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Abstract

Palynological studies of a peat-bog sequence, with a basal date of 10,990+ 80 yr B.P, provide a history of vegetational
and climatic changes in the Icatu River Valley located inside a large system of stabilized sand dunes at the middle
S0 Francisco River at 10°24'S, 43°13'W in northeastern Brazil. The present day vegetation of the valley is ‘vereda a
Mauritia vinifera palm swamp forest bordered by a narrow strip of semi-deciduous tropical forest. The adjacent dunes are
stabilized by arboreal caatinga and cerrado vegetation in some areas. The palynologica profile of the Saquinho locality
within this valley was divided into five pollen zones: Zone SA1 (10,990-10,540 yr B.P) contains pollen of taxa found in
present Amazonian and Atlantic forests, as well as from montane taxa, thus suggesting very humid climatic conditions
synchronous with more reduced temperatures. Zone SA2 (10,540-6790 yr B.P) has pollen spectra from a vegetation type
dominated by Mauritia, suggesting progressive warming and high humidity levels. The period between 8920 and 8910 yr
B.P. has rapid sedimentation rate, few thermoluminescence (TL) dates, pronounced increase of Mauritia and Ilex pollen
suggesting a very moist climate. From 8910 to 6790 yr B.P. there is a progressive decline in forest taxa and a gradual
increase of caatinga and cerrado taxa on the landscape. Zone SA3 (6790—ca. 6230 yr B.P) does not contain palynomorphs,
possibly indicating semi-arid conditions. Zone SA4 (ca. 6230—ca. 4535 yr B.P) marks the return of mosaic vegetation
composed of gallery forest, cerrado and caatinga taxa indicating moister climatic conditions. A marked decline in moisture
levels characterizes the period between 4240 yr B.P. and Present, as suggested by an increase in caatinga and cerrado
species and a decline in gallery forest taxa. Zone SA5 (ca. 4535 yr B.P—Present) establishes the present vegetational and
climatic pattern of the Icatu River Valey. [0 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction ern Brazil remain unknown despite great advances
in palaeocecologica studies on the Quaternary of
Palaeovegetation and palaeoclimates of the Late Brazil in the last decade. One of the main obsta-

Pleistocene and Holocene of semi-arid northeast- clesto the development of palaeocological studiesin

northeastern Brazil is linked to the difficulty in lo-
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bjd@bragnet.com.br sediments within the present caatinga forest phyto-

0031-0182/99/$ — see front matter 0 1999 Elsevier Science B.V. All rights reserved.
PIl: S0031-0182(99)00061-9



320 P.E. De Oliveira et al./ Palaeogeography, Palaeoclimatology, Palaeoecology 152 (1999) 319-337

geographical domain in semi-arid regions. Under-
standing late Quaternary biotic and abiotic changes
in northeastern Brazil is fundamental for the test of
biogeographical hypotheses such as the hypothesized
former connection between the Amazonian and At-
lantic rainforests (De Andrade-Lima, 1966; Cartelle
and Hartwig, 1996). Palacoceological profiles from
a caatinga region are also fundamental to the un-
derstanding of Late Pleistocene tropical cooling re-
ported by various authors and of climatic effects
possibly related to the El Nifio/ Southern Oscillation

(ENSO) phenomenon (sensu Kousky et al., 1984)
and to northward displacements of the Intertropical
Convergence Zone (ITCZ).

2. The study site

2.1. Geographical setting

Thefossil sand dunefields of the middle S&o Fran-
cisco River (Fig. 1), referred to as“ The Little Sahara
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Fig. 1. Study site location in relation to the drainage system of the western section of the middle S&o Francisco River sand dunefield

system. Site of sediment collection is indicated by the star sign.
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along the Sdo Francisco River” by Williams (1925),
has an area of ca. 7000 km? located between the
towns of Barra and PFildo Arcado in Bahia, north-
eastern Brazil, between the latitudes 10°00'-11°00'S
and longitudes 42°30'—43°20'W (Barreto, 1996). The
dunes are dissected by various ephemeral drainages.
The Icatu River, the only permanent river of the Rio
S30 Francisco in this region, runs through a valley
ca. 400 m wide where moist peat-bog sediments
were collected for palynological analysis (Fig. 1).
The Icatu River originates at the foothills of the
Serra do Estreito, which is a narrow, long mountain
strip averaging 800 m elevation, and the westernmost
limit of the sand dunefields ca. 50 km from the study
site.

2.2. Climate

The climate of the Icatu River Valey according
to the Koppen system is classified as BSwh’, hot,
semi-arid, with a dry season of 7-8 months. Rain-
fall is concentrated in the summer months (October—
March) and annual precipitation ranges from 400 to
800 mm. Mean temperature of the coldest month is
higher than 18°C and annual mean temperatures are
not higher than 27°C (Nimer, 1977, 1989). Present
precipitation rates at the studied site result from
the interplay between the Intertropical Convergence
Zone (ITCZ), and the permanent high pressure sys-
tem centered in northeastern Brazil (Nimer, 1989).
Rains generated by the ITCZ generally reach the
studied site in late summer (March—April) result-
ing from its seasonal shifts. These rains account for
most of the precipitation in the northeastern Brazil-
ian caatinga region lying between the latitudes of 2
and 10°S (Nimer, 1977). Incursion of polar air and
frontal rains into the studied area occur infrequently,
and are restricted to unusually cold winters (Nimer,
1977, 1989).

2.3. Vegetation

The vegetation of the Bahian fossil dunefield
system is composed of different types of caatinga
vegetation, e.g. arboreal, shrub and hyperxerophytic
caatinga, stabilizing the dunes (Barreto, 1996).
Caatinga is defined in Brazil as a xerophytic veg-
etation type containing essentially spiny deciduous

trees and shrubs in association with succulent plants,
cacti and bromeliads (Kuhlmann, 1977). Arbored
caatinga is characterized by a three-layered sys-
tem: an arboreal layer 8-10 m in height, a peren-
nial spiny scrub layer and a seasona herb layer
dominated by grasses. Arboreal genera typicaly
found in this caatinga type are Astronium (Anac-
ardiaceae), Schinopsis (Anacardiaceae), Chorisia
and Cavanillesia (Bombacaceae), Caesalpinia (Cae-
salpiniaceae), Cnidoscolus (Euphorbiaceae). Hyper-
xeropytic caatingarefers to an open thorn-scrub veg-
etation with varying plant densities composed par-
ticularly of Calliandra parviflora, Caesalpinia mi-
crophylla (Caesal piniaceage), species of Jatropha and
Cnidoscolus (Euphorbiaceage), various cacti (Cereus,
Melocactus, Opuntia, Pilocereus), spiny bromeliads
(e.g. Bromelia laciniosa) and other drought-adapted
taxa (Kuhlmann, 1977). A gdlery forest, contain-
ing species presently found in semi-deciduous and
deciduous dry forests is found as a narrow strip
bordering the river. Mauritia vinifera palm swamp
forests (veredas) are found in the waterlogged peat
sediments and the adjacent sand dunes are stabilized
by caatinga vegetation. Scattered idands of cerrado
(savanna) found in some areas of the dunefields con-
tain the arboreal taxa Caryocar (Caryocaraceae),
Byrsonima (Malpighiaceae), Cassia (Caesalpini-
aceae), Piptadenia (Mimosaceae), Kielmeyera (Clu-
siaceae), Lafoensia (Lythraceae), among many
other taxa. Peat-bog vegetation consists mainly
of Gramineag, Cyperaceae and aquatic herbs like
Borreria (Rubiaceae), Eriocaulon (Eriocaulaceae),
Drosera (Droseraceae), Ludwigia (Onagraceae). The
macrophytes Nymphaea (Nymphaeaceae), Pontede-
ria (Pontederiaceae) and Isoétes (Isoetaceae) occur
mainly at the edge of the Icatu River.

2.4. Drainage and pollen source

The Icatu River at 480 m elevation (Fig. 1), drains
a small watershed at the foot of the Serra do Estreito
(860 m elevation), at the western edge of the sand
dunefield. The pollen source lies therefore within the
caatinga region of this watershed. Pollen is not only
derived from the caatinga and gallery forests vegeta-
tion of this valley but also likely to come from the
present caatingas of the Serra do Estreito. Therefore,
the pollen accumulated in the Icatu River valley peat
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bogs can be used as indicators of regional vegeta
tional changes, for it is not representing exclusively
autochthonous sources.

3. Materialsand methods

3.1. Sediment coring, **C and pollen analysis

A 329 m long core was collected from the
Icatu River Valey (Fig. 1) with a modified Liv-
ingstone piston sampler (Colinvaux, 1993). Coring
was carried out at a locality known as Saquinho at
10°24'S, 43°13'W. Sediments were sampled at 10
cm intervals for palynological analyses, following
protocols for pollen extraction described in Moore
et a. (1991) and Faegri and lversen (1989): sil-
icate removal with hydrofluoric acid; humic acid
removal and dispersion of organic matter by 10%
potassium hydroxide; acetolysis (9 parts acetic anhy-
dride:1 part sulfuric acid). Two to three Lycopodium
clavatum tablets were added to the sediment sam-
ples to calculate pollen concentration (Stockmarr,
1971). Fina residues were stained with 2% alco-
holic safranin. Carbonized (charcoal) particles larger
than 20 wm were counted in each sample and a
total pollen/carbonized particles ratio (Berglund,
1986) was used to infer relative palaeofire activity.
Pollen percentages and concentrations were calcu-
lated based on total pollen sums of at least 300 grains
per level, excluding pteridophytic and algal spores.
In a few samples with poor pollen preservation, at
least 200 grains were counted. Pollen percentage
and concentration diagrams were prepared using the
Tilia and Tiliagraph computer programs. Six sedi-
ment samples were sent to Beta Analytic Inc (USA).
for 14C dating.

3.2. Thermoluminescence studies

A total of 43 sand samples were collected over
the entire sand dunefield system, in depths ranging
from 0.30 to 3 m. At 3 m depth loose sediments
collapsed the hole and prevented further penetra-
tion. These samples were protected from sunlight
immediately after collection, and treated following
the methodology described in Ichikawa (1965). The
sands were initidly sieved to obtain the 0.088-

0.180 mm fraction and later treated with acids to
remove afa radiation from the TL signa as well
as to eliminate less resistant minerals. Heavy min-
erals were eliminated by the bromoform flotation
technique, yielding only quartz grains for thermo-
luminescence (TL) dating. Samples were irradiated,
at room temperature, with %°Co at the Institute of
Nuclear Energy (IPEN/CNEN-SP) of the University
of Sao Paulo. A Harshaw 2000" photo multiplier,
without filter, and with a warming rate of 7.8°C/s,
yielded TL readings. Accumulated TL dose was de-
termined following Proszynska et al. (1985). Local
annual doses of natural radiation were determined by
a Germanium detector, specific for low doses, at the
Dating Laboratory of the University of Education in
Nara, Japan. TL methodology used here is detailed
in Barreto (1996) and Barreto et al. (1997).

4. Resultsand interpretation

4.1. Sratigraphy and **C dating

Cored sediments are composed primarily of black
organic peat (Munsel Color Chart 10 YR2/1), from
the top to 340 cm depth, where a sharp sedimen-
tary boundary occurs between peat and white eolian
sands. Radiocarbon dates of the six sediment sam-
ples from the Icatu River Valley (Saquinho peat bog)
aregivenin Table 1.

4.2. Palynological results

The analyzed sediment samples contained well
preserved pollen, spores and other palynomorphs.
Depth levels 98.5, 133.5, 199.5, 304.5, 309.5 and
314.5 cm have not yielded enough pollen for sta-
tistical analyses and have been excluded from the
palynological profile. The total pollen sum in each
sample depth is shown in Fig. 5. The percentage
diagrams of pollen grains belonging to taxa typi-
cally found in tropical forests, caatinga and cerrado
vegetations are given in Figs. 2 and 3, respectively.
In order to improve palaecologica interpretations
of the pollen spectra of caatinga taxa, these were
divided into two separate categories, i.e. caatinga
taxa, those restricted to this vegetation type, and
caatinga/cerrado taxa, those known to occur in both
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Table 1

Radiocarbon chronology of the Icatu River Valley sediment samples

Laboratory No. Locality Depth Age Bc/L2c Corrected age
(cm) (yr B.P) (yr B.P)

Beta 97254 Saquinho 143.5-1485 4240 + 70 —2500 4240 + 70

Beta 97255 Saquinho 21452155 6790 + 80 —2500 6790 + 80

Beta 97256 Saquinho 264.5-269.5 8910 + 80 —2500 8910 + 80

Beta 97257 Saquinho 279.5-284.5 8920 + 120 —2500 8920 + 120

Beta 97258 Saquinho 316.5-321.5 10540 + 80 —2500 10540 + 80

Beta 89265 Saquinho 324.5-329.0 11040 + 80 —2800 10990 + 80

vegetation types. The occurrence of al pollen taxa,
found in the analysis, in the different vegetation
types of Brazil is shown in Table 3. Fig. 4 shows
the percentage diagram of pollen taxathat are not re-
stricted to the above vegetation types and are known
to occur in other tropical phytogeographical domains
in Brazil. The percentage pollen diagram depicted
in Fig. 5 contains profiles of montane taxa, other
selected herbaceous plants, selected indeterminate
grains and pteridophytic spores (ferns), total sum
of trees, herbs and unknowns. Number of grains
counted in each level are shown next to profiles of
thetotal pollen sum. Theresults of astratigraphically
constrained cluster analysis of the palynological data
by CONISS (Grimm, 1987) are also shown in Fig. 5.
Fig. 6 shows a summary diagram of al caatinga,
caatinga/cerrado taxa, montane taxa, pollen concen-
tration and charcoa particles (=20 um). A tota
of five pollen zones was identified by the cluster
analysis.

4.2.1. Zone SA 1 (10,990-10,540 yr B.P)

This pollen zone has the highest pollen concen-
tration values in the entire sequence, reaching over
90,000 grains/cm® of sediment. It is probable that
the high pollen concentration values found in SA1
reflect a large and well drained watershed under a
climate conducive to a dense forest cover. Similar
high pollen concentration values have been found at
Lake Kumpaka in Ecuador and were attributed to
the size of awell drained watershed covered only by
amazonian rainforest (Liu and Colinvaux, 1988).

The zone is characterized by the absence of Mau-
ritia and by the presence of humid tropical forest
taxa e.g. PAmae (<5%), Alchornea (ca. 5%), Ce-
cropia (<5%), llex (5-9%), Melastomataceae (4—
12%) and Myrtaceae (4—11%). Some arboreal taxa

known to occur in lowland Amazonian and Atlantic
rainforests in Brazil e.g. Cecropia, Cedrela, Poute-
ria, Protium, Smarouba, Symphonia and Trichilia
(Jolly, 1976; Veloso et a., 1991; Lorenzi, 1992;
Colinvaux et a., 1996) have their occurrence re-
stricted to this zone with values <5%. Arbored
montane taxa and typical components of pollen
spectra of glacial age (Ledru, 1991, 1992; De
Oliveira, 1992; Colinvaux et a., 1996; Ledru et
a., 1996), eg. Rapanea, Ericaceae, Hedyosmum,
Humiria, appear in this zone with values ranging
from <5 to 22%. Herbarium collections both at the
Field Museum of Natural History and at the New
York Botanical Garden, as well as botanical surveys
by the Radambrasil project (Radambrasil Project
Members, 1976) indicate that Humiria is found in
forests with atitudes over 1000 m in northwest-
ern Brazilian Amazonia, while Ericaceae, Rapanea
and Hedyosmum are distinctly montane taxa in the
Atlantic rainforests of southeastern Brazil (Andrade
and Lamberti, 1965; Jolly, 1976; Schultz, 1985).
The montane occurrences of Rapanea and Hedyos-
mum are also documented by Van der Hammen
(1979) in Colombia and by Gentry (1993) in north-
western Amazonia. These taxa are also presently
found in the high elevation forests of the Chapada
Diamantina, within the caatinga domain of Bahia
(Stannard, 1995). Pollen of Zanthoxylum, a genus
of trees of the Brazilian Atlantic rainforest known
to have one species found mainly in upper eeva-
tion forests (Lorenzi, 1992) is restricted to this and
the following pollen zone. Aquatic taxa are found
in this zone with values <1% and are represented
by Sagittaria (Alismataceae) and Lentibulariaceae.
Some caatingataxa, e.g. Arrabidaea (Bignoniaceag),
Bromelia, Cereus (Cactaceae), Caryocar (Cary-
ocaraceae), Chamaesyce (Euphorbiaceae), Cuphea
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(Lythraceae), Jatropha (Euphorbiaceae) and Mi-
mosa (Mimosaceae) are present with values <1%.
Pterodophytic spores encountered in this zone be-
long mainly to Cyathea, a genus of Amazonian
and Atlantic montane forest tree ferns, and to
Polypodiaceae (Andrade and Lamberti, 1965; Jolly,
1976). Cyathea is typically associated with cool
and moist montane conditions (Steyermark, 1979;
Schultz, 1985). This zone is aso characterized by
a low frequency of dune activation as indicated by
alow number of TL dates available (Barreto, 1996;
Barreto et al., 1997) for the time interval of zone
SAL

4.2.2. Zone SA 2 (10,540—ca. 6790 yr B.P)

While montane arboreal pollen and pollen of
Amazonian/Atlantic forest taxa decline in abun-
dancein this zone, the basal sample of this zone con-
tains 35% Anacardiaceae pollen (arboreal). In this
zone Mauritia pollen appears for the first timein the
record, together with other arboreal taxa such as Al-
chornea, Pterocarpus, Urticaceae/Moraceae. There
is a marked increase, at the onset of this zone,
in grass (Gramineae = Poaceae) and sedge (Cyper-
aceae) pollen followed by an increase in caatingaand
cerrado taxa, e.g., Byrsonima, Chamaesyce, Cuphea,
Curatella, Mimosa and Ouratea towards the end of
SA2. This suggests an increase in scattered semi-arid
vegetation as closed gallery forest dwindles at the
upper samples of this zone. Increased aridity at the
end of SA2 is aso supported by an increase in car-
bonized particles (Fig. 6), despite the relative low
number of thermoluminescence dates obtained by
Barreto (1996) for the time interval of this pollen
zone.

The period between 8920 and 8910 yr B.P. differs
from the earlier stages of this zone by the conspicu-
ous increase in llex and Mauritia. The latter taxon is
found with values ranging from 3.7 to 44%. Radio-
carbon dates and the pollen spectra found are con-
sistent with high sedimentation rates, probably under
a warm and humid climate. From 8910 to 6790 yr
B.P. there is a pronounced decline of Mauritia (from
225 to 0.6%), Melastomataceae, and other forest
taxa simultaneously with an increase in Cuphea (up
to 26%) Mimosa (up to 10%) and in other caatinga
taxa. Number of carbonized particlesin zone SA2 is
somewhat constant but low.

4.2.3. Zone SA 3 (6790—ca. 6230 yr B.P)

Pollen poor zone. The few grains encountered
were invariably deteriorated. The end date of this
zone has an interpolated age.

4.2.4. Zone SA 4 (ca. 6230—ca. 4535 yr B.P)

This zone is initially characterized by oscillating
and alternating vegetational types as suggested by
an increase in tropical forest taxa and a decline of
caatinga and cerrado taxa marked by the decrease
of Cuphea from 8 to 1%. The arboreal maximum
in this zone is related to another significant increase
in Mauritia pollen, reaching 63% of the pollen sum
at 163 cm depth. This maximum is immediately
followed by a progressive increase of caatinga and
cerrado taxa and a drastic decline in Mauritia pollen
to 2%, prior to 4240 yr B.P.

4.2.5. Zone SA 5 (ca. 4535 yr B.P—Present)

Pollen spectra from 4240 yr B.P. to Present mark
the onset of the present day climatic and vegeta-
tional patterns found in the studied region. This
zone is initially characterized by the presence of
pollen-poor sediments, at depths of 123.5, 113.5
and 98 cm. These levels aternate with pollen-rich
layers indicating a progressive decline of Mauri-
tia, Mimosa and stable percentages of Cuphea (5—
10%). In the upper sediments of the record, Cuphea
dominates the pollen spectra by reaching 45-50%
of the pollen sums. Other taxa that make up the
pollen spectra of the final phase of SA 7 are Cassia,
llex, Melastomataceae, Myrtaceae, Mimosa and Byr-
sonima, clearly suggesting a pronounced tendency
towards a caatinga and cerrado expansion at the
expense of gallery forest. A significant increase of
carbonized particles occurs in the sediments together
with the increase in cerrado/caatinga taxa.

4.3. Thermoluminescence results and discussion

TL dates obtained for the sand dune sediments
range from 28,000 to 900 yr B.P. (Barreto, 1996)
are shown in Table 2. The results indicate discon-
tinuous and intense eolian activity phases throughout
the Holocene in localized areas of the sand dunefield
system (Barreto, 1996). The remarkable decrease in
dune activation from 10,500 to 9000 yr B.P. isin
direct agreement with the pollen data, which sug-
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Table 2

Thermoluminescence dating

Sample ID Depth Westhering Mean Text. classes Fine seds. TL date 1c
(cm) level diam. (No.) (%) (yr B.R) (yr B.RP)

B-1 30-50 low FS 4 118 1200

B-5 30-50 low FS 4 113 2200

S1 30-50 low MS 3 2500

S2 30-50 low FS 3 5000

S3 150 low FS 5 1.98 27000

S4 30-50 low FS 3 2800

S8 30-50 low FS 5 123 2000

S10 30-50 low FS 3 0.88 6200

S13 30-50 low FS 4 1.28 2400

S14 30-50 low MS 3 0.26 3700

P-1 30-50 low MS 3 2400

P-2 30-50 moderate MS 3 3400

P-4 30-50 low MS 4 5300

P-5 30-50 low MS 4 900

P-9 30-50 moderate FS 3 4000

P-10 30-50 low FS 3 1700

P-11 30-50 moderate FS 3 0.64 7700

P-12 30-50 moderate FS 3 0.48 11000

P-14 30-50 low FS 3 1 6600

P-17 30-50 moderate FS 34 1.39 3300

P-18 30-50 moderate FS 3 0.6 7500

P-19 70-90 moderate FS 3 0.5 2800

P-23 30-50 moderate FS 4 12000

1-17 70-90 low FS 3 0.07 1800 1600

1-18 80-90 low FS 3 0.21 4000

1-19 80-90 moderate FS 4 0.39 4500

1-20 80-90 moderate FS 4 0.75 12000

121-0.5 50 low FS 4 0.37 2900

121-1.5 150 low FS 8200 3310

121-3.0 300 low FS 9000

1-23 100 low FS 3 0.96 3300

1-24 200 low FS 3600

SAQ 340 peat FS 3 0.1 10700 10990

SAQ 390 peat FS 14400

umMB 100 peat FS 1900 2190

S5 30-50 low FS 0.28 7800

S7 30-50 low FS 5 115 2700

S12 30-50 low FS 4 0.37 1800

B-7 30-50 low FS 3 0.43 3300

B-8 30-50 moderate FS 3 0.68 28000

B-15 30-50 low FS 4 0.4 10500

1-8 70-90 moderate MS 4 134 6300

1-14 80-90 moderate FS 4 119 13900

Size classes of sands shown on the mean diameter column of the sands were based on the classification of Shepard (1954) where FS =

fine sand and MS = moderate size grains.

gests high moisture levels, and expansion of humid
vegetation in the Icatu River Valley. The increase
in dune activation registered by TL dating between
4500 and 1700 yr B.P. is also supported by pollen

analysis indicating expansion of semi-arid vegeta
tion in the studied area. It is likely that the recent
reduction in dune activation in the studied area is
a conseguence of dune stabilization by the closing
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Table 3

List of identified pollen and spore taxa and their grouping according to vegetational types
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Acacia— CA, CE, TF

Acalypha — mostly TF; some in CE
Acanthaceae/ Sendandrium — CA
Alchornea — TF

Alternanthera — H — cosmopolitan
Anacardiaceae — CE, CA, TF
Anacardium/Tapirira— CE, TF
Apocynaceae — CA, CE, TF
Arrabidea — CA, CE

Astronium — CE, TF
Bignoniaceae — CA, CE, TF
Borreria — H — cosmopolitan
Bromelia— CA, CE, TF
Bromeliaceae — CA

Byrsonima — CA, CE

Cactaceae — CA

Caryocar — CA, CE, aso TF in Amazonia, Atlantic Forest
Cassa— CA, CE, TF
Cavanillesa— CA, CE

Cecropia — mostly TF, some in CE
Celtis— TF

Cedrella— TF

Cereus — CA, CE

Chamaesyce — CA
Clusiaceae/Calophyllum — TF
Cnidoscolus — CA

Combretum — TF

Compositae (Asteraceae) — HE
Copaifera — CE, TF

Cordia— TF

Cordia curassavica — CA
Crotalaria— CE, TF

Cuphea — CA; aso H in other biomes
Curatella— CE
Cyathea/Cyatheaceae — MT
Dioclea— TF

Drosera— H

Ericacese — MT

Eriocaulon — here CA; aso in CE and H in mountains of
northeastern Amazonia
Erythroxyllum — CE
Euphorbiaceae — CA, CE, TF
Fabaceae — CA, CE, TF
Forsteronia — TF

Gomphrena — H, HE

Gramineae (Poaceae) — H, HE
Hedyosmum — MT

Hibiscus — CE, TF

Hippocratea — TF

Hymenaea — TF; occasionally in CE
Hyptis — H, HE

Humiria — TF, MT

llex— CE, TF, MT

Inga— TF

Jatropha — CA

Lentibulariacae — cosmopolitan
Loranthacese — CA, CE, TF, MT

Ludwigia— H
Luehea — TF, occasionally in CE
Mabea — CE, TF

Machaerium — TF; occasionaly in CE
Macrocarpea — TF

Malvaceae — CA, CE, TF
Melastomataceae — CA, CE, TF, MT
Mimosaceae — CA, CE, TF
Mimosa — CA, CE, aso TF in other biomes
Monolete psilate — H, CE, TF, MT
Myrtaceae — CE, CA, TF, MT
Neea — CE

Nymphaea — H — cosmopolitan
Ouratea — CA, CE

Palmae — TF, afew taxa occur in CE
Passiflora — CA, CE, TF
Piperaceae — TF

Plenckia— TF

Polygala — H — cosmopoalitan
Pontederia — H

Pouteria— TF

Protium — TF

Pterocarpus/clerobium — TF
Rapanea (Myrsine) — TF, MT
Rubiacese — CA, TF, MT
Rutaceae — TF
Rutaceae/Eisenbeckia — TF
Sagittaria — H
Sapindaceae — CA, CE, TF
Sapium — CE, TF

Sebastiana — CE

Serjania —TF

Smarouba — TF
Solanaceae — CA, CE, TF
Sryphnodendron — CE
Symphonia — TF

Tabebuia — CA, CE, TF, MF
Trichillia— TF
Umbelliferae — CA, CE, TF
Urticaceae/Moraceae — mainly TF, aso CE
Vellozia— CE

Xyridacese — CE
Zanthoxylum — TF
Zizyphus — CA (Z. joazeiro); TF

CA = caatinga; CE = cerrado; TF = tropical forest; MT = montane tropical forest; H = aquatic herbs; HE = herbs, based on Jolly
(1976), Croat (1978), Flenley (1979), Van der Hammen (1979), Schultz (1985), De Oliveira (1992), Gentry (1993), Colinvaux et al.
(1996), Behling (1997), on botanical surveys by Radambrasil and on plant collections at the Field Museum of Natural History in Chicago

and those at the New York Botanical Garden, New York, USA.
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of the sandy terrain by the modern dense/arborea
caatinga vegetation.

5. Discussion

5.1. Climate and vegetation of the Late Pleistocene
of the Icatu River Valley: testing of climatic and
bi ogeographical hypotheses

5.1.1. Late Pleistocene cooling

The paynological profiles of the Icatu River
peat sediments, representing the first palynologi-
cal records available for the late Quaternary of a
caatingaregion in Brazil, suggest five main changes
in vegetation and climate during the last 11,000
years. The final Pleistocene (10,990—ca. 10,000 yr
B.P) was characterized by climatic conditions which
do not prevail in the present climate of the studied
region. A significant increase in moisture levels and
lowered temperatures allowed the expansion of a
taxonomically rich tropical galery forest within the
Icatu River Valley. It is likely that montane pollen,
found in the Icatu River Valley sediments during
this period, came from the Serra do Estreito (860
m elevation) when temperatures were significantly
lower than at present. A 5°C temperature depres-
sion during the Last Glacial Maximum was reported
by Stute et al. (1995) after an extensive study of
palaeoaquifers in northeastern Brazil. Widespread
tropical 5°C cooling has also been reported for
the Late Pleistocene of western Brazilian Amazo-
nia (Colinvaux et a., 1996), the Amazon River delta
(Behling, 1996), southeastern (De Oliveira, 1992)
and southern Brazil (Behling, 1997). Palynologi-
cal evidence from southeastern Brazil (Ledru, 1991,
1992; De Oliveira, 1992; Ledru et a., 1996) point to
amore active role of the Atlantic Polar Front during
the Late Glacial, bringing more rains and strongly
reducing annual average temperaturesin this region,
thus favoring expansion of Araucaria forests in ar-
eas presently covered by cerrado vegetation. It is
possible that the Late Pleistocene cooling of the
Icatu River Valley region could have been associated
with a northward displacement of this frontal system
during the late Quaternary, but more records from
the caatinga region will be necessary to test this
hypothesis.

5.1.2. Former connection of Amazonian and Atlantic
forests

Thishypothesiswasfirst suggested by floristic dis-
junctions reveadled by studies of humid forests en-
claves in high eevations within the semi-arid re-
gion of the caatinga phytogeographical domain by
De Andrade-Lima (1966) and Rizzini (1967). The
first author listed 388 Amazonian forest species and
the second 277 genera which are shared between
the two distinct modern phytogeographical regions.
Some forest tree taxa, such as Cedrela, Chrysophyl-
lum, Hedyosmum, Humiria, Pouteria, Protium, Sym-
phonia and Smarouba are presently found in Amazo-
nian and Atlantic rainforests, although Symphoniaisa
typical amazonian taxon. Smarouba and Humiria are
more common in Amazonian forests (Radambrasil
Project Members, 1976; Lorenzi, 1992). The pres-
ence of amazonian taxa in forest enclaves in north-
eastern Brazil was first noticed by Ducke (1953) and
Ducke and Black (1954). Fig. 7 shows the hypothet-
ical coastal route (route A) of migration of forest
taxa, from the Atlantic Forest to Amazonia (and vice-
versa).

The present palynological analysis strongly sug-
gests that these taxa had aready successfully mi-
grated to the Icatu River valley by ca. 10,500 yr B.P.
It is very likely that the migration of Amazonian
taxa into the Atlantic forest, and vice-versa, could
have taken place during various humid phases of
the Pleistocene or even earlier. This migration was
possibly facilitated by a former and much larger
network of gallery forests that is likely to have ex-
isted in central Brazil (OliveiraFilho and Ratter,
1995). Support for this hypothesis comes also from
the work of Meave et a. (1991) which suggested
that tropical galery forests could have maintained
a large part of the South American tropical forest
biodiversity during adverse climatic conditions of
the Pleistocene. Former expansion of tropical forest
in the Icatu River Valey (10°50'S) is also supported
by megafaunal studies conducted by Cartelle and
Hartwig (1996) and Hartwig and Cartelle (1996) in
a cave within the modern caatinga region, of Bahia,
at 10°09'S latitude, roughly equivalent to that of the
present studied area. Their discovery of a complete
skeleton of a large-bodied Protopithecus primate of
presumably Pleistocene age provided another source
of data suggesting the former existence of tropi-
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Fig. 7. Vegetation (left) and present-day drainage system maps of northeastern Brazil (right), showing possible migration routes for
tropical forest taxa in the Quaternary. Modified from Coimbra-Filho and Camara (1996). Route A is supported by botanical data (Ducke,
1953; Ducke and Black, 1954; De Andrade-Lima, 1966; Rizzini, 1967) whereas Route B is supported by the palynological record from
the Icatu River Valley, botanical data from the Chapada da Diamantina and by paleontological data (Cartelle and Hartwig, 1996; Hartwig
and Cartelle, 1996). The caatinga vegetation nuclear area is represented by the black area, other vegetation types are indicated by F =
Atlantic Forest, M = coastal successiona vegetation under marine/fluvial influence, T = transitiona tropical forest (semi-deciduous),

and C = cerrado.

cal forests in areas presently covered by caatinga
vegetation (Cartelle and Hartwig, 1996). Since the
onset of the Holocene, the climate of the Icatu River
Valley has become progressively more arid. The
modern day floristic pattern found at the Chapada da
Diamantina, Bahia, a montain chain reaching 10°S
latitude within the caatinga domain in Bahia (Stan-
nard, 1995) supports this hypothesis. Additional sup-
port comes also from the rare digunct occurrence
of high elevation Atlantic rainforest taxa such as
Podocarpus lambertii, Podocarpus sellowii, Drimys
brasiliensis, Hedyosmum brasiliense, llex theezans,
llex paraguariensis (Andrade and Lamberti, 1965;
Jolly, 1976; Schultz, 1985; Lorenzi, 1992) on the
inselberg tops of semi-arid Bahiareported by De An-
drade-Lima (1966, 1982) and by various herbarium
collections (Field Museum and New York Botani-
cal Garden). Therefore, the present botanical data

unequivocally support the former existence of a for-
est corridor into this phytogeographical province.
Route B, in Fig. 7, indicates a hypothesized con-
tinental route of migration from and to Amazonia,
of rain forest taxa, which is supported by the paly-
nological record of the Icatu River Valley, botanical
and palaeontol ogical data.

5.2. Climatic and vegetational changes during the
Holocene

Tropical forest taxa are well represented through-
out the Holocene of the studied area. During the
early Holocene the Icatu River Valley landscape was
especially dominated by gallery forest taxa from
10,060 to 6790 yr B.P,, which correlatesin part with
the time of occurrence of gallery forest at Lago do
Pires (17°S) in northeastern portion of the State of
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Minas Gerais, Brazil from 8810 to 7500 yr B.P.
(Behling, 1995). From 8910 to 6790 yr B.P. the
pollen spectra are characterized by tropical forest
taxa, although there is a progressive tendency to-
wards more arid conditions, which appear to reach
a climax between 6790 and 6230 yr B.P. This arid
phase appears to be synchronous with a similar dry
interval in central Brazil. The disappearance of Mau-
ritia vinifera from the pollen profiles and henceforth
from the landscape at Crominia, State of Goias (Fer-
raz-Vicentini, 1994; Salgado-Labouriau et al., 1996)
and Aguas Emendadas in Brasilia between 7500 and
7000 yr B.P. (Barberi-Ribeiro, 1994) has been at-
tributed to a marked reduction in precipitation levels
in central Brazil. The absence of preserved pollen
grains from 6790 yr B.P. and the extrapolated date of
6230 yr B.P. at the Icatu Valley could be explained
by the occurrence of former drier climates and/or
oxidizing conditions of the sediments. This scenario
is supported by the climatic evidence provided by
the Lagoa do Pires record where a return to a drier
climate and increased fire frequencies were reported
from 7500 and 5530 yr B.P. (Behling, 1995).

From ca. 6230 to ca. 4240 yr B.P, the vegetation
and the climate of the studied area were character-
ized by various oscillations in the abundance of taxa
belonging to different plant formations. One of such
climatic oscillation is represented by an increase of
Mauritia pollen at 163.5 cm depth (ca. 4886 yr B.P)
suggesting a short-lived return to moist climate. This
pattern, however, changed immediately after 4240
yr B.P, when caatinga and cerrado pollen become
persistently more abundant in the diagrams.

5.3. Middle Holocene climatic asymmetry between
the fossil dunefield system of the middle S&o
Francisco river and southeastern/central Brazil

From 11,000 to ca. 5000 yr B.P, the palaeocli-
matic interpretations derived from the palynol ogical
history of the Icatu River Valley are supported by
palaeocological records from southeastern (Ledru,
1991, 1992; De Oliveira, 1992; Ledru et al., 1996),
and central Brazil (Ferraz-Vicentini, 1994; Barberi-
Ribeiro, 1994; Salgado-Labouriau et al., 1996).
However, after 4000 yr B.P. climatic trends begin
to differ in these regions. For example, at Lagoa dos
Olhos (19°38'S; De Oliveira, 1992) and at adjacent

Lagoa Santa (Parizzi, 1994), the period after 4000
yr B.P. is characterized by high lake levels. At Serra
Negra and Salitre (18°00'—19°00'S), in southeastern
Brazil, a moist climate is recorded from 5000 to
4000 yr B.P. (Ledru, 1991; De Oliveira, 1992; Ledru
et a., 1996). In central Brazil, Mauritia palm forests,
indicative of present day (semi-humid) climate, are
found in the pollen records from Crominia (Fer-
raz-Vicentini, 1994; Salgado-Labouriau et al., 1996)
and from Aguas Emendadas (Barberi-Ribeiro, 1994)
from 7500 yr B.P. onwards. Therefore, asthe climate
of southeastern and central Brazil became moist, the
climate in the caatinga region of the middie Rio S&o
Francisco started a trend towards aridity after 4000
yr B.P. This late Holocene arid interval is supported
by the palynological evidence, i.e., a significant in-
crease in pollen percentage and concentration values
of caatinga and cerrado plants on its landscape. This
mid-Holocene climatic scenario is supported by a
total of 22 thermoluminescence samples of eolian
dune sands, which yielded dates ranging from 4000
to 1000 yr B.P, thus suggesting a significant increase
in reworking of sands in wind-activated dunes, un-
der a semi-arid climate, during that time interval
(Barreto, 1996).

5.4. El Nino-like events and displacement of the
intertropical convergence zone

Only in some years, the present day climate of
the S80 Francisco River sand dunefields is directly
affected by the Polar Frontal System. Its climate
is more affected by the South Atlantic Anticyclone
and the yearly southward migration of the Intertrop-
ical Convergence Zone (Nimer, 1977; Nimer, 1989).
However, during El Nifio-like climatic phenomena,
the Atlantic Polar Front incursion into the South
American continent is blocked at the 25°00'S latitude
(Kousky et al., 1984). This blockage of cooler polar
air triggers an increase in precipitation in southern
and southeastern Brazil. Because the polar frontal
system becomes stationary in the south, a decrease
in precipitation levels, brought about by a reduction
of frontal rains, occurs in northern and northeastern
(El Nifio Southern Oscillation) Brazil (Kousky et al.,
1984). Although former ENSO signals are not easily
detected in palaeoclimatic studies, late Holocene dry
episodes attributed to ENSO-like conditions were re-
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ported at Cargjés, eastern Brazilian Amazonia, the
Rio Doce Delta and the Brazilian coast (Absy et
a., 1991; Martin and Suguio, 1992; Martin et a.,
1993). An El Nifio-related drying phase, reported at
Cargjas between 7500 and 3000 yr B.P, is simul-
taneous with maximum drying in the Icatu River
Valley (6790—ca. 6000 yr B.P). However, the great-
est expansion of caatinga on the sand dunefields
(4200 yr B.P—Present) and dune activation (4000—
1700 yr B.P) are not synchronous with the Cargjas
record, but with two ENSO-like events (1300 and
2300 yr B.P), reported for the late Holocene of the
Rio Daoce Valey (Martin and Suguio, 1992). An
aternative hypotheses for increased late Holocene
aridity in the sand dunefields region especially from
8910 to 6230 yr B.P. and from 4240 yr B.P. to
Present, invokes a northward displacement of the
ITCZ climatic system. Palaeoclimatic records from
the Caribbean region support a northward displace-
ment of the ITCZ, especially from 8200 to 2500
yr B.P, when high lake levels and moister climates
prevailed at Lake Miragoane in Haiti (Curtis and
Hodell, 1993). Palaeocological records from Lake
La Yeguada in central Panama (8°27'N, 80°51'W)
suggest warm climate and rising lake levels prevail -
ing from ca. 6500 to 2000 yr B.P. (Bush et 4.,
1992). Wet conditions also prevailed in the Yucatan
peninsula between 7100 and 3100 yr B.P. and from
3310 to 1785 yr B.P. (Hodell et al., 1991, 1995).
More studies in semi-arid northeastern Brazil are re-
quired for a more thoroughly understanding as well
as testing of this opposing climatic pattern between
this region and southeastern/central Brazil during
the Holocene, as well as the role of ENSO events
and the suggested Hol ocene northward displacement
of the ITCZ.

6. Conclusions

The following conclusions on the vegetational
and climatic history of the Icatu River Valey can be
drawn based on the palynological records:

(1) Fivedistinct vegetational and climatic changes
have been reported during the last 11,000 yr at the
studied site.

(2) The Late Pleistocene climate of the presently
semi-arid S8 Francisco River sand dunefields was

more humid than present, favoring the occurrence of
gallery forests within the Icatu River Valley.

(3) Some of the forest tree taxa of the Icatu
River Valley Late Pleistocene forests are presently
restricted to Amazonian and Atlantic rainforests of
Brazil, thus providing direct evidence for past con-
nections between the Amazonian and Atlantic forest
realms. Such conclusion is supported by Late Pleis-
tocene megafaunal primate remains found within the
caatinga region of Bahia, at the same latitude of the
studied site and by botanical data on digunct forest
elements on the Chapada Diamantina.

(4) Caatinga vegetation taxa, although not abun-
dant, aways occurred on the Icatu River Valley
landscape during the Holocene. The present climatic
and vegetational patterns of the studied area were
only established after 4240 yr B.P. Dune activation
suggested by TL studies and fire frequenciesinferred
from charcoal fragments, were greatly increased af -
ter 4240 yr B.P.

(5) The paaeoclimatic results of the studied
area are in agreement with the Late Pleistocene to
mid-Holocene palaeoecological and palaeoclimatic
records from southeastern and central Brazil. An op-
posing climatic pattern of that found for southern
and central Brazil, characterizes the climate of the
studied region after ca. 5000 yr B.P. This oppos-
ing climatic signal is possibly related to increased
ENSO-like phenomena, coupled or not to a north-
ward displacement of the Intertropical Convergence
Zone.
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