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Fluvial Perturbance in the Western Amazon Basin:
Regulation by Long-Term Sub-Andean Tectonics

Martti E. RASANEN, JUKKA S. SALO, RisTo J. KALLIOLA

Haffer’s refuge theory proposes that during the arid climatic phases of the late
Pleistocene, tropical lowland forests of Amazonia were reduced to isolated patches
contributing to the high species richness of the present-day forest. The theory was
developed because no obvious historic or modern geomorphic isolation barriers were
recorded in Amazonia. Analyses of radar images combined with stratigraphical data
show that in the basinal forelands of the tectonically active Andes the geological setting
causes long-term fluvial perturbance. This leads to a temporally structured highly
complex mosaic of fossil and present floodplains. These dynamics have been present
with varying activity and geographic range during the Tertiary and Quaternary,
providing site-turnover that has not been recognized by the biogeographic tradition of

the Amazon basin.

HOUGH. THE CLIMATIC REFUGE

theory (1) has dominated the recent

biogeography of Amazonia, there
are still no undisputed litho- or biostratigra-
phic or geomorphologic data to show that
the Amazon lowland forest (<500 m above
sea level) has fragmented to isolated patches
during the Pleistocene. The biogeographic
works limiting “refuges” as centers for high
endemism or species diversity (2, 3) fail to
present geologic evidence that these loca-
tions have been separated by savanna vegeta-
tion (4). On the other hand, Liu and Colin-
vaux (5) have shown that during the mid-
Wisconsin interstade, the Mera site (1100 m
above sea level) in the proposed Napo ref-
uge area in Ecuador (3) was not covered by
tropical broad-leaved lowland forest but
rather by Podocarpus-dominated Andean
montane forest. This suggests that during
the full-glacial times of the Pleistocene, the
lowland broad-leaved forest merely de-
creased in area but did not fragment.

M. E. Risinen, Department of Quaternary Geology,
University of Turku, SF-20500 Turku, Finland.
J. S. Salo and R. J. Kalliola, Department of Biology,
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A new approach to species diversity
dynamics, based on the mosaic forest bed
structure and maintained by fluvial pertur-
bance of western Amazonia, has recently
been put forward (6). Campbell and Frailey
alternatively suggested that the whole forest

bed of western Amazonia is formed by
Holocene alluvium, promoting a forest
community “island” in a stage of supersatu-
rated disequilibrium (7). Colinvaux ez al. (8)
have proposed that the high species diversity
of the floodplains of the Napo and Aguarico
rivers is maintained by hydraulic distur-
bance, especially catastrophic floods, which
cause intermediate disturbance in the flood-
plain forests.

We present further evidence that besides
the Tertiary-Quaternary climatic fluctua-
tion, and shifting between marine and conti-
nental phases, western Amazonia has been
subjected to fluvial site-turnover processes
similar to present floodplain dynamics. On
present floodplains, channel migration and
sedimentation maintain high between-habi-
tat (B-type) diversity through packing forest
patches of different age close to each other.
Channel diversions of the aggrading rivers
cause floodplain alterations and subsequent
larger scale areal mosaicism. Finally, larger
geomorphic barriers are formed within the
lowland forest by the foreland basins, sepa-
rated by distinctive upper denudated areas.

Western Amazonia (Fig. 1) forms part of
the foreland molasse basin belt running
along the eastern foothills of the Andes (9,
10) and the Rocky Mountains in North
America. It is located between the positively
epeirogenic Guayanan-Brasilian craton (11,
12) and the Andean mountain range with
postorogenic uplift. The area is subject to
compressive crustal shortening and can be
characterized as a thin-skinned fold and
thrust belt (13-16). Among the most similar
present-day environments is the Indogange-
tic plain with the Bengal basin, drained by
the Ganges and Brahmaputra rivers along
the Himalayas (17).

The present structural system of western
Amazonia includes four major foreland ba-

Fig. 1. The major geological
structures in the western
Amazonia [modified after
©, 11, 12, 14, 18, 19)]. The
molasse basins of Pastaza-
Marafion, Ucayali, Madre
de Dios, and Acre are sepa-
rated by arches. The relative
vertical extent of Tertiary-
Quaternary deposits in the
central parts of the lowland
basins is depicted by the in-
tensity of dotting. The An-
des are characterized by fault
lines (9) and the positions of
the reverse faults on the
castern side of the anticlines
of the sub-Andean fault sys-
tem are shown (14-16). The
four areas analyzed in Fig. 2
are marked by squares. The
site of Fig. 3 is shown by a
triangle.
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sins (Fig. 1) (11, 12, 18, 19). The geologic
evolution of these basins is regulated by the
sub-Andean fault system, running along the
castern side of the Andes (I14-16). The
present-day pattern, with a miogeosyncline
on the eastern side of the emerging moun-
tain chain, was reached in the late Mesozoic
(10, 14, 16, 20). The basins and a major part
of the fault system originated time-
transgressively (in phases from west to east)
from the late Permian to the Quaternary
(14-16). Since the Cretaceous, the sedi-
ments in the basins have been mostly conti-
nental fluvial deposits. The infilling of these
miogeosynclinal basins was mainly with riv-
erine sediments from the shield areas in the
east. Marine transgressions from the west
have caused shifting of marine-deltaic-flood-
plain environments with marine dominance
in the west (16, 19, 21).

The widely distributed “red beds” (22)
were deposited in the basinal areas during
the Tertiary Andean orogenies and they
show dominance of continental deposits
originating increasingly from the west (23,
24). In the Pastaza-Marafion and Ucayali
basins the sedimentation was intercalated by
marine intrusion during the early Oligocene
(Pozo Formation) (25). Later during the
Neogene, contemporarily with the latest
orogeny of the Andes, a brackish or freshwa-
ter lake formed in the Pastaza-Maraiion and
Acre basins (Pebas Formation) (26) and
because of the continuing uplift the easterly
course of the Amazon river was created (27).
The Cretaceous-Tertiary development led to
total aggradation of 4 to 11 km of deposits
in the subsiding basins (9).

Today, the Pastaza-Marafion and Ucayali
basins have distinct central areas of subsi-
dence and accumulation of fluvial sediments
(28). The Quaternary molasse sediments in
the subsiding basins are of great vertical
extent: the Corrientes Formation in the
Pastaza-Marafion basin reaches 1500 m
(29), the corresponding Quaternary coun-
terparts of the Ica and SolimGes formations
at Acre probably have great depth (25). This
vertical extent reflects active Andean uplift
and erosion in the Quaternary. The present
areas of subsidence or accumulation are
characterized by riverine geomorphic struc-
tures (Fig. 2A). However, the extent of
these areas has varied during the Quaterna-
ry. Shifting tectonic and climatic events have
affected the balance of sedimentation and
the compensating isostatic, tectonic, or
compaction-induced subsidence in the areas
of accumulation.

The basins are surrounded by anticlinal
emerging arches (Fig. 1) (11, 14). Higher
lying areas along the arches and margins of
the basins are widely covered by Quaternary
fluvial deposits and are nowadays subject to
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denudation and downcutting of even the
smallest tributaries. This suggests the recent
uplift of the areas (11, 24, 30) or alternative-
ly a decrease in sedimentation after the
Pleistocene glacial phases (11, 31).

Figure 2 illustrates the deposition-erosion
continuum from vdrzea (flooded) to tierra
firme (nonflooded) forest bed, as evidenced
by four selected sites in Peruvian Amazonia.
The geomorphology reveals well-preserved
evidence of probably tectonically induced
floodplain dynamics over a much wider area
than previously reported (especially Fig.
2D) (32) and suggests them to be of Pleisto-
cene-Holocene age. In addition to the unidi-
rectional sequential migration of floodplains
(Fig. 2D), the impact of tectonics is evi-
denced by the tilting of drainage networks
of floodplains in the Acre and Ucayali basins
(6, 11). The cyclothemic stratigraphy of the
Pleistocene-Holocene floodplain deposits,

75°16"
713

which widely form the present tierra firme
level in the western Amazon lowlands (Fig.
3) (24, 33), must be interpreted as a result of
both autocyclic and allocyclic control (34)
with major influence of tectonics. This sug-
gestion coincides with the conclusions of the
studies of Siwalik and Brazeau-Paskapoo
formations at their foreland basins (35).
The unconsolidated horizontally layered
sequence of cyclothemic fluvial sediments of
tierva firme are often discordanty located
above slightly folded Tertiary sediments
(Fig. 3) (24, 33). Campbell and Frailey (7)
argue that the uppermost poorly consolidat-
ed layer is a result of early Holocene cata-
strophic floods following the melting of
Andean glaciers or discharging of glacial
lakes. This catastrophic flood period would
have formed the most recent alluvium bed
(the Ifiapari Formation) (36), which would
then be subject to species immigration from

712°37
70°01"

Fig. 2. Four areas with different geomorphic processes showing the geodynamic nature of western
Amazonia (for locations, see Fig. 1). (A) Actively accumulating floodplain of River Ucayali with oxbow
lakes (1), scroll bars (2), and wide depositionally downtrodden backswamp lakes (3) at the margins of
the floodplains (elevation of the area about 140 m above sea level). (B) Tectonically or fluviodynamical-
ly (or both) isolated, old dissected terrace level with a 7a-lake (1), surrounded by the present (2) and
abandoned (3) floodplains of River Ucayali. The inundation of the 7a-lake shows the tendency of the
subsiding terrace level approaching the present level of floodplain sedimentation (~150 m). (C) The
present (1) and terraced (2 and 3) floodplain generations, suggesting the relative emergence of the
marginal areas in contrast to the central districts of the Ucayali basin (~220 m) (28). (D) Present (1)
and fossil margins of abandoned floodplains (2 and 3) of River Madre de Dios with eroding secondary
rivers. The series of fossil floodplain margins show the unidirectional lateral migration of the Madre de
Dios floodplain toward the southwest caused by the tilting of the basement from northeast to
southwest. Due to the inclination, the River Amigos (4) is cutting its channel through the former
floodplain deposits of River Madre de Dios (~330 m). Sideways looking airborne radar (SLAR)

imagery. Scale bars, 5 km.
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the surrounding forest area.

We reject the catastrophic flood hypothe-
sis because it neglects the actual mobile
foreland character of the area (14-16) and
gives no description of sedimentation pro-
cesses differing from the present. There is
also poor documentation of sufficient glacier
formations in the Peruvian Andes (37).
Rather, we interpret the uppermost fluvial
beds as having been formed when laterally
migrating Pleistocene-Holocene rivers, sim-
ilar to present ones, have eroded the Tertiary
sediments and aggraded their channel and
floodplain deposits. Several investigators
(11, 24, 28) suggest that this sequence of
stratigraphy was initiated by tectonic uplift
during the Plio-Pleistocene; the contact ho-
rizon between the Tertiary deposits and the
uppermost poorly consolidated sediments
with apparent cyclothems can only be ob-
served in eroding river banks in areas of
uplift. The discordance is probably of highly
varying age in different areas.

The long history of fluvial perturbance
and sedimentation in the western Amazo-
nian ecosystem suggests that the vdrzea—
tierra firme distinction is actually a time
series from present to older alluvium beds
(38). In central Amazonia, the uppermost
tierra firme areas resemble those being cur-
rently deposited by the meandering and
braided rivers at the Andean forelands (11,
12). This suggests that the same geodyna-

Fig. 3. A common stratigraphy of tierva firme levels in the western Amazonia with four horizontal

mic processes that affect the modern biota of
western Amazonia have been present with
varying intensity in major parts of Amazonia
during the Tertiary-Quaternary.

Current river dynamics have explanatory
value with regard to the diversity mainte-
nance processes of the Amazonian flood-
plain forests. The fluvial beds are a mosaic
structure promoting edaphically differenti-
ated communities which are of smaller size
than the phytogeographic units of Amazo-
nia (39). The argument that the unflooded
tierra firme forest also grows widely over
such a lithologic mosaic may be the key to
understanding its floristic composition.

In western Amazonia, the uplifted older
dissected areas (for example, East Perti-Acre
and Napo) are separated by basinal areas
with younger fluvial sediments. We suggest
that biogeographic analyses based on age
differences between these areas may reveal
biological differences of the same type as
have been proposed for the climatic refugia.
In these cases the high endemism may be
promoted by the older age of the areas and
by possible isolation effects caused by grada-
tional age differences on separating fluvial
areas.

The shifting floodplain network may pro-
vide a speciation mechanism for the aquatic
communities of upper Amazonia. All the
major floodplains have several cases of chan-
nel alteration, which may have split aquatic

L

fining upward cyclothems distinguished by slight horizontal discordancies. The stratigraphy is formed
through sequential four-stage laterally and vertically aggrading floodplain sedimentation of meandering
rivers. The channel and point bar deposits are well presented with minor presence of floodplain
deposits. These sediments belong to the Madre de Dios or Ifiapari Formations, the lower levels of which
have recently been dated to late Pleistocene in age (36,500 before present) [sites are in southern Madre
de Dios (41)]. The erosional discordance between upper poorly consolidated beds with cyclothems and
older Tertiary deposits cannot be recognized at this location (~256 m). The site is located at 12°39'S

and 69°09'W (River Tambopata).
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populations during the Tertiary-Quaterna-
ry. The well-known high fish species diversi-
ty, especially in the Siluriformes, Cichlidae,
and Characidae (40), may have its origin in
shifting and splitting river systems. Besides
splitting the populations, such channel alter-
ations further mix the differentiated commu-
nities and may thus cause increase in within-
habitat (a-type) diversity.
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Generation of a Hybrid Sequence-Specific Single-
Stranded Deoxyribonuclease

D. R. Corey anND P. G. ScHULTZ*

The relatively nonspecific single-stranded deoxyribonuclease, staphylococcal nuclease,
was selectively fused to an oligonucleotide binding site of defined sequence to generate

116 :

a hybrid enzyme. A cysteine was substituted for Lys''® in the enzyme by oligonucleo-
tide-directed mutagenesis and coupled to an oligonucleotide that contained a 3’-thiol.
The resulting hybrid enzyme cleaved single-stranded DNA at sites adjacent to the

oligonucleotide binding site.

NE APPROACH TO DEVELOPING
O biological catalysts with tailored

specificities involves redesigning
existing enzyme active sites by the method
of oligonucleotide-directed mutagenesis (1).
Alternatively, entire binding or catalytic do-
mains may be added or replaced to generate
hybrid enzymes with novel specificities. We
have applied this latter strategy to the con-
struction of a sequence-specific single-
stranded deoxyribonuclease (DNase) con-
sisting of the relatively nonspecific enzyme,
staphylococcal nuclease, selectively fused to
an oligonucleotide binding site of defined
sequence. The hybrid enzyme selectively
cleaves single-stranded DNA adjacent to the
oligonucleotide binding site. The hybrid
hydrolyzes the phosphodiester bond of
DNA (2), in contrast to existing chemical
strategies for selectively cleaving DNA that
result in degradation of the ribose backbone
(3-5).

Staphylococcal nuclease is a well-charac-
terized stable enzyme consisting of a single
polypeptide chain 149 amino acids in length
(6-9). The enzyme preferentially hydrolyzes
the phosphodiester bonds of single-stranded
RNA, single-stranded DNA, and duplex
DNA at A,U- or A,T-rich regions to gener-
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ate 3'-phosphate and 5'-hydroxyl termini
(10); Ca®* is required for enzymatic activi-
ty, providing a mechanism for modulating
enzyme action (6). The structure and mech-
anism of staphylococcal nuclease have been
elucidated from a series of chemical, physi-
cal, and genetic studies. An x-ray crystal
structure of a staphylococcal nuclease—di-
phosphothymidine (pTp)—Ca®* complex
has been determined to 1.5 A (Fig. 1) (8,
11). The pyrimidine ring of the inhibitor
pTp fits into a hydrophobic pocket at the
enzyme surface and the 5'-phosphate is near

Arg® and Arg¥. Glu® is thought to act as a
general base for activation of the attacking
water molecule, whereas Arg*, Arg®’, and
Ca?* stabilize the trigonal bipyramidal tran-
sition state (11, 12).

The geometry of the bound inhibitor pTp
suggests that coupling of the 3'-terminus of
an oligonucleotide binding domain to
Lys'' on the enzyme surface should align a
hybridized RNA or DNA substrate with the
enzyme active site. A flexible tether was
incorporated to allow some variability be-
tween the hybridized substrate and the ac-
tive site residues. An oligomer 15 nucleo-
tides (nt) in length, 5'-CCCGCACAAGCCG-
CT-3' (melting temperature, 62°C) (13),
was coupled to staphylococcal nuclease by a
disulfide exchange reaction. This coupling
strategy required the introduction of a free
thiol at both the 3'-terminus of the oligonu-
cleotide and at residue 116 of the enzyme.
Subsequent disulfide exchange should pro-
ceed under mild conditions and with high
selectivity because of the absence of compet-
ing free thiols in DNA and staphylococcal
nuclease.

We have adapted existing methods for the
solid-phase phosphotriester or. phosphor-
amidite synthesis of oligonucleotides to al-
low rapid incorporation of free 3'-thiols
(14). The 3'-thiol is introduced in the form
of a disulfide linkage between the 3'-nucleo-
side and the solid-phase support prior to the
first step of oligonucleotide synthesis (Fig.
2). After synthesis and deprotection of the
oligomer, the disulfide bond is cleaved and
subsequently reacted with 2,2’-dithiodipyri-
dine to afford the 3'-S-thiopyridyl oligonu-
cleotide. This modified oligonucleotide has
been demonstrated to selectively react in
high yields under mild conditions with a
thiol-containing fluorescent probe (14).

A free thiol was introduced into staphylo-
coccal nuclease by replacement of Lys!'!®

Fig. 1. X-ray crystal of a
staphylococcal  nuclease—
pITp-Ca** complex (11).
The active site residues
ASPZI, Arg”, Asp‘“’, Thl"“,
Glu*®, and Arg® are yellow,
the inhibitor pTp is red, and
Cys!!® is green.
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