. 79 species of lizards; Jaksic,
1998), the only South American country besides Uruguay
lacking tropical forests. The number of described reptiles
in South America increased from 1,115 to 1,560 (40%)
between 1979 and 2001. Although the known overall rep-
tile diversity of South America remains lower than that of
Asia (2,080 species) and Africa (1,680 species; Uetz and
Etzold, 1996; www.reptile-database.org), clearly this situ-
ation could change in the future.

Tropical rain forest regions, comprising the Chocd,
Amazonian, and Atlantic forests, have about 73.4% of the
genera and 49.5% of the reptile species in South America
(figure 8.2). In addition to the proportions of snakes, liz-
ards, and amphisbaenids noted above, 4.4% are turtles and
1.1% are crocodilians. Of the South American genera,
66.3% and 76.6% of lizards and snakes, respectively, oc-
cur in the tropical rain forests (Dixon, 1979; Bauer, 1993).
These areas also share the highest proportion of species;
as in the rest of South America, endemism is high. In con-
trast, the Atacama, Patagonia, and Austral Temperate For-
est Domains have very low reptile diversity; the latter two
regions have 33 and 6 species of lizards and amphis-
baenids, 11 and 2 species of snakes, and 1 and 0 species of
turtles, respectively (Cei, 1979; Formas, 1979; Meserve and
Jaksic, 1991). Virtually 100% are endemic or shared only
with the Andean region (Duellman, 1979b). An example
of an unusual endemic reptile in central and northern Chile

is the dwarf tegu (Callopistes palluma/maculatus), a large
predaceous lizard in the widespread Western Hemispheric
family Teiidae (figure 8.4).

8.1.4 Birds

With nearly one third of the world’s 9,881 birds, regional
species numbers in South America are astounding (Sibley
and Monroe, 1990; Myers et al., 2000). Colombia alone has
1,758 species, making up 19% of the world’s avifauna
(Stattersfield et al., 1998), and over 300 species can be
found in a 3 km? area of Amazonian rain forest (Terborgh
et al., 1984), nearly half the number for the United States.
Unlike all other continents, the South American avifauna
is dominated by nonpasserines and suboscine passerines;
the latter (including the tyrannine flycatchers) make up
>1,000 species, more than half the passerines there (Ridgely
and Tudor, 1989; Ricklefs, 2002). Of some 95 avian fami-
lies present, nearly one third (31) are endemic to the region.
Particularly diverse and characteristic in South America
are the tinamous (Tinamidae, 43 species present/46 total
species), hummingbirds (Trochilidae; 241/322 species),
woodcreepers and ovenbirds (Furnariidae; 256/280 spe-
cies), tapaculos (Rhinocryptidae; 28/29 species; figure 8.5),
antbirds, antthrushes, antshrikes, and antwrens (Tham-
nophilidae and Formicariidae; 234/250 species), and cotin-
gas and manakins [Cotingidae and Pipridae; alternatively
Tyrannidae (Sibley and Ahlquist, 1990); 108/118 species]
(Ridgely and Tudor, 1994; Feduccia, 1999; Rahbek and
Graves 2000).

Stotz et al. (1996) recognized 15 zoogeographic regions,
34 zoogeographic subregions, and 41 principal habitats for
birds in South America (figure 8.6). Cracraft (1985) dis-
tinguished 33 areas of avian endemism, which were re-

Figure 8.4 The dwarf tegu (Callopistes palluma/maculatus), an
endemic teiid lizard, is found in arid-semiarid to mediterranean
scrub habitats from northern to south-central Chile

(photo: B.K. Lang).
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duced to 20 areas by Ridgely and Tudor (1989) and am-
plified to 56 areas by Bibby et al. (1992). The highest spe-
cies richness is in the Northern and Central Andean
regions, as well as the Northern and Southern Amazonia
regions (all with >772 species). The highest avian diver-
sity in equatorial South America is in humid montane re-
gions (Rahbek and Graves, 2001); 901 species (9% of the
world’s avifauna) occur just in the Manu Biosphere Re-
serve in southeastern Perd (Patterson et al., 1998). The
Central South America and Northern South America re-
gions have lower numbers of species (from 652 to 645).
Regions with particularly low numbers of avian species
(<250) include the Southern Andes, Patagonia, and Pam-
pas; endemism is higher in the former two areas than the
latter (i.e., 22—23 species vs. 8). The numbers of locally
endemic species are highest (2199 species) in the North-
ern and Central Andes plus Atlantic forests. Overall en-
demism (>100 species) is greatest for these areas plus
Central South America. The percentage of avian species
at risk is greatest (>25%) in Northern and Central Andes,
Northern Amazonia, and Atlantic Forests, whereas the
percentage of endemic species at risk is greatest (>60%)
in the Northern Andes, Central South America, and At-
lantic Forests (Stotz et al., 1996).

The effect of elevation on avian species numbers varies
in different parts of the Andes. Avian species numbers peak
on the eastern slope of the tropical Andes at around 1,000—
1,600 m and subsequently decline above 3,600-5,000 m
(Terborgh, 1977; Rahbek, 1997); in southern Perd, numbers
decline up to about 2,000 m and reach an asymptote above
here (Patterson et al., 1998). In interior Bolivian valleys
between 1,600 and 3,800 m, species numbers peak at
around 2,500 m (Kessler et al., 2001). On the western, more
xeric side, they increase moderately up to 5,000 m, and are
strongly affected by vegetation complexity and plant spe-

Figure 8.5 The chucao tapaculo (Scelorchilus
rubecula) is a common forest bird in under-
growth and edges of southern temperate
rainforests of Chile and Argentina. The family
Rhinocryptidae to which it belongs is almost
wholly endemic to South America

(photo: S.R. Morello).

cies diversity (Pearson and Ralph, 1978). Avian species
numbers and endemicity are generally low in the high
Andean Puna and P4dramo (Vuilleumier, 1986, 1997).

From 361 to 422 nonpelagic avian species are northern
migrants in the Neotropics; most migrate to Central
America and the West Indies islands (DeGraaf and Rappole,
1995; Stotz et al., 1996). However, only Northern South
America has more than 99 species of migrants; the Andean
and Patagonian regions have less than 50 species. Whereas
passerine migrants (principally warblers, flycatchers, and
vireos) are concentrated in Northern and Central Ama-
zonia, Northern South America, and Northern Andes, non-
passerines (e.g., hawks, ducks, shorebirds) are more evenly
distributed throughout most non-montane regions. The
principal habitats used by Neotropical migrants are scrub,
montane forests, and wetlands, rather than lowland rain
forests. About 250 nonpelagic species migrate northward
from southern South America during the southern winter,
and they occupy forest, aquatic, and open habitats in
roughly equal proportions (Stotz et al., 1996).

8.1.5 Mammals

Of a minimum 1,037 terrestrial mammal species in South
America, 71 are marsupials (in three orders, two endemic),
comprising 25% of the world’s total. Twenty-nine of the
world’s 30 xenarthrans (order Xenarthra; sloths, anteaters,
and armadillos) occur in South America. Particularly
speciose groups in South America include primates [Pri-
mates; 104 species (37% of Earth’s total)], bats [Chiroptera;
219 species (22%)], and rodents [Rodentia; 522 species
(25%)]. Particularly notable within the last group are the
high numbers of sigmodontine (ca. 286 species; 67%) and
hystricognath rodents [14 families; 180 species (72%);
Nowak, 1999]. The Neotropical Region (including Central
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America and tropical Mexico) has 1,273 species (Patterson,
1994), thus exceeding that for the next richest area, the Ethio-
pian Region (1,045 species). Compared to the latter, less
speciose South American groups include insectivores, pri-
mates, and ungulates (Eisenberg, 1999a). Species endemism
is generally high (82%) for Neotropical mammals, exceeded
only by Africa (Ethiopian Region; 93%) and Australia (89%;
Cole et al., 1994). At the family level, the Neotropical Re-
gion has the second-highest mammal endemicity (47%),
exceeded only by the Australian Region (97%). New spe-
cies are being described at a rate of about 40—45 per year,
and they are predominantly smaller forms under 60-70 g
(Patterson, 1994, 2000, 2001; Wilson and Reeder, 2005).
Only two zoogeographic regions have been distin-
guished for mammals in South America: the Brazilian
extending northward into Central America, and the Pata-
gonian (Hershkovitz, 1958, 1972; Simpson, 1969). How-
ever, faunal analyses suggest some further distinctions
within these regions. Mammal-species richness is high in
Amazonia; 350 species are known here, of which 205
(58.6%) are endemic. Brazil, which accounts for 48% of
the area of South America and holds 62% of Amazonia,
has 457 species of mammals, just under half the total
known for the continent (Fonseca et al., 1999). It is the
leading country in the Western Hemisphere for mammal-

Figure 8.6 Faunistic regions for birds for the Neotropi-
cal Region including South America. Modified from Stotz
et al. (1996).

species richness (closely followed by Mexico, however,
with 449; Ceballos and Navarro, 1991). In addition to
Amazonia, five other speciose biomes of those recognized
by Hueck (1972) include the Cerrado, Atlantic Forest, Gran
Chaco, Caatinga, and Pantanal (in order of decreasing area)
with 159, 229, 102, 124, and 113 mammal species, respec-
tively. Endemicity ranges from 58.6% and 31.9% in
Amazonia and the Atlantic Forest, respectively, to 2.4 and
0% in the Pantanal and Chaco, respectively; Amazonia and
the Atlantic Forest account for 31% of all endemic South
American mammals. Amazonia has the least mammalian
affinity with neighboring biomes; the greatest affinity (and
lower endemicity) occurs between the adjacent Pantanal
and Cerrado biomes, and among the biomes separating
Amazonia from the Atlantic Forest (Mares, 1992; Fonseca
et al., 1999). For some taxonomic groups, species richness
and levels of endemicity are particularly high. The high-
est numbers of species of primates (65) and a high level of
endemicity (74%) are found in Amazonia; the Atlantic
Forest follows with 18 species and slightly greater ende-
micity (78%; Rylands et al., 1997). Rodents make up about
43% of the world’s mammal species, but over 50% of the
mammal species in South America. Although bats make
up only 21% of the South American mammalian fauna
(close to the worldwide figure of 20%; Nowak, 1999), they
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outnumber rodents in most major tropical biomes except
the Chaco (Fonseca et al. 1999, Patterson et al. 1998). Much
of the increase in bat diversity appears to be due to lati-
tude-specific rather than biome-specific effects, but there
are also strong changes at the familial-level between New
World temperate and tropical bat faunas (Willig and Selcer,
1989; Stevens, 2004). Nonvolant groups, including marsu-
pials, primates, and rodents, account for most of the diver-
sity differences among Neotropical rain forest mammal
assemblages (Voss and Emmons, 1996); bats and primates
are distinctly less diverse (or absent) in temperate South
American assemblages. There is a higher proportion of
intermediate-sized mammals (i.e., ca. 70—1000 g) in tropi-
cal forests than in South America generally, or North
America, probably due to greater habitat complexity
(Fonseca et al., 1999, Bakker and Kelt, 2000).

Mares (1992) reported that South American drylands
have 509 mammal species and 41.5% endemicity, greater
than that of Amazonia (434 species, 31.8%). However, the
difference may be due largely to physiognomic classifica-
tions (Chesser and Hackett, 1992; Fonseca et al., 1999); for
example, Mares grouped all nonforest habitats into
“drylands,” including the Llanos, Cerrado and Caatinga,
Pantanal, Chaco, Paramo and Puna, and Patagonia. Inven-
tories at four Neotropical “dryland” sites in the Llanos,
Caatinga, and Pantanal indicate total mammal species rich-
ness to be 55—71 species vs. 200+ for western Amazonian
sites (Voss and Emmons, 1996), and 219 species occur
along an elevational forest gradient in the southeastern
Andes (Patterson et al., 1998). Geographically, non-volant
mammal species richness is highest in the eastern versant
of the central Andes followed by the Amazon Basin and
Atlantic rain forests of Brazil (Tognelli and Kelt, 2004).

Further south, mammal-species numbers decline toward
Patagonia. Fewer than 37 species occur over much of south-
ern South America and the Pacific Coastal Desert of Chile
and Perd (Marquet, 1994; Eisenberg, 1999b). Beyond
Amazonia, areas of higher species richness are found in
montane regions and northwestern Argentina, although
some rodent and marsupial taxa are largely replaced at
higher elevations (Pearson and Ralph, 1978; Mares et al.,
1997; Eisenberg, 1999b). Small mammal-species richness
increases with elevation on the western side of the Andes
next to the hyperarid Pacific Coastal/Atacama Desert. How-
ever, it declines at the highest elevations—the Altiplano
and Puna plus Pdramo—although endemicity is high
(Chesser and Hackett, 1992). Total numbers of mammal
species decline with elevation at tropical latitudes on the
eastern side of the Andes, mostly due to reduced numbers
of bats with elevation as numbers of nonvolant small mam-
mal species increase (Patterson et al., 1998; Eisenberg,
1999b; Tognelli and Kelt, 2004). In the southern Valdivian
Andes, small mammal-species numbers decline with eleva-
tion near the evergreen-deciduous forest-scrub transition

zone (Pearson and Pearson, 1982; Patterson et al., 1989).
One of most unusual mammals here, the Chilean shrew
opossum (Rhyncholestes raphanurus, order Paucituber-
culata; figure 8.7) is found only in the southern temperate
rain forests of Chile and Argentina. A member of the fam-
ily Caenolestidae with only five species, they occur into
the Andes and represent an ancient marsupial lineage that
were the most abundant marsupials in the South Ameri-
can Miocene (Carroll, 1988).

8.2 The Role of Geological History

8.2.1 Plate Tectonics and
Vertebrate Zoogeography

Throughout Paleozoic time, South America formed part of
the larger landmass of Gondwana, which toward the close
of the era fused with Laurussia to form the supercontinent
of Pangea (see chapter 1). When Pangea broke apart dur-
ing Mesozoic time, Gondwana’s component parts—South
America, Africa, Antarctica, Australia, and India—began
to separate. These tectonic events were to have major sig-
nificance for the development of South America’s fauna.

While Pangea existed, a more modern vertebrate fauna
began to emerge, gradually replacing the Paleozoic fauna
despite the massive end-Permian extinction event (245
Ma), which eliminated up to 96% of all marine species
(Raup, 1979). By the early Triassic, this vertebrate group
included osteichythyan and chondrichthyian fishes, laby-
rinthodont amphibians and therapsid synapsids (the lat-
ter gave rise to mammals), and archosaurs (from which
birds eventually arose; Sepkoski, 1990). The vertebrate

Figure 8.7 Rhyncholestes raphanurus, the Chilean shrew
opossum (family Caenolestidae), has a restricted distribution in
the southern temperate rain forests of Chile and neighboring
Argentina (photo: P.L. Meserve).
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tetrapod fauna was mostly cosmopolitan by mid-Triassic
(240-230 Ma), and included theriodonts, therocephalians,
cynodonts, dicynodonts, cotylosaurs, archosaurs, and laby-
rinthodonts (Cracraft, 1974; Shubin and Sues, 1991). The
dinosaur lineages (theropods, sauropomorphs, ornithis-
chians) were evident by the mid-late Triassic, although
they comprised a small proportion of the tetrapod fauna.
By the late Triassic, they became more dominant and wide-
spread (Weishampel, 1990; Benton, 1993). New lineages
in the late Triassic included crocodylomorphs, pterosaurs,
lepidosaurs, two orders of dinosaurs, several groups of
synapsids, and lissamphibians, marking the true modern
vertebrate fauna (Padian, 1986). Through much of the Ju-
rassic, the dinosaurs radiated and became widespread
throughout Pangea, where, despite the beginning of the
impending breakup, dinosaur faunas remained quite simi-
lar throughout Laurussia and Gondwana (Cox, 1974; Rage,
1988). Six to nine orders of mammals also appeared in the
late Triassic, although these were generally small in size
(Crompton and Jenkins, 1979).

Beginning in the late Jurassic (~160—145 Ma) and ex-
tending into the early Cretaceous (~145—100 Ma), the sepa-
ration between Gondwana and Laurussia became complete.
Although Cracraft (1974) emphasized the early distinctive-
ness of the Gondwanan vs. Laurussian ichthyofaunas, the
ostariophysan fish appear to have evolved in the late Ju-
rassic prior to the breakup of Pangea. Alternative theories
for their monophyletic origin in South America or East
Gondwana require terrestrial continental connections for
the current distribution of many obligatory freshwater
groups (Briggs, 1995). The most prominent nonotophysan
element, the cichlids, appears to be derived from basal
groups found in India and Madagascar prior to the breakup
of Gondwana. Cichlids have subsequently undergone ac-
celerated rates of molecular evolution in South America
(Farias et al., 1999). Despite numerous vicariant events
subsequent to the breakup of Gondwana, many similarities
between South America and Africa in other nonotophysan
groups, such as poeciliids, osteoglossids, and lungfish,
remain (Lundberg, 1993, 1998).

Caecilians (order Gymnophiona) appear to be primarily
of Gondwanan origin, whereas salamanders (Caudata) are
primarily Laurussian (Cracraft, 1974; Briggs, 1995). There is
dispute about the importance of the breakup of the Laurussian
continents in the early-middle Jurassic to the subordinal dif-
ferentiation of salamanders. Anurans, on the other hand,
extend back to the Triassic and include elements found in
both Gondwana and Laurussia. However, the greatest radia-
tion was in Gondwana, with Pipidae, Leptodactylidae, Bu-
fonidae, and Microhylidae shared in common between South
American and Africa. In Africa, anumber of unique elements
evolved, including ranids, hyperoliids, and rhacophorids.

Patterns of reptile distribution relative to Gondwana and
Laurussia are more complicated due to the absence of unique

groups in either area. True lizards or lacertilians became di-
chotomous in the Jurassic when the two landmasses began
to separate (Estes, 1983). The most primitive group, the
iguanids, initially occupied Africa and South America and
then dispersed to North American in the late Cretaceous.
Iguanids apparently were isolated in Africa by epicontinen-
tal seas and gave rise to chamaeleonids in the west and
agamids in the east; the scincomorphs radiated in Laurussia,
giving rise to the teiids in North America and lacertids in
Europe. Snakes probably arose from an ancestral stock within
lizard groups during the early Cretaceous of the Southern
Hemisphere. Gondwana appears to be the site where the more
primitive boids and aniliids evolved; more progressive groups
appeared later in North America (Rage, 1987).

The poor fossil record in South America provides only
a fragmentary appraisal of the implications for birds of the
Gondwanan-Laurussian split. Initially, their origin from
theropod ancestors in the Jurassic was based on fossil
material in Laurussian continents (Feduccia, 1999). How-
ever, recent discoveries of Cretaceous fossils in Madagas-
car demonstrate that early avian evolution was probably
cosmopolitan (Forster et al., 1998). Cracraft (1974) empha-
sized the Southern Hemispheric distribution of ratites (os-
triches, rheas, emus), and their derivation from a single
common ancestor in Gondwana during the Cretaceous with
subsequent vicariance. Recently, a South America origin
with subsequent dispersal and vicariance involving
Laurussia, Africa, and/or New Zealand was proposed (van
Tuinen et al., 1998; van Tuinen and Hedges, 2001). Other
avian groups that may have been influenced by the sepa-
ration of Gondwana and Laurussia include Galliformes
(fowl-like birds including megapodes), and Sphensiformes
(penguins; Cracraft, 1974). Recent analyses support the
diversification of basal lineages of neornithines (including
ratites, galliforms, anseriforms, and more advanced birds
such as gruiforms and passeriforms) 90 Ma or later, but
prior to the Cretaceous-Tertiary boundary (van Tuinen and
Hedges, 2001); a Gondwanan origin for passerines has been
proposed (Cracraft, 2001; Ericson et al., 2003).

Among mammals, symmetrodonts and a distinct group
of multituberculates were present in South America, thus
suggesting the importance of connections with North
America (Webb, 1999). The multituberculates were the
most successful non-therian group, persisting for over 100
million years from the late Jurassic to the Oligocene. Two
primary Cretaceous groups were the Ptilodontoidea in
North America and the Taeniolabidoidea in Asia (Carroll,
1988), but multituberculates had a more cosmopolitan
distribution, occurring also in the Cretaceous of Argen-
tina and Madagascar (Krause et al., 1992, 1997). Among
therian mammals, marsupials and placentals appear to
have diverged from a common ancestor in the early or
mid-Cretaceous (Lillegraven, 1974; Briggs, 1995; Luo
et al., 2001). Earlier views suggested that this occurred in
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Laurussian continents (Cracraft, 1974; Lillegraven, 1974),
but ancestral therian mammals with tribosphenic molars
were also present on Gondwanan continents back to the
middle Jurassic and early Cretaceous (Rich et al., 1997;
Flynn et al., 1999), suggesting a Gondwanan origin. Mo-
lecular evidence suggests a fundamental division for eu-
therian mammals between African groups and other
placentals in the Cretaceous (Eizirik et al., 2001). The
recent discovery of a late Cretaceous marsupial in Mada-
gascar emphasizes their broad distribution in Gondwana
(Krause, 2001). Finally, a diphyletic origin of mammals
with early vicariant evolution recently was proposed;
monotremes may represent the remnants of a southern
Gondwanan mammal radiation during the Jurassic or
early Cretaceous (Luo et al., 2001); however, extinct
monotremes have only been verified in South America
from the Paleocene (Pascual et al., 1992). Besides the
marsupials, other groups that now appear to have been
founders of the age of mammals in South America include
the xenarthrans, insectivores, pantodonts, and various
ungulates, many of which were shared by both North and
South America in the early Tertiary (Webb, 1999).

The final separation of Africa and South America in
the mid-Cretaceous was an important event. Initially,
narrow seas were present; even by the Paleocene, the
water barrier was perhaps no more than 600 km wide
(Briggs, 1995), and volcanic islands from the Mid-Atlan-
tic ridge probably enabled island-hopping. Recent vol-
umes have focused on relationships between important
elements of the faunas of the two continents, including
freshwater fish, pipid frogs, reptiles, advanced primates,
and hystricognath rodents (see George and Lavocat, 1993;
Goldblatt, 1993, and references therein). Following sepa-
ration, isolation between the two former Gondwanan con-
tinents led to sharp faunal divergence. On the other hand,
dispersal between South America and Australia is sup-
ported by Eocene marsupial fossils in Antarctica (e.g.,
Woodburne and Case, 1996; Goin et al., 1999). The pre-
cursors of the Australian marsupial fauna may have come
from South America prior to the separation of Australia
and Antarctica around 64 Ma (Goin et al., 1999). South
America continued to maintain at least an archipelagic
connection to Antarctica until the late Eocene (~35 Ma;
Pascual et al., 1992; Pascual, 1996).

In contrast, South America and North America may
have been sufficiently close in the late Cretaceous for fau-
nal exchanges to occur. Elements exchanged between the
continents then probably included hadrosaurid dino-
saurs, condylarth and marsupial mammals from the north,
and boid and aniliid snakes, iguanid lizards, titanosaurid
dinosaurs, and leptodactylid, bufonid, hylid, and micro-
hylid frogs from the south (Estes, 1983; Rage, 1987, 1988).
By late Cretaceous time, South America was certainly
isolated from North America, but later, during late Mi-
ocene and early Pliocene times, island archipelagos per-

mitted waif dispersal across what is now Central America
(Hershkovitz, 1962; Reig, 1984; Briggs, 1995; see chap-
ters 1 and 2).

8.2.2 The Isolation of South America and
the Great American Interchange

During the rise of mammals in the Cenozoic, South America
was characterized by about 60 million years of “splendid
isolation” (Simpson, 1980); a similar situation may apply
to suboscine bird radiations there (Ricklefs, 2002). For mam-
mals, this isolation ended around 3 Ma with “The Great
American Interchange,” although some prior interchange of
mammals and other vertebrates had occurred. The first stage
of this interchange was in the late Mesozoic to early Ceno-
zoic (Simpson, 1980) and included cosmopolitan mammals
such as multituberculates and symmetrodonts (probable
immigrants from North America), monotremes (shared with
Australia), and xenarthrans, various ungulates, marsupials,
insectivores, and pantodonts in South America; the latter
two groups were shared between North and South America,
and marsupials were cosmopolitan or immigrants from
North America (Marshall, 1985; Webb, 1999). The presence
of several orders of now-extinct ungulates in South America
soon after this exchange in the early Cenozoic suggests a
much more extensive faunal affiliation with North America
than previously postulated by Simpson (1980). These in-
cluded condylarths, litopterns, notoungulates, pyrotheres,
astrapotheres, and xenungulates; around 17% of the mam-
malian genera were of North American origin (Webb, 1999).
On the other hand, suboscine passerines appear to have
evolved independently in South America (and Africa) since
the early Cenozoic (Ricklefs, 2002).

The second stage of this interchange may have occurred
in the Oligocene around 30 Ma and included dispersal of
hystricognath rodents and platyrrhine primates from the
north (Wood, 1985; Marshall and Sempere, 1993). Alter-
natively, either both groups may have originated in south-
ern Gondwanan continents and subsequently dispersed
from Africa to South America (Lavocat, 1980, 1993; Aiello,
1993; George, 1993), or vicariance may have occurred in
groups present in both South America and Africa
(Hershkovitz, 1972). Other groups that may have entered
South America from North America then were tortoises and
phyllostomid bats (Webb, 1978, 1999); somewhat later (20—
25 Ma), the earliest oscine passerines (Ricklefs, 2002;
Ericson et al., 2003). Unlike other stages of the interchange,
this one was not reciprocated by South American mam-
mals; approximately 29% of the mammalian genera from
North America were contributed then (Webb and Marshall,
1982; Marshall and Cifelli, 1990; Webb, 1999). The com-
plex “conveyor belt” movement of the Caribbean plate
eastward permitted these “old island hoppers” to disperse
into South America (Webb, 1985; Marshall and Sempere,
1993).
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Although not recognized by Simpson (1980), a third
stage for mammals was heralded by the arrival of “new
island hoppers” via waif dispersal in the late Miocene.
These included the arrival of procyonids (raccoons) in
South America and ground sloths in North America.
Adept swimmers, these groups probably crossed between
islands characterized by savanna or lowland rain forest;
around 3% of the South American mammal genera were
received then (Webb and Marshall, 1982; Webb, 1985;
Marshall and Cifelli, 1990; Marshall and Sempere, 1993).
One particularly successful group that probably arrived
in the late Miocene was sigmodontine murid rodents.
Although Hershkovitz (1972) and Reig (1984, 1987) ar-
gued for a late Oligocene-early Miocene arrival, fossil
records fail to show their presence in South America be-
fore the Pliocene (Patterson, 1999; Webb, 1999). On the
other hand, the degree of diversification and the domi-
nance of more primitive forms in South America do not
support a Pliocene arrival (Patterson and Pascual, 1972),
and it seem more likely that they arrived by island hop-
ping in the late Miocene (Hershkovitz, 1962; Marshall,
1979; Patterson, 1999).

By far the most significant event in South American
mammal history occurred around 3 Ma with the establish-
ment of a permanent land bridge between North and South
America. This was facilitated by tectonic closure of marine
straits across the Central American Isthmus, and by the
presence of savanna and open woodland corridors from
Florida to Argentina (Webb, 1978; Webb and Marshall,
1982; Marshall and Sempere, 1993). The corridors were
opened and closed several times during the late Pliocene,
thus leading to a series of successional, reciprocal immi-
gration pulses (Webb, 1976; Hoffstetter, 1986; Marshall and
Sempere, 1993). Major groups from North America in-
volved 17 families of land mammals, including camelids
(camels, llamas), cervids (deer), equids (horses), Tapiridae
(tapirs), tayassuids (peccaries), canids (dogs, wolves, and
foxes), felids (cats), ursids (bears), mustelids (skunks and
allies), and gomphotherids (now-extinct mastodonts)
(Marshall et al., 1982; Webb, 1999). Fully 51% of the North
American contribution to South American mammal gen-
era was made then. An almost equal number of land mam-
mal families extended their ranges into North America from
South America including dasypodids (armadillos),
Glyptodontidae (glyptodonts), Hydrochoeridae (capyba-
ras), Erethizontidae (porcupines), and later, Toxodontidae
(toxodonts), various primates, other hystricognath rodents,
Choleopodidae and Bradypodidae (tree sloths), and
Myrmecophagidae (anteaters). Most of these families are
poorly represented or absent in North America today. The
relative magnitude of the interchange is close to that ex-
pected from the relative land areas of the two continents
and from equilibrium theory (Marshall et al., 1982), but
explanations for the greater success of North American
mammals in South America (except by groups lacking

competitors there) remain controversial (Marshall et al.,
1982; Webb, 1985, 1999).

Fully 75% of the South American tropical mammal
fauna became extinct at the end of the Pleistocene, includ-
ing many larger herbivorous and carnivorous mammals
(Webb and Rancy, 1996; Martin and Steadman, 1999; see
table 8.1). Xeric-adapted species suffered even higher ex-
tinction rates; disruption and elimination of arid habitats
may have prevented the persistence of refugia in contrast
to arid and semiarid zones of North America (Mares, 1985).
In addition to climatic change (Kurtén and Anderson, 1980;
Graham, 1992; Webb and Barnosky, 1989), other explana-
tions for the reduction in South American mammals in-
clude hunting (“Pleistocene overkill’; Martin, 1984; Martin
and Steadman, 1999), or other anthropogenic-related
causes such as disease, pests, or parasites (MacPhee and
Flemming, 1999). Although other groups such as birds
(Grayson, 1977) and small mammals were affected (Kurtén
and Anderson, 1980), the majority of victims were larger
mammals.

The implications of the Great American Interchange for
other vertebrate groups were less dramatic. For example,
fish dispersal across the Central American Isthmus was
exceedingly slow, especially by obligatory freshwater spe-
cies (Bussing, 1985). Earlier dispersal prior to the separa-
tion of North and South America may account for some of
the similarities between Central and South American ich-
thyofaunas. Later dispersal during the Pliocene has been
predominantly from south to north; fully 95% of the Cen-
tral American ichthyofauna is now of South American ori-
gin (Bussing, 1985). Only single species of two South
American families have reached North America, whereas
none from North America have reached South America
(Moyle and Chech, 2000). Although the northern Andes in
Colombia are currently a formidable barrier to dispersal by
obligatory freshwater fish, fossils in the Magdalena region
related to those in Guiana-Amazonia indicate that the ich-
thyofaunas of the two areas had pre-Miocene connections
and that they originated from elements prior to the final
separation of South America from Africa in the Cretaceous
(Lundberg and Chernoff, 1992). Most diversification of the
South American ichthyofauna occurred prior to the late
Miocene, and Pliocene/Pleistocene events have played
virtually no role in the present ichthyofauna at the family
and genus group level (Lundberg, 1998). Similarly, most
interchange by reptiles and amphibians pre-dated the
Pliocene land connection. The herpetofauna of North
America has been much more strongly impacted by con-
tributions from South America than the converse. Although
Central America has significant contributions of both rep-
tiles and amphibians from North and South America, the
major part of its herpetofauna is originally derived from
South America (Vanzolini and Heyer, 1985; Cadle and
Greene, 1993). Central America has a very high level of
endemicity, similar to that for South America (Savage,
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Table 8.1 Genera of large (>44 kg) extinct mammals of the late Pleistocene from

South America

Order Xenarthra

Family Dasypodidae (armadillos)
Eutatus
Holmesina
Pampatherium
Propropus

Family Glyptodontidae (glyptodonts)
Chlamydotherium
Doedicurus
Glyptodon
Hoplophorus
Lomaphorus
Neosclerocalyptus
Neothoracophorus
Panochthus
Parapanochthus
Plaxhaplous
Sclerocalyptus

Family Megalonychidae (ground sloths)
Nothropus
Nothrotherius
Ocnopus
Valgipes

Family Megatheriidae (giant ground sloths)
Eremotherium
Megatherium
Paramegatherium

Family Mylondontidae (giant ground sloths)
Glossotherium
Lestodon
Mylodon
Scelidodon
Scelidotherium

Order Litopterna (litopterns)
Family Macraucheniidae
Macrauchenia
Windhausenia

Order Notoungulata (notoungulates)
Family Toxodontidae
Mixotoxodon
Toxodon

Order Rodentia
Family Hydrochoeridae (capybaras)
Neochoerus
Family Octodontidae (octodontid rodents)
Dicolpomys

Order Carnivora
Family Canidae (large canids)
Theriodictis
Family Felidae (saber-tooth cats)
Smilodon
Family Ursidae (giant bear)
Arctodus

Order Proboscidea
Family Gomphotheriidae (mastodons)
Cuvieronius
Haplomastodon
Notiomastodon
Stegomastodon

Order Perissodactyla
Family Equiidae (horses)
Equus
Hippidion
Onohippidium

Order Artiodactyla
Family Camelidae (camels and llamas)
Eulamaops
Hemiauchenia
Palaeolama
Family Cervidae (deer)
Agalmaceros
Charitoceros
Morenelaphus
Paraceros
Family Tayassuidae (flat-head peccaries)
Platygonus

From Martin and Steadman (1999), and Marshall and Cifelli (1990).

1982), and the principal interchange between North and
South America has been via Central American radiations
of various herpetofaunal elements. Within the colubrid
snakes, the dispersal of xenodontines occurred in early to
mid-Cenozoic, whereas that of colubrines was more recent
but pre-dated the Pliocene (Cadle and Greene, 1993).

For nonpasserine birds, 99% of the genera were re-
stricted to North America and 97% to South America prior
to the Pliocene land connection (Vuilleumier, 1985a). Only
one genus (Presbyornis) seems to have been shared between
the two continents. Following establishment of the land

bridge, the proportion of genera restricted to North or South
America fell to 57%. Inclusion of recent South American
genera has reduced the proportion of North American
endemics to 37% and that of South America to 47%. There-
fore, after the initial oscine passerine invasion in the mid-
Miocene, avian faunas appear to have mixed extensively
through the late Pliocene and Pleistocene up to the present,
unlike mammals, whose interchange was largely com-
pleted by 1 Ma (Webb and Marshall, 1982; Vuilleumier,
1985a). Non-tyrannine suboscines continue to dominate
forest interiors in the Amazon, whereas oscines and
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tyrannine suboscines (the only successful suboscine lin-
eage in North America) dominate forest canopies and more
open habitats there (Ricklefs, 2002).

8.2.3 The Role of the Andes
in Vertebrate Distributions

The Andes have been a dominant feature of the South
American landscape since the beginning of the Cenozoic
(see chapter 1). Although a low elevation proto-Cordillera
existed in the late Jurassic and early Cretaceous, the great-
est uplift has occurred over the past 30 Ma, particularly in
the central Andes (Marshall and Sempere, 1993). In addi-
tion to altering river drainage patterns, direct climatic con-
sequences of Andean uplift included, on the one hand,
prominent rain shadows to the west between 5° and 35°S,
and to the east between 28° and 38°S, and, on the other
hand, recurrent corridors of vegetation on the Andean
flanks, particularly of savanna biomes (Duellman, 1979b;
Marshall and Sempere, 1993). Since 2.5 Ma, glacial stages
have alternated with interglacial stages, strongly affecting
vegetation. During glacial stages, conditions were cooler
and drier on the east side of the Andes, resulting in expan-
sion of the savannas at the expense of lowland rain forests;
a savanna corridor permitted north-south dispersal of vari-
ous faunal elements (Webb, 1978; Marshall and Sempere,
1993). During interglacials, conditions were warm and
humid and rain forests expanded, thus isolating savanna
areas and eliminating the corridor. In addition to corridors,
the Andes have been a significant barrier and isolating
mechanism for vertebrates. Glaciers, lakes and bogs, and
zones of continuous aridity across the Cordillera have
operated at various times, especially over the past 2.5 Ma,
to prevent east-west or north-south dispersal (Simpson,
1979; Marshall and Sempere, 1993). Finally, the Andes
have been an important factor in speciation within South
America. The presence of a “stress environment” as a re-
sult of the rain shadow on the eastern flank of the south-
ern Andes (south of 30°S), beginning around 15 Ma,
appears to have strongly favored species origination by cre-
ating opportunities for local differentiation and isolation.
Similarly, elevational zonation of habitats on both sides
of the Andes has provided opportunities for local differ-
entiation and specialization in response to increased eco-
logical diversity (Marshall and Sempere, 1993).

Various groups demonstrate the importance of the
Andes as a center for speciation. Although the Andean
ichthyofauna is generally depauperate, even at equatorial
latitudes, and dominated by torrent fishes between 1,000
and >4,000 m (Géry, 1969), the spectacular radiation of 23
species of pupfishes (Orestias) in Lake Titicaca at 4,750 m
in the central Altiplano of Perd and Bolivia is remarkable
(Moyle and Cech, 2000). Orestias appear to have undergone
parasympatric speciation through ecological and perhaps
microgeographic isolation (Villwock, 1986). Several other

Andean genera are endemic but tend to be small, monotypic
groups with uncertain taxonomic affinities (Bandrescu,
1995). All 753 species of amphibians found in the 27 re-
gions of the Andes distinguished by Duellman (1999b) are
anurans. More than half of South American genera (47/85)
are represented, and 95.0% of the species are endemic. Only
20% of the Andean species have their major distributions
in adjacent areas (Duellman, 1979b). One group of Andean
frogs, Telmatobius, constitute about 30 species occupying
lakes and streams in the highlands above 1,300 m between
the equator and 29-33°S, and may be derived from south-
ern ancestors in the recently uplifted Andes (Cei, 1986).
Another anuran genus, Eleutherodactylus (>500 species),
diversified extensively in response to repeated periods of
climatic compression on the western side of the Andes in
Ecuador (Lynch and Duellman, 1997). A similar process was
suggested to explain areas of high biotic diversity in the
Amazon Basin (Colinvaux, 1993, 1996).

Reig (1984, 1986, 1987) and Pearson (1982) supported
the Andes as a major site of sigmodontine rodent specia-
tion. More primitive sigmodontines may have become es-
tablished in the northern Andes of Colombia as early as the
late Oligocene or early Miocene with a second diversifica-
tion center in the central Andes where present-day Perd,
Chile, and Bolivia meet. Descendants of these groups then
invaded the eastern lowlands; 71.6% of the sigmodontines
were distributed in Andean localities (Reig, 1987). Pearson
(1982) noted a high diversity of sigmodontines in the cen-
tral Altiplano, and distinguished the radiation and subse-
quent dispersal of autochothonous forms from invasions
of northern immigrants via the Central American land
bridge. The oldest sigmodontines are specialized pastoral
forms; more primitive tribes predominate in forested low-
lands, and they may have dispersed to higher latitudes and
completed their transition to pastoral life in the arid regions
of the south, where they continue to make up the majority
of sigmodontines (Hershkovitz, 1962; Patterson, 1999).
Finally, the Andes provided a dispersal route for reinvasion
of the north, and to the west of most lowland relatives. The
dominance of derived, austral relatives in higher-
elevational small mammal assemblages with more primi-
tive forms in lowland rain forests continues today
(Patterson, 1999).

The role of the Andes as a dispersal route is shown by
savanna corridors following the establishment of the
Pliocene land connection to North America; temperate-
adapted mammals such as camelids and sloths probably
used the Andes as a route for traversing the humid trop-
ics (Webb and Rancy, 1996). During intervening warmer
interglacial stages when the savanna corridors were re-
placed by rain forest, the Andes may have acted as a bar-
rier to temperate savanna forms and hence promoted
provincialism in Cis- and Trans-Andean faunas among
various groups of sloths, ungulates, and glyptodonts
(Webb and Rancy, 1996). Although recent evidence suggests
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that a savanna corridor may not have existed in the cen-
tral Amazon basin (that is, tropical dry forests replaced
rain forest during Quaternary climatic cycles), significant
savanna corridors did exist along the Andes and on the
Atlantic coast (da Silva and Bates, 2002). The Andes have
also had strong effects on mammalian species ranges; the
most restricted geographic ranges are in the equatorial and
central portions of South America rather than in the south,
where elevations are lower (Ruggiero et al., 1998). The
Andes have been important in the location of major dis-
persal centers for terrestrial vertebrates in South America
(Miiller, 1973).

For birds, the effects of isolation have been analyzed
using island biogeographic theory and historical evidence
for the Paramo and Puna regions (e.g., Vuilleumier, 1969,
1970, 1986; Vuilleumier and Simberloff, 1980). The spe-
cies diversity of birds in Pdramo habitat islands of
the northern Andes shows a strong positive relationship
with area, although there is no relationship between en-
demism and area. For Pdramo and Puna regions as a
whole, only 166/319 (52%) species may be considered
“true” Pdramo/Puna birds. Of these, 248 (78%) species
breed in the region whereas 71 (22%) breed elsewhere,
or are accidentals/migratory from North America or south-
ern South America. Only 48 species (19-29%) are en-
demic as compared with higher levels in the Amazon;
affinities of the Pdramo and Puna avifauna are greatest
with the Patagonian region. The origins of this avifauna
appear to be in the late Pliocene and Pleistocene when
alternating interglacial and glacial stages were conducive
to geographic isolation and speciation, respectively, in the
Pdramo and Puna (Vuilleumier, 1969, 1970, 1986; Vuil-
leumier and Simberloff, 1980).

Nowhere are the effects of isolation and geography more
evident in South America than in the southern triangle (or
“cone”), including central to southern Chile and Argentina.
This is reflected by faunal comparisons at several spatial
scales. For example, Chile stretches 4,300 km from 18° to
56°S and contains all major Neotropical biomes, except
tropical forests, in an area of 483,000 km?. Isolated to the
east by the Andean crest reaching >6,000 m, and to the
north by the hyperarid Pacific Coastal Desert, continental
Chile has only 26 species of primary freshwater fish (Géry,
1969), 42 species of amphibians (all anurans), and 84 spe-
cies of reptiles (Jaksic, 1998). There are around 380 bird
species (excluding accidentals), and 101 species of non-
marine mammals (Jaksic, 1998). Caviedes and Iriarte (1989)
argued that the low diversity of small mammals in central
and northern Chile is due largely to its isolation from the
rest of South America and a historical trend toward increas-
ing aridity (but see Marquet, 1989; Meserve and Kelt, 1990).
However, small-mammal as well as avian diversity in-
creases at intermediate elevations in the adjacent Andean
regions of northern Chile and southern Pertd (Pearson and
Ralph, 1978; Marquet, 1994).

Southern Patagonia is depauperate for virtually all ver-
tebrate groups due to increasing aridity created by the
Andean rainshadow, and species-area plus peninsular ef-
fects as South America narrows to the south (Eisenberg,
1999b). Specific examples of this depauperization include
the southern temperate rain forests of Argentina and Chile,
now isolated to the north by 1,100-1,400 km of nonforest
vegetation. Contrasts with herpetofaunas in the northern
coniferous and deciduous forests in the Pacific Northwest
of the United States show that diversity is significantly
lower in southern temperate rain forests due largely to the
absence of salamanders and snakes; these make up the
majority of amphibians and reptiles, respectively, in North
American forests (Meserve and Jaksic, 1991; Meserve,
1996); endemicity is also high (Formas, 1979).

Southern temperate rain forests have a somewhat im-
poverished avifauna with a high level of species endemic-
ity (41%; Vuilleumier, 1985b); migrants constitute a
smaller proportion of the avifauna although site diversity
and average numbers of individuals/census point are simi-
lar to or higher than those in Alaskan coastal forests (Jaksic
and Feinsinger, 1991; Willson et al., 1996). Small mammal
species numbers are significantly lower in southern tem-
perate rain forests, mostly because of the absence of insec-
tivores and sciurids; however, endemicity is not especially
high among mammals (Mares, 1992; Meserve and Glanz,
1978, Meserve and Jaksic, 1991; Meserve, 1996).

8.2.4 Diversity of the Amazon Basin

As noted earlier, the highest diversity for some vertebrate
groups may not lie in the lowland rain forests of the Ama-
zon basin (e.g., birds: Rahbek and Graves, 2001; mammals:
Mares, 1992). Yet this area continues to be the focus of much
attention regarding putative explanations for organismal
diversity in general. Perhaps the most prominent early hy-
pothesis involves putative Pleistocene refugia that may have
harbored high numbers of lowland tropical species during
glacial stages when conditions were likely to have been more
arid (Haffer, 1969, 1985, 2001; but see Colinvaux, 1993,
1996). Initial support came from some vertebrate distribu-
tions (e.g., birds: Haffer, 1969; amphibians: Lynch, 1979;
Duellman, 1982; reptiles: Dixon, 1979), as well as other
groups (e.g., plants, Simpson and Haffer, 1978). Although a
more recent analysis suggests strong congruence in area cla-
dograms for various vertebrate groups in the lowland tropi-
cal forests, such cladograms are dichotomous and therefore
inconsistent with simultaneous isolations of biota in puta-
tive Pleistocene refugia. Using the centers of endemism pro-
posed by Haffer (1985), anurans, lizards, passerines, and
primates show several general patterns: (1) a basal separa-
tion between faunas of Cis- and Trans-Andean regions; (2)
a distinct Central American clade; (3) a sister relationship
between the Chocé Region and the Central American clade;
(4) an Upper Amazon clade (Napo + Inambari); (5) a Guianan
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clade; (6) an Amazon basin clade; and (7) a sister relation-
ship between the Atlantic Forest and the Amazon basin
clade (Bates et al., 1998; Ron, 2000; Bates, 2001). A further
problem with the refugia hypothesis is that, based on the
age of endemic vertebrates and rates of molecular evolution,
speciation occurred over a much longer time than just the
past 2 to 3 million years (Cracraft and Prum, 1988; Lynch,
1988; Bush, 1994; Patton and da Silva, 2001). Putative Pleis-
tocene refugia cannot explain current biogeographic patterns
of fish diversity, since virtually all the diversification of the
South American ichthyofauna occurred before the Pliocene
(Lundberg, 1998). The uplift of the Andes has been an im-
portant vicariant event for speciation in various characiform
fish families (Vari and Weitzman, 1990). Some terrestrial
taxa in putative refugia are predominantly savanna forms
(i.e., mammals; Webb and Rancy, 1996), or have adaptations
for nonforest environments (i.e., amphibians; Duellman,
1982; Heyer and Maxson, 1982). Alternative explanations
for Amazonian diversity include paleogeographic hypoth-
eses with marine incursions or embayments leading to iso-
lation of parts of Amazonia and subsequent vicariance (Bates
et al., 1998; Bates, 2001; Patton and da Silva, 2001; Nores,
2004), riverine or river-refuge hypotheses with rivers act-
ing as barriers to dispersal and gene flow (Capparella, 1991;
Ayres and Clutton-Brock, 1992; Hayes and Sewlal, 2004; but
see Patton et al., 1994; Gascon et al., 2000; Patton and da
Silva, 2001), gradient hypotheses with parapatric speciation
across steep environmental gradients (Endler, 1982; but see
Patton et al., 1990; Patton and Smith, 1992), and disturbance-
vicariance hypotheses with climatically unstable, periph-
eral regions of the Amazon sites of more allopatric speciation
and greater endemicity (Bush, 1994). Within the latter ex-
planation, Colinvaux (1993, 1996) proposed a scenario of
cooler but not necessarily more arid climatic conditions
during glacial stages, resulting in treeline lowering and re-
structuring of lowland forests by invasions of Andean taxa
and their mixing with more thermophylic rain forest spe-
cies. Putative “refugia” were areas of intense species inter-
actions resulting in more speciation and endemism, thus
explaining high diversity in the Amazon basin. Others have
supported the role of ecological factors while cautioning
against uncritical acceptance of historical explanations (e.g.,
Tuomisto and Ruokolainen, 1997). Hence, there is a plethora
of putative explanations for the extraordinary diversity in
the Amazon Basin, but no clear consensus.

8.3 Conclusions and Prognosis

Despite the Pliocene and Pleistocene extinctions, South
America remains an extraordinarily diverse continent zoo-
logically, especially for vertebrates. However, with current
trends, this condition is unlikely to continue. Tropical
forests cover only 6 to 7% of Earth’s land surface, yet con-
tain at least 50% of the world’s species (Myers, 1988).

South America holds the largest remaining blocks of in-
tact tropical forests in the world, particularly in Amazonia;
although only an estimated 2 to 12% of Amazonia had been
deforested by 1992, the estimated rate of clearing was about
0.4 to 2.2% a year in the 1980s(Prance, 1993; Jeffries, 1997).
The amount of tropical moist forest in some category of
protected status ranges from less than 1% in the largely
forested Guyanas to 15% in Venezuela (van Schaik et al.,
1997).Yet in reality, most such areas are poorly protected,
and virtually all are threatened by multiple human impacts
including hunting, logging, grazing, mining, and fire. Fur-
ther, fragmentation of the rain forest has dramatic effects
on all elements of the biota by disrupting food webs, alter-
ing spatial utilization patterns, and increasing edge effects
on patches of isolated forest (Lovejoy et al., 1986; Saunders
et al., 1991; Laurance and Bierregaard, 1997). By 2010, it
is estimated that the only large blocks of undisturbed tropi-
cal forest in South America will be in the western and
northern Brazilian Amazon and the interior of the Guyanas
(Raven, 1988). Amazonia is not homogeneous, but rather
highly heterogeneous due to variations in drainage, soil
type, and history (Foster, 1980); in addition, there are geo-
graphic regions of higher species diversity within it. Thus,
the task of preserving its biodiversity will be even more
difficult than simply setting aside large areas.

Recently, Myers et al. (2000) identified four biodiversity
“hotspots” in South America, all outside Amazonia. Three
are at tropical latitudes, namely Choc6-Darién—western
Ecuador, Atlantic Coastal Forests, and Tropical Andes. The
Chocé-Darién tropical forests on the west side of the Andes
have only 24.2% of their original area remaining, and the
isolated Brazilian Atlantic coastal forest has only 6.5 to
7.5% undisturbed (Jeffries, 1997; Myers et al., 2000). For
both these forests, only 26.1 to 35.9% of the remaining area
is under protected status. An estimated 3.6% of the world’s
endemic vertebrates are found in just these two types of
forests. For Atlantic Coastal Forests, 80% of the primates
are endemic to this region, and 14 of 21 species and sub-
species are endangered or on the verge of extinction
(Mittermeier, 1988). Another major biodiversity “hotspot”
is the Tropical Andes, including submontane, montane,
and cloud forests, paramo, and puna, from the central Al-
tiplano of Pert and Bolivia to the northern Andes of Co-
lombia and Venezuela. This area has the highest level of
plant and vertebrate diversity, and endemicity, of all 25
areas compared worldwide; an estimated 45,000 species
of plants and 3,389 species of vertebrates (excluding fish)
are present here, and levels of endemicity are 6.7% and
5.7%, respectively. Only 25.3% of its remaining area is
under some degree of protection. Five South American
countries are among the top ten in the world with the high-
est density of endemic bird areas (Perd, Brazil, Colombia,
Ecuador, and Argentina; Bibby et al., 1992). Another
“hotspot” in the top 25 is the Cerrado, which is the sec-
ond largest South American biome and contains the largest
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tropical savanna in the world. Only 20% of its area remains
undisturbed and only 1.2% is in protected areas (da Silva
and Bates, 2002). Although the one temperate zone
“hotspot” in the top four, the central Mediterranean-type
region of Chile, has lower floral and vertebrate diversity
and endemism, only 10.2% of its area is under some de-
gree of protection.

Projections of the potential loss in species are problem-
atic. Although historical extinctions of birds and mammals
in the United States have been mainly due to hunting/ex-
ploitation or species introduction, current causes of endan-
germent are predominantly due to habitat destruction
(Flather et al., 1994). Estimates of losses of species in South
America range from 2 to 25% in the next 25 years (Jeffries,
1997; Sodhi et al., 2004). Exacerbating this situation is that
most South American countries continue to experience
high population growth rates, increasing demand for natu-
ral resources, and strong pressure to accelerate industrial
development. This in turn limits their ability to allocate
significant efforts and funds to the preservation and pro-
tection of their biodiversity. Although many South Ameri-
can countries appear underpopulated, they often contain
large areas of land unsuitable for dense populations such
as in the Atacama and Monte Deserts, Patagonia, the Para-
guayan Chaco, and the Altiplano, and thus human popu-
lations are clustered around urbanized areas. Finally, areas
of particularly high biodiversity frequently span national
boundaries, thus complicating protection efforts. Two
biodiversity “hotspots” in South America, the Choc6-
Darién—western Ecuadorian tropical forests and the Tropi-
cal Andes, are in areas where the annual population growth
rates are 2.8 to 3.2% a year, well over the world’s average
growth rate of around 1.3% a year (Cincotta et al., 2000).
These “hotspots” cross the territorial boundaries of 4 and
7 countries, respectively (Myers et al., 2000).

Given this situation, the prognosis for South America’s
biota is grim. Without quick action, we stand to lose a sig-
nificant part of the world’s biodiversity within our lifetime,
and much of it still inadequately described. Unfortunately,
there are tremendous obstacles to ensuring the preservation
of South America’s fauna and flora for future generations.
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Tropical Forests of the Lowlands

Peter A. Furley

Most of South America lies within the tropics, and low-
land tropical ecosystems make up the majority of its land-
scapes. Although there is great concern for the Amazon
ecosystem, the largest of the world’s tropical forests, there
are many other fascinating and in some cases more endan-
gered types of lowland forest. Such forests may be defined
as lying below 1,000 m above sea level, although it is dif-
ficult to set arbitrary limits (Hartshorn, 2001). The two main
lowland moist evergreen forests are the Hylea (a term
coined by Alexander von Humboldt to denote rain forests
of the Amazon Basin) and the much smaller Chocé forest
on the Pacific coast between Panama and Ecuador. Two
related yet distinctive types of forest are the Mata Atldntica
or Atlantic moist evergreen forest and the Mata Decidua
or dry deciduous forest, including the caatinga woodland,
which is both deciduous and xerophytic (Rizzini et al.,
1988). The latter two formations are among the most threat-
ened of all South American forests.

Lowland forests vary from dense and multilayered to
open and single-layered, from evergreen to deciduous, and
from flooded or semi-aquatic to near-arid. Tree heights
range from 30 to 40 m with emergent trees reaching over
50 m, to forests where the tallest trees barely attain 20 m
(Harcourt and Sayer, 1996; Solorzano, 2001). However,
because of its extent and importance, Amazonia will form
the principal focus of this chapter.
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9.1 The Amazon Lowland Forests

Amazonia covers a vast area (>6 x 10° km?) and contains
some 60% of the world’s remaining tropical forest. The
Amazon and Orinoco basins influence not only regional
climates and air masses, but also atmospheric circulation
patterns both north and south of the Equator. The sheer size
and diversity of Amazonia exhausts a normal repertoire of
grandiose adjectives (fig. 9.1). The Amazon may or may not
be the longest river in the world but it is by far the greatest
in terms of discharge, sending around one fifth of the
world’s fresh water carried by rivers to the oceans (see
chapter 5; Eden, 1990; Sioli, 1984). The drainage basin is
twice as large as any other of the world’s catchments. The
second and third rivers by volume are tributaries of the
Amazon (the rivers Negro and Madeira), forming a vast
water network, which can expand in the wet season by
nearly 80,000 km?. This annual flux of water sets up a com-
plex set of plant-animal-water interrelationships unrivalled
anywhere in the world.

Nine countries share Amazonia, with the largest propor-
tion (around two thirds) occupied by Brazil, while the next
largest, Perd, covers 8.6%. Lowland forest is mostly found
below 1,000 m in altitude. However, the forest has been
defined in several ways and may include areas outside the
Amazon drainage (for instance Amazoénia Legal, the legal
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Figure 9.1 Comparative size: Western Europe overlain across
Amazonia (modified from Ratter 1990)

or political unit of Amazonia as it is known in Brazil). The
figures for forested and nonforested areas are only esti-
mates, based mostly on satellite imagery, and require con-
stant updating as more accurate sensors provide new data
and deforestation gathers pace (table 9.1).

Because of its size and variety, Amazonia contains a vast
number of plant, animal, and microbial species. It is not,
however, uniformly carpeted by tall, moist evergreen for-
est (rain forest), as often imagined. For example, about 20%
of Amazoénia Legal in Brazil is not strictly forest (~700,000
km? out of 3.5 x 10% km?), comprising instead numerous
patches of more open woodland, wet grassland, and woody
savanna (fig. 9.2). Local variations are usually determined

by the incidence of flooding, topography, and drainage and
changes in the depth and nature of soils, although the
dominant factor is climate. Environmental and ecological
changes over the Quaternary have also greatly influenced
the nature and distribution of present-day vegetation.

9.1.1 Amazonian Environments

Climate and Hydrology Most of Amazonia lies between
5°N and 10°S of the Equator. In its central river section,
the duration of daylight remains nearly constant through-
out the year, although cloud cover limits insolation. The
greater part of Amazonia falls within the humid tropical
zone with relatively constant temperatures (mean annual
temperatures of 23—27°C) and a diurnal range of ~8—10°C
(Molion, 1987), although there are episodic extremes
(Nieuwolt, 1977; Marengo and Nobre, 2001). The only ex-
ception to temperature uniformity is the occurrence of cold
spells, with air masses from southern polar regions occa-
sionally penetrating Amazonia (see chapter 3). Climate is
principally affected by seasonal changes in the Intertropi-
cal Convergence Zone (ITCZ). From April to July the ITCZ
moves northward across Amazonia and the surface trade
winds transfer moisture-laden Atlantic air westward across
the region (see figs. 2.2, 3.2). From August to March, the
ITCZ loops south into western Brazil and Bolivia and draws
the trade winds southward, often bringing heavy rain to
the central Amazon Basin. Despite the relative constancy
of the easterly trade winds, the lowland subregions expe-
rience distinctly different local climates, influenced by
factors such as topography, distance from the sea, and the
local water balance (fig. 9.3a). Furthermore, as air masses
move toward the west they undergo a series of cyclical
convectional movements that affect the water balance (fig.
9.3b; Salati 1985, 1987). When these air masses finally
reach the Andean foothills, they are forced to rise and in
doing so cause heavy (orographic) precipitation. Rainfall

Table 9.1 Estimated areas (million ha) of the main vegetation types in Amazonia

Terra Total Cleared/
Total firma Wetland non-forest  Dry Herbaceous cultivated land
Amazonia forest area forest forest area savanna  wetland (end-1970s)
Bolivia 52.7 36.6 30.5 6.1 16.1 0.6 14.5 1.0
Brazil 497.8 388.2 348.3 39.9 109.6 80.1 12.1 17.4
Colombia 45.7 42.0 38.1 3.9 3.7 1.3 — 2.4
Ecuador 9.3 8.4 7.6 0.8 0.9 — — 0.9
Fr. Guiana 9.7 9.6 9.4 0.2 0.1 trace 0.1 trace
Guyana 21.4 18.6 18.1 0.5 2.8 2.1 — 0.7
Perd 65.1 60.3 51.1 9.2 4.8 — 0.1 4.7
Surinam 16.3 15.0 13.5 1.5 1.3 0.1 0.5 0.7
Venezuela 38.6 34.1 30.7 3.4 4.5 3.8 0.4 0.3
Total 756.6 612.8 547.3 65.5 143.8 88.0 27.7 28.1
Source: Based on Eden (1990).
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Figure 9.2 Vegetation zones of Amazdnia Legal (modified

varies considerably over the basin (fig. 9.3c), and variabil-
ity in any one place is significant from year to year (15—
20% of the mean). This can result in moisture deficiencies
in areas vulnerable to seasonal swings and high evapotrans-
piration. Even a short dry spell of 10 to 15 days can cause
water deficits (average losses of around 4 mm d-'), and trees
near Manaus have been seen to lose some of their leaves
in this short time. Rainfall of <100 mm in a month can lead
to water deficit. The volume of canopy leaves in a single
mature forest tree is immense, and it is easy to imagine the
huge transpiration and evaporation losses that occur un-
der clear skies. Rainfall intensity can also cause problems
of compaction and erosion, especially in cleared areas
where the soils are exposed. Furthermore, at any specific
locality, such as a natural gap in the forest, microclimatic
differences assume greater significance (fig. 9.3d).

The Amazon River system undergoes marked seasonal
changes, which strongly affect the biology and human ac-
tivities. There is a distinct wet season, whose timing varies
throughout the basin, when flooding and powerful flows
dominate the river. During floods, boats pass more easily
along tributary waterways, but these in turn become ob-

Tropical Forests of

from IBGE 1993 and other sources)

structed during drier periods, when the river level may drop
significantly, for example by 6—7 m at Iquitos and by 8—12
m or more at Manaus. The timing of peak floods varies ac-
cording to tributary location, and flood discharge and vari-
ability now appear to be increasing, largely caused by
deforestation in the catchments (Smith, 1981, 1999;
Goulding et al., 1996). The main Amazon River, or Solimdes
as it is known upstream from Manaus, and western tribu-
taries such as the Madeira and Purus, are referred to as white
water rivers, reflecting their distinctive load of suspended
and dissolved sediment (neutral to alkaline pH values of 6.2—
7.2) derived from the Andes. In contrast, other rivers such
as the Rio Negro are black, because they drain old crystal-
line rocks with low relief and less erosion, and consequently
carry little solid mineral waste but a great deal of dissolved
or colloidal organic matter and tannins (pH 3.8—4.9). Inter-
mediate clear water rivers have also been identified, with
pH values 4.5-7.8 (Junk and Furch, 1985; Sioli, 1984). Sat-
ellite-based microwave data reveal the area and periodicity
of flooding (e.g., EOS, 2001). The maximum area of inun-
dation has been calculated at around 77,000 km? along the
Amazon mainstream, representing about 30% of the central
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part of the basin, and as much as 87,000 km? in wet savan-
nas in Bolivia, 58,000 km? in the Ilha de Bananal area (Mato
Grosso-Goias), and 16,000 km?2 in Roraima.

Geology and Geomorphology The east-flowing mainstream
of the Amazon River divides Amazonia into broad regions.
A 3,000-km long alluvial plain, mostly below 300 m, sepa-
rates the Guiana Shield to the north from the Brazilian
Shield to the south, with the Andes rising in the far west
(fig. 9.4). The alluvial plain is 600-800 km wide in the west
but narrows to less than 300 km toward the Atlantic Ocean.
The river’s discharge forces sediment-laden fresh water
well out into the ocean, forming a sediment plume readily
observed on satellite images and contributing to littoral
budgets and the deepwater Amazon cone (see chapters 1,
5, and 15). The Amazon’s many distributaries leave an is-
land, Marajd, the size of Switzerland in its estuary.

The Guiana Shield and the Guaporé portion of the Bra-
zilian Shield are surface expressions of Precambrian crys-
talline rocks forming the large Amazonian craton,
connected at depth beneath the deep alluvial fill of the
Amazon Basin (see chapter 1, fig. 1.2). The Brazilian Shield
also encompasses the Sdo Francisco and Séo Luis cratons,
Neoproterozoic orogenic belts, and later sedimentary cover
rocks. This is an oldland comprising deeply weathered
rocks and ancient planation surfaces, most clearly seen in
eastern Brazil (Bigarella and Ferreira, 1985). Overlying the
Guiana Shield are the remains of thick Proterozoic sand-
stones that form spectacular tepuis (table mountains) and
inselbergs, rising to 2,810 m on Mount Roraima at the bor-
der between Venezuela, Brazil, and Guyana. Later Meso-
zoic sandstones overlie both shield areas and produce
distinctive hilly features, such as the Serra do Roncador
in Mato Grosso.

Precipitation
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Figure 9.3b Water balance and convectional cycles across Amazonia, showing the influence of evapotranspiration on water
availability (modified from Salati, 1985; Furley, 1986). Salati (1985) distinguished between primary water vapor (carried by winds
from the ocean) and secondary water vapor (derived from transpiration and evaporation). In most parts of the world the latter is
unimportant relative to the former, but in tropical moist forests such as those of Amazonia they are of similar magnitude.
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Figure 9.3d Schematic variation in temperature and humidity
between undisturbed forest and a clearing. Cleared areas and
natural gaps in the forest are characterized by a rapid rise of
temperature and a marked drop in relative humidity, and thus
greater desiccation, increased organic decomposition, and
more susceptibility to erosion and soil degradation.

Tropical Forests of the Lowlands

The Amazonian lowlands are made up of sediments of
varying age. Until sometime in the Neogene, these were
deposited from westward-flowing rivers, but the rise of the
Andes obstructed former outlets and the drainage system
reversed (Eden 1990; Bigarella and Ferreira, 1985). Most of
the basin, the central part of which may have remained a
fresh water sea into the Pleistocene, is filled with late Ceno-
zoic deposits, although there are outcrops of older sediments
around the periphery of the shields. The valley deposits
consist mostly of Plio-Pleistocene clay (Belterra Clay) form-
ing a 10—20-m thick terrace-like surface, together with later
Pleistocene terrace deposits and Holocene flood plain allu-
vium. White sands occur in localized patches throughout
the basin, supporting a distinctive type of vegetation
(caatinga) over very poor soils. The Brazilian alluvial areas,
which form regularly or periodically flooded wetlands, are
known widely as vdrzeas (Junk and Furch, 1985) and are
distinguished from the dry land, known as terra firme on
older, well-drained sediments and residual deposits.

Soils In those parts of the world where high temperatures
and heavy rainfall promote rapid chemical weathering and
leaching, plants need to devise mechanisms to combat nu-
trient losses from the soil. It is a curious paradox that the
most luxuriant forests on Earth grow over some of the poor-
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Figure 9.4 The geology and physiography of Amazonia (modified from Eden, 1990; and other sources)

est soils, and this is a reflection of the efficiency of the nu-
trient cycling processes. Vital plant nutrients would be lost
from the system without buffering mechanisms. Nutrients
released by leaf-litter decomposition or brought in by rain-
fall are trapped by the dense, fine network of roots and fun-
gal hyphae (mycorrhizae) with their huge absorbent surface
area (Salati et al., 1986; Jordan, 1982, 1985a, 1985b; Herrera,
1985). Mechanisms for nutrient conservation are therefore
crucial for plants and may be classified into four groups (fig.
9.5). So effective are these processes that waters draining into
black-water streams from oligotrophic or nutrient-poor for-
ests may contain practically no exchangeable anions (such
as forms of phosphorus or nitrogen) or exchangeable cations
(such as calcium, magnesium, and potassium).

A major advance in understanding the nature and dis-
tribution of soils in the Brazilian Amazon was the comple-
tion of Projeto Radambrasil (Furley, 1986), a synthesis of
which was also presented by CIAT (Cochrane et al., 1985).
Around 75% of the Amazon basin is covered by deep
acidic, nutrient-poor soils, specifically Oxisols and Ultisols
(fig. 9.6; Soil Survey Staff, 1999). Water-affected soils,
mostly hydromorphic gleys or poorly drained Entisols and
Inceptisols, cover about 14% of the basin and are typical
of the alluvial vdrzeas and swampy ground affected by high
ground-water levels (fig. 9.6). There are patches of ex-
tremely infertile, usually sandy, acidic soil (Psamments),
but also scattered patches of moderately fertile, well-
drained soils (especially sub-order Udalfs, Fluvents and
Tropepts, Soil Survey Staff 1999), which collectively to-

tal ~6% of the basin (Furley, 1990; Jordan, 1985b; and
Sombroek, 1979).

Tracts of more fertile soil are limited in extent but are very
important in influencing plant composition as well as pos-
sibilities for agricultural development. The alluvial vdrzea
soils from white water streams provide the most extensive
better soils, though constrained by annual floods. Limited
tracts of more fertile soil are found throughout the Amazon,
usually associated with outcrops of more favorable parent
materials. Projeto Radambrasil identified two areas in the
Brazilian Amazon where igneous intrusions furnish base-
rich parent materials at the surface (in southwest Amazonia
in Acre-Rondénia, and south of the lower Amazon in parts
of Pard). More limited patches of black or dark-colored soils
(terra preta) occur in association with earlier indigenous
settlements usually located on bluffs above flood plains (see
chapter 16; McCann et al., 2001). They develop from re-
peated organic additions and burning, which produces
“black carbon” (Glasser et al. 2001). This resists decompo-
sition, attracts cations to exchange surfaces, and allows high
fertility to persist over long periods. Intensive raised- and
drained-field wetlands similar to those known in Central
America (chinampas; Gliessman, 1990) also occur in Ama-
zon wetlands, generating quite different types of soil fertil-
ity (see chapter 16; Furley, 2005)

Environmental and Ecological Change Over Time 1t is
still a popular misconception that tropical forests are an-
cient vegetation formations whose biological complexity
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reflects a long period of evolution. Although some species
diversity may indeed result from niche specialization and
require a long time span to evolve, it is now known that
most of the tropical forests of the world have been strongly
affected by climate change, notably changes in tempera-
ture (if only a few degrees) and moisture availability during
the climatic oscillations of the Quaternary (Whitmore and
Prance, 1992). Parts of the tropical forest may be ancient
but have been altered in size and shape through time as a
result of these changes, particularly at the forest margins.

The history of Amazonian flora is far from well under-
stood and large-scale extrapolations have to be made from
a limited number of detailed studies. Most of the evidence
comes from palynological analyses of wetland sites (where
pollen is better preserved), but there is additional evidence
from other proxy measurements such as old arid landscape
deposits, diatom indicators of water chemistry, and pre-
served fragments of vegetation, especially wood remains,
all of which need to be matched against known dates, usu-
ally from '*C measurements. In addition, present distribu-
tions of diverse organisms, from plants to lizards and
butterflies, provide valuable clues.

During pre-glacial times there were complex interactions
between forest and savanna, and the boundary between
these and other formations has changed considerably over
time (Behling and Hooghiemstra, 2001; Behling, 1998;
Furley et al., 1992). Some records indicate that there was

deposition
of dust and
aerosols

CANOPY

grassland where today there is forest. Others show repeated
alternations between forest and non-arboreal vegetation or
more open woody conditions. During successive glacial
maxima of the Pleistocene, the savannas, broadly defined,
must have expanded under markedly drier conditions with
a consequent reduction in the forest cover (Behling and
Hooghiemstra, 2001; Behling, 2002). The idea that the for-
est area declined and retreated to a number of refuges (fig.
9.7) is generally accepted, although their location, details
of their composition, and explanations of their origin are
hotly argued (Colinvaux, 1997, 1996; Bush 1994). Over the
past 18,000 years, since the Last Glacial Maximum, there
have been changes in temperature and rainfall associated
with latitudinal migration of the ITCZ, and changes in pres-
sure systems over the south Atlantic and Antarctic, which
have combined to affect the forest cover (Marchant et al.,
2000). Today, at a number of Neotropical sites, the forest is
advancing into the savanna as a result of slow climatic
change and despite widespread clearances and destruction
(Ratter 1992).

9.1.2 Amazonian Vegetation

The Amazon-Orinoco lowlands contain a complex mosaic
of ecosystems, from tall moist evergreen forest to open
grassy savanna (cerrado/llanos) and scrub (campina). The
plant associations can be examined from several points of
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nature of the root mat (where fine root
extension has been shown to be a rapid and
effective scavenger of available nutrients); (4)
nutrient conservation by mycorrhizae, which
cover a very large volume of the surface soil
horizons and trap nutrients.
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Alfisol
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Inceptisol or Entisol
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Inceptisal or Entisol
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Figure 9.6 Soils of Amazonia (based on Furley, 1990, from several sources)

view, such as their life zones that reflect broad environ-
mental controls (Holdridge, 1972), or their structure and
physiognomy, or species composition. Local variations are
determined by factors such as the incidence of flooding,
topography, and drainage, or soil depth and character. This
account follows Prance (2001) in using species compo-
sition together with structure to explain the constituent
ecosystems.

The first effective overview of the whole of Amazonia
came from Side-Looking Airborne Radar surveys (SLAR) of

Projeto Radambrasil in the 1970s and 1980s. Despite its re-
connaissance nature (published at a scale of 1:250,000), the
project was a monumental achievement that gave a quanti-
tative measure of the vegetation as well as geology, geomor-
phology, soils, climate, and land-use potential of the region.

Forests of Nonflooded Land (Terra firme) Moist ever-
green or rain forest is the most extensive formation, cov-
ering about half of the Amazon region, and typically
found on terra firme, the firm or solid ground above high
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Figure 9.7 Suggested forest refuges in the
Amazon (modified from Whitmore and

water mark. The forest is frequently stratified, although
such layers are often difficult to visualise from the ground
(Whitmore, 1998; Longman and Jenik, 1987; Richards,
1996). Single trees or emergents protrude above the main
canopy. The main canopy is often so dense that a view
from one of the few towers, placed in the forest to observe
vertical changes in the vegetation and its microclimate,
suggests that one could walk out across the apparent pave-
ment of branches and leaves. Below this layer are
subcanopy strata consisting of trees and woody plants
such as palms, cacao, and wild banana, and thin spindly
saplings of canopy trees waiting for a gap to appear be-
fore growing up into the forest. There is a sparse shrub
and ground layer except in canopy gaps, which may oc-
cupy as much as 20% of the forest area and where exu-
berant low vegetation occurs. In dense forest it is typically
dark and relatively easy to traverse on foot, since there is
little ground vegetation. Lianas and epiphytes are com-
mon in the higher canopy of the forest. Lianas can be
dominant and form dense thickets. Strangler plants, prin-
cipally figs (Ficus spp.), are widespread. They start life
as epiphytes and send down aerial roots along the surface
of the host trunk. These eventually reach the soil and de-
velop into a stranglehold, killing the host tree. Thus the

L Prance, 1992)

host is supplanted by the strangler, which forms a tree in
its own right without having to start as a seedling on the
dark forest floor. The trunks and bark of forest trees are
usually  thin, there is no need
to protect against cold or fire. Several species exhibit

since

cauliflory—flowering and fruiting from trunks or major
branches rather than from slender shoots. Leaves at the
top of the canopy, exposed to strong sunlight, heavy rain,
and wind, are often hard and small (microphyllous), and
angled to limit light incidence. The leaves of midcanopy
trees are more commonly of medium size in more shaded
conditions. Near the ground, where light is restricted,
energy is captured in soft large leaves (macrophyllous)
angled to catch the maximum light. Many leaves have
mechanisms for shedding excess water from their surfaces
(e.g., drip tips), which may help prevent the buildup of
leaf epiphytes (which could block light and inhibit pho-
tosynthesis).

Some emergent trees may exceed 50 m in height, such
as the Brazil nut (Bertholletia excelsa), but the closed
canopy is mostly 25 to 35 m high. The dense cover inhib-
its light penetration to the floor, where plants are adapted
to low light levels—usually 1-3% of the light incident at
the top of the forest. Much of the light at ground level is in
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the form of sun flecks (Mulkey et al., 1996). Where light
increases, for example through tree fall, some pioneer
shrubs and trees grow remarkably quickly (e.g., Cecropia
spp.). Despite their height and bulk, often accentuated by
buttressing, trees generally have shallow rooting systems,
although in some circumstances (such as areas vulnerable
to drought), deep roots occur (Nepstad et al., 1994). They
develop a thick dense root mat near the surface rather than
taproots or axial roots because virtually all nutrients are
close to the surface and they do not normally need mois-
ture-seeking deeper roots. Where there is shallow rooting,
the trees can be easily toppled in storms (or by bulldozer)
and the buttresses and stilt roots may reflect an attempt to
provide greater stability.

The diversity of plants in Amazonia varies greatly. Oc-
casionally plants may form nearly pure stands of one spe-
cies, such as the monospecific Peltogyne forest occurring
in parts of northeast Amazonia (Milliken and Ratter,
1998), and some palm communities, but mostly species
are well dispersed in an apparently random pattern. The
numbers of species are amazing (Gentry, 1990). In the
western Amazon, Valencia et al. (1994) found 307 tree
species of 10 cm trunk diameter at breast height and about
500 woody species in a single hectare. However, over a
large part of central Amazonia, there are typically far
fewer tree species per hectare (60-70), but since differ-
ent species occur in successive plots the total aggregate
of vascular plants has been estimated at 30,000 species
or more (Prance, 2001).

The vegetation of Amazonia is closely intertwined with
a wealth of vertebrate and invertebrate life. Typical of the
myriads of organisms making up the food web of the forest
are the ants. Many plants are myrmecophiles or ant-adapted,
such as the pioneer Cecropia trees. Some plants provide
shelter and exude nutritious food (nectar) in return for an
ant guard against herbivorous grazers or competing plants.
Pollination and dispersal mechanisms, like so many pro-
cesses in the life of the forest, are achieved through com-
plex links with animals and insects or other organisms.

Amazonian campina (also known as catinga or
campinarana) is a type of vegetation typical of infertile
sandy soils derived from the erosion of sandstones sur-
rounding the basin. The soils are frequently white, reflect-
ing extreme weathering and leaching in a porous matrix.
Some river terraces have reworked coarse-textured allu-
vium derived from these sandstones and have similar char-
acteristics, as do the restingas of coastal sand dunes. The
plants have remarkable adaptations to overcome the severe
nutrient deficiencies with extremely tight nutrient cycle
mechanisms.

The resulting plant formations vary from woody sa-
vanna-like formations to low forest up to around 18 m high.
The trees have smaller diameters than those of moist ever-
green forest, with more tortuous branching, and may not
form a continuous canopy. The increased light reaching the

ground surface favors a richer ground flora with numerous
endemics, mostly members of the families Bromeliaceae,
Marantaceae, and Rutaceae. There are also numerous epi-
phytic plants, including many ferns (pteridophytes) on the
branches. Patches of campina vegetation are scattered
throughout Amazonia and colonisation of these often dis-
tant, sandy sites relies on long-range dispersal by wind,
birds, and bats. This contrasts with the more typical moist
evergreen forest, where trees tend to produce heavy fruits
and seeds and may have different dispersal strategies such
as gravity fall and movement along the ground by rodents
and other animals.

Dry semi-deciduous and deciduous forests typically

extend outward from the evergreen and semi-evergreen
formations of central Amazonia into more seasonal cli-
mates and/or over more fertile soils (see later). Although
they are transitional to cerrados in many respects, smaller
patches may be found throughout the Amazon, usually
identified by indicator trees of more mesotrophic (i.e., more
fertile) conditions (Milliken and Ratter, 1998; Ratter et al.,
1978). Many species are common to Amazonian terra firme
forests (e.g., species of the genera Enterolobium, Parkia,
Schizolobium, and Simaoruba), but there are other species
that are absent from these areas, such as the mahogany
(Swietenia macrophylla).
Transitional Forests At the forest-savanna boundaries,
the strongly seasonal climate affects the composition and
structure of the forest (Furley et al., 1992). Although the
boundaries may be sharp, particularly where they are af-
fected by local factors such as slope, drainage, soils, or fire,
many are diffuse and the vegetation formations grade into
one another over a hundred kilometers or more (Ratter,
1992). With favorable moisture conditions, moist evergreen
forest extends into areas typically covered by savanna. The
reverse process is found where variants of savanna or
campina extend well into the forest on dry, freely drained,
nutrient-poor soils. Prance (2001) recognizes three princi-
pal types of more specialized transitional forest.

Palm forests are typically composed of babassu (Attalea
speciosa), and they dominate much of eastern Amazonia.
Trees are commonly 10-25 m high, are widely spaced,
and often produce a mono-specific stand. There are few
endemics. The high fire-resistance of babassu is believed
to account for its abundance, and this is probably accen-
tuated by local people, who leave the palms while clear-
ing forest (partly for shade, shelter, nuts, and other uses).

Liana forest is open with scattered trees, but trees can
be densely covered in lianas (forming thickets known as
Mata de Cip6 in Brazil). The lianas belong mainly to the
families Bignoniaceae, Dilleniaceae, Leguminosae, and
Malpighiaceae. The trees are similar to those found in moist
forest but with less diversity and smaller structure, leaves,
and biomass. The origin of this forest is often unclear but
may also be related to past human disturbance.
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Bamboo forests are more open and found frequently in
southwest Amazonia. The bamboos are locally abundant
in the upper canopy and lower strata, and can reach as
much as 30 m in height. They tend to be composed of spe-
cies of the same genera found widely throughout the Ama-
zonian forests (e.g., Merostachys).

Floodplain and Wetland Forests Since around 10% of
Amazonia is affected by periodic flooding, the floodplain
forests are both extensive and vital to the life of the region.
The forests may be flooded up to 10-15 m deep for 5-7
months each year in land close to the rivers. Plants need
to be adapted to survive, and the highly unusual character
of the forest is illustrated by fish and dolphins swimming
among the tree trunks in the wet season. Much of the ani-
mal and micro-organic life migrates annually up to the
higher parts of the canopy above high water or away from
flooded areas onto higher ground. Farther away from the
rivers, trees have less time under inundation, and the for-
est character approaches that of well-drained terra firme
(Goulding, 1980; Goulding et al., 1996).

Vidrzea forests are temporarily flooded by mainly white
water rivers and develop over more fertile floodplain al-
luvium than is found in the typical terra firme forest. Tidal
vdrzeas extend far upriver and contain similar plant asso-
ciations. Generally, vdrzea forests are more diverse in the
upper than in the lower Amazon, and they have a physi-
ognomy similar to that of moist evergreen forest but with
fewer tree species. The trees are commonly buttressed or
have stilt-roots typical of shallow-rooted woody plants.
There are abundant lianas and a rich understory with well-
known herbaceous families such as Marantaceae and
Heliconiaceae, which feature in many garden centers be-
yond the tropics. Typical trees include the widespread
cotton tree (Ceiba pentandra), rubber (Hevea brasiliensis),
and some virolas (e.g., Virola surinamensis). Where exten-
sive tracts of vdrzea forest occur, wet grasslands or mead-
ows (canarana) are often found.

Igapé forests are permanently flooded forests along the
courses of black-water rivers, such as the Rio Negro, and
clear-water rivers such as the Xingu, Tocantins, and
Tapajos. In the wet season only the tree canopies may be
seen above water, and the plants and wildlife are highly
adapted to pronounced shifts in water level. Fish often
disperse seeds and fruits. In general, trees are lower in
height and more scattered than in vdrzeas or terra firme
forests. Many trees are confined to igap¢ forests, such as
palms of the genus Leopoldinia. In some cases where clear
and black waters intermingle, the influence of both types
of forest can be found.

Aquatic and semi-aquatic vegetation occurs in the many
scattered lakes, such as oxbows and abandoned river
courses, within the wetland forest. Some large lakes exist,
such as Lago Manacupuru in the Brazilian state of
Amazonas. These shallow water bodies vary in size dur-

ing a year but typically contain aquatic macrophytes, such
as the giant lily (Victoria amazonica) and water hyacinth.
There are numerous free-floating species, and the force of
water often carries mats of grassy vegetation downstream.
There are also small patches of permanent swamp with
very low tree diversity over humic gley soils. A few stands
of palm occur (typically Mauritia flexuosa and Euterpe).
These species indicate the presence of subsurface water
throughout Amazonia and central Brazil, and are also
found in gallery forests and seepages beyond the forest.
Sedges and floating aquatic plants are common wherever
shallow pools and semistagnant waters occur.

Mangrove forests occur along much of the tropical open
coast, and extend upstream as riverside or deltaic forma-
tions in brackish water (see chapter 15). Typical plants
show distinctive adaptations to their saline and water-
logged environment. Some trees have adventitious or ran-
dom roots, which descend from the trunk and anchor
themselves in the muddy substrate of shallow waters.
Many mangrove species have stilt roots branching from
the trunk that provide support in seasonally high-energy
conditions. This often gives a tangled appearance to the
vegetation. Unlike those of southeast Asia, South Ameri-
can mangroves have few tree species. Most characteris-
tic are red mangrove (Rhizophora mangle), which favors
the saltiest and most exposed seaward sites, black man-
grove (Avicennia spp.), and white mangrove (Lagun-
cularia racemosa). Other typical plants include Hibiscus,
Acrostichum (mangrove fern), algae, and grasses. Many
more species occur at the inner fringes of the forest where
soils become leached of their salt content. With time,
mangroves can form substantial forests inland and where
they become isolated from the sea. Despite being species
poor in terms of plants, these mangroves have a high pro-
ductivity and biomass. Furthermore, their wildlife is
often very rich with numerous birds and invertebrates
(such as crabs), though they are rarely restricted to man-
grove. Raccoons are frequent in Brazil but larger land
animals are usually not seen. Crustaceans are very com-
mon and caiman (crocodilians related to alligators), mana-
tees, and other larger animals frequent the rich warm
waterways. Mangroves are also very important in various
stages of the life cycle of marine animals, notably as a
breeding ground and nursery for many species of fish.

Savannas Tropical grasslands and woody savannas are
widespread within the Amazon and Orinoco basins. They
occur in patches within the tropical rain forest of the
Amazon lowlands and more extensively farther south, in
the cerrados that stretch across the Brazilian hills and pla-
teaus between major forested valleys, in the Guaporé basin
of eastern Bolivia, and in the Chaco farther south (Oliveira
and Marquis, 2002; Mistry, 2000; Furley, 1999). Grasslands
also characterize the extensive llanos between the Orinoco
lowland rain forest and the Venezuelan and Colombian
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Andes, as well as the Rupununi high country of the Guiana
Shield. They are broadly divided into dry savannas and wet
(hydrologic) savannas, and also include gallery woodlands
along water courses (fig. 6.1, 9.2; Sarmiento 1992, 1984).

Montane Fringing Ecosystems Many outcrops of crystal-
line rock around the Amazon basin provide hilly land that
supports transitional ecosystems. The low brejo hills of
northern Brazil, for example, attract and retain cloud, and
the moisture released allows the development of tall for-
est on hilltops. Relatively small changes in slope and drain-
age can result in very different zones of vegetation. The
most dramatic landscapes are those of the sandstone tepuis
of the Roraima region straddling the Brazil-Venezuela bor-
der, where slopes are often clothed in forest but the sum-
mits support totally different vegetation formations, al-
though some like the Cerro Guiaquinima in Venezuela have
a forest cover. Summit floras are often highly endemic, with
each summit, such as Mt. Neblina (3,045 m), having a
unique group of species but closely related to those of
nearby tepuis. Rocky ground with thin soils frequently has
an open type of vegetation (campo rupestre in Brazil) and
looks superficially like savanna but differs floristically and
physiognomically. Typical cerrados species are not found
but there are representatives of the genera Byrsonima,
Clusia, Vellozia, and a number of bromeliads, eriocaulads,
and lichens.

Secondary Forests As a result of human disturbance,
much of the Amazon is now covered by secondary forest.
Around 15% of the primeval forest has been cleared and a
possible further 15% disturbed. Human activity has been
significant, since the earliest occupation of the region and
indeed the composition of the eastern Amazonian forests
may be the result of indigenous activity over thousands of
years (see chapter 16; Posey et al., 2005). The clearances
of the past few decades have altered great swathes of for-
est, particularly in the southern, more accessible parts
of Amazonia. Unlike the indigenous populations who
utilized all phases of forest succession, modern day
clearance has tended to clear-cut large tracts, forming
capoeiras (areas of secondary vegetation often in the early
weedy stages of plant succession), although there is still
extensive selected logging deep within the forest. Second-
ary growth is also typical of natural gaps in the forest with
characteristic pioneer plants such as Cecropia, Byrsonima
or Vismia spp.

9.1.3 Amazonian Wildlife

There are several groups of vertebrate and invertebrate
animals that are characteristic of Amazonia (see chapter
8). In addition there are hosts of microorganisms whose
diversity is only just being uncovered. The silky anteater
and two-toed sloth are typical endemics of Amazonia,

which also contains 14 of the 16 Neotropical primates (the
largest number in the world), marsupials such as opossums,
and predator cats such as ocelots and jaguars. There are
numerous other animals such as wild dogs, deer, two spe-
cies of peccary, coatis, kinkajous, and smaller mammals,
rodents, and reptiles. Birdlife is particularly rich, colourful,
and noisy (such as toucans, parrots, and macaws), and
ranges in size from minute hummingbirds to large harpy
eagles and giant jaboro storks. There are also interesting
groups such as the hoatzins, with claws on the edges of
their wings.

The aquatic fauna deserve special mention because of
the unique nature of the Amazon River system with the
most diverse freshwater fish fauna in the world (Goulding
et al. 1996). Estimates of fish species range from 2,500 to
3,000, although only around 1,700 species have been fully
described. Understanding fish ecology provides a useful
signpost for the survival of other aquatic animals, as well
as having direct economic importance. An extraordinary
aspect of aquatic life is the way in which fishes (such as
the meter-long tambaqui) and their predators (such as the
bé6to dolphins) extend their range into dense forest dur-
ing the flood season. There are numerous examples of
links between plants (furnishing seeds, fruits, and organic
debris) and the life cycle of fishes. The Amazon estuary
is particularly productive because of accumulated organic
matter, primary production by phytoplankton, and the
extensive tidal forests. Ecosystem disturbances have an
impact on seasonal shifts and long-distance migrations up
and down the river systems. Some catfish, for instance,
migrate 2,000 to 3,000 km from the estuary, where they
breed, to the headwaters. Little information is available
on the geographic range and limits of commercially valu-
able species, although spawning seems to be confined to
sediment-rich waters. Floating meadows and open-water
plankton (algae) are also vital for young fishes. Since the
main food sources for Amazonian fish are in the flood-
plain forests, and in the aquatic herbaceous and phy-
toplankton communities, any disturbance to these
systems may have long-term and widespread impacts and
disrupt the complex food web (Goulding 1980; Goulding
et al., 1996).

9.1.4 Biogeography and Development

The environmental and ecological legacy of Amazonia is
threatened by deforestation and inappropriate develop-
ment. Although large areas of forest in the Amazon and
Orinoco basins have changed little over the past century,
the southern and eastern margins of Amazonia, and the
Pacific coasts of Ecuador and Colombia, have suffered
devastating deforestation in recent decades, while the At-
lantic Forest was heavily depleted before 1900 (Harcourt
and Sayer, 1996). Rapid development has led to the de-
struction of over half a million square kilometers of forest
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in Brazil alone over the past 25 years, leading to an increase
in the atmospheric carbon flux (Houghton et al., 2000).
Nevertheless, satellite imagery indicates that less than 20%
of the forest has been cleared at present, although the rate
of destruction continues unabated.

Forest clearance has many indirect repercussions in
addition to the direct loss of trees and the communities of
plants and animals dependent upon them. Occurrences of
clear-cutting and burning can be recognized by remote
sensing from satellites, but selective logging can take place
beneath the upper canopy and is less easy to detect and
quantify. The latter may affect an area equal to that of fell-
ing (Nepstad et al., 1999). Fire has become more wide-
spread as a result of increasing spells of dry years (ascribed
to El Nino effects, see chapter 19), and may penetrate for-
est areas from adjacent, more flammable savannas and
cleared land. Fire and accelerated organic decomposition
increase carbon loss to the atmosphere, as well as produc-
ing carbon monoxide, nitrogen oxides, ozone, and aerosol
particles. On the other hand, intact forest appears overall
to be a carbon sink (Houghton et al., 2000; Grace et al.,
1995). Repeated fires following logging can cause long-term
impoverishment of soils and inhibit regeneration, leading
to further carbon loss and biogeochemical impoverish-
ment. Furthermore, watercourses become contaminated
with dissolved elements and suspended sediments eroded
from the newly exposed catchments and consequently af-
fect the extraordinarily rich aquatic life.

There are many reasons for forest clearance, and it is
sometimes difficult to trace the root causes as opposed to
the more obvious groups of people or mechanisms respon-

sible for clearing. The most obvious cause is the expansion
of agriculture and ranching, either for extensive commer-
cial farming (such as cattle or soy) or for small-scale, mostly
subsistence, farming. The impact in southern Amazonia is
particularly dramatic as shown by satellite imagery, which
allows land-cover changes to be merged with agricultural
census data (EOS, 2001; fig. 9.8).

It is unreasonable to expect Amazonia to escape devel-
opment completely, even given its immense biological and
environmental value (Cliisener-Godt and Sachs, 1995).
However, the history of Amazonia has been littered with
economic spurts (such as the rubber boom) and stagnation,
with relatively little evidence of sustainable development
however that is defined.

9.2 The Mata Atlantica
(Atlantic Forest)

The Mata Atldntica forms one of the world’s major biologi-
cal hotspots, with a remarkably high proportion of endemic
organisms (Olson and Dinerstein, 1998; Biotropica, 2000).
It may contain as much as 7% of the world’s plant and
animal species (Quammen, 1996). Plant diversity is often
equal to or sometimes greater than many Amazonian for-
ests. There are an estimated 2,000 or more species of trees
and shrubs, and there is increasing concern over the fate
of the rich and varied wildlife. Over 100 plant species have
endangered status (IUCN, 1986), including at least one
important hardwood, Caesalpinia echinata (Mori, 1989).
Many of the animals that live in these habitats are simi-
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Figure 9.8 Agricultural expansion and forest clearance in Amazonia (after EOS, 2001)
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larly threatened. From an original area of perhaps 1.3 x 108
km?, progressive clearances have fragmented the forest to
around 98,000 km? (Morellato and Haddad, 2000), 7.5%
of its former extent, and sheltering 171 of Brazil’s 202 of-
ficially endangered species (Brown and Brown, 1992). The
remaining forest is frequently located in inaccessible and
disconnected pockets, and much of the area still forested
is secondary. It is therefore one of the most threatened of
all tropical forests, and many initiatives have been set in
place to retain what is left and restore connections between
forest patches.

The Atlantic Forest forms a very distinctive landscape
associated with the coastal mountains and escarpments
running southward for 4,000 km along the eastern margin
of Brazil, from 5°S at Cape Sdo Roque to 30°S at the Rio
Taquari (IBGE, 1993). Although it extends marginally into
Uruguay, Argentina, and Paraguay to the south, it is essen-
tially a Brazilian formation. The main core of the forest lies
in the Serra do Mar and Serra de Mantiqueira in the states
of Sdo Paulo, Minas Gerais, Rio de Janeiro, and Espirito
Santo (fig. 9.9). The rugged mountains, steep slopes, and
deeply incised valleys, together with the incidence of heavy
rains and high humidity, have left an acidic, leached, and
stony soil cover, where rooting depth depends largely on
gradient and position on the slope. Many soils are inherently
unstable and mass movement is commonplace, leaving a
mosaic of gaps and successional phases in the forest.

At its greatest former extent, the forest covered much
of the narrow coastal plain and ranged inland to merge with
the caatinga thorn forest and steppe savanna to the north,
the cerrado and dry semi-deciduous woodland to the west,
and the deciduous and mixed pine forest to the south. To-
day it is confined mostly to montane and submontane en-
vironments rising to around 2,700 m but, because of its
paleoenvironmental range and lowland connections, can
justifiably be included in this account of tropical lowland
forests.

9.2.1 Biogeographical Links

The main differences between the Atlantic and lowland
Amazon forests relate to altitude and average temperature.
Annual temperatures in the Atlantic Forest average be-
tween 14 and 21°C, reaching a maximum of ~35°C and a
minimum mostly >1°C, though occasionally lower farther
south. Not surprising, the more mountainous areas are
cooler and occasionally cold. Rainfall regimes are similar
between parts of the Atlantic Forest and the Amazon. For
example, the central Amazon, between Manaus and
Santarém experiences an annual rainfall of ~2,000 mm, and
approaches 3,000 mm in the western Amazon lowlands.
In the Atlantic Forest, the Teres6polis-Pétrépolis area of
Rio Janeiro state has 2,000 to 2,200 mm annually, and parts
of the Serra dos Orgaos receive over 3,000 mm. Clearly the
topography of the Atlantic Forest region plays a major role
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Figure 9.9 Distribution of the remaining Atlantic Forest (after
Bohrer, 1998)

with, for example, an altitudinal effect on temperature, a
wind-channeling influence, and a differentiating role in
rainfall and humidity forming a barrier between east (wet-
ter) and west (drier). The geology and soils are also differ-
ent. The Amazon forest is supported by soils derived
mostly from Cenozoic sediments, whereas the Atlantic
forest has mostly evolved over ancient crystalline granite
and gneiss (Rizzini et al., 1988).

The floristic composition of the Atlantic Forest bears
many points of resemblance with that of the Amazon and
this has led to speculation on possible paleoenvironmental
links between them. The similarities are greatest at a fam-
ily level, although there are differences in terms of domi-
nance (Mori et al., 1983). Although richer in epiphytes and
tree ferns, the Atlantic Forest has fewer palms and lianas.
At a species level, differences between the two formations
are more pronounced. At present there are marked climatic
and topographic barriers but there are, arguably, older links
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through the network of gallery forests across the cerrado
and through the patchwork of semideciduous or decidu-
ous forests reaching through interior Brazil to the dry north-
east (Oliveira Filho and Ratter, 1995). These formations
have been postulated as linking systems during the retreat
of evergreen forest associated with glacial stages of the
Pleistocene (Pennington et al., 2000). However, despite a
recent surge in research, many gaps in the data remain, thus
making it difficult to be sure about past distributions
(Behling and Hooghiemstra, 2001).

9.2.2 The Nature of the Forest

The Atlantic Forest is spectacular, though best seen from
a distance, since the rugged terrain and extreme moisture
make observation difficult at the forest-floor level. At dif-
ferent times of the year, synchronous flowering of species
provides vivid splashes of color such as the violet
Tibouchina or yellow flowers of Cassia species. Although
forest structure and composition are known only in detail
from a few sites (e.g., Por, 1992), they are extremely rich.
The vegetation may be described as montane (>1500 m),
lower montane, and submontane moist evergreen forest.
However, transitional formations with semideciduous,
deciduous, Araucaria pine, and other ecosystems are some-
times included in the morphoclimatic Atlantic-Paranaensis
biogeographical province (Cabrera and Willink, 1973). The
western boundary is more difficult to define because of
wide transitional zones, fragmentation, and deforestation.

The vegetation of upper montane formations varies from
east to west and with increasing altitude. Above 1,500 m
on eastern slopes, there is a less dense form of forest. This
reaches 15 m in height and contains numerous shrubs with
drier, twisted tree trunks and irregular branching. Lianas and
epiphytes become less frequent whereas mosses and lichens
increase in proportion and drape branches in foliose, fila-
mentous, and pendulous forms, sometimes up to a meter
or more in length (e.g., “Spanish Moss,” a lichen, Usnea).
Above 1,800 m, the forest becomes high montane and loses
its evergreen arboreal character to shrubby and grassy forms
of vegetation. Lower montane formations occur typically
between 800 and 1,700 m above sea level. Trees may attain
heights of 20 to 30 m, with some emergents reaching to over
40 m. The largest trees are often Carinia estrellensis
(Cecythidaceae) with numerous palms (e.g., Euterpe edulis,
the source of the edible palm heart), conifers (e.g.,
Podocarpus spp.), and many ornamental species. Bamboos
and tree ferns (Cyatheaceae) are common, the latter often
reaching 5 m and characteristic of the mountain environ-
ment (Gentry, 1982). Favored by the high humidity, the for-
est is typified by an abundance of epiphytes, of which over
1,000 species may exist in the Serra dos Orgaos alone.
Myrtaceae are often the most important tree family, with
Lauraceae becoming frequent to the south. There are numer-
ous endemic plant species, and some have a very restricted

geographic range. It is estimated that 53% of tree species of
the Atlantic Forest and up to 70% of its total plant species
may be classified as endemic (Mori et al., 1981; Gentry,
1992). The remarkable species richness may be explained,
in part, by the changing character of the plant cover over
time, with long periods of isolation. There have also been
numerous natural disturbances, such as fires and storms,
which have generated greater diversity (intermediate distur-
bance theory). Fragmentation has also led to local species
equilibrium (island biogeography theory, Laurance et al.,
1998). In a sense there is perpetual disequilibrium, reflect-
ing the sensitive environment and extreme events.

The distinctive submontane forest covers slopes from
300 to 800 m, reflecting the deeper colluvial soils and
more marked dry season. Greater ease of access has meant
that much of the remaining forest is secondary and
shrubby in character. Proximity to or remoteness from
the sea affects the plant cover. The understory plants of
both montane and lower montane areas contain giant herbs
and reflect variations in local environments. This empha-
sizes the importance of microscale and the value of topo-
graphic drainage to an understanding of the relationships
among physiography, dynamic processes, nutrient fluxes,
and related phenological patterns. Trees in the lower mon-
tane forest tend to be shorter (12—25 m), with greater spac-
ing between individuals than in montane locations. Palms
are less common and the lower strata are drier, with
typical species such as Piptadenia macrocarpa, Persea
cordata, Ocotea rigida, and species of Cedrella (cedar).
Although the forest has been largely cleared from the
coastal plains and lower foothills, patches still exist
(Rizzini et al., 1988).

Possibly the most publicized of the wildlife are the
mammals, among which the tamarins figure prominently.
These small endearing primates have high public appeal
and have been used as a symbol to draw attention to the
plight of their habitats in general (Bierregaard et al., 1997).
The highly isolated endemic populations make them very
vulnerable to extinction (Rylands, et al., 1997). The lion
tamarins (genus Leontopithecus) are found today in four
disjunct areas, each with a different species having a
slightly different set of resource requirements.

9.2.3 Threats to the Mata Atldantica
and Conservation

Despite deforestation and settlement from the beginning
of the sixteenth century, there has been surprisingly little
information on the status of the Atlantic Forest until re-
cently (Dean, 1995; Por, 1992). The forest may have cov-
ered as much as 12% of Brazil a century or so ago (Viana
and Tabanez, 1996). More recently, the forest has become
particularly vulnerable to human impacts because it is situ-
ated so close to some of the largest and fastest growing
population centers of South America. The progressive
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destruction of the environment has had a marked effect on
the coastal plain and now threatens the montane areas
inland, although there are great differences in clearance
rates across the region (Viana et al., 1997).

The forests have been exploited for selective and clear
logging, cutting for fuelwood and pulp, clearance for agri-
culture, livestock farming, settlements, hunting of wildlife
(for food and for the pet trade), and for the cultivation of
fast-growing tree species such as eucalyptus and pine.
Heywood and Stuart (1992) have defined the pressures of
fragmentation as demographic, genetic, ecological, and
accidental. Demographic pressure isolates populations of
plants and animals, and species such as top predators no
longer have sufficient resources to sustain their needs
(Pinto and Rylands, 1997; Laurance et al., 1998). Isolation
also results in genetic changes, although it has been argued
that such pressures are part of the natural process of spe-
ciation and that many animals are in any case resilient.
Ecological impacts relate mainly to edge effects and inter-
actions with surrounding habitats, since the size and shape
of fragments are influential in accelerating or diminishing
these impacts and the problem is compounded by the pen-
etration of tracks and roads. Finally, fragmentation results
in an increase in accidental damage as a result of a greater
incidence of fires, greater hunting pressures, and increased
pollution.

Several attempts have been made to protect the remain-
ing Atlantic Forest. Both the Brazilian government and
active NGOs (such as SOS Atlantic Forest, Ranta et al.,
1998) have raised awareness of the problems and contrib-
uted to a better understanding of the resource. Brazil’s old-
est national park was established in the Atlantic Forest in
1939, and there are also two World Heritage Sites and an
International Biosphere Reserve declared by the United
Nations, as well as other conservation units at state and
municipal levels. Nevertheless, the usual problems of fi-
nancial support, lack of information, and lack of qualified
personnel mean that only a tiny fraction of the forest is
secure (~2% according to Por, 1992). The latest thinking
points to a concept of conserving whole landscapes that
are usually made up of a mosaic including primary and
secondary forest and a mix of agroforestry, agriculture,
ranching, and settlement. There clearly needs to be a long-
term benefit that is obvious to local people to offset the
short-term benefits of clearance. Publicizing flagship spe-
cies, such as the Golden Lion Tamarin, highlights the is-
sues and provides a model for other conservation efforts
in fragmented landscapes.

9.3 The Seasonally Dry
Tropical Forests

Dry forests in tropical areas tend to be overshadowed by
the publicity given to moist forests (Bellefontaine et al.,

2000), yet they are highly distinctive, greatly threatened
by development, and have very little protection or conser-
vation. Most tropical ecosystems are to some extent sea-
sonally stressed by drought, and this has been recognized
from some of the earliest work in plant geography. Forests
experiencing longer spells of dry conditions cover many
parts of South America, including northeast Brazil (the
drier cerrados and caatinga formations), the Chaco region
of Paraguay, Bolivia, and Argentina (Prado and Gibbs,
1993), tracts along the Caribbean coasts of Colombia and
Venezuela, the dry valleys of the Andes (Pennington et al.,
2000), and scattered patches, often associated with calcar-
eous outcrops from northeast Brazil to the southwest Chaco
(fig. 9.10; Ratter et al., 1978, Prado, 2000).

9.3.1 Dry Tropical Forest Terminology

Dry forest is a confusing term and could refer to both cli-
matic and vegetational concepts. FAO terminology groups
forests into closed forest, open woodland, and savanna
(>10% tree cover). Broadly therefore, there are a variety of
dry forest formations that have been given a confusing
number of names. This chapter recognizes dry deciduous
forest, open woodland, and woody savannas, and steppe-
like formations of the chaco and caatinga. There are close
biological links between most of these groups within the
present-day distributions, although they are often widely
separated. The current spatial patterns represent simply a
moment in time in the constant dynamic flux of vegeta-
tion formations (Furley et al., 1992).

Dry deciduous forest is relatively rare today. It is mostly
closed (i.e., no substantial openings in the canopy cover),
some 15—-20 m in height, with a tree component that loses
most of its leaves in the dry season. The understory is
sparse with scattered evergreen and deciduous shrubs and
a patchy herbaceous cover in the gaps. Mesotrophic dry
forest is a subdivision of the dry deciduous forest and tends
to persist, as the name suggests, in areas of more fertile soil.
In these patches, where trees remain today mainly because
of inaccessibility and sharp limestone relief, there are
moderate pH values (often alkaline) and medium to high
nutrient levels. A number of trees are characteristic of these
more favourable conditions, such as Anadenanthera
colubrina, Aspidosperma subincanum, Cedrela fissilis,
Storculia stricta, and Tabebuia impetiginosa.

Open woodland generally contains smaller trees. Al-
though the canopy cover may be fairly continuous (~40-
60% according to Bellefontaine et al., 2000), light is able
to penetrate to the ground, resulting in an irregular grassy
ground cover. The ratio of woody to herbaceous biomass
has sometimes been used to subdivide these woodlands.

Savanna woodland (cerraddo) in the savannas has many
similarities to the dry forests. A broad distinction can be
made, however, between the xeromorphic, fire-tolerant
vegetation typical of cerrados with dystrophic soils (acidic
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Figure 9.10 Distribution of Seasonally Dry Tropical Forest (after Pennington et al., 2000)

and nutrient poor), and the tree-dominated, mesotrophic
ecosystems of the tropical dry forests that suffer far less
frequent burning.

Finally, the chaco and caatinga formations represent
the dry extremes of forest or woodland in South America.
They have a very individual character of low, dense thick-
ets with numerous thorny species. The woodland often
appears lifeless for much of the year, although the drier
forests can show an increase in evergreen and succulent
species. Flowering and fruiting are strongly seasonal. For
this study, the caatinga formation is discussed separately
in section 9.4.

9.3.2 Dry Forest Environments

The dry forests are primarily a reflection of climate, though
they are strongly influenced by the occurrence of more
fertile soils. They are found mostly in regions where an-
nual rainfall ranges from around 300 to 1,200 mm, typi-
cally with 5 to 10 dry months. Gentry (1995) considered
seasonally dry tropical forest to occur where annual rain-
fall is less than 1,600 mm, with at least 5 or 6 months re-
ceiving less than 100 mm (table 9.2). These figures should
be taken as guidelines, since there are exceptions and much
depends on the precise definition of the vegetation and on
local environmental differences. In particular the water
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storage capacity of soils and soil-moisture availability are
critical factors that affect plant-community variation but
for which there is usually little information (Sarmiento,
1992, 1984). The balance is usually regulated by human
intervention with or without fire disturbance.

9.3.3 Biogeographical Links

There is substantial evidence of historic and prehistoric
connections between the present day disjunct formations.
Dry forest elements in the vegetation have been identi-
fied from the middle to late Eocene (Graham and Dilcher,
1995), and more widespread connections may have ex-
isted in the past between currently separate tracts of for-
est. For example, Prado and Gibbs (1993) found some 40
unrelated species in 10 disjunct remnants. These species
do not occur in the moist forest or savanna vegetation that
now surrounds them. Pennington et al. (2000) suggest that
there may be over 60 further species with similar charac-
teristics. Although many of the families and genera of
Neotropical dry forests are shared with lowland moist
forest, this relationship applies less at species level. It
might be concluded therefore that species have evolved
later in response to fragmentation and isolation. Prado
and Gibbs (1993) suggest that the present-day distribu-
tions represent the remains of a once extensive and largely
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Table 9.2 Climate and vegetation characteristics of dry
and wet forests

Wet forests  Dry forests

Annual rainfall (mm) >2000 500—-2000
Seasonality slight strong
Number of tree species (ha™) 50-200 35-90
Canopy height (m) 20-84 10-40
Leaf area index (m?/m?) 5-8 3-7
Ground vegetation cover low low—high
Basal area of trees (m? ha™) 20-75 17—-40
Plant biomass (t ha™) 270-1200 80-320
Root biomass as percentage

of total (%) <5-33 8-50
Net primary productivity

(t ha=t yr1) 13-28 8-21

Adapted from Murphy and Lugo (1986).

continuous formation, which may have reached its maxi-
mum extent between 18,000 and 12,000 years ago, and
was coincident with the contraction of moist forest. The
floristic composition of chaco is however rather differ-
ent, despite a similar appearance and is believed by
Pennington et al. (2000) to be a subtropical extension of
an essentially temperate type of vegetation with links to
Andean formations.

9.3.4 Nature of the Vegetation

Dry tropical forest is defined here in a general sense and
ranges from tall forest in moister sites to cactus scrub in
some of the driest (Murphy and Lugo, 1995). Legumi-
nosae and Bignoniaceae families dominate the woody
floras, with strong representation from other families
such as Anacardiaceae, Capparidaceae, Euphorbiaceae,
Flacourtiaceae, Myrtaceae, Rubiaceae, and Sapindaceae.
The most common tree genus is Tabebuia, and other
prominent genera include Anadenanthera, Casearia,
Trichilia, Erythroxylum, Capparis, Bursera, and Acacia.
At the dry end of the spectrum, cacti are especially domi-
nant in the understory, and sometimes in the tree strata,
and are highly visible. The sparse ground cover usually
comprises a few grasses and members of the families
Bromeliaceae and Compositae, along with Malvaceae
and Marantaceae.

Generally, dry forests have fewer plant species and
lower biomass than moister forests, but the most diverse
dry forests are not necessarily the wettest. Their centers of
endemism are closer in latitude to the tropics than the
Equator. There is considerable diversity of plant life forms,
notably in terms of structure and physiology. Conspicuous
flowers and wind-dispersed seeds are more frequent than

in more moist forest. Shade-loving plants and organisms
become stressed in more open conditions and with greater
penetration of light, heat, and wind. On the whole there
are fewer epiphytes and more vines (though fewer lianas)
than in moist forests. For several features, such as the num-
ber of trees or basal area, dry forests differ little from moist
forests (Gentry, 1995), but taking a general perspective
across the whole of South America and Mesoamerica, there
are major differences between the different continental
tracts of dry forest.

Since deciduous forests often occur on more fertile
soils, they have attracted agricultural development from
the earliest days of colonization, leading to very exten-
sive clearance and disturbance. For example, Janzen
(1988) estimates that less than 2% of such forests are still
intact along the Pacific coast of Central America, and
agricultural colonists in Brazil have long targeted them.
Forest exploitation has taken several forms in addition to
clearance for agriculture and ranching. Many plant and
animal products have been traditionally extracted, though
mostly for local or regional use. In particular, dry forest
timbers are hard and durable and have traditionally sup-
plied high-quality wood. Local people have also used a
variety of species for food, fuel, or medicine. As a result
of this history of spontaneous exploitation and destruc-
tion, little remains of the original forests and few of the
remnants have any form of protection.

9.4 The Caatinga Woodlands

In South American lowland forests, the extremely dry end
of the vegetation spectrum is exemplified by caatinga, an
indigenous term for “white forest,” referring to the dusty
bleached appearance of the vegetation during the dry sea-
son. The caatinga is a seasonally dry forest, as discussed
in the previous section, but is given special emphasis here
because of its unusual properties. The caatinga is a type
of dry forest characteristic of northeast Brazil, but it
reaches south to northwest Minas Gerais and northern
Espirito Santo, and covers nearly one million km?, or
around 11% of Brazil (Rizzini et al., 1988; Sampaio, 1995).
The forest is generally a low, dense thorn-thicket domi-
nated by deciduous and xerophytic trees. Although pre-
dominantly woody, there are numerous prickly and
succulent cacti, many bromeliads, and a patchy covering
of annual herbs and grasses on the forest floor that flour-
ish in the short wet season.

9.4.1 The Caatinga Environment

The caatinga stretches over low plains and plateaus lying
mostly 300 to 600 m above sea level. The soils have devel-
oped over a range of crystalline and sedimentary rocks,
sometimes sandy, sometimes clay-rich, but usually shal-

152 Regional Environments



low and frequently interspersed with rocky outcrops. The
sandy but fertile substrates tend to favor caatinga species
(Andrade Lima, 1981). There may be nine months or more
of rainless days and a few months of torrential but irregu-
lar rain, which can cause severe erosion. Several years may
pass with virtually no rainfall, followed by intense storms
that can cause a great deal of damage to crops and plants.
The long, dry periods and high rates of evapotranspiration
result in salts being brought to the surface by capillary
action, giving saline soils that again inhibit agriculture and
plant growth. The water table is usually at considerable
depth, encouraging plants with long tap roots or those that
can withstand water deficits (e.g., cacti) or can complete
their life cycle during brief wet spells (e.g. ephemeral
forbs). The onset of rain triggers a dramatic greening of the
landscape.

9.4.2 Biogeographical links

Geological and biological evidence suggests that, during
past climatic fluctuations, the caatinga formation advanced
on and retreated from surrounding moister vegetation for-
mations (Andrade Lima, 1981). The remnant hilltop hu-
mid forest (brejo), surrounded by caatinga, is testimony to
these changes. Some species suggest older connections,
such as Anadenanthera colubrina (found also in the
chaco), or Cavanillesia arborea (also widespread in Acre
in the southwest Brazilian Amazon). At a generic level the
links are more frequent. To the west there is a transition
into the cerrado, with the ecotonal vegetation termed “de-
ciduous cerrado” (Andrade-Lima, 1981).

9.4.3 Structure and Composition
of the Vegetation

Plant life has adapted to these extreme conditions and
closely reflects the availability of water. The caatinga can
be subdivided phytogeographically into an agreste type
and a sertdo type. The agreste type lies closer to the sea
and therefore in a more humid environment. Here the veg-
etation is taller and denser, often on deeper soils (e.g. the
Apodi plateau in Ceara). The trees may be 10 m or more in
height with thick, upright trunks often dominated by a few
species such as Erythrina velutina.

The second type is the hot dry sertdo, a term that is used
both for the dry vegetation type and as a general name for
the isolated arid landscapes of the interior of northeast
Brazil. Here the vegetation may be made up of stunted
shrubs (cacti and bromeliads), only 2—-3 m high, giving a
sparse covering to rocky areas and shallow soils, or of small
trees up to 5—6 m high, with a dense shrubby ground cover.
The cacti are often tree-like in stature and reach 4—6 m in
height. In broad terms, the plants may be viewed as per-
manent or periodic. The former are often long-lived and
most shed their leaves in the dry season. The latter include

grasses and herbs that die down during the dry season but
recover during the rainy season or wet spells. Water stor-
age adaptations are found in many caatinga species. Some
have swollen trunks (such as the Bombaceous trees
Chorisia glaziovii or Cavanillesia arborea), and some have
underground storage tubers (e.g., Spondias tuberosa). A
few species are capable of trapping water from humid air,
notably the Bromeliaceaous Tillandsia species, which hang
in festoons from the branches of trees and absorb moisture
through their scales.

The arboreal vegetation displays a number of typical
features. Frequently there is profuse branching and woodi-
ness generating hard spiny branches. These are extremely
sharp and justify the thick leather clothing worn by
vaqueiros (cowboys), even covering their horses. The trees
often bear medium or large sized leaves (such as Auxemma
oncocalyx, the “pau-branco”; or Cavenillenia arborea, the
“barriguda”), rather than the small hard leathery leaves so
often typical of xeric vegetation. In the wet season such
trees resemble the Atlantic Forest rather than xerophytic
forest, but they are less strongly deciduous. Most of the time
the caatinga looks like a semi-arid dry forest and only
a relatively few true xerophytes retain their hard sclero-
phyllous, thorny, and leathery leaves (e.g., Zizyphus, Cap-
paris, and Maytenus genera).

Although the dominants in caatinga are trees, the shrub
layer is frequently the most eye-catching. Succulents such
as Euphorbiaceae are very common but thick spiny cacti
are perhaps the most spectacular plants, with exotic shapes
and colors. Typical of this group is Pilosocereus gounellei,
resembling candelabra with its hard erect branches. Some,
such as the tall branched mandacaru (Cereus jamacaru),
produce berries that afford a dry season source of water for
grazing animals. Cacti are sometimes planted to give a
water source in extreme conditions and some grazing for
cattle. There are also stinging shrubs and small trees that
contain a caustic liquid to dissuade grazers. Nettle-like
plants belonging to the families Euphorbiaceae and
Loasaceae are common in the ground layer. Overall the
most common families in the caatinga are Leguminosae,
Malvaceae, Verbenaceae, and Tiliaceae, with bromeliads
being particularly common in the ground layer. There are
few plant genera that are endemic (such as Neoglaziovia)
and many of the plants also occur in other ecosystems
surrounding the caatinga. However, the xerophytes make
an exception, and over 60% of them may be exclusive to
the region.

9.4.5 Wildlife

Little is known of the caatinga fauna, which is believed to
have lost many species as a result of fires and grazing pres-
sures. Such disturbances aggravate an environment already
sensitive to periodic droughts and in many ways marginal
to plant growth and animal life. Many animals are noctur-
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nal and burrow, and most also occur in adjacent ecosys-
tems such as the cerrado.

9.4.6 Development

Much of the caatinga has been heavily disturbed. Despite
its inhospitable climate, frequent droughts, and lack of
water, the sertdo has been traditionally used for extensive
ranching. Farms tend to be large and the carrying capacity
for cattle may be as low as 1 head per 10 ha. There are also
a number of useful native fruits such as the mandacaru
(Cereus jamacaru), ico (Capparis), and umbu (Spondias
tuberosa), although the most prized are not native to the
region. A number of valuable woods come from the
caatinga, some very hard such as barauna (Schinopsis
brasiliensis), but because of the low height of the trees,
they have not in recent times been utilized for timber.
Many other plants have traditional uses, for instance
Manihot glaziovii for latex. Excessive destruction of the
ecosystem has enhanced the natural dryness of the envi-
ronment and led to initiatives to prevent erosion and
desertification, mainly through reducing the numbers of
cattle and by stabilizing the vegetation. In sum, it is a
semi-arid landscape suffering from episodic droughts and
a general shortage of water, and the evocative terms sertdo
and sertanistas (those who live there) epitomize the hard
lifestyle of the settlers, similar in many ways to the con-
cept of Outback in Australia.

9.5 Conclusion

The Neotropical forest ecosystems are of immense impor-
tance from the perspective of their diverse biology but at
the same time are perceived quite differently in terms of
their resource potential for development. They are the
home for a large proportion of the world’s plant, animal,
and microbial species, with exceedingly complex interac-
tions between organisms and the environment. Their his-
tory has been one of frequently intense and constantly
dynamic change. In addition to vital functions in trapping
solar energy and their exuberant biological productivity
(acting as a crucial carbon dioxide sink), they also moder-
ate the flow of water across the land, limiting soil erosion
and protecting watersheds. Thoughtless deforestation ac-
companied by short-term land management destroys these
environmental services and puts at risk the unique life-
forms and resources that currently exist. If sustainable
development of tropical forest really does mean address-
ing present justifiable demands “without compromising the
ability of future generations to meet their own needs”
(World Commission, 1987), then a worldwide effort is re-
quired to understand the systems better and to manage
them more effectively.
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Arid and Semi-Arid Ecosystems

P.W. Rundel
P.E. Villagra
M.O. Dillon

S. Roig-Jufient
G. Debandi

Arid and semi-arid ecosystems in South America are best
illustrated by two desert regions, the Peruvian and Atacama
Deserts of the Pacific coast and the Monte Desert of cen-
tral Argentina. The caatinga of northeast Brazil is often
described as semi-arid, but mostly receives 500-750 mm
of annual rainfall and is better regarded as dry savanna.
Small areas of Venezuela and Colombia near the Caribbean
coast, and nearby offshore islands, support desert-like veg-
etation with arborescent cacti, Prosopis, and Capparis, but
generally receive up to 500 mm annual rainfall. Substrate
conditions, as much or more than climate, determine the
desert-like structure and composition of these communi-
ties, and thus they are not discussed further here. Exten-
sive areas of Patagonian steppe also have semi-arid
conditions, as discussed in chapter 14.

10.1 The Peruvian and
Atacama Deserts

10.1.1 Regional Delineation, Boundaries,
and Transitions

The Peruvian and Atacama Deserts form a continuous belt
along the west coast of South America, extending 3,500 km
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from near the northern border of Pert (5°S) to north-cen-
tral Chile near La Serena (29°55°’S), where the Mediterra-
nean-type climate regime becomes dominant (fig. 10.1).
The eastward extent of the Peruvian and Atacama Deserts
is strongly truncated where either the coastal ranges or
Andean Cordillera rise steeply from the Pacific coast and,
as a biogeographic unit, the desert zone may extend from
20 to 100 km or more inland. A calculation of the area
covered by these deserts depends in part on how this east-
ern margin is defined. Thus the Peruvian Desert covers
between 80,000 and 144,000 km?, while the Atacama
Desert of Chile extends over about 128,000 km? if the bar-
ren lower slopes of the Andes are included. Actual veg-
etated landscapes are far smaller and for the lomas of Pera
change dramatically between years depending on rainfall.
Only about 12,000 km? of the Atacama contain perennial
plant communities, largely in the southern portion known
as the Norte Chico but also including a narrow coastal belt
of lomas extending northward almost to Antofagasta and
the Prosopis woodlands of the Pampa del Tamarugal. The
vegetated areas of the coastal lomas of Perd and Chile to-
gether probably do not exceed 4,000 km? as a maximum
following El Nifio rains.

The continuous nature of this desert has led many to
apply the name Atacama Desert to the entire coastal region.
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Figure 10.1 Location of loma sites and
other features in the Peruvian and
Atacama Deserts.

This terminology, however, has political implications and
thus it is better to distinguish between the Peruvian Desert
to the north and the Atacama Desert to the south. This dis-
tinction is not inappropriate since the present political
boundary between Pert and Chile also forms a boundary
between northern subtropical biota and southern Mediter-
ranean-type biota.

Rainfall is very limited along this coastal area and much
of the distribution of vegetation is correlated with mois-
ture inputs from fog arising over the cold Humboldt Cur-
rent. Strong thermal inversions, however, restrict the upper
limit of fog to around 1,000 m and, not surprising, the east-
ward extent of faunal and floral elements of the Peruvian
and Atacama Deserts is largely limited to areas below this

Arid and Semi-Arid Ecosystems

elevation. Scattered vegetation at higher elevations is
mostly linked to available groundwater, and major portions
of these desert regions entirely lack vegetation cover.
Various concepts have been used to define the geo-
graphic limits of the Peruvian and Atacama Deserts. Bio-
geographers have largely focused on the coastal portions
of the desert region where plant cover is present, ignoring
higher, barren areas on the slopes of the Andes and coastal
ranges. Climatically speaking, however, the desert zone
extends well up the slopes of the Andes. Arid cactus
shrublands at elevations of 2,200—4,000 m on the western
slopes of the Andes in southern Pert and northern Chile
have sometimes been referred to as Atacama communities
(e.g. Betancourt et al., 2000). These communities are, how-
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ever, more closely related to the puna ecosystems of the
Altiplano (see chapter 12) and are not elements of the true
Atacama.

The eastern limits of the arid zone as a climatic unit
extend inland up to elevations of ~1,000 m in Pertd, where
the lomas vegetation is replaced by a zone termed the
serrania esteparia that has biogeographic affinities with the
higher puna (Brack and Mendiola, 2000). Coastal desert
vegetation in Chile is likewise restricted to below ~1000
m, the upper limit of coastal fogs. The Atacama is virtu-
ally devoid of plant life from this limit up to 2,000-2,200
m, where rainfall becomes sufficient for puna elements to
reach their lower elevational limits. South of Antofagasta
(~24°8S) this transition alters. Here the summer rainfall re-
gime of the high elevation puna changes southward to an
arid winter rainfall regime, in the northern part of which
the barren Atacama Desert climatic region can extend up
to 3,500 m or more.

The northern limit of the Peruvian Desert occurs at about
4°S, near the border with Ecuador. Here higher and more
predictable rainfall produces a change to a subtropical
scrub ecosystem. The southern limit of the Atacama Desert
is commonly defined just north of La Serena (~30°S). The
level of rainfall here corresponds well with desert-to-
Mediterranean-type transitions in both Baja California and
the Namaqualand region of South Africa. The floristic tran-
sition around La Serena is marked by the southern limit of
many desert species and a change to matorral floristic ele-
ments (see chapter 11).

10.1.2 Climate

The hyper-aridity of the Peruvian and Atacama Deserts
results from the combined presence of the Humboldt Cur-
rent, bringing cold Antarctic waters northward along the
west coast, and the high Andean Cordillera to the east
(Houston and Hartley, 2003). The cold surface water tem-
peratures pull moisture out of air masses before they reach
land, while the high mountains effectively separate the
coastal areas from any influence of subtropical convective
events that bring summer rains to the Amazon Basin and
eastern slopes of the Andes. Moreover, onshore winds from
the Humboldt Current meet a strong zone of atmospheric
subsidence formed by the stable South Pacific anticyclone,
producing a strong temperature inversion along the coast
(see chapters 2 and 3). The result is a mild and uniform
climatic zone along the coast with the formation of thick
stratus cloud, especially in winter, extending up to about
1,000 m in elevation (Rundel et al., 1991).

The origin of hyper-arid conditions in these coastal
deserts is thought to date back 13—-15 Ma (million years
before present) to the middle Miocene, when the ancestral
Humboldt Current was present and the Andes had reached
no more than half their present height (Alpers and
Brimhall, 1988). Other geologic evidence suggests intermit-

tently arid climates extending back to as far as 25 Ma
(Mortimer, 1973; Mortimer and Saric, 1975; Dunai et al.,
2005) and broadly arid conditions for much longer (Hartley
et al., 2005). A contrary view suggests an age for hyper-
aridity of no more than 3 Ma, when fluvial deposits in the
central valley of northern Chile became curtailed (Hartley
and Chong, 2002). As the Andes have increased in height
during the Cenozoic, the barrier against humid air masses
from the east has become more effective and the role of the
South Pacific anticyclone stronger (see chapter 2). At the
same time, more constant southwesterly winds along the
north Chilean coast would have increased marine up-
welling and reinforced hyper-aridity.

Where coastal terrain is relatively flat, the fog zone dif-
fuses well inland. However, where mountains rise
abruptly from the coast, this fog zone concentrates into a
relatively narrow zone against the slopes and produces a
strong biological effect from fog drip (Rundel et al., 1991).
These coastal fogs are referred to as garua in Perd and
camanchaca in Chile. Their moisture allows for the for-
mation of distinctive biological communities termed
lomas.

There are three notable aspects of the climate regime
of the Peruvian and Atacama Deserts, namely extreme
hyper-aridity, the impact of high rainfall associated with
strong El Nifio events, and the remarkably constant tem-
perature regime along the coast (Miller, 1976; Johnson,
1976; Rundel et al., 1991). The hyper-aridity of these
deserts exceeds that of any other desert region in the
world. Rainfall ranges from low to functionally non-
existent over extensive areas. Along the coast of Perd,
mean annual rainfall commonly ranges from less than
2 mm to about 15 mm. Arica (18°28’S) in northern Chile
averages less than 1 mm and may experience 10 years or
more without measurable rain. Mean annual rainfall then
increases slowly southward until it exceeds 100 mm at
the southern margin of the Atacama. Mean values have
little meaning, however, because of the high variability
of rainfall between years. This variability, seen in higher
coefficients of variation in interannual rainfall than in
desert regions elsewhere, manifests itself in both short-
term variations in rainfall and multi-decadal patterns of
extreme drought. Antofagasta averaged about 10 mm an-
nually in the first half of the twentieth century, but this
dropped to only about 1 mm from 1945 to 1990. Mean
annual rainfall begins to increase around Taltal (25°25°S)
and Chafiaral (26°20’S) to about 10-25 mm (depending
on the period of record), and rises to 130 mm at the south-
ern margin of the desert region near La Serena.

El Nifio-Southern Oscillation (ENSO) conditions may
have a strong impact on rainfall patterns for the Peruvian
and Atacama Deserts, manifested in differing degrees and
forms from north to south (see chapter 19; Caviedes, 1975).
The coast of northern Perti may experience extremely in-
tense rainfall during strong El Nifio events. Chicama
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(7°51’S), with a mean annual rainfall of 4 mm, was deluged
by 394 mm in the strong event of 1925-1926, while Lima
(12°S), with a mean of 46 mm, received 1,524 mm (Goudie
and Wilkinson, 1977). Increased rainfall moved into north-
ern Chile as far south as Antofagasta. Normally, however,
strong ENSO impacts do not directly extend beyond north-
ern Perd. The unusually strong El Nifio event of 1982—-1983
produced similar torrential rains in northern Peru
(Goldberg and Tisnado, 1987), but these did not extend
south into central Perd. The coast of northern Chile is also
impacted by irregular ENSO conditions, but in contrast to
Pert, these are generally linked to teleconnections with
storms moving northward from central Chile. The moder-
ate El Nifio events of 1987 and 1991, for example, brought
some of the heaviest rains recorded to coastal areas south
of Antofagasta, but no rain farther north. The 1997-1998
event brought increased rainfall as far north as Iquique
(Mufioz-Schick et al., 2001).

Qualitative historical records document the frequencies
and relative intensities of four centuries of ENSO events
(Quinn et al., 1987). The Holocene history of ENSO events,
however, continues to be a subject of some debate, particu-
larly for the period from 8 ka to 5 ka. It has been suggested
that ENSO conditions were infrequent during this period
and that a more savanna-like climate existed (Sandweiss
et al., 1996), or at least fogs were more intense along the
coast (Fontugne et al., 1999). This is the period when hu-
man settlements grew rapidly in size and complexity along
the coast of Pert (Rollins et al., 1986). Other soil and sedi-
ment records suggest continued aridity throughout the
Pleistocene and early and mid-Holocene (Ortlieb et al.,
1996b; Keefer et al., 1998; Wells and Noller, 1998). Stud-
ies of flood deposits in northern Peru provide a 3,500—year
chronology of extreme El Nifio-induced flood events at
intervals of about 1,000 years (Wells, 1990).

Combined effects of the cold Humboldt Current and
coastal temperature inversion produce a unique pattern
of temperature stability along the entire 3,500 km of
coastal desert. Nowhere else in tropical latitudes of the
world are temperatures so unchanging across a broad lati-
tudinal gradient. The mean January maximum tempera-
ture along the coast is about 28°C at the northern limit of
the Peruvian Desert and drops gradually to about 24°C at
the southern limit of the Atacama Desert (Rundel et al.,
1991). Mean July minimum temperatures gradually de-
cline from about 14 to 9°C over the same latitudinal gra-
dient. Relative humidity is high along this entire coast,
particularly in the fog zone around 300-800 m in eleva-
tion. Seasonal and diurnal changes in temperature are also
small. Lima, for example, has monthly mean maximum
temperatures that vary only from 26°C in January to 19°C
in July and August. Monthly mean minimum tempera-
tures range from 20°C in February and March to 15°C from
July through September. Below this fog zone, however,
dew point temperatures are virtually never reached and

fog condensation does not occur (Mooney et al., 1980;
Rundel et al., 1991).

10.1.3 Geomorphology and Soils

The geomorphology of the Peruvian and Atacama deserts
is strongly influenced by the ongoing subduction of the
Nazca plate below the South American plate (see chapter
1). Numerous studies have documented vertical deforma-
tion and varying uplift rates along this coast for later Ceno-
zoic time. The north-central coast of Pert from 6 to 14°S,
which appears to have been stable or even subsiding since
Pliocene time, is the only exception to this pattern. Else-
where, Quaternary rates of uplift range from about 100-
240 mm 107° years in northern Chile to as high as 740 mm
1073 years in southern Perd (Devries, 1988; Macharé and
Ortlieb, 1992; Ortlieb et al., 1996a, 1996b, 1996c).

Peruvian Desert The coast of northwest Pert is backed by
abroad plain extending from near Casma (9°28’S) and broad-
ening to the border with Ecuador (3°20’S). Small sections
have been uplifted but only a few areas rise above 1,000 m
(Robinson, 1964). The Sechura Desert, which extends inland
for over 100 km to the foothills of the Andes in the northern
portion of this region (4°20’-6°50’S), is marked by arid sandy
plains and active dunes (fig. 10.2; Barclay, 1917; Silbitol and
Ericksen, 1953; Kinzl, 1958; Broggi, 1961). Although the
name Sechura Desert has sometimes been applied to the
entire Peruvian Desert, this use is inaccurate.

Southward, from Chiclayo (6°50°S) to Trujillo (8°05’S)
the coastal plain narrows to 20-50 km and is dominated
by large alluvial fans formed by several dry river valleys
(e.g., Reque, Saiia, Jequetepeque, Chacama, and Moche
valleys). The region has deep soils developed in fluvial
deposits of Andean origin that, with irrigation, form some
of the richest agricultural lands in Perd. The topography
is flat with a few isolated mountains of late Cretaceous and
early Cenozoic rocks near the coast (e.g., Cerro Reque, Cerro
Cabezoén, Cerro Campana [fig. 10.3], Cerro Cabras, and
Cerro Negro) (Carranza-R., 1996). These mountains seldom
reach 600 m but seasonal vegetation does develop on west-
facing slopes. Between Trujillo and Lima, the flat coastal
plain continues to narrow, with a few mountains such as
Cerro Mongon (9°36°S).

Between Lima (12°S) and Pisco (13°50’S), the coastal
plain disappears and the landscape is dominated by the
foothills of the Western Cordillera (Cordillera Occidental)
of the Andes and the many river valleys draining these
mountains. The city of Lima lies at the mouth of the val-
ley where the Rimac and Chill6n rivers merge. These riv-
ers fall steeply from 4,800 m to sea level over a distance of
only 120 km, and during late Miocene time cut deep val-
leys into the coastal plain that was then uplifting rapidly
(le Roux et al., 2000). Coastal cliffs near Lima rise to over
80 m (fig. 10.4). Steep coastal ridges with flights of marine
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terraces continue south of the Paracas Peninsula near Pisco
to Ica. The coastal plain farther inland lies largely below
300 m, but some terraces reach 700 m (Robinson, 1964).
Scattered barchan fields also occur (Hastenrath, 1987; Gay,
1999). The coastal zone of southern Perd, from Ocofia
(16°30’S) to the Chilean border (18°24’S), is characterized
by a 20- to 30-km-wide plain broken by steep ridges ex-
tending out from the Andes. The low topography here al-
lows coastal fogs to penetrate farther inland, thereby
diffusing much of the effect of their moisture.

Atacama Desert The sharp change in direction of the
desert coastline at the Arica bend reflects changing late
Cenozoic relations between the converging South Ameri-
can and Nazca plates (see chapter 1). One expression of this
has been the uplift of the Coastal Cordillera (Cordillera de
la Costa) in Chile. This range extends along the coast for

Figure 10.2 Sechura desert in northern Peru
(photo: M.O. Dillon)

more than 800 km, from Arica (18°25’S) to south of Taltal
(25°25’S), often running close to the sea with narrow emer-
gent wave-cut terraces. The cordillera averages about 700
m in elevation but rises above 2,000 m near Antofagasta.
The most recent phase of uplift, which began in the Mi-
ocene, created a barrier to westward drainage from the ris-
ing Andes to the east. Erosional debris from the Andes was
thus trapped in the Central Valley, where it accumulated
to depths of over 1,000 m (Ericksen, 1981; Mortimer, 1972,
1980; Mortimer and Saric, 1975). This debris then over-
topped the Coastal Cordillera locally, allowing rivers to cut
deep gorges across the range to the ocean. Some of these
gorges are now more than 800 m deep near the coast but
relatively shallow in their paths across the Central Valley.
The Coastal Cordillera plunges very steeply to the coast
from elevations of 1,000 m or more between Arica and
Iquique such that virtually no marine terraces are preserved

Figure 10.3 Cerro Campana, 20 km north of Trujillo, northern Pert (photo: M.0. Dillon)
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(Ortlieb et al., 1996c¢). In many places south of Iquique there
is a narrow coastal plain, 1-3 km wide, that extends south
beyond Chanaral. This plain broadens to the north of
Antofagasta, at the structural block of the Mejillones Pen-
insula where Cerro Moreno rises to 1,150 m.

The continental shelf is less than 10 km wide off north-
ern Chile. Alluvium carried to the coast by rare floods is
either swept into the deep Peri-Chile Trench or transported
northward by strong littoral currents. There have been
many interpretations of the origin of this narrow shelf. For
example, the present coastal cliffs may represent a modi-
fied fault scarp that has retreated inland since Miocene
time through wave benching influenced by Pleistocene sea-
level changes (Paskoff, 1980). Others contend that tectonic
movement has simply raised a steep coastal slope formed
by long-term marine erosion along a subsiding coastline
(Mortimer and Saric, 1972).

The Coastal Cordillera in northern Chile slopes gently
eastward to the Central Valley whose elevation around 1,000
m reflects Neogene sedimentation. The hyper-aridity of this
valley since Miocene time has prevented river channels from
cutting through the Coastal Cordillera near Antofagasta.
Indeed, surface rivers are entirely absent in the Central Val-
ley between Iquique and Antofagasta, with the exception of
the Rio Loa, which collects water in a 100—km northward
reach along the valley before cutting seaward through the
coast range north of Tocopilla (Abele, 1988). South of
Antofagasta, from north of Paposo to Chafiaral, deep gorges
cut through the Coastal Cordillera but do not link with per-
manent river channels across the Central Valley. South of
Charfiaral, major seasonal river channels include the Rio
Copiapé, Rio Huasco, and Rio Elqui.

In varying forms, the Central Valley extends more than
1,000 km from south of Arica to Chafiaral and is charac-
terized by undulating topography and small precordilleras
separating internal drainage basins, many of which con-
tain dry lakes or salares (Eriksen, 1981). The broad Pampa

Figure 10.4 Absolute desert and along the coast near
Lima, Pera (photo: M.O. Dillon)

de Tamarugal inland from Iquique is the largest of the ba-
sins. Fluvial deposits here show that running water had a
significant geomorphic role during the Pleistocene (Borgel,
1973). High surface runoff into the Pampa from the Andes
still occurs occasionally today, forming shallow lakes that
may last for months. Records from the nineteenth and
twentieth centuries indicate that such floods occur at in-
tervals of 15-20 years (Billinghurst, 1886; Bowman, 1924;
Briiggen, 1936). Other data suggest high rainfall events in
the Rio Loa drainage at frequencies of about 70 years
(CEPAL, 1960). This region is known for its abundance of
saline minerals and, beginning in the mid-nineteenth cen-
tury, sodium nitrate was extensively mined here for use
as fertilizer and in the manufacture of explosives. Although
some mining continues today, the major economic impact
of this mineral declined rapidly following the development
of synthetic nitrates early in the twentieth century.

10.1.4 Vegetation

Broad descriptions of the vegetation patterns and floristics
of the Jomas formations of the Peruvian and Atacama
Deserts have been published by Rauh (1985), Rundel et al.
(1991), and Dillon et al. (2003). Broad vegetation/floristic
regions of northern Chile have been mapped by Quintanilla
(1988) and Gajardo (1994).

Plant life is largely found in two types of communities:
riparian and lomas. Riparian vegetation is restricted to river
valleys draining from the Andes where flows are sufficient
to reach the coast. Valleys fed by such water supported
some of the earliest population centers along the Peruvian
coast. These riverine habitats, present along all of the major
rivers reaching the coast of Pert, are now much disturbed
and generally under intense agricultural use. Nonagricul-
tural areas are invariably high in introduced alien species
that have naturalized. In northern Chile, only the Rio Loa
maintains a flow to the coast. Problems of salinity, trace
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metal pollutants, and human impacts have largely elimi-
nated natural plant communities from this riverine
habitat. The dry canyons of the Camarones, San Jose, and
Lluta rivers in the barren far north of Chile do contain
enough subsurface flow for the survival of local riparian
communities.

More interesting are the lomas communities. These are
largely restricted to small fog oases from 200 to 1,500 m in
elevation where the combined effects of onshore moisture-
laden fogs and steep topography produce sufficient mois-
ture condensation to allow for plant growth. The lomas
collectively have a relatively large flora of over 1,300 spe-
cies, many endemic and restricted to these fog zones.

Peruvian Desert Large expanses of the Sechura Desert
support little or no vegetation. Low hummocky inland
dunes are generally stabilized by woody species, while
coastal dunes are stabilized by both salt grass and woody
species (Weberbauer, 1911; Ferreyra, 1979). Extensive man-
grove formations are also present along the coast (Cliisener
and Breckle, 1987). River valleys flowing through the
Sechura Desert once supported lush riparian tree thickets,
but these have now been largely cleared for agriculture
(Ferreyra, 1983). Farther inland, semi-arid communities of
dwarf trees, columnar cacti, and terrestrial bromeliads are
well developed on the slopes of the Andes (Weberbauer,
1936; Ferreyra, 1960; Dillon et al., 1995).

The northernmost limit of floristic elements of the Jomas
is found at Cerro Reque (6°52’S) near Chiclayo, but this area
does not receive sufficient moisture to develop lomas com-
munities every year (Rundel et al., 1991). The northern
extent of well-developed lomas vegetation is better seen
northwest of Trujillo at Cerro Campana (7°58’S) and Cerro
Cabezon (7°54’°S). Here there is a diverse community of
shrubs and herbaceous perennials above 400 m in the zone
of maximum fog input, and a lower belt from 200 to 400 m

dominated by a Tillandsia zone with a mixture of cacti and
prostrate shrubs (Rundel et al., 1991).

The coastal hills between Chiclayo and Lachay near Lima
have a relatively poor development of lomas vegetation.
Discrete mountains on the coastal plain with slopes exposed
to fog generally develop sparse lomas communities of shrubs
and herbaceous species at elevations of 200-600 m, but
species richness is low (Sagdstegui et al., 1988). Examples
of such communities occur at Cerro Prieto (7°59’S), Cerro
Cabras (8°03’S), Cerro Chiputur (8°10’S), Cerro Negro
(8°18’S), and Lomas de Vira (8°19’S). Closer to Lima the
luxuriance of lomas increases, for example at Lomas de
Lupin (10°33’S), Chimbote (9°04’S), and Casma (9°28’S).

The most famous of the Peruvian lomas are those at
Lachay, 60 km north of Lima, where two distinctive plant
zones have been described (fig. 10.5; Ferreyra, 1953;
Rundel et al., 1991). The lower zone, between 100 and 300
m elevation, is dominated by cyanobacteria, especially
Nostoc, and a diverse array of foliose and fruticose lichens.
Vascular plant diversity is low here, but a belt with rich
vascular plant communities begins at about 300 m eleva-
tion. Dry rocky slopes are dominated by terrestrial brome-
liads. Moist hillsides are covered by a species-rich
assemblage of low shrubs and herbaceous perennials. Can-
yons and valleys in this lomas zone support relatively
dense stands of small trees. The significance of fog con-
densation on the water relations of woody vegetation at
Lachay has been studied in some detail (Ellenberg, 1959).

Lomas formations that once occurred on the coastal
slopes around Lima have been heavily impacted by human
activities over more than four centuries and present poor
communities today. Examples of these are the lomas of
Cajamarquilla, Cerro Agustino, and Manzano. The three
guano islands of San Lorenzo, San Gallan, and Veijas are
sufficiently high to support sparse lomas communities
(Rundel et al., 1991).

Figure 10.5 Lomas de Lachay, Peri, 1984
(photo: M.O. Dillon)
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South of Lima, the frequency and intensity of coastal
fogs decreases such that the species richness of the lomas
decreases significantly. The Lomas de Lurin (12°17’S),
Chorrillos (12°10’S), Atocongo (12°08’S), and Amancaes
(12°01’S) support moderate diversities of 30—80 species
each, with several typically Andean species also present
(Rundel et al., 1991; Cuya and Sénchez, 1991). The Lomas
de Amana (14°4’S) and other coastal plant communities
around Ica and Pisco have been described generally (Craig
and Psuty, 1968; ONERN, 1971a, 1971b, 1971c¢). Extensive
stands of mesquite, acacia, and other phreatophytes occur
along the channels of the Pisco and Ica rivers. Here, the
most developed lomas communities here have scattered
shrubs in a matrix of terrestrial Tillandsia, forming terraced
stripes across the landscape (fig. 10.6A). A biotic origin for
these stripes has been suggested (Broggi, 1957), but others
have attributed them to soil creep and slumping (Lustig,
1968). A belt of columnar cactus occurs above the lomas
communities.

The Lomas de Atiquipa (15°48’S) and Chala (15°53’S)
form a continuous zone of fog vegetation broken only by a
broad river valley. These received early study by Peruvian
botanists because of their rich species diversity, with 120
species known from the former (Rundel et al., 1991). The
Lomas de Ocoiia (16°30’s) north of Camand and other lomas
south of the city (16°35°S), each with about 80 species, and
the Lomas de Mollendo (16°55’S) 20 km north of Mejia
(Péfaur, 1982), with nearly 100 species, also support rich
floras (Rundel et al., 1991).

South of Mejia (17°07°S) in southern Pert, lomas for-
mations are less well developed (Ferreyra, 1961; Rundel
et al., 1991). The plant cover of lomas northeast of Tacna
is largely dominated by herbaceous species, sufficient to
allow grazing by sheep and goats in favorable years. The
strong El Nifio event of 1982—-1983 brought enough mois-
ture to this region for limited agriculture to be possible.
Large colonies of Tillandsia cover sand dunes in fog ar-
eas too dry for rooted vascular plants. The southern-
most populations of terrestrial Tillandsia of the lomas
occur northwest of Tacna in the Pampa de La Yarada,
where there are large stands of these terrestrial epiphytes
with scattered cactus mounds. Beyond the lomas com-
munities, vegetation is largely restricted to scattered
stands of trees and shrubs, and halophytic herbs that grow
along dry streambeds fed by occasional runoff from the
Andes.

Atacama Desert From Arica to south of Antofagasta, vege-
tation is extremely sparse along the coast and species rich-
ness is low. Near Iquique, plant cover is virtually absent
as the weak fog zone limits plant growth to scattered oc-
currences in steep canyons near the coast. A narrow band
of terrestrial Tillandsia occurs around 1,000 m at the crest
of coastal ranges east of the city (Rundel et al., 1998). The
total flora of the Iquique area amounts to only 69 highly
localized native species (Mufloz-Schick et al., 2001), and
many of the herbaceous species among these may be ab-
sent for decades until light rains occur. Slightly larger flo-

PERU !

/—m vegetation T1000
—Tillandsia spp. +800
1600 €
c
2
+400 g
B w
+200
e PN B g ” — S G P— _o
4 \ \no vegetation
A Tillandsia spp.
CHILE l
|
B
B : g
- FOG
s Euphorbia— §
| x Eulychnia s
g la00 2
(TR
[ Eulychnia-Puya |
G s , 200 Figure 10.6 Representation of coastal
T o - open coastal plain - L e .
" N Copiapoa j lomas communities in southern Perd,
i and at Paposo, northern Chile
Arid and Semi-Arid Ecosystems 165



ras, again largely restricted to a few favorable canyon sites
along the coast, are present at Tocopilla and Antofagasta.

Scattered vegetation is present along the Rio Loa as it
reaches the coast between Iquique and Antofagasta, an area
impacted by human activities for thousands of years.
Pluchea absinthioides and Distichlis spicata form charac-
teristic communities where water reaches the surface
(Gutiérrez et al., 1999). High levels of minerals such as
lithium and boron are present in the Rio Loa and in plant
tissues along its course.

From south of Antofagasta to Chafiaral, vegetation is
restricted to the fog zone along the western slopes of the
Coastal Cordillera and the narrow coastal plain. This zone
exhibits the highest plant endemism of the Atacama Desert.
The greatest species diversity and most luxuriant vegeta-
tion occur between about 300 and 800 m, where the escarp-
ment is relatively steep and fog condensation is maximized
(fig. 10.6B; Rundel and Mahu, 1998). The dominant plants
are species of Eulychnia, an arborescent cactus, and the
shrubby Euphorbia lactiflua. Vegetation above and below
this elevation is much more open and lower in diversity,
and succulents such as the cactus Copiapoa are common.
The upper limit of plant occurrence occurs around 1,000
m, where fog is no longer present. The classic site for fer-
tile islands of fog-zone vegetation in northern Chile occurs
at Paposo, where more than 250 species of vascular plants
occur (fig. 10.7).

A rich flora is also present south of Paposo in the
Quebrada de Taltal and the Parque Nacional Pan de Azdcar
(Rundel et al., 1996). Mesoclimatic patterns control veg-
etation zonation within the latter and, although the fog
zone in this park has sufficient growth and productivity
to support remnant populations of guanaco, the arid lower
areas below the fog zone contain more total numbers of
plant species despite low coverage (Rundel et al., 1996).
This park is notable for a high diversity and dominance of
species of the cactus genera Copiapoa and Neoporteria and

for unusual modes of drought adaptation (Ehleringer et al.,
1980, 1981; Rundel et al., 1980).

Rainfall is low and fog relatively rare in the Norte Chico
south of Chafiaral but sufficiently predictable to favor open
communities of scattered shrubs, not just along the coast but
also in the interior (Mufioz-Schick, 1985). Years with good
rainfall, often associated with El Nifio events, produce a
remarkable flowering of annuals, geophytes, and herbaceous
perennials known locally as the desierto florido. The flora
and vegetation structure of elements of the Norte Chico, and
the sharp interannual variations in herbaceous plant cover,
have been detailed (Armesto et al., 1993; Armesto and
Vidiella, 1993; Gutiérrez et al., 1993; Vidiella et al., 1999).

10.1.5 Biodiversity and Biogeography

Floristics The composition and community patterns of
distribution of the Peruvian and Atacama deserts demon-
strate a long history of extreme aridity, supporting the geo-
logic evidence for a Miocene origin for the desert climate.
Within the lomas, the important families are the same that
predominate in many warm desert regions—Aizoaceae,
Apiaceae, Asteraceae, Boraginaceae, Brassicaceae, Cac-
taceae, Fabaceae, Malvaceae, Portulaceae, and Solanaceae.
The family Malesherbiaceae is largely restricted to this
desert belt and adjacent arid slopes of the Andes.
Endemism is significant at the generic level with two
groups of endemic genera along the coast. One group, cen-
tered at 15—18°S in Pert, is home to Islaya (Cactaceae),
Weberbauriella (Fabaceae), and Mathewsia and Dictyo-
phragmus (Brassicaceae). The Chilean group, centered
from 24°14°-26°21’S, has Domekoa and Gymnophyton
(Apiaceae), Gypothamnium and Oxyphyllum (Asteraceae),
Dinemandra (Malpigheaceae), and Copiapoa and Eulychnia
(Cactaceae). The level of endemism at the species level for
the desert region is about 45%, but higher in some families.
The Solanaceae, for example, are represented by 130 spe-

Figure 10.7 Lomas north of Paposo, northern Chile
(photo: M.O. Dillon)
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cies in the lomas formations, of which 105 are endemic
(Dillon, 2005). Within the genus Nolana, nearly all of the
86 species are considered endemic to either the desert coast
or adjacent Andean habitats (Tago-Nakawaza and Dillon,
1999). More locally, species endemism has been estimated
at 42% for the Peruvian Jomas, with the highest levels oc-
curring in central Perd, where 62% of lomas species are
endemic (Miiller, 1985).

Much as with the floras of island archipelagos, the lomas
can be considered as islands of favorable habitat in a sea
of extreme desert. While the extent and location of the
lomas have clearly altered during the Quaternary, in re-
sponse to changes in sea level and the related fog zone, the
influence of habitat isolation is significant in the develop-
ment of individual Jomas floras. The floras of individual
lomas sites reflect a combination of dispersal history from
neighboring and inland communities, as well as disjunc-
tions from North American deserts.

Relatively complete checklists of the floras of the Peru-
vian and Atacama deserts are now available (Dillon et al.,
2003). These lists reinforce the relatively strong biogeo-
graphic boundary between the two continuous coastal desert
regions. Current estimates of the flora of the Peruvian lomas
include 800 species, distributed in 357 genera and 85 fami-
lies. The Atacama Desert has a flora of nearly 650 species,
distributed in 248 genera and 85 families. Only about 115
(12%) of the roughly 1,350 vascular plant species known
from the combined desert region occur on both sides of the
Peruvian-Chilean border. When widespread weeds are re-
moved from the analysis, less than 6% of the native species
are shared by the two regions. The floristic separation across
the border is strongly seen in the Cactaceae, where the three
most important genera of coastal desert cacti in Chile
(Copiapoa, Eulychnia, and Neoporteria) all fail to cross into
Pert, while the four common genera of coastal Peruvian
cacti (Neoraimondia, Loxanthocereus, Haageocereus and
Islaya) do not occur along the coast south of Arica (Rauh,
1985). Similarly, only four of the 70 species of Nolana in
the coastal desert occur in both Pert and Chile (Dillon 2005;
Tago-Nakazawa and Dillon, 1999).

In general terms, the origin of the lomas flora in Perd
shows strong subtropical connections, while the flora of the
Chilean lomas show more affinities to the floras of central
Chile and the adjacent Andes. The lomas flora of northern
Pert, for example, demonstrates a particularly strong in-
fluence of less xeric species with Andean origins. It is only
here that such families as the Pteridaceae, Orchidaceae,
Passifloraceae, Piperaceae, and Begoniaceae enter the coastal
flora. Terrestrial species of Tillandsia, a dominant aspect
of the coastal vegetation of southern Perd, have very lim-
ited distribution and diversity in northern Chile (Rundel
and Dillon, 1998).

Vertebrates Certainly the extreme aridity of the Peruvian
and Atacama Deserts limits the diversity and abundance

of vertebrate species. Among mammals, rodents form the
most diverse group, as is the case in other South Ameri-
can drylands (Jaksic et al., 1999; Ojeda et al., 2000). Gua-
nacos (Lama guanacoe) have also been historically present
in many lomas from central Perd southward, including
Cerro Moreno near Antofagasta. The only other native ru-
minant is the white tailed deer (Odocoileus virginianus),
which rarely enters Peruvian lomas. Other large mammals
along the coastal desert are fox species, including the wide-
spread Pseudolapex culpaeus and P. griseus, and the Pe-
ruvian endemic P. sechurae, while pumas (Felis concolor)
occasionally venture into the coastal deserts to prey or
scavenge on marine mammals.

Ecological studies of mammals in coastal Peru are lim-
ited. Only 24 mammal species are native to the Peruvian
lomas, including two marsupials, six rodents, and five
carnivores (Brack and Mendiola, 2000). In the Chilean fog
desert of Pan de Azucar, the small mammal fauna consists
of only three rodents and one marsupial (Rundel et al.,
1996). Notably present in this park, however, is a small
relict population of guanacos that survive on plants in the
fog zone in the coastal Jomas. Small mammal populations
in the semi-arid Norte Chico of Chile are more diverse and
respond sharply in population numbers to the effects of
cyclical El Nifio climatic conditions (Meserve et al., 1996,
1999, 2001; Jaksic et al., 1997). Complex interactions be-
tween small mammals, their food plants, and predators
exist in this area (Contreras et al., 1993; Meserve et al.,
1993, 1996; Gutiérrez et al., 1997).

Bird diversity and population size is surprisingly large
along much of the arid Pacific coast. Notable among these
are diverse assemblages of marine and pelagic birds that
nest on protected offshore islands. Many islands off cen-
tral Perd and northern Chile were the sites of hugely valu-
able guano mines in the nineteenth century. Raptors are
diverse in terrestrial habitats, including Andean condors,
which feed on the carrion of marine mammals. The bird
fauna of terrestrial lomas include 71 species (Brack and
Mendiola, 2000).

The diversity of reptiles and amphibians in the coastal
deserts is relatively low. As with other biotic groups, there
are strong biogeographic differences between the Peruvian
and Atacama desert regions. Desert lizards in the wide-
spread genus Liolaemus possess special adaptations in
behavior and physiological thermoregulation to survive in
the Atacama (Labra et al., 2001). Unusual among lizards is
the iguanid Tropidurus atacamensis, which consumes
marine algae along the littoral zone and excretes excess salt
through special nasal glands.

Arthropods There have been few studies of invertebrate
biology in the Peruvian and Atacama Deserts. The most
detailed data come from research on Coleoptera (Jerez,
2000) and Lepidoptera (Pefia and Ugarte, 1996). Ant diver-
sity is low (Heatwole, 1996).
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Biogeography The coastal deserts of Perti and Chile have
been classified as the Provincia del Desierto within the
Dominio Andino-Patagénico (Cabrera and Willink, 1980).
This biogeographic classification roughly parallels that of
Takhtajan et al. (1986), who defined the coastal deserts
north of 25°S as the Central Andean Province of the Andean
phytogeographic region. Although as many as six phyto-
geographic provinces have been suggested for the Peruvian
Desert alone (Galan de Mera et al., 1997), our studies have
suggested a simpler classification into four primary sub-
regions: the savanna-like Sechura Desert north of 7°S, the
northern Peruvian subregion from 7 to 13°S, the southern
Peruvian subregion from 13 to 18°S, and the Chilean sub-
region from 20 to 28°S (Rundel et al., 1991). These subre-
gions exhibit high distributional fidelity with minimal
overlap in their floristic composition, suggesting indepen-
dent evolutionary histories. Plant communities from north-
ern Pert share only about 100 plant species with southern
Pert, and only 15 species with northern Chile. The coastal
desert at 18—20°S lacks the topography to allow for lomas
vegetation and thus has limited genetic exchange across
this boundary.

Recent phylogenetic reconstructions of several lomas
lineages have allowed a better understanding of the evo-
lutionary history of these biogeographic regions (Morrone
and Crisci, 1995). In three cases—Malesherbia/Males-
herbiaceae (Gengler-Nowak et al., 2002), Polyachyrus/
Asteraceae (Katinas and Crisci, 2000), and Nolana/
Solananceae (Tago-Nakazawa and Dillon, 1999; Dillon
2005)—the southern Peruvian flora appears to have radi-
ated from original introductions from Chile, perhaps as
early as the Pliocene. Nolana, a genus with species dis-
tributed throughout the Peruvian and Atacama deserts
and in virtually every lomas site, has a unique assemblage
of endemics within each subregion with virtually no over-
lap. Distinct and deeply rooted Chilean and Peruvian
clades suggest independent radiations (Riddle, 1996).
Northern Perd has two endemics, southern Peri has 31
endemics, and northern Chile has 33 endemics. The only
four species spanning southern Perd and northern Chile
occur in the 17-20°S latitude range near their boundaries.
There is evidence for ancient Nolana introduction to Perd
from Chile that produced a major evolutionary radiation
of closely related Peruvian endemics. Similar biogeo-
graphic patterns have been reported in animal groups
(Morronne, 1994; Kelt et al., 2000; Ojeda et al., 2000).

10.1.6 Impacts, Threats, and Conservation

Human Impacts Threats to the biodiversity of coastal
desert habitats of Perti and Chile come from both direct and
indirect human influences. Large urban centers, from Lima
to Arica, Iquique, and Antofagasta, are all rapidly expand-
ing over coastal terraces and impacting plant communities.
All population centers must look for groundwater re-

sources in local watersheds as well as distant water basins
in the Central Valley of Chile or in the Andes. Groundwa-
ter resources of the Pampa de Tamarugal are heavily tapped
to bring water to Iquique, and a lowering of the water table
has killed stands of Prosopis tamarugo in scattered areas
(Mooney, 1980a, 1980b).

Historical records indicate the valleys of both the Rio
Copiapé and Rio Huasco once supported dense stands of
phreatophytic trees. Indeed, the city of Copiap6 was once
known as San Francisco de la Selva because of the exten-
sive stands of trees in its river valley (Klohn, 1972). These
trees are now gone and agricultural activities cover much
of the valley. Urbanization and agricultural activities have
drawn down the water table of the Rio Copiapé and Rio
Huasco, eliminating surface flow and promoting problems
of downstream salinization.

Mining activities and associated air pollution from cop-
per smelters have also had a significant impact on scattered
areas of the coastal desert. These impacts have not been
studied in detail but may explain some of the declining
vegetation vigor at Paposo in recent decades. Epiphytic
lichen communities once abundant in the lomas of north-
ern Chile have also undergone dramatic recent declines in
vigor and diversity. (Follmann, 1995), but it is unclear if
this change has resulted from human impacts on air qual-
ity or from expanded drought.

Protected Areas Despite the rare habitats and significant
levels of endemism, relatively few areas of high bio-
diversity along the coastal fog desert of the Peruvian and
Atacama Deserts enjoy protected conservation status
(D’Achille, 1996; CONAF, 2001). The small Reserva
Nacional de Lachay near Lima preserves a diverse but de-
graded lomas community. Much larger is the Reserva
Nacional de Paracas near Pisco, which conserves about
335,000 ha of coastal habitat as well as a large marine area.
It was designed largely to protect wetlands and marine
habitats important to migratory birds. Four sites along the
Peruvian coast have received designation as international
RAMSAR sites because of their significance for wetland
bird populations. These are the mangrove lagoons of the
Santuario Nacional Los Manglares de Tumbes near the
border with Ecuador (2,972 ha), the Zona Reservada Los
Pantanos de Villanear Lima (396 ha), the Reserva Nacional
de Paracas, and the Santuario Nacional Lagunas de Mejia
(691 ha).

Protected areas of ecological significance in northern
Chile include the large Parque Nacional Pan de Azucar
along the coast between Taltal and Chaifiaral (Rundel et al.,
1996). This park protects 43,679 ha of significant habitat
including breeding habitat for marine mammals and sea
birds, as well as intact ecosystems of coastal fog-zone com-
munities containing guanacos and other wildlife. The area
of Paposo to the north, which harbors the richest diversity
of fog-zone plant species along the northern coast of Chile,
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is under partial conservation management as the Proyecto
Reserva Nacional Paposo, but mining activities and asso-
ciated pollution have limited the effectiveness of this pro-
cess. The Parque Nacional Llanos de Challe, 17 km north
of Vallenar near the southern margin of the Atacama Desert,
protects 45,708 ha of diverse desert shrubland and cactus
habitat, as well as coastal penguin rookeries.

10.2 The Monte

10.2.1 Regional Delineation, Boundaries,
and Transitions

The Monte Biogeographical Province extends over
460,000 km? in Argentina, from 24°35’S in Quebrada del
Toro (Salta Province) to 44°20°S in Chubut; and from
69°50’W at the foot of the Andes to 62°54’W on the At-
lantic coast (fig. 10.8). It consists of plains, bolsones
(mountain-girt basins), foothills, alluvial fans, and pla-
teaus. Climatically, it is an arid and semi-arid region, with
mean annual rainfall ranging from 30 to 350 mm, and
mean temperature from 13° to 15.5°C (Morello, 1958). A
shrub steppe dominated by species of Zygophyllaceae is
the typical plant formation, while open woodlands of
several species of Prosopis occur where groundwater is
accessible (Morello, 1958; Cabrera, 1976).

The boundaries of the Monte Desert were delineated by
Morello (1958) through chorological and ecological crite-
ria. Although these limits have not been redefined at a
macro-regional scale, local studies have rectified them in
some areas (Cabrera, 1976; F. Roig, 1998). The Monte Desert
maintains broad ecotones with the Chaco and Espinal
biomes to the east, with the Patagonian desert to the south,
and with the Pre-puna and Puna biomes to the west.

The transition between the Monte and the Chaco and
Espinal regions is governed by a rainfall gradient. Monte
elements are gradually replaced by Chaco elements, accom-
panied by an increase in structural complexity, species rich-
ness, and total vegetation cover (Morello, 1958; Cabido et
al., 1993). The transition between the Monte and Patagonia
is gradual, especially in areas with no geomorphologic
discontinuities, and corresponds to the boundary between
the southernmost influence of Atlantic air masses and the
northernmost influence of Pacific air masses. This produces
a gradual change in both thermal and hydrological regimes
as temperature decreases and winter rainfall increases south-
ward. Year-to-year fluctuations generate ecotonal areas
where Monte and Patagonian elements coexist (F. Roig,
1998). These ecotonal areas begin at an elevation of 200 m
in the south and rise northward to 1450 m (F. Roig, 1998).
The boundary between the Monte and Pre-puna occurs be-
tween elevations of 2,000 and 3,400 m, depending on lati-
tude (Cabrera, 1976). However, taking floristic affinities into
account, some authors consider the Pre-puna a Monte dis-

trict, or an ecotone between the Monte and Puna (Morello,
1958; Mares et al., 1985).

10.2.2 Climate

The latitudinal extension of the Monte determines a cli-
matic gradient involving temperature, rainfall seasonality,
and predominant winds. According to the United Nations
Environmental Programme (1992), the Monte is defined
bioclimatically as semiarid to arid. Mean annual rainfall
varies between 30 and 350 mm, and the ratio between pre-
cipitation and potential evapotranspiration ranges between
0.05 and 0.5, indicating a water deficit for the whole area.
Consequently, water shortage is the main limiting factor
in the Monte. The largest drought nucleus is located in the
central Monte, between southern La Rioja and northern
Mendoza, and in the Calingasta-Iglesia Valley, with annual
rainfall less than 80 mm. Most precipitation occurs in lo-
calized heavy downpours. A major characteristic is high
variability between years (coefficient of variation of mean
rainfall ranging between 40% and 70%) (Le Houérou,
1999).

The Monte shows a gradient in rainfall seasonality, with
marked summer rainfall in the north (70% of the total),
whereas precipitation is more evenly distributed through-
out the year in the south (only 19% in summer). Long dry
periods may extend over seven months in the northern
Monte but rarely occur in the south. Figure 10.9 shows
mean annual and monthly precipitation for different locali-
ties of the Monte, following the latitudinal gradient. Dif-
ferences between summer and winter temperatures, as well
as diurnal ranges, emphasize the region’s continentality.
The thermal gradient is about 6°C in mean temperature
between the northern and southern areas. Annual absolute
maximum temperature is 48°C, and the absolute minimum
is —17°C. Elevation strongly influences temperature in ar-
eas at similar latitudes (Le Houérou, 1999).

Latitudinal variations also occur in the predominant
wind direction. Westerly winds predominate year round
in the southern Monte, while in the northern Monte winds
from the south and east prevail. Warm dry f6hn winds from
the west, locally called zonda, occur across the Monte as
air masses that have cooled adiabatically and lost moisture
on rising against the west-facing slopes of the Andes, gain
heat rapidly on descending the eastern slopes.

10.2.3 Geomorphology and Soils

Morello’s (1958) review of the geomorphology of the Monte
has since been updated with local studies (Abraham and
Rodriguez Martinez, 2000). From 24°35’S to 27°S, the
Monte occupies longitudinal valleys and nearby mountain
slopes. South of 27°S, it comprises mainly bolsones and
intermontane valleys of the Precordillera and Sierras
Pampeanas. Beyond 32°S, it occupies the western sector
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of the plain between the Precordillera and Sierras
Pampeanas. South of the Rio Colorado (38°S), plateaus
form the characteristic landscape.

The bolsones and intermontane valleys occupy a long
narrow zone in which individual bolsones are isolated by
intervening mountain chains. Although variable in shape
and size, the general arrangement of the bolsones is con-
sistent: a flat central area flanked by gently sloping allu-
vial fans and eroded mountain slopes. Farther south, the
sedimentary plains slope smoothly eastward from the
Andes and the Precordillera to the Sierras Pampeanas.
These plains are underlain by clastic and carbonate mate-
rials of continental origin. The undulating plateaus of the
south are covered with gravels, locally eroded, and cen-
tral circular or elliptical depressions supporting marshes

and salares. Throughout the Monte, piedmonts form tran-
sitional belts 10-50 km wide between the mountain ranges
and basin floors (Garleff, 1987).

Minor landforms occur throughout the Monte. Bardas are
steep rugged plateau edges typical of Neuquén, Rio Negro,
and Chubut provinces. Huayquerias are badlands formed in
Cenozoic sediments whose lithosols are poor in organic
matter but rich in clays that on weathering form imperme-
able muds during rain events. Large areas of W—E or NW—
SE sand ridges, produced by aeolian reworking of Holocene
sediments, are found near Cafayate (Salta), in Campo del
Arenal and Belén (Catamarca), near Vinchina and Guan-
dacol (La Rioja), and in the Médanos Grandes desert (San
Juan) (fig. 10.10). Barriales, formed from fine material de-
posited on basin floors, are hardpans with polygonal
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cracks at the end of the dry season, but are transformed into
muddy swamps during the rainy season. They are widely
distributed throughout the Monte, but most important in
Neuquén, Rio Negro, and the Calingasta-Rodeo valley.
Salares form where salts precipitate in internal drainage
basins, as at Salar de Pipanaco in Catamarca Province.
The soils of the Monte are mostly Entisols, which pre-
dominate from Valles Calchaquies to southern La Pampa
province, and Aridisols, which dominate from southern
Mendoza and La Pampa to the transition with Patagonia
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(INTA/CIRN, 1990). Entisols include sandy Torripsam-
ments and Torrifluvents, derived from aeolian and fluvial
deposits. Aridisols include widespread carbonate-rich
Calcids, notably in southern Mendoza, and clay-rich Argids
farther south (del Valle, 1998; Abraham and Rodriguez
Martinez, 2000).

The few permanent rivers that flow across the Monte are
allochthonous, since they are fed by rainfall and snowmelt
in Andean headwaters. Variations in discharge can be great.
For example, the Rio Durazno, with headwaters in the
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Sierra de Famatina, has a summer flow of 400 to 6001 s!
but during the rainy season flows can reach 6000 1 s*.
Whereas mountain rivers rarely have well-developed flood-
plains, when these rivers reach the plains they can meander
extensively, resulting in widespread fluvial sedimentation.
An example is the Rio Mendoza 5-km-wide meander belt
in the Travesia de Guanacache (Abraham and Rodriguez
Martinez, 2000). These mountain rivers are the main source
for groundwater recharge in the Monte. Water tables are
highest close to rivers but deepen or disappear with in-
creasing distance from the riverbanks.

10.2.4 Biogeography

Biogeographic History The Monte is a transitional region,
comprising a vast area of contact between tropical and cold
temperate biotas. Historical biogeography has provided
some explanations about the origin of its flora and fauna.
South American deserts including the Monte are very old,
as indicated by paleoendemic genera well adapted to desert
conditions (S. Roig-Juiient and Flores, 2001; S. Roig-Jufient
et al., 2001). These paleoendemics are mixed with other
neoendemic taxa that have speciated more recently. Thus,
the Monte biota has multiple origins, in both time and space.
Most genera are of Neotropical origin, followed by groups
with Patagonian affinities (Ringuelet, 1961; Miiller, 1973).

Although the early Cenozoic was a humid interval in
South America, paleogeographic data suggest that a re-
stricted semiarid area existed in west-central Argentina
during that time (Volkheimer, 1971; Axelrod et al., 1991).
The subsequent elevation of the Andes led to the expan-
sion of arid and semi-arid conditions in the Monte to the
east, which favored the formation and expansion of xeric
shrubby steppes (Axelrod et al., 1991). Desertification was

Figure 10.10 Sand-dune chains in north-
eastern Mendoza Province, central Monte
(photo: P.E. Villagra)

further enhanced by the continued uplift of the Sierras
Pampeanas along the western border of the Chaco plains,
creating a barrier against winds coming from the northeast
(Pascual and Ortiz Jaureguizar, 1990).

There are superficial biogeographic relations today be-
tween the Monte and North American deserts, based prin-
cipally on the distribution of important woody plant genera
such as Prosopis, Larrea, and Cercidium. Their presence in
North America represents a long-distance dispersal from an
origin in South America rather than a parallel evolution of
groups from a common source. The distribution of vertebrate
animal species between the Monte and Sonora is not
vicariant, and the shared genera have species distributed all
over South and Central America (Willink, 1991).

Biogeographic Regions Endemic assemblages of reptilian,
anuran, and insect species allow the identification of five
natural areas within the Monte Desert (fig. 10.8, S. Roig-
Juiient et al., 2001).

The northern Monte is an elongated area extending from
Salta to northern La Rioja province. It is formed by three
longitudinal valleys at the eastern boundary of the Puna
(Calchaqui, Quilmes, and Santa Maria). This area also in-
cludes Bolsén de Pipanaco, Tinogasta in Catamarca, and
Famatina in La Rioja. The northern area is nearly com-
pletely enclosed by mountain chains to 28°40°’S, and par-
tially separated from the central part of the Monte by the
Sierra de Velazco and Sierra de Famatina in La Rioja where
the Monte area is very narrow. This area, which includes
the northern and Catamarquefio-Riojano districts defined
by Morello (1955), shares several insect taxa and floristic
elements with the Chaco to the east. Several endemic gen-
era occur only in this area, mainly in the valleys of
Catamarca, Tucumadn, and Salta.
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The central Monte extends from La Rioja province to
southern Mendoza. It is a wide strip of land (almost 200 km
from east to west), with isolated mountain chains such as
the Precordillera and Pie de Palo. It is in broad contact with
the Chaco to the northeast and the Espinal to the east. This
area has several elements that belong to both the Neotropi-
cal and Patagonian biotas. The southern part is connected
with the southern Monte by a 300 km long belt, without a
clear biogeographical barrier, and with elements from both
the southern and central Monte. This area roughly coincides
with the central district defined by Morello (1955).

The Uspallata-Calingasta Valley is a small area within
the Monte that stretches from northern San Juan province
to northern Mendoza. Formed by two longitudinal valleys
that run 300 km from north to south between the Andes
and the Precordillera, it is the most arid region of the Monte
with sparse vegetation.

The southern Monte, stretching from southern Mendoza
to east-central Chubut, constitutes the largest natural area
within the Monte, extending from the foothills of the
Andes to the Atlantic coast. This area, the southern dis-
trict of Morales (1955), is dominated by a low steppe of
woody plants and is rich in endemic species of several
Patagonian genera.

The Valdés Peninsula is the smallest natural area of the
Monte, confined to the peninsula and the nearby Chubut
littoral. It is equivalent to the Atlantic Shrub district of the
Monte (F. Roig, 1998). The western limit is determined by
precipitation (160-250 mm). It is occupied by steppes of
small-leaved woody plants, strongly influenced by its
maritime climate. Others may view this area as an ecotone
between the Monte and Patagonia, or as a part of the latter
(Soriano, 1956; 1985), but the majority of its floristic ele-
ments belong to the Monte (F. Roig, 1998).

10.2.5 Vegetation

Physiognomically, the Monte is a mosaic of two types of
vegetation: shrubby steppes, which are the dominant type,
and open woodlands of Prosopis, which occur exclusively
where ground water can be tapped. Floristically, the Monte
is characterized by the dominance of species of the
Zygophyllaceae, with Larrea, Bulnesia, and Plectocarpha
forming significant components of the shrub steppes. There
are other shrub steppes whose presence is determined by
edaphic factors, constituting associations of species adapted
to azonal conditions with saline, sandy, or waterlogged soils.

Morello (1958) described the most important plant as-
sociations in the Monte and analyzed them ecologically,
while Cabrera (1976) summarized the main associations.
Detailed studies of plant communities are available in sev-
eral works that describe the vegetation of different zones
of the Monte at the local scale. (e.g. Hunziker, 1952;
Vervoorst, 1954; F. Roig, 1972, 1976, 1985, 1989, 1998;
Solbrig et al., 1977; Gonzélez Loyarte et al., 1990; Cabido

et al., 1993; Ledn et al., 1998; Villagra and Roig 1999;
Martinez Carretero 2000).

Larrea Shrublands
dominant communities in the Monte and give the area a

Larrea shrublands, or jarillales, are the

physiognomic unity. They extend across the Monte from
sea level to 3,000 m, and occupy low plains, plateaus, al-
luvial fans, and bardas, as well as the plains of Patagonia.
They prefer sandy or loamy soils, and do not tolerate high
salinity. The shrub layer, strongly dominated by Larrea
species, ranges between 1.5 and 2 m in height, with vary-
ing cover determined by climatic conditions. Larrea density
varies from 30 plants ha! in the driest zones to over 500
plants ha! in the wettest.

Larrea cuneifolia and L. divaricata share dominance in
most parts of the Monte, accompanied by other shrubs such
as Montea aphylla, Bougainvillea spinosa, Zuccagnia
punctata, Prosopidastrum globosum, Bulnesia retama, and
Cercidium praecox, and by an herbaceous layer dominated
by Pappophorum caespitosum, Trichloris crinita, and Se-
taria mendocina (fig. 10.11).

Larrea species behave differently depending on the area.
In the northern Monte, L. cuneifolia colonizes the drier
bajadas, while L. divaricata behaves as a riparian species
along washes (Ezcurra et al., 1991). In the central Monte,
L. divaricata dominates in sandy or loamy soils and reaches
higher altitudes, while L. cuneifolia dominates soils with
higher clay content. Here also L. nitida can be found form-
ing a third altitudinal range where colder and moister con-
ditions prevail, or in depressions at lower elevations where
both cold air and water tend to accumulate (Morello, 1956;
F. Roig, 1972; Ezcurra et al., 1991). Larrea nitida is abun-
dant in northern Patagonia and the southern Monte, but

Figure 10.11 Larrea cuneifolia shrubland (jarillal) in the
Bolson de Pipanaco, northern Monte. The Sierra de Ambato
rises in the distance (photo: P.E. Villagra).
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also expands northward and rises in altitude along the west
side of the Monte to around 28°S. In this species, latitude
is inversely related to altitude. Larrea ameghinoi occupies
the southern Monte and reaches to 37°S in Neuquén. It is
usually found on wind-swept sites such as beaches and
sandy ridges (Ezcurra et al., 1991). Finally, L. nitida is lim-
ited to an associate role in the Chuquiraga avellanedae
steppe in the Peninsula de Valdés. In the jarillales, some
accompanying species are common throughout the Monte,
but there is overlap with neighboring areas. For example,
the southern Monte includes species of Patagonian origin
not found in other areas.

Prosopis Woodlands Open Prosopis woodlands, or
algarrobales, occupy basin floors and lower alluvial fans
(Morello, 1958). The climatic boundary for this woodland
between 29° and 33°S is at a limit near 350 mm of annual
rainfall. With less than 350 mm, algarrobales can occur
only where supplementary groundwater exists.

Dominant Prosopis trees can reach 15 m in height in
the northern Monte and 7 m in the central Monte. Crowns
are not completely closed, and the understory is typically
formed by one or two shrub strata and an herbaceous layer
(fig. 10.12). The tree layer can be monospecific or com-
posed of several species, P. flexuosa and P. chilensis be-
ing the more common. These species are sympatric in the
northern and north-central Monte, but at a local scale they
occupy different habitats. Prosopis chilensis is found
along washes while P. flexuosa occurs in more upland
areas. The density of Prosopis woodlands varies from as
low as 20 trees ha™! in some places of the central Monte
to 300 trees ha™ in Valles Calchaquies in the northern
Monte.

In the northern Monte, woodlands reach their greatest
height and density. Examples are the woodlands of P.
flexuosa, 6—7 m in height, between the Sierras de Jagiié
and Umango, and the Sierra de Famatina. In the Valles
Calchaquies there is a mixed woodland of P. flexuosa and
P. alba. Vervoorst (1954) described a woodland of P.
flexuosa, P. alba, Bulnesia retama, and Cercidium prae-
cox at Tilciao (Catamarca). In the Bolsén de Pipanaco, P.
flexuosa forms dense rings around the salt flat with a thick
understory dominated by Suaeda divaricata.

In the central Monte, P. flexuosa is the dominant spe-
cies, and from 33°S southward it is the only tree species of
this genus. Prosopis flexuosa occupies the lowlands of San
Juan and Mendoza up to an altitude of 1,200 m, in sites
with groundwater available throughout the year. This spe-
cies can tolerate high salinity of 10,000 to 20,000 pmhos
cm™ (F. Roig, 1985). In Bolsén de Mogna (San Juan), there
are woodlands of P. flexuosa and P. chilensis. In Mendoza,
the tree layer is composed of P. flexuosa, the shrub layer
includes Larrea divaricata, Capparis atamisquea, Condalia
microphylla, Lycium tenuispinosum, Mimosa ephedroides,
and Suaeda divaricata, and the herbaceous layer is domi-
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Figure 10.12 Prosopis flexuosa woodland in the Bolson de
Pipanaco, northern Monte showing individuals 15 m high and
coverage over 50% (photo: P.E. Villagra).

nated by Trichloris crinita and Pappophorum caespitosum
(Villagra et al., 2000).

In the southern Monte, P. flexuosa takes on a shrub-like
morphology and forms mixed shrublands with L.
divaricata. In the Peninsula de Valdés and Uspallata-
Calingasta areas, no woodlands have Prosopis species.

Halophytic Communities Three communities of saline
environments, with composition controlled by salt concen-
tration and water availability, can be distinguished (Morello,
1958). These are the vegetation of salt flats (salinas), saltpe-
ter beds (salitrales), and muddy areas (barriales). Salt flats
occupy the interior of basins throughout the Monte area,
where plants form vegetation belts or rings. The inner ring
is an open shrubland of Heterostachys ritteriana and Plecto-
carpha tetracantha, which may be accompanied by the salt
grass Distichlis scoparia. The second ring is typically domi-
nated by Allenrolfea vaginata, associated with Cyclolepis
genistoides, Atriplex vulgatissima, Prosopis alpataco, and
P. strombulifera. The third and outer ring is a dense
shrubland of Suaeda divaricata, associated mainly with
species of saltbush, Atriplex. Beyond the outer ring, there
may be woodlands of P. flexuosa (salt tolerant) mixed with
halophytes, as in the Bols6n de Pipanaco.

In alkaline saltpeter beds occurring on stream banks,
there are grasslands of Distichlis spicata and Scirpus olneyi
accompanied by Nitrophila australis and Tessaria
absinthioides. Saline saltpeter beds support Sporobolus
pyramidatus and S. phleoides associated with Scirpus
asper and Juncus acutus.

In the southern Monte, muddy areas are covered by con-
centric vegetation rings of Atriplex roseum, Bassia hyssopho-
lia, Halophytium ameghinoi, and Suaeda divaricata. Atriplex
lampa and Suaeda divaricata constitute the outermost and
widest of these belts, growing as patches and covering large
areas in Mendoza, Neuquén, Rio Negro, and Chubut.
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Sand-dune Communities Sand dunes occupy discontinu-
ous but sometimes extensive areas of the Monte, as at Campo
del Arenal and Belén (Catamarca). Some are actively ex-
panding, as in Cafayate (Salta), while others form discon-
tinuous strips along rivers. There vegetation involves a con-
trast between low and taller woody plants, and a dense
carpet of annuals and geophytes appears before the first
summer rains. The shrub stratum is dominated by Tricho-
maria usillo, Mimosa ephedroides, Prosopis argentina,
Larrea divaricata, Senna aphylla, Ephedra boelkei (endemic
to the central Monte), Prosopidastrum globosum, and Bul-
nesia retama. The most important grasses are Sporobolus
rigens, Panicum urvilleanum, Chondrosum barbatum, Aris-
tida mendocina, and A. adsencionis. Annuals are a diverse
group whose abundance varies greatly in space and time.
Species of Gomphrena, Verbesina, Portulaca, Heliotropium,
Sclerophyllax, Ibicella, and Glandularia are the most com-
mon plants in this group.

Floodplains For Monte floodplains, the frequency and
magnitude of inundation determine the floristic composi-
tion, structure, and function of plant communities and
regulate their dynamics. For example, in the Rio Mendoza,
floodplain communities are replaced as distance from the
watercourse increases. Thus, an initial community of pio-
neer species is replaced by a shrubland of Baccharis
salicifolia, associated with Tessaria absinthioides, Lycium
tenuispinosum, and Tamarix gallica, followed by a shrub-
land of Prosopis alpataco and Capparis atamisquea accom-
panied by Lycium tenuispinosum, and finally, by the re-
gional woodlands of Prosopis flexuosa, Larrea divaricata,
and Bulnesia retama. The riverbanks support a grassland
of Cortaderia rudiuscula, accompanied by Baccharis
salicifolia and Tessaria absinthioides, and a creeping layer
of Cynodon dactylon and Equisetum bogotense (Villagra
and Roig, 1999).

Similar associations occur in other areas of the Monte.
These include shrublands of Larrea nitida and woodlands
of Discaria trinervis in the Uspallata Valley (Martinez
Carretero, 2000), and gallery woodlands of Salix humbold-
tiana in the perennial rivers of the central and southern
Monte. Hydrophytes such as Juncus balticus, Acaena
magellanicus, Trifolium repens, Scirpus, Carex gayana,
Eleocharis, and Hydrocotile are often found in riverbeds.

Rocky Slope Vegetation Communities dominated by
Cactaceae and Bromeliaceae flourish on steep rocky hill-
sides, constituting an area with mixed elements of Monte
and Puna, and have often been included within the Monte
(Morello, 1958; Mares et al., 1985). However, Cabrera
(1976), Cabrera and Willink (1980), and F. Roig (1989)
viewed them as part of the Prepuna (or cardonal).

Key Ecosystem Processes Water availability is the major
factor determining the productivity of the Monte desert,

triggering the new flush of leaves in most perennial woody
plants and the germination of annual herbs and grasses.
Other factors, such as soil texture and temperature, gener-
ally act by regulating water availability. Nutrient availabil-
ity seems to be limiting only in years where rainfall exceeds
400 mm/year during the growing season (Guevara et al.,
2000).

The growth of grasses is opportunistic and can be trig-
gered by adequate soil moisture after periods of inter- and
intra-seasonal dormancy, and whenever temperature con-
ditions are suitable (Seligman et al., 1992). Useful rainfall
events—those able to initiate some growth—were deter-
mined as those higher than 0.1 PET (potential evapotrans-
piration) on a weekly basis. In the central Monte, this
represents rainfall events of about 5 mm (Guevara et al.,
1997). In contrast, P. flexuosa, as a phreatophytic species,
has continuously available water and is therefore some-
what independent of rainfall (Cavagnaro and Passera,
1993).

In arid lands, patchy vegetation patterns appear to de-
termine ecosystem functioning (Aguiar and Sala, 1999).
Dominant woody plants cause changes in microclimate and
soil properties by attenuating harsh temperatures and so-
lar radiation, and by modifying substrate characteristics
and the availability of water and nutrients (Gutiérrez et al.,
1993). Through these environmental changes, shrubs and
trees can affect species composition, phenology, produc-
tivity, and biomass allocation of its understory, as well as
the establishment and spatial distribution of species.

The presence of Prosopis modifies the spatial pattern
of plant species in the shrub and herbaceous layers, as well
as soil chemistry, generating spatial heterogeneity at dif-
ferent scales. Differences in floristic composition and soil
conditions are observed between exposed and under-
canopy areas, and also between different microhabitats
beneath Prosopis canopies. These differences are the re-
sult of species replacement rather than species enrichment
and contribute to ecosystem diversity (Mares et al., 1977;
Rossi and Villagra, 2003).

10.2.6 Biodiversity

The Monte has been traditionally viewed as an impover-
ished Chaco. Many genera present in the Monte also oc-
cur in the Chaco but with lower species richness (Stange
et al., 1976). Distribution patterns of 1,500 Chaco and
Monte insect species confirm that the latter has lower spe-
cies richness than the former (Roig-Juiient et al., 2001),
showing a trend of decreasing biodiversity with aridity.
However, the reverse appears to be true when comparing
endemic taxa. Overall endemism in the Monte is 35% for
insect species and 11% for insect genera, whereas in the
Chaco it is 29% and 5%, respectively. This shows a trend
of increasing levels of endemism with greater aridity. Among
vertebrates, reptiles show a similar level of endemism,
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~30%, while mammals and birds show 21% and 12%, re-
spectively. The presence of numerous species and genera
exclusive to the Monte justifies regarding this area as an
independent evolutionary center, wherein one third of the
biodiversity of insects and reptiles originated.
Vertebrates The vertebrate fauna of the Monte has been
related to elements of the Pampas and Chaco, although
some reptiles show Patagonian relationships (Dabbene,
1910; Cabrera and Yepes, 1940; Ringuelet, 1961; Fittkau,
1969; V. Roig, 1972; Miiller, 1973).

There are few mammal species in the Monte (60). Ro-
dents show the highest diversity with 30 species, nine of
which and two genera (Tympanoctomys and Octomys) are
endemic to the region (Redford and Eisenberg, 1992).
Cuises like Microcavia australis and Galea musteloides
(Caviidae) are very common, while the Patagonian cavy
(Dolichotis patagonum, Caviidae), the vizcacha (Lagostomus
maximus, Chinchillidae), and tuco-tucos (Ctenomys species,
Ctenomyidae) are also typical. Carnivores follow in impor-
tance with 13 species. These include several species of the
genus Felis, three fox species (Pseudolapex), and mustelids
of the genera Conepatus, Galictis, and Lyncodon. Edentates
like hairy armadillo (Chaetopharactus villosus and C.
vellerosus), the pichi (Zaedyus pichiy), and the pichiciego
(Chlamydophorus truncatus) constitute another typical
group, the last being endemic to the Monte.

Birds are the most diverse group of vertebrates in the
Monte (Roig and Contreras, 1975), with a total 235
species (Olrog, 1963), four of them and 25 subspecies
being endemic. The fiandd (Rhea americana) and several
tinamous of the genera Nothura and Eudromia are
among the biggest birds. Passerines are the most diverse
group.

Of a total of 63 reptilian species, 19 are endemic to the
Monte (Cei, 1986). Liolaemus is the most characteristic
genus, with 19 species present, with 10 of these endemic.
Other typical lizards are matuastos (Leiosaurus species),
Mabuya dorsivittata, and the iguana colorada (Tupinambis
rufescens) (V. Roig, 1972; Roig and Contreras, 1975). Many
snakes such as Leptotyphlops borrichianus, Philodrias
burmeisteri, and species of the genera Tomodon,
Chlorosoma, Elapomorphus, and Pseudoboa are widely
distributed in the Monte. Pseudotomodon is an endemic
genus. Two turtle species are also found, Chelonoidis
chilensis, and the endemic C. donosobarrosoi, which is
restricted to the southern Monte.

Amphibians are very scarce in the Monte and there are
no endemic species. This group includes the common toad
Bufo arenarum mendocinum, ranging up to 1,500 m, the
escuerzos (Odontophrynus occidentalis), and Ceratophrys
cranwellii, the frogs Pleurodema nebulosa, P. bufonina,
and Leptodactylus species, and several species of
Telmatobius (Cei and Roig, 1974; Cei, 1980).

Arthropods Arthropods constitute the most diverse
group of animals in the Monte. The region contains at least
49 endemic genera of insects (Roig-Juilent et al., 2001).
There are also a high number of endemic solfugids
(windscorpions) such as the genera Procleobis, Uspallata,
Mortola, Patagonolpuga, Nothopuga, Syndaesia, and
Valdesia. Studies of Monte arthropods and some taxo-
nomic revisions have greatly enhanced knowledge of this
fauna (Porter, 1975; Terdn, 1973; Stange et al., 1976;
Willink, 1991; Roig-Jufient et al., 2001). The most diverse
insect orders in the Monte, as in other deserts, are Co-
leoptera and Hymenoptera. Within the Coleoptera the
richest families are Tenebrionidae and Scarabeidae, with
a high proportion of endemic genera and species. Within
Hymenoptera, the richest superfamilies are Apoidea and
Vespoidea.

10.2.7 Biological Processes

Foliage production is essential for the growth and repro-
duction of highly diverse groups of phytophagous insects
and herbivorous mammals. Mammalian herbivores can be
very conspicuous, like the guanaco (Lama guanicoe),
which feed mainly on grasses and forbs (Puig et al., 1996;
1997). Medium-sized herbivorous mammals (4-6 kg) in-
clude the mara and the vizcacha that prefer open habitats
and can serve as indicators of degradation processes. Tuco-
tucos are important herbivores that live underground and
seem to be generalists in their diet preferences (Puig et al.,
1999). Cavies and tuco-tucos have been reported as impor-
tant causes of mortality of shrubs such as Larrea cuneifolia,
Lycium species, Atriplex lampa, and Geoffroea decorti-
cans, due to their browsing habits in the central Monte
(Borruel et al., 1998; Tognelli et al., 1999). Small mammals
(less than 100 g) mainly have omnivorous habits, although
the rodent Graomys griseoflavus shows a more folivorous
diet (Campos and Ojeda, 1997).

Herbivorous insects are very diverse in the Monte.
Schistocerca americana (Orthoptera) breeds were formerly
a major plague that devastated both natural and cultivated
plants (Claver and Kufner, 1989). Acromyrmex lobicornis
is the most common species of leaf-cutting ants; these ants
are able to consume as much fresh biomass as grazing cattle
in the Monte, although they have little specific diet over-
lap with cattle (Claver, 2000). Perennial vegetation in the
Monte suffers from a high incidence of monophagous in-
sects, and as result the phytophagous insect communities
differ greatly between woody perennials in the central
Monte (Debandi, 1999).

Granivory may play a significant role in ecosystem func-
tion, being the primary cause for the loss of grass (Marone
et al., 2000b) and tree seeds (Villagra et al., 2002). Small
mammals, ants, and birds are the most important granivores
in desert environments. It was once thought that granivory
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in South American deserts was depressed, mainly owing to
the lack of specialized granivorous rodents (Mares and
Rosenzweig, 1978; Morton, 1985), but recent studies have
found that seed removal rates in the Monte are comparable
to those in other deserts, except for those in North America,
where seed removal is exceptionally high (Lopez de
Casenave et al., 1998; Marone et al., 2000a).

Another important biological process is pollination. As
in other desert environments, the main pollen vectors in
the Monte are solitary bees. Flower visitors, like vertebrates
and social bees, are expected to be poor in deserts due to
low water availability and the short period of blooming.
The pollination environment is also highly variable in
space and time. In years when rains are more or less evenly
distributed in the spring, there is a good flower supply for
the diverse fauna of pollinators. In contrast, years with
scattered spring rains may decouple blooming and polli-
nator emergence, an asynchrony that seems frequent in the
Monte and may be a cause for generalization in the polli-
nation system of many woody plants (Simpson et al., 1977;
Debandi et al., 2002). Larrea shrubs provide an excellent
example of this, since they have a high diversity of bee
visitors in both North and South American deserts, and the
dominance in taxonomic composition varies from site to
site within each desert, as well as within microhabitats,
within and between seasons, and during different parts of
the day (Hurd and Linsley, 1975, Simpson et al., 1977,
Minckley et al., 1999; 2000, Rossi et al., 1999).

10.2.8 Human Impacts, Threats,
and Conservation

Human Impacts Two forms of socioeconomic organiza-
tion coexist in the Monte, one with a market economy
based on irrigated oases and the other with a subsistence
economy based in the arid areas (Ministerio de Ambientes
y Obras Publicas, 1997). Some 90% of the population lives
in irrigated oases located in valleys crossed by perennial
rivers, but these oases occupy only 3% of the Monte. The
inhabitants are mostly engaged in intensive agriculture,
especially viticulture, and the growing of fruit and olive
trees, and related local industries.

In the arid lands near aquifers there are small settlements,
puestos, controlled by families with ancient Hispanic-indig-
enous roots (called puesteros). Their principal activities are
goat and cattle breeding, as well as wood extraction and the
making of handicrafts. Land ownership is usually unclear,
and the puesteros are legally regarded as mere occupants,
although historically they are the true landowners.

Thus, in a highly fragile environment, competition for
water is one of the most serious environmental issues con-
cerning oasis-desert relationships, since deserts do not
receive surface water because it is mostly destined for ir-
rigation and human consumption.

Desertification is another important issue in the Monte,
as vast fluvial-aeolian plains are subjected to overgrazing
and deforestation, and steep slopes undergo erosion. These
systems have slow capacity for natural recovery due to both
the intrinsically harsh environmental conditions and cur-
rently severe degradation.

From an economic viewpoint, the algarrobal has been
the most important plant community, the source of sub-
sistence for human communities over many centuries and
still heavily used by local people (Abraham and Prieto,
1999). Woodlands have provided people and domestic live-
stock with shade, firewood, vineyard posts, timber, and
food. Economically, the algarrobal has been exploited
nonsustainably without adjusting the extraction rate to the
recovery rate of the natural resources. This has led to se-
vere desertification and consequently to the impoverish-
ment of the local people. Other plant associations have also
been exploited and degraded. In San Juan province, for
example, the geographic range of Bulnesia retama has been
reduced from 4 million to 400,000 hectares as a conse-
quence of harvesting.

Protected Areas Protected areas of the Monte have been
created with the primary purposes of protecting landscapes
(Valle de La Luna and Talampaya), tree populations (Nacu-
fidn and Telteca), or some particular species or habitat (Lihue
Calel). All 16 reserves within the Monte, representing only
1.52 % of the total area, are located in the central and south-
ern Monte (Roig-Juiient and Claver, 1999). These protected
areas are not enough to ensure biodiversity conservation, and
since they are far from one another they function as islands
within an increasingly degraded landscape. Only three re-
serves (Valle Fértil, Ischigualasto, and Talampaya) are near
enough to each other to allow biological interchange.

As conservation of all areas and all species is not fea-
sible, efficient methodological tools should be used for
making decisions on priorities so as to ensure as much
conservation of biodiversity as possible and to identify
new conservation areas in the Monte. Applying traditional
priorization criteria, such as species richness or ende-
mism, is difficult because knowledge of species richness
and distribution in the Monte is still very limited, even
for the currently protected areas. Several methods pro-
posed recently incorporate phylogenetic information to
set conservation priorities (Vane-Wright et al., 1991;
Humphries et al., 1991). Using this approach, Roig-Juiient
et al. (2001) have proposed conservation priorities for
natural areas in the Monte and Chaco. In order of impor-
tance, areas were ranked as follows: (1) northern Monte;
(2) Chaco; (3) central Monte; (4) southern Monte; (5)
Valdés Peninsula; and (6) Uspallata-Calingasta Valley.
Although these results show that the northern Monte is
the most important area for conservation, there are para-
doxically no reserves in this area.
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10.3 Conclusions

Although not as well studied as their North American
counterparts, the coastal Peruvian and Atacama deserts
and interior Monte Desert provide important geographic
models for studies of arid-land climatology, geomorphol-
ogy, hydrology, and biogeography. There are many par-
allels between ecosystem processes and biodiversity in
the Sonoran Desert of the southwest United States and
Mexico and those of the Monte that deserve new study.
Moreover, the hyper-aridity of the Peruvian and Atacama
deserts makes these regions important in understanding
how organisms can adapt to such extreme conditions.
With increasing international focus on global change and
on processes of human impact that increase desertifica-
tion, there will undoubtedly be expanded interest in these
arid regions.
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The Mediterranean Environment of Central Chile

Juan J. Armesto
Mary T. K. Arroyo
Luis F. Hinojosa

The Mediterranean-type environment of South America,
broadly defined as the continental area characterized by
winter rainfall and summer drought, is confined to a nar-
row band about 1,000 km long on the western side of the
Andes in north-central Chile (Arroyo et al., 1995, 1999).
Although much has been written about the climate, veg-
etation, and landscapes of this part of Chile, and compari-
sons have been drawn with California and other
Mediterranean-type regions of the world (Parsons, 1976;
Mooney, 1977; Rundel, 1981; Arroyo et al., 1995), a mod-
ern synthesis of information on the physical setting, re-
gional biota, and historical development of ecosystems in
central Chile has not been attempted. This chapter is in-
tended to provide such an integrated picture, emphasiz-
ing those aspects most peculiar to the region.

Since the earlier floristic work on the Chilean matorral
(e.g. Mooney, 1977), the name given to the vegetation of
central Chile, there is now a much greater appreciation of
the geographic isolation and high levels of biological di-
versity and endemism in this region of South America
(Arroyo and Cavieres, 1997; Villagrdn, 1995; Arroyo et al.,
1995, 1999). Because of the great richness and singularity
of its terrestrial flora, this area of the continent is consid-
ered to be one of the world’s 25 hotspots in which to con-
serve global biodiversity (Arroyo et al., 1999; Myers et al.,
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2000). An analysis of the main features of the Mediterra-
nean environment in South America should therefore ad-
dress the causes of such high floristic richness, the nature
of current threats to biodiversity, and the prospects for its
conservation in the long-term. A discussion of conserva-
tion concerns closes the present chapter (but see also: Ar-
royo and Cavieres, 1997; and Arroyo et al., 1999). In view
of the vast literature on the biota and physical setting of
central Chile, this chapter adopts a selective approach,
from a biogeographic perspective, of what we consider to
be the most remarkable historical, physical, and ecologi-
cal features of this environment, which in turn may explain
its extraordinary richness in plants and animals.

11.1 The Physical Character of the
Chilean Mediterranean-Type
Ecosystems

Mediterranean-type ecosystems occupy a narrow band along
the western margin of South America, from 30 to 36°S in
central Chile (fig.11.1). These ecosystems represent the tran-
sition between one of the driest deserts in the world, the
southern Atacama Desert, north of 28°S, and the mixed de-
ciduous-evergreen temperate forests, which occur south of



Figure 11.1 Topographic map of southwestern South America

showing the approximate extent of the Mediterranean-climate
region (box), 30-36°S, and the position of the massive Andean

Cordillera, which intercepts winds flowing from both east and

west, and locks the position of the anticyclone over the Pacific,
thus configuring the “arid diagonal”

36°S (fig. 11.2). Mediterranean ecosystems in central Chile
are therefore a highly heterogeneous vegetation mosaic. The
major vegetation types are dry xerophytic thorn scrub domi-
nated by deciduous shrubs and succulents; mesic commu-
nities dominated by evergreen sclerophyllous trees in the
coastal and Andean foothills; and forests dominated by
winter-deciduous trees in the south of the Mediterranean
area. Within the latitudinal range of the Mediterranean-cli-
mate ecosystems, annual precipitation varies from less than
200 to 700 mm (Rundel, 1981).

Topographically, this ecologically complex region is
characterized by the presence of two parallel mountain
ranges oriented from north to south, the Coastal Cordillera
and the Andes (fig. 11.1). These ranges are separated by a
narrow tectonic basin, the 80—100-km wide Central Depres-
sion, which is filled with a large volume of rock waste
derived mainly from the weathering and erosion of the
Andes. Extensive accumulations of ignimbrites also occur,
derived from the activity of Andean volcanoes during Pleis-
tocene time. Soils in the Central Depression are derived

primarily from these sedimentary and volcanic materials.
By contrast, soils in the Coastal Cordillera are developed
on highly weathered metamorphic parent materials of Ju-
rassic age. These soils have a high organic matter and clay
content that makes them particularly susceptible to run-
off erosion after the loss of plant cover.

Mountain chains with an east-west orientation
(angosturas) interrupt the Central Depression both to the
north and south of the Mediterranean-climate area, con-
necting the Andes with the Coastal Cordillera. The latter
range reaches a maximum elevation of 2,200 m above sea
level, thus allowing for the development of an alpine veg-
etation belt, above the sclerophyllous vegetation zone, in
a way similar to the Andes. Several important river sys-
tems originating in the Andes cross the Central Depression
in spacious and fertile valleys. From north to south these
include the Limari, Aconcagua, Maipo, and Maule valleys.
These river systems have been completely transformed by
a long history of agricultural activity and presently sustain
a major portion of the human population of Chile.

Climatic characterizations of the Chilean Mediterranean
region have been provided by Miller et al. (1977), di Castri
and Hajek (1975), and Arroyo et al. (1995), among others.
A summary of salient features of this climatic regime is
presented here, emphasizing those aspects that have re-
ceived less attention in previous work. At the latitude of
Santiago (33°S), rainstorms occur sporadically during the
cooler months of the year (April to September), but drought
may extend for as long as six months during the spring and
summer (October to March). The single cool rainy season
is a distinctive feature of north-central Chile, as it is of
Mediterranean-type environments elsewhere. The monthly
distribution and total amount of precipitation in a year, two
of the most important variables affecting the local vegeta-
tion, vary greatly between years, although the former has
received less emphasis.

This variable climatic regime can be explained by sea-
sonal changes in the strength and latitudinal position of
the South Pacific anticyclone, a high-pressure center lo-
cated around 30°S off the Pacific coast of southern South
America (see chapter 3; also Aceituno, 1988). During the
austral summer, this high-pressure center occupies a broad
latitudinal range off South America and blocks the west-
erly flow of humid air masses moving across the Pacific
Ocean, thereby leaving central Chile completely dry. Dur-
ing the austral winter, however, the anticyclone weakens
and may often be displaced equatorward, thus allowing for
cyclonic storms and related frontal systems to progress
toward central Chile. Because of the dominant role played
by the South Pacific anticyclone in maintaining the sea-
sonal rainfall pattern over central Chile, the atmospheric
and oceanic conditions that affect the strength and latitu-
dinal position of this high pressure system can greatly al-
ter the amount and distribution of precipitation in the
Chilean Mediterranean region. Large inter-annual variabil-
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Figure 11.2 Central Chile showing the main vegetation zones for the late Holocene (modified from
Villagran, 1995). The Mediterranean-climate region includes xerophytic thorn scrub, Olivillo coastal rain
forest, sclerophyllous woodland, and the northern zone of the Nothofagus parkland (Maulino forest).
Climatic diagrams represent the latitudinal variation within the range of the Mediterranean environment.

ity in precipitation, associated with changes in anticyclone
strength and position, is an intrinsic feature of the region.

In recent decades, a major component of the inter-
annual variability in precipitation has been linked to El
Nifio—Southern Oscillation (ENSO) (Aceituno, 1988; Hol-
mgren et al., 2001). During El Nifio years, weakening of the
anticyclone and decreased upwelling of ocean waters along
the west coast of South America may cause large increases
in total rainfall across the entire Mediterranean-climate re-
gion of Chile. In contrast, during longer La Nifia episodes,
due to the strengthening of the anticyclone, rainfall de-
creases well below the average, producing extremely dry
conditions, particularly in the northern part of the Mediter-
ranean region. These effects extend also to the wetter south-

ern limit of the region, causing long droughts with major eco-
logical consequences (see chapter 19; also Holmgren et al.,
2001). In recent years, the often dramatic environmental
impacts of the long droughts associated with La Nifia have
been understood more thoroughly by the public because of
marked reductions in irrigation water and potable water
supplies, and the loss of generating capacity at hydroelec-
tric power plants that depend on artificial dams placed
across the main river systems of central Chile.

The climatic regime of central Chile differs in some im-
portant aspects from other Mediterranean ecosystems of the
world because of the complete absence of summer rainfall
and associated thunderstorm activity. This is a feature of
great significance for understanding the disturbance regime
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that has historically affected Chilean Mediterranean ecosys-
tems. It accounts for the negligible importance of natural fire
as a shaper of vegetation structure and dynamics in central
Chile. Summer rains, derived from an easterly source, are
prevented from reaching Mediterranean Chile by the mas-
sive physical barrier of the Andes, where many peaks rise
above 5,000 m, including the highest, Aconcagua (6,962 m;
fig. 11.1). The rain-shadow effect of the Andes is responsible
for maintaining the hyperarid conditions of the Atacama
Desert in northern Chile (Arroyo et al., 1988), but it also
isolates the Mediterranean region from the easterly flow of
warm moist air that brings summer rainfall to the subtropi-
cal eastern side of the cordillera. Lightning storms that could
start wildfires are rare in the Chilean Mediterranean region
and when they do occur, occasionally in summer, they are
generally confined to elevations above 3,000 m in the Andes
(e.g., Arroyo et al., 1981), above the altitudinal limit of
sclerophyllous vegetation.

Despite its narrowness, the Mediterranean region of
Chile is characterized by pronounced environmental gra-
dients from east to west. Particularly important, although
often ignored, is the strong rain-shadow effect of the Coastal
Cordillera. This range intercepts westerly wind flows of
moist oceanic air, causing a substantial drop in precipita-
tion in the Central Depression, an effect that has not been
properly quantified but is evident from the comparison of
rainfall records at climate stations both east and west of
the range (e.g., Rundel, 1981). Consequently, habitats in the
Central Depression are drier than the slopes of the Coastal
Cordillera and the Andes. The drier vegetation zones in the
north of the Mediterranean region are thus projected south-
ward to higher latitudes along the Central Depression, giv-
ing each zone a V-shape on figure 11.2.

An additional moisture source for vegetation in the
Coastal Cordillera derives from cloud-water condensation
at altitudes above 600 m. A permanent fog-zone, triggered
by a stable temperature inversion above the cold Humboldt
Current (Rundel et al., 1991), forms at this altitude, supple-
menting rainfall, especially in the drier part of the Mediter-
ranean-climate region where normal rainfall is insufficient
to maintain vegetation (Kummerow, 1966; Rundel and
Mahu, 1976). From 33 to 30°S, as annual rainfall declines
to less than 200 mm, isolated patches of rainforest are main-
tained by fogs in the windward slopes of the coastal moun-
tains (Rundel, 1981). Fog condensation in tree canopies may
play a significant, but understudied, role in enhancing
moisture and nutrient availability for sclerophyllous veg-
etation, especially through the long dry summers.

11.2 History of Semiarid Environments
in Western South America

The history of the Mediterranean-type climate and vegeta-
tion of central Chile is connected with the development

of the “arid diagonal” of South America (see chapter 2; also
Hinojosa and Villagran, 1997). The progress of aridity along
the western margin of South America is coupled with the
rise of the Andes, which interrupted the flow of moist air
to southern Pert and northern Chile from tropical sources
farther east, and with the beginning of the equatorward flow
of cold Antarctic waters in the South Pacific. In this sec-
tion, we summarize the current knowledge of the events
that led to the onset of the Mediterranean-type climate in
central Chile.

The Andean orogenesis has dominated the western
margin of South America during the latter part of the Ceno-
zoic Era. This massive geophysical transformation pro-
gressed through a series of tectonic uplifts that became
more intense during the Neogene (Reynolds et al., 1990).
Geologic dating of magmatism and exposed rocks across
the Argentina-Chile border assigns the folding and short-
ening of the continental crust in central Chile to the last
15 Ma (million years before present), during which the
Andes rose to elevations ranging from 3,000 m to more than
6,000 m (Reynolds et al., 1990). The final uplift of the Fron-
tal Cordillera and Precordillera, dated to the Miocene be-
tween 15 and 8 Ma, progressively shut off the easterly flow
of air masses originating in the tropics and subtropics far-
ther east, leading to the establishment of the present Medi-
terranean climate in central Chile with its single rainy
season. Prior to these events, tropical air masses flowed
freely from east to west across South America, maintain-
ing a wetter subtropical climate in central Chile, possibly
with two rainy seasons (Hinojosa and Villagran, 2005). The
existence of a subtropical fossil flora of Miocene age, con-
taining the ancestors of certain floristic components of the
Chilean sclerophyllous vegetation (e.g., Lauraceae), has
been documented in the Andean foothills near Santiago
(Hinojosa and Villagran, 1997). The character of this fos-
sil assemblage supports the existence of a different climatic
regime, with lower mountain ranges, in the middle Mi-
ocene, and suggests that the Mediterranean-type climate
of central Chile did not become established until the late
Neogene.

Another factor contributing to the desiccation of the
climate along the western margin of South America was
the establishment of the cold Humboldt Current, a major
feature of the present oceanic circulation. The equatorward
flow of cold polar waters began in earnest after the breakup
of Gondwana. The separation of Antarctica, first from Af-
rica, then from Australia, and later from southern South
America, generated a massive westerly (zonal) circulation
of water around Antarctica that reduced the poleward
(meridional) flow of warm tropical waters (see chapter 2).
The Antarctic Circumpolar Current did not fully form un-
til the final opening of the Drake Passage after 35 Ma, but
once it became established, Antarctic ice sheets expanded
and the cooling of the proto-Humboldt Current was en-
hanced (Zachos et al., 2001). These events led to the de-

The Mediterranean Environment of Central Chile 187



velopment of a steeper temperature gradient from tropical
to high latitudes and probably to the present positioning
and strength of the South Pacific anticyclone that deter-
mines the summer drought in central Chile.

The evolution of the morphological and physiological
mechanisms that allowed the local flora, of tropical ances-
try, to endure the long summer droughts characteristic of
the Mediterranean-type climate must, therefore, have oc-
curred during the Neogene. The ability to tolerate seasonal
desiccation became the primary determinant of species
survival during the Quaternary Period, as seasonal
droughts in central Chile became more frequent and in-
tense, especially during interglacial stages (Villagrédn,
1995).

11.3 Mediterranean Vegetation Types

The mountainous topography of central Chile, with up to
6,000 m of relief, contrasting radiation and moisture re-
gimes, strong rain-shadow effects, and a mosaic of soil
types and nutrient supplies, generates pronounced environ-
mental gradients that have stimulated the evolutionary dif-
ferentiation of the biota (Armesto and Martinez, 1978;
Rundel, 1981; Rozzi et al., 1989). High floristic richness and
a diversity of plant communities are a consequence of this
environmental heterogeneity (Arroyo et al., 1993, 1995). In
addition, strong climatic variability resulting from varying
frequencies of ENSO events during the Quaternary
(Villagrén, 1995; Holmgren et al., 2001) must have promoted
genetic variability among local populations. The Mediter-
ranean region is also a depository of ancient tropical lineages
that found refuge in coastal valleys from the drying trend
initiated by Neogene uplift of the Andes (Troncoso et al.,
1980; Villagrdn and Armesto, 1980; Arroyo et al., 1995;
Hinojosa et al., 2006). Also, as a consequence of the repeated
cooling and warming cycles of the Quaternary, the regional
vegetation has been exposed to wetter or drier periods rela-
tive to present conditions (Villagrdn, 1995). In response to
these cycles, xerophytic and cool-temperate forest taxa have
successively expanded and contracted their ranges in cen-
tral Chile at different times in the past, as documented from
pollen studies (Heusser, 1983; Villagran, 1995). These flo-
ral migrations must have contributed greatly to increased
species richness and the heterogeneity of the vegetation
mosaic within the Mediterranean zone (Villagrdn, 1995,
Arroyo et al., 1995). Andean uplift also provided opportu-
nities for colonization and differentiation of local alpine
floras, adding further to the floristic richness and diversity
of vegetation types in the region.

In addition, the strong influence of insect and bird pol-
linators in the evolution of plant-reproductive strategies
in Mediterranean-type ecosystems (Arroyo and Uslar, 1993;
Arroyo et al., 1993, 1995) and the role of animals in the
dispersal of seeds of sclerophyllous tree species (Hoffmann

and Armesto 1995) are important conditions favoring ge-
netic variability and speciation in biotic communities
within the region. High levels of self-incompatibility have
been documented for the woody species in montane
sclerophyllous vegetation (Arroyo and Uslar, 1993).

Arroyo et al. (1995) recognized a greater diversity of veg-
etation types in the Mediterranean-climate region of central
Chile than previously described in the context of compara-
tive studies of analogous ecosystems in Chile and Califor-
nia (e.g., Parsons, 1976; Mooney, 1977; Rundel, 1981). In the
following account of the vegetation of central Chile, the
general floristic scheme proposed by Arroyo et al. (1995) will
be followed for describing the main vegetation types, al-
though names given here to some vegetation units may dif-
fer. A few vegetation types not listed by Arroyo et al. are also
included (table 11.1). We discuss each vegetation type in
terms of its relative importance regarding floristic richness,
endemism, distribution, and natural history. Gaps in knowl-
edge are indicated. The conservation status of Mediterranean
ecosystems in Chile will be considered later, although a brief
mention of the history of these plant formations is made
here. Finally we discuss succinctly the main floristic affini-
ties of the vegetation of central Chile with other dry plant
formations found in South America.

11.3.1 Relict Coastal Forests

Olivillo Forests A widely distributed vegetation type in
central Chile is the coastal forest dominated by olivillo,
Aextoxicon punctatum, a tree from the endemic monotypic
family Aextoxicaceae (figs. 11.2, 11.3). These forests, de-
scribed in detail by Mufioz and Pisano (1947), Villagrdn
and Armesto (1980), and Pérez and Villagrdn (1985), have
an important number of species of climbers and epiphytes,
including narrow endemics such as Peperomia coquim-
bensis (Piperaceae). Olivillo forests are found as far north
as the latitude of La Serena (30°S) in the semiarid region
of Chile, immersed in a matrix of xerophytic vegetation.
The northernmost extensions of Olivillo forests are known
as the relict forests of Fray Jorge and Talinay (Troncoso et
al., 1980), and occur as isolated forest fragments on the
upper slopes of the coastal mountains, under the direct
influence of maritime fogs. Eco-physiological studies have
shown that fog condensation is the main source of water
and nutrients for these isolated relict forests (Kummerow,
1966; P.E. Vidiella and T.E. Dawson, unpublished). Other
isolated patches of Olivillo forest are scattered across
coastal mountaintops between Fray Jorge and the coast,
from where these forests extend more or less continuously
southward at lower elevations, especially on slopes and
valleys facing the ocean (Villagran and Armesto; 1980,
Pérez and Villagrdn, 1985).

The fragmented distribution of the flora of Olivillo for-
ests in Chile has intrigued biogeographers for many years
(e.g., Skottsberg, 1948; Schmithiisen, 1956; Mufioz and
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Table 11.1 Major plant formations in central Chile, modified from Arroyo et al. (1995) and
Rundel (1981)

Approximate latitudinal

Plant formation range (°S) in central Chile Commonly associated woody taxa
Olivillo forests Fragmented 30-33 Aextoxicon punctatum, Myrceugenia
Continuous 33-36 correifolia, Raphithamnus spinosus,

Drimys winteri, Sarmienta repens,
Mitraria coccinea

Nothofagus montane forest Fragmented 33-36 N. obliqua, Ribes punctatum, Lomatia
hirsuta
Maulino forest 35-36 N. alessandrii, N. glauca, N. dombeyi,

Gomortega keule, Pitavia punctata,
Cryptocarya alba

Sclerophyllous matorral 32-36 Cryptocarya alba, Quillaja saponaria,
Lithrea caustica, Peumus boldus,
Proustia pyrifolia, Kageneckia oblonga

Summer-deciduous matorral 30-34 Retanilla trinervia, Flourensia thurifera,

with succulents Trichocereus, Eulychnia, Puya spp.

Acacia caven savanna 30-36 Prosopis chilensis, Cestrum parqui,
Trevoa trinervis

Swamp forests Scattered patches Myrceugenia exsucca, R. spinosus, D.
winteri, Boquila trifoliolata

Palm forests 33-34 Jubaea chilensis, Cryptocarya alba,
Drimys winteri, Schinus latifolius

Coastal matorral 30-36 Lithrea caustica, Bahia ambrosioides,

Schinus latifolius, Escallonia
pulverulenta, Senna spp.

Andean montane woodland Discontinuous 32—36 Kageneckia angustifolia, Schinus
montanus, Austrocedrus chilensis

Figure 11.3 Olivillo forests in Fray Jorge
National Park (30°S) (photo: J.J. Armesto)




Pisano, 1947; Villagrdn and Armesto, 1980; Troncoso et al.,
1980). Many plant species found in the northernmost
relicts (e.g., Sarmienta repens and Mitraria coccinea,
Gesneracieae, Azara microphylla, Celastraceae) also occur
as components of the Valdivian evergreen rainforests, with
a disjunction of nearly 900 km (Villagran and Armesto,
1980). Current interpretations of the phylogenetic relations,
South American distribution, and fossil record of the main
relict taxa suggest that these floristic assemblages may be
descendants of subtropical rainforests that occupied cen-
tral Chile in the mid-Cenozoic, before the onset of events
that shaped the Mediterranean-type climate (Troncoso et
al., 1980; Villagran, 1990; Hinojosa and Villagran, 1997).
They are consequently unrelated to equatorward advances
of the southern temperate forests during colder and wet-
ter intervals of the Pleistocene, as has sometimes been ar-
gued (e.g., Solbrig et al., 1977; Rundel, 1981). However,
southern Chilean temperate forests are ancestrally related
to these relict communities, thus explaining the consider-
able number of shared taxa. The future of these northern
forest fragments, now designated as protected areas, re-
mains uncertain in the face of past human disturbance by
logging and fire, and present climatic desiccation. Under-
standing the ability of trees to capture moisture from cloud
water, especially from the perspective of water supply to
growing seedlings in the understory, and the climatic fac-
tors affecting the frequency of coastal fogs, are critical is-
sues for the survival of these relicts.

Nothofagus Forests Nothofagus species (Nothofagaceae)
occur in the Mediterranean region of central Chile at its
southern boundary with the temperate rainforest region,
and also as a chain of small fragmented populations above
1,000 m on the highest peaks of the Coastal Cordillera—El
Roble, La Campana, and Altos de Cantillana (fig. 11.2).
These forest fragments represent the northernmost popu-
lations of Nothofagus in South America (Casassa, 1985) and
are isolated from the continuous distribution of Nothofagus
obliqua, a deciduous tree broadly distributed across the
Central Depression as well as on coastal and Andean foot-
hills of south-central Chile . At the southern margin of the
Mediterranean region, several narrowly distributed species
of Nothofagus occur in mixed stands with both
sclerophyllous species from central Chile and evergreen
broad-leaved trees from the Valdivian temperate rainforest,
a vegetation known locally as the Maulino forest (San
Martin and Donoso, 1996). Two important narrow
endemics of the Maulino forest are Nothofagus glauca and
N. alessandrii, both deciduous. Sheltered ravines are domi-
nated by the evergreen N. dombeyi, which is a character-
istic tree species of the Valdivian rainforests farther south.
Other narrow endemic tree species found in the coastal
ranges near the southern limit of the Mediterranean region
are Gomortega keule (Gomortegaceae) and Pitavia punctata
(Rutaceae). The high local endemism probably reflects the

conservative character of coastal range habitats, compared
to those of the Central Depression and Andean slopes
(Hinojosa and Villagrdn, 1997; Villagran et al., 1998).

The disjunct northern populations of Nothofagus
obliqua have been interpreted as remnants from a more
continuous distribution that existed at lower elevations
during colder stages of the Pleistocene (Villagrdn, 1990).
The cooler and wetter climate of the last cold stage would
have facilitated the equatorward expansion of the Notho-
fagus woodlands in central Chile, an idea supported by
fossil pollen assemblages from Laguna Tagua-Tagua, 100
km south of Santiago (Heusser, 1983).

11.3.2 Sclerophyllous Shrublands (Matorral)
and Thorn Scrub

Evergreen sclerophyllous vegetation extends more or less
continuously across both slopes of the Coastal Cordillera and
into the foothills of the Andes, but it is more scattered in
river valleys crossing the Central Depression (figs. 11.2,
11.4). It is the most common plant formation in central Chile,
dominated by evergreen trees and shrubs, such as
Cryptocarya alba (Lauraceae), Lithrea caustica (Anacardi-
aceae), Quillaja saponaria (Rosaceae), Maytenus boaria
(Celastraceae), Kageneckia oblonga (Rosaceae), and Peumus
boldus (Monimiaceae). The matorral commonly exhibits a
patchy spatial structure with open spaces between shrub
clumps, especially on the Andean foothills (Fuentes et al.,
1986). However, in deep creeks and along permanent wa-
ter courses, as well as on steep south-facing slopes in the
coastal range, it may develop a continuous canopy, 8-12
m tall. Some tree species, such as Beilschmiedia miersii
(Monimiaceae), Drimys winteri (Winteraceae), Luma
chequen (Myrtaceae), Citronella mucronata, and Persea
lingue (Lauraceae), may be restricted to such habitats
(Armesto and Martinez, 1978; Rundel, 1981; Arroyo et al.,
1995). On ocean-facing slopes of the coastal range, influ-
enced by moisture-laden marine air, sclerophyllous trees
such as Cryptocarya alba grow together with Aextoxicon
punctatum (see above) and may be covered by a profuse
growth of climbers, such as Proustia pyrifolia (Asteraceae),
Bomarea salsilla (Amaryllidaceae), and Lardizabala
biternata, (Lardizabalaceae) (fig. 11.5).

On dry north-facing slopes, or on frequently disturbed
sites (Armesto and Martinez, 1978; Armesto and
Gutiérrez, 1978), the sclerophyllous matorral is frequently
replaced by a xerophytic thorn scrub, with a combina-
tion of deciduous shrubs, such as Trevoa trinervis
(Rhamnaceae), Flouresia thurifera (Asteraceae), and
Colliguaja odorifera (Euphorbiaceae), and often includes
succulent species such as Puya spp. (Bromeliaceae) and
columnar cacti, Echinopsis and Eulychnia spp., especially
on steep rocky slopes (fig. 11.6).

There seems to be a fragile balance in the regional plant
cover of central Chile between dry xerophytic vegetation
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and mesic sclerophyllous tree communities. This balance
has historically depended on climatic cycles between con-
ditions that are cool and wet, and those that are hot and
dry, which in turn may be linked to varying frequencies of
ENSO events in the South Pacific Ocean during the Ho-
locene (Villagrdn, 1995). Large-scale regeneration of
sclerophyllous trees is normally limited by drought stress
and the lack of seed banks (Fuentes et al., 1986; Jiménez
and Armesto, 1992), except in unusually wet periods or
along water courses. It is likely that the wet phases of ENSO

Figure 11.5 Bomarea salisilla (Amaryllidaceae), a vine endemic
to coastal sclerophyllous mattoral (photo: J.J. Armesto)

Figure 11.4 Coastal sclerophyllous
shrubland (photo: J.J. Armesto)

in central Chile are linked to significant regeneration of
sclerophyllous tree species, especially in the drier habitats.
Owing to recurrent anthropogenic disturbance through fire
and permanent grazing pressure, however, vegetation cover
may be presently shifting regionally toward dominance by
dry xerophytic species (Armesto and Gutiérrez, 1978),
despite a regional climatic trend towards increasing rain-
fall in the late Holocene (see below). Fossil pollen assem-
blages suggest that poleward expansions of the xerophytic
thorn scrub and exclusion of sclerophyllous trees from
large areas in the Central Depression occurred periodically
during hot dry periods in the early Holocene (Heusser,
1983; Villa-Martinez and Villagrdn, 1997; Villagran, 1995).

11.3.3 Acacia caven Savanna

Xerophytic open woodlands, with the physiognomic aspect
of a savanna (Fuentes et al., 1990), are widespread along the
Central Depression in the Mediterranean-climate region,
extending beyond the limit with the southern temperate
forest region. These woodlands are dominated by legumi-
nous trees, mainly Acacia caven, occasionally forming
mixed stands with Prosopis chilensis, and have a dense
herbaceous cover composed almost entirely of introduced
European annual herbs (e.g., Erodium spp.) and grasses,
which are typically associated with grazing pastures. Scat-
tered patches of native perennials (Loasa spp.) and geo-
phytes, such as Pasithaea coerulea, Alstroemeria spp., and
Leucocoryne spp., and grazing-resistant Cestrum parqui
(Solanaceae), can be found within the range of this dry plant
formation. The same geophytes and perennials can be found
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Figure 11.6 Xerophytric thorn scrub (photo: J.J. Armesto)

in patches of sclerophyllous vegetation in coastal and
Andean foothills. Some discussion has centered around the
historical character of this dry formation (Arroyo et al.,
1995). The high cover of introduced grasses under Acacia
trees, and the resprouting ability of dominant shrubs, sug-
gests that this vegetation type has been shaped by human
impact, especially through cattle grazing and fire. In some
cases, the invasion of the Acacia caven savanna by
sclerophyllous species following the exclusion of fire and
cattle has been postulated (Fuentes et al., 1986; Armesto and
Pickett, 1985). However, it is also possible that this forma-
tion dominated the Central Depression before intense hu-
man impact, as a consequence of the rain-shadow effect of
the Coastal Cordillera, and that at least part of its present
distribution may have been associated with dry periods
during the Holocene. This hypothesis remains to be tested.
Whatever the case, this dry formation is expanding due to
intense woodland clearing in the Central Depression and the
dispersal of Acacia caven seeds by introduced cattle in re-
cent times (Armesto and Gutiérrez, 1978).

11.3.4 Palm Forests

A narrowly distributed, and frequently overlooked, com-
ponent of the mosaic of vegetation types in coastal areas

of central Chile is the mixed sclerophyllous forest with
numerically abundant populations of the tall endemic
palm, Jubaea chilensis (fig. 11.7). These evergreen forests
occur mainly on slopes and deep canyons of the Coastal
Cordillera, and very likely profit from the moisture-laden
marine air and the limited temperature oscillation in these
habitats (Arroyo et al., 1995). The dominance by palms is
another manifestation of the persistence of woody tropi-
cal lineages in maritime locations in central Chile. The
physiognomic dominance of palms (up to 20 m tall) over
the evergreen sclerophyllous canopy makes these local
forests especially picturesque. Their distribution is pres-
ently limited to two small protected areas in central Chile,
with scattered remnant populations in several coastal out-
posts around Valparaiso, and as far north as Illapel, sug-
gesting that mixed palm forests may have been more
widespread in the past. Palms have been intensely ex-
ploited for the production of syrup used for food and bev-
erages since colonial times. Unfortunately, harvesting the
syrup requires killing the palm trees that must be 30—-40
years old to be of use (see later discussion on conservation).
In addition, human-set fire probably contributed to the

\ | W4

Figure 11.7 Palm forests in La Campana National Park, central
Chile (photo: J.J. Armesto)
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demise of the palm from many sites, as the palms lack the
resprouting ability of other sclerophyllous shrubs. Adult
palms often survive ground fires because of their size, but
regenerating juveniles are most certainly killed by fire and
are conspicuously absent from most remnant populations.
Propagation in tree nurseries and fire protection programs
in the wild can help to prevent further population decline.

11.3.5 Swamp Forests

Another often overlooked, but ecologically important com-
ponent of the Chilean Mediterranean vegetation are the
swamp forests (bosques pantanosos), which are scattered
at various locations, generally in the narrow coastal plains
between the Pacific Ocean and the Coastal Cordillera (fig.
11.8; Ramirez et al., 1996). Several woody species are char-
acteristically or exclusively found in these swamp commu-
nities, particularly Myrecugenia exsucca (Myrtaceae),
Blepharocalyx cruckshanksii (Myrtaceae), and vines such
as Boquila trifoliolata (Lardizabalaceae). The origin of
these coastal swamp forests has been studied recently by
Villagrdan and Varela (1990), Villa-Martinez and Villagran
(1997), and Maldonado (1999). Their results indicate that
most swamp forests originated no earlier than the last 5,000
years, as a result of factors that contributed to raise the
water table in small coastal basins, leading to sediment
accumulation and later invasion by trees. These factors
involved the blocking of local streams by littoral dune
systems, a climatic trend toward wetter conditions in the
late Holocene, and recent expansion of evergreen
sclerophyllous species (Villa-Martinez and Villagrédn,
1997). Swamps are thus living witnesses to recent climatic

fluctuations in central Chile, possibly associated with
changes in the frequency of ENSO events (Villagrdan 1995).
They are unrelated to relict Olivillo forests mentioned ear-
lier, except that they share some species with avian-dis-
persed fleshy fruits (e.g., Drimys winteri) that may be recent
colonizers of these wetlands.

11.3.6 Coastal Matorral

The coastal plain is underdeveloped in most of central
Chile. However, in some areas marine terraces formed by
Pleistocene sea-level changes and tectonic events, often
covered by fossil dunes, have provided open spaces for the
development of coastal plant formations that include
sclerophyllous shrubs (e.g., Lithrea caustica, Schinus
latifolius, both Anacardiaceae), together with typical lit-
toral plants (e.g., Bahia ambrosioides, Asteraceae; Helio-
tropium chilensis, Scrophulariaceae), and including some
narrow endemics (e.g., Lucuma valparidisiaca, Lobelia
salicifolia, Lobeliaceae, Myrcianthes coquimbensis, Myrta-
ceae). A number of geophytes that flower massively in wet
years enrich the coastal matorral formation, including
Alstroemeria spp., Leucocoryne spp., Hippeastrum spp.,
Pasithea coerulea, and some orchid species.

11.3.7 Andean Montane Woodland

Finally, above 1,500 m in the Andean mountains, an up-
land sclerophyllous woodland is found that differs in com-
position from the mesic communities in the foothills of the
Andes (Hoffmann and Hoffmann, 1982; Arroyo et al., 1995)
and from the upland Nothofagus communities of the

Figure 11.8 Swamp forest (Quintero,
central Chile) (photo: J.J. Armesto)
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Coastal Cordillera. This vegetation is dominated by
Kageneckia angustifolia (Rosaceae), which is restricted to
this altitudinal belt and constitutes a discontinuous treeline
(Arroyo and Uslar, 1993). Above treeline, at 2300 m in
central Chile, the montane woodland gives way to a low
subalpine shrubland (Arroyo et al., 1981). Scattered
patches of the conifer Austrocedrus chilensis (Cupres-
saceae) occur near the treeline at various locations between
32 and 36°S (Rundel, 1981). The distribution of Austro-
cedrus becomes more continuous on the eastern side of the
Andes south of 36°S. The presence in central Chile of these
relict stands of Austrocedrus, which rely strongly on their
sprouting ability for reproduction and currently lack seed-
ling regeneration, is another indication that the vegetation
of central Chile is very sensitive to climatic variability over
large temporal scales (C. Le-Quesne and J.C. Aravena, per-
sonal communication). These long-lived populations are
probably remnants of stands that became established in
wetter periods of the Holocene.

11.4 Floristic Affinities of Chilean
Matorral with Other Dry
Plant Formations

The Andean uplift fragmented the rich subtropical floras
that prospered in the north-central regions of Chile and
Argentina, extending to Bolivia and southern Brazil, dur-
ing mid-Cenozoic time (Hinojosa and Villagrdn, 1997). This
process would have been gradual, producing the early seg-
regation of more mesic taxa, followed by the development
of a still continuous xerophytic flora. The present Medi-
terranean flora of central Chile must have originated from
this transitional dry vegetation.

Caribbean region

Based on physiognomic and floristic attributes,
Sarmiento (1975) recognized 13 arid plant formations in
South America, including the semiarid formations of north-
central Chile. The area of Mediterranean vegetation ana-
lyzed by Sarmiento (1975) is equivalent to the
summer-deciduous matorral, with succulents or Acacia
caven savanna, as defined above (table 11.1), both subtypes
of Mediterranean vegetation. The following genera are
cited by Sarmiento as belonging to the semiarid formation
of north-central Chile: Geoffroea, Prosopis, Proustia, Puya,
and Trichocereus. Considering floristic similarities at the
genus level (Sorensen’s similarity coefficient) among these
13 arid plant formations, as reported by Sarmiento (1975),
we constructed the dendrogram shown in figure 11.9. The
Mediterranean vegetation of north-central Chile is weakly
related to the driest vegetation types within South America,
even those associated with the Pacific coastal desert and
the occidental Andes, which are geographically contigu-
ous. In contrast, it has stronger floristic affinities (43%)
with two formations found on the eastern side of the Andes
(the Monte and Andean Prepuna). These relationships
suggest that these dry vegetation formations were con-
nected in past geologic times (Cabrera and Willink, 1980;
Hinojosa and Villagrdn, 1997). The breakup of the dry
trans-andean flora is probably related to the time of maxi-
mum Andean uplift. According to Gregory-Wodzicki
(2000), the central Andes reached half of their present al-
titude by 10.7 Ma. This elevation was probably sufficient
for the establishment of semiarid environments, but the
floristic connection across the Andes could have been
maintained for some time. The shift to much drier condi-
tions in northern Chile and Argentina is indicated by the
replacement of C3 by C4 grasses in northwest Argentina,
recorded at 7 Ma (Latorre et al., 1997). This may be the
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Figure 11.9 Dendrogram representing floristic
affinities among dry plant formations within
South America (data from Sarmiento 1975, based
on woody species only). The closest affinities of
the Mediterranean flora (north-central Chile) are
with the Pre-Puna and Monte vegetation of the
eastern side of the Andes (box).
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minimum age for the initial separation of the dry plant for-
mations on both sides of the Andes and the subsequent iso-
lation of the Mediterranean vegetation in South America.

11.5 Human Impacts on the Chilean
Mediterranean Ecosystem

Mediterranean-type ecosystems in South America, as else-
where in the world, have long been modified by human
activities. Because of the large population contained
within its relatively small area, human impacts have been
probably more pervasive in central Chile than in many
other parts of South America (Arroyo et al., 1995). Greater
human impact on the sclerophyllous vegetation of cen-
tral Chile may be expected from the fact that humans fre-
quently use uncontrolled fire to open areas for agriculture
and settlement. The effects of fire on local ecosystems
would have been greater in central Chile than in other
Mediterranean-climate areas where wildfire has been a
regular component of the disturbance regime at least
through the Pleistocene. For example, the Mediterranean-
type ecosystems of California exhibit a higher species
richness of annuals (Arroyo et al., 1995) and larger seed
banks of woody species (Jiménez and Armesto, 1992) than
those of central Chile, thus providing indirect evidence
that Californian ecosystems may be more resilient to fire
disturbance. Presently, as discussed below, several fac-
tors associated with a long human presence influence
vegetation dynamics and the distribution of plant com-
munities in central Chile.

11.5.1 Succession and Disturbance

Successional recovery of sclerophyllous vegetation in
many open areas of central Chile, including abandoned
farmland, is a slow process (Fuentes et al., 1986; Armesto
et al., 1995). Slow vegetation change may be a conse-
quence of environmental conditions that are limiting for
seedling recruitment. These include grazing by intro-
duced herbivores, such as rabbits and goats, especially in
open spaces between shrub patches, nd physiological
stress related to the long summer droughts (Fuentes et al.,
1986; Armesto et al., 1995). Although climatic trends may
significantly influence the probability of successful estab-
lishment and expansion of shrublands into open, less
favorable habitats (Arroyo et al., 1993), several conditions
derived from human impact may prevent the regeneration
of matorral shrubs and trees. The most important factor
is the notable increase in the frequency and extent of
human-set fire (Armesto et al., 1995), which is directly
related to the growth of human settlements in central
Chile. Fire-recurrence cycles of 20 years or less, as con-
trolled by rates of fuel accumulation from resprouting
species, are not uncommon in many areas of central Chile,

especially in the foothills of the two mountain ranges and
in the Central Depression. Most likely, fires led to nega-
tive selection of species that are unable to resprout from
rootstocks and must result in widespread mortality of
young plants. Succession may also be impaired by lim-
ited seed dispersal from population sources (Jiménez and
Armesto, 1992). Many sclerophyllous shrub species bear
fleshy fruits dispersed by animals (Hoffmann and
Armesto, 1995) and require the presence of perching trees
to be recruited on open areas (Armesto and Pickett, 1985).
Consequently, the loss of tree cover from large areas of
central Chile may have a negative feedback on immigra-
tion via seed dispersal.

11.5.2 Invasion

A second relevant impact of humans on Mediterranean-
climate regions is the int