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ARTICLE INFO ABSTRACT

Article history: We assess the relation between the contrasting vegetation types of rainforest, open savanna and wooded savanna
Received 26 June 2013 coexisting in close contact on Marajé Island at the mouth of the Amazon River. Floristic and carbon isotopic
Received in revised form 25 February 2014 characterizations of modern plants were combined with organic matter carbon isotope and grain size records of
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soil to characterize vegetation evolution at six locations on southeastern and northeastern Marajo Island and its
relations to climate changes since the late Pleistocene. Cs plants contribute 100% of the biomass in the rainforest
on post-Barreiras sediments (site 1). No significant vegetation changes are evident in these places since at least
Paleovegetation ~7860 cal yr B.P. Rainforests on paleochannels (sites 4 and 6) are protected from flooding by slightly elevated
Modern vegetation sandy levee and have flora very similar to site 1. These forests were formed since the early-mid Holocene after
Soil channel abandonment. C; grasses are predominant in open savanna areas (sites 4, 5 and 6), with less representation
Carbon isotopes in wooded savannas (sites 2 and 3). However, C, grasses, despite having fewer species, constitute significant
Maraj6 Island biomass in the wooded (~60%) and open savanna vegetation areas, especially during the dry season. The
reconstructions of past vegetation together with the distributions of modern vegetation allow prediction that
climate changes to drier conditions can significantly influence the future Marajo Island landscape, likely enabling
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expansion of C4 plants in the flooding zone and of trees in the rainforests.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The evolution of the modern Amazon landscape and its flora has been
particularly influenced by late Pleistocene and Holocene climate changes
(Sifeddine et al., 1994; Gouveia et al., 1997; Turcq et al., 1998; Freitas
et al.,, 2001; Pessenda et al., 2001; Sifeddine et al., 2001; Ledru et al.,
2006, 2007; Lima, 2008; Cordeiro et al., 2011), tectonic events (Rossetti
and Valeriano, 2007; Miranda et al., 2009; Rossetti, 2010; Rossetti et al.,
2010, 2012), and relative sea level variations (Behling and Costa, 2000;
Behling et al., 2001; Cohen et al., 2005a,b). The diversity of these influ-
ences could explain the variety of distinct vegetation phytotypes on flu-
vial Marajo6 Island, such as dense Amazonian rainforest on western side
of the island, vegetation on paleochannels, areas of open savanna that
are flooded during the rainy season, and areas of wooded savanna out-
side of the flooded area (Pires and Prance, 1985).

Open and wooded savanna areas next to predominantly tropical for-
ests have generally received much attention, because both are part of an
ecosystem that in the past presented contrasting vegetation structures
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and contacts due to climate dynamics and geological events. For
instance, the Brazilian savanna expanded and replaced rainforest during
dry periods in the late Pleistocene (Ledru et al., 2006) and early to mid
Holocene (Absy et al., 1991; Gouveia et al., 1997; Pessenda et al.,
1998a,b; Turcq et al.,, 1998; Carneiro-Filho et al.,, 2002; Pessenda et al.,
2004; Vidotto et al., 2007; Pessenda et al., 2010; Cordeiro et al., 2011),
that were accompanied by climate fluctuations (Van der Hammen,
1974; Absy et al., 1991; Desjardins et al., 1996; Pessenda et al., 1998a,
b; Behling and Costa, 2000; Freitas et al.,, 2001; Franga et al.,, 2012). In
addition, tectonic events (Rossetti et al., 2008b) could also have caused
changes in river and tributary flow discharge (Cohen et al., 2012) and
influenced paleoestuary activation through the Pleistocene-Holocene
(Rossetti et al., 2008a,b), all of which further influenced local vegetation.

Floristic and isotopic characterizations of modern plants of contrast-
ing vegetation types coexisting in close contact provide useful insights
to help understand the modern Amazon vegetation distribution on
Marajo Island. Carbon isotope records help to distinguish organic matter
contributions from Cs (trees, shrubs and some grasses) and C4 (grasses)
plants. In general, C; and C4 land plants show 6'C values between — 33%o
and —20%., and — 15%. and — 9%, respectively (Deines, 1980). Grain
size measurements and radiocarbon dating allow understanding the
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evolution and consolidation of paleochannels and the open savanna areas
on flooded zones.

The goal of this paper is to characterize the dominant species and
respective carbon isotopic values of different vegetation phytotypes in
order to understand modern plant dynamics on the Maraj6 Island land-
scape, northern Amazon region, and to reconstruct the late Pleistocene-
Holocene vegetation changes, focusing on the carbon isotopic relation
between the ancient and modern soil organic matter of the region.

2. Study area

Marajo6 Island is the main island of the Marajé Archipelago on the
Para and Amapa coast of northern Brazil and at the mouth of the Ama-
zon River. It constitutes 400,100 km? of the area of the archipelago, and
the smaller neighboring islands that are separated from it by rivers
constitute the remaining 90,000 km? of area. The entire archipelago
has a fluvial-marine setting, being surrounded by the Para River to the
south, the Tocantins River-Maraj6 Bay to the east, the Atlantic Ocean
to the north, and the Amazon River mouth to the west. Land elevation
on the western side of the island is on average 20 m and reaches as
high as 42 m, and it is between 2 and 6 m with a mean of 4 m on the
eastern side (Fig. 1). The dominant vegetation is a dense rainforest on
oxisols (Soil Survey Staff, 1999).

Climate is warm and wet tropical, with a mean annual temperature
of 27 °C and mean annual precipitation of approximately 3000 mm
(IDESP, 1974). Wet and dry periods are well defined, with the rainy sea-
son occurring between January and July (Bezerra et al., 1990), when
open savanna areas from eastern Maraj6 Island become completely
flooded (Rossetti et al., 2010). A low precipitation period (dry season)
occurs between August and December (Bezerra et al., 1990).

Brazil

- Post-Barreiras sediment
Holocene sediment

1 Site 1 - PC-F, TU-F
2 Site 2-1G

3 Site 3-C-CAM

4 Site 4 - MOC-F, MOC-TF, MOC-C, MOC-TC
5 Site 5 - C-CAT, C-BAT, C-CRUZ

6 Site 6 - CA-IM, CA-C, CA-F

Many small channels, straight or meandering, permanent or
ephemeral, and interspersed ponds make up the hydrological system
(Bemerguy, 1981). The discharge of the nearby Amazon River averages
about 170,000 m® s~ !, with maximum and minimum outflow of
270,000 m® s~ ! in the wet season and 60,000 m> s~ ! in the dry season
(ANA, 2003).

In the eastern flooded environment, a few levees that are covered by
fine sand and silt are slightly elevated above water level, and are
favorable for tree growth. Known as paleochannels, these areas are
results of abandonment of numerous channels that were filled but are
still evident in the landscape (Projeto Radam, 1974).

On paleochannel boundaries, flat and slightly low-lying floodplains
in the open savanna are covered by grasses and other herbaceous plants,
especially by two species, [pomea asarifolia and Ipomea carnea, and also
in some places with arboreal and shrub species in grassy areas. The soils
are classified as gleysols and vertisols according to USDA soil taxonomy
(Soil Survey Staff, 1999).

The Miocene deposits of the Barreiras Formation that occur from
northern to southeastern Brazil (Arai, 2006) must be found at most
elevated surface at eastern Maraj6 Island side and is covered mainly
by post-Barreiras deposits (Fig. 1) of Pleistocene and Holocene age
(Rossetti et al., 2012). The Marajo Island Quaternary history is postulated
to have been tightly controlled by tectonic events that led to subsidence
and creation of new sites to accommodate sediment (Rossetti et al.,
2008b, 2012). Thus, tectonic subsidence might be responsible for estu-
arine basin formation (Miranda et al., 2009; Castro et al., 2010), the
flooded areas, and the abandonment of the paleo-Tocantins River, leav-
ing numerous paleochannels (Rossetti and Valeriano, 2007; Rossetti
et al., 2008a, 2010, 2012).

It is common to find outside of the flooding area wooded savanna
(Cerrado vegetation) with distorted trees growing over a soil consisting
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Fig. 1. Map showing the relative position of Brazilian biomes (Rainforest, Cerrado, Caatinga and Atlantic Rainforest) highlighting some studies in latitude between 0° and 10°S (edited from

Pessenda et al., 2010), the Maraj6 Island and respective sampling sites.
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of kaolinitic material and mottled with a concretionary lateritic level
at 1.40 meter subsurface, indicating an aluminum enriched soil that
is classified as plinthosols according to USDA (Soil Survey Staff,
1999).

3. Sampling and methods

Soil samples were collected at 10 cm intervals during the dry season
in trenches and by drillings up to 400 cm depth at fourteen locations on
the southwestern and northeastern parts of the island (Fig. 2A, B and
Table 1). The fourteen sampling points were grouped into six sites to
facilitate visualization and interpretation of the results. Site 1 (PC-F,
TU-F) is located in rainforest, site 2 (TG) (Fig. 2A) and site 3 (C-CAM)
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(Fig. 2B) are located in wooded savanna vegetation. These sites are
outside of the flooding zone on post-Barreiras Formation terrain
(Rossetti et al., 2010) and are considered as reference locations for soil
organic carbon isotope analyses that can provide information about past
vegetation dynamics and possible climate inferences. Site 4 (MOC-F,
MOC-TF, MOC-C, MOC-TC) represents forested areas on paleochannels
(MOC-F and MOC-TF) and open savanna (MOC-C and MOC-TC) in close
contact between the transition rainforest and flooding zone. Site 5
(C-CAT, C-BAT, C-CRUZ) is an open savanna area near Arari Lake in the
flooding zone, and site 6 (CA-C, CA-F, CA-IM) is nearest to the eastern
coast of the flooding zone and represents a transitional forest on a
paleochannel (CA-IM) - open savanna (CA-C) — forest on a paleochannel
(CA-F) setting.
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[1] Site 1: PC-F, TU-F (rainforest on Post-Barreiras Formation)

[2] Site 2: TG (wooded savanna)
3| Site 3: C-CAM (wooded savanna)

[4] Site 4: MOC-F, MOC-TF (rainforest on paleochannel), MOC-C, MOC-TC (open savanna

5] Site 5: C-CAT, C-BAT, C-CRUZ (open savanna)

6] Site 6: CA-IM, CA-F(rainforest on paleochannel) CA-C (open savanna)

Fig. 2. Marajé Island map emphasizing two collect areas, (A) at Southeastern and (B) at Northeastern. Sites are also described: at area A — site 1 (PC-F, TU-F) and site 2 (TG); at area B — site
3 (C-CAM), site 4 (MOC-C, MOC-TC, MOC-F, MOC-TF), site 5 (C-CAT, C-BAT, C-CRUZ) and site 6 (CA-IM, CA-C, CA-F).
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Table 1
Latitudinal and longitudinal localization of sampling points, containing vegetation type's classification, sampling method and sample depth (cm).
Collect point Vegetation Latitude Longitude Sampling Depth
(cm)
Site 1 TU-F Forest 1°30.349'S 50°23,006' W Trench 230
PC-F Forest 1°29,028'S 50°22,902' W Drilling 390
Site 2 TG Wooded savanna 1°50.145’ S 50°38.684’' W Drilling 270
Site 3 C-CAM Wooded savanna 0°52.137'S 48°37,754' W Drilling 140
Site 4 MOC-F Forest 0°38.824' S 49°27.926' W Trench 310
MOC-C Open savanna 0°39.972'S 49°28.065' W Drilling 370
MOC-TC Open savanna 0°35.875' S 49°26.692" W Drilling 210
MOC-TF Forest 0°35.868’ S 49°26.692' W Drilling 330
Site 5 C-CAT Open savanna 0°36.773'S 49°20.699' W Drilling 210
C-CRUZ Open savanna 0°39.399' S 49°11.101"' W Drilling 310
C-BAT Open savanna 0°36.830' S 49°16.965' W Drilling 400
Site 6 CA-IM Forest 0°51.994' S 48°54.469' W Drilling 360
CA-C Open Savanna 0°54.861’ S 48°54.425' W Drilling 210
CA-F Forest 0°58.227'S 48°52.850' W Trench 330

The floristic survey consisted of a brief ecological evaluation to
record the vegetation pattern distributions. Descriptions were made
by inventorying all vascular plant species in a radius of approximately
20 m from each sampling point and registering species occurrences
as: (1) abundant, more representative populations; (2) common,
numerous but not so expressive and (3) rare, random or atypical
species.

Soil samples were systematically taken each 10 cm for analyses and
described according to their color changes (Munsell, 2009), grain size
and texture. Grain size distributions used 120 g of soil in natura with anal-
yses carried out according to densimeter standard procedures (Kiehl,
1979) at the Soil Department of ESALQ/USP. The results are expressed
in percentages of the sand (2-0.0625 mm), silt (62.5-3.9 um), and clay
(3.9-0.12 pm) fractions.

Carbon isotope (6'3C) analyses of soil organic matter were per-
formed at all fourteen sampling points from the base to the shallow
layer (0-10 cm) of the profiles and on modern dominant plant species
collected around each point. After physical pretreatment that consti-
tuted of removal of insects and rootlets by hand-picking and floata-
tion (Pessenda et al., 1996b), samples of ~70 mg were analyzed at
the Stable Isotope Laboratory of CENA/USP (Sdo Paulo, Brazil) on an
elementary analyzer attached to a Scientific Europa ANCA-SL 20/20
mass spectrometer. Total organic carbon (TOC) results are expressed
as percentage of dry weight of soil or plant tissue with an analytical pre-
cision of 0.09%, and &'3C values are given with respect to VPDB (Vienna
Peedee Belemnite Standard) with an analytical precision of + 0.2%o.

Vegetation changes recorded in soils are related to proportions of
carbon derived from C; and C4 sources and its mixture, which can be
estimated by the carbon-isotope mass balance equation (Boutton
et al., 1998):

81C(%) = (6]3Cc4)(x) + (6]3CC3)(1—X),

where 6'3C if for the whole soil sample, 5'Cc4 and §'3C¢; are the aver-
age 6'3C values of the C4 (— 13%.) and C5 (— 27%.) plant endmembers, x
is the proportion of carbon from C4 plants, and 1 — x is the proportion of
carbon derived from Cs plants.

Fifteen pretreated soil and plant fragments with masses > 1.0 g were
dated by accelerator mass spectrometer (AMS) at Isotrace Laboratory,
Toronto (Canada) and at AMS-Labor Erlangen (Germany). Contami-
nants, such as rootlets, were physically eliminated during the pretreat-
ment. The organic matter (humin) from soil samples was obtained after
the pretreatment using an acid-alkali-acid treatment followed by
washings with distilled water until pH 6 and drying of the final residue
at 50 °C (Pessenda et al., 1996b, 2009). Radiocarbon ages are reported as
14Cyr (1 0) B.P. (before AD 1950), normalized to a '3C of — 25%. VPDB
and in calibrated years as cal yr (2 o) B.P. (Reimer et al., 2009). All results

and discussions are based on the mean calibrated age (cal yr B.P.; Franca
et al,, 2012; Pessenda et al., 2012; Zani et al., 2012).

In sites 2 (TG) and 3 (C-CAM), radiocarbon dating was not per-
formed because the soil sampling was done only by drilling, which usu-
ally does not yield samples suitable for reliable '*C dating because of
interlayer contamination. To obtain reliable and representative '*C
ages of soil organic matter for sampling sites 1, 4 and 6, we selected
the locations for the trenches considering tops of small slopes and
similarities with respect to vegetation cover, soil lithology, grain size,
and degree of flooding. At site 5 (flooding zone) the trenching was
not done because of a very shallow water table at this location.
Instead, sampling was done here by drilling and looking for buried
plant fragments (pretreated dry mass >1.0 g) that were considered
more suitable for radiocarbon dating than soil organic matter at this
waterlogged location.

4. Results and discussion
4.1. Radiocarbon dating

Radiocarbon dates obtained from each sampling point and their
respective depths are presented in Table 2. The TU-F samples from the
rainforest on the western side that also representative for the PC-F
samples (site 1), yield dates from ~7859 cal yr B.P. at 160-150 cm
to ~3326 cal yr B.P. (70-60 cm). Approximately the same ages are
found for the layers 250-240 cm (~7722 cal yr B.P.) and 160-150 cm
(~7859 cal yr B.P.). These similar dating results from 250 to 150 cm
soil depths probably reflect bioturbation caused by soil fauna (Boulet
et al., 1995; Gouveia and Pessenda, 2000) and the small mass and car-
bon content of the collected sample. Several cases in our studies
(Pessenda et al., 1996a,b, 1998b) show that very small samples can con-
tain a high concentration of young or old contaminants coming from
shallow or deeper soil horizons, even after the physical and chemical
pretreatments. These analytical procedures remove only the adsorbed
contaminants, whereas materials absorbed in the past during the
sample deposition can remain in the residual organic matter (humin
fraction) and contribute significantly to the final (younger/older) arti-
factual age.

Age inversions were observed for the MOC-F samples that are also
representative for the MOC-TF samples from the paleochannel out-
side of the flooded zone. The humin fraction at 300-290 cm soil
depth yields an age of ~19,189 cal yr B.P., whereas two plant frag-
ments collected at 310-300 cm and 250-240 cm are dated at
~9640 cal yr. B.P. and ~8910 cal yr B.P., respectively. Despite the mass
of at least ~1 g of these plant fragments, the inversions may result
from transport by soil water percolation, water table dynamics, and
bioturbation processes that contribute to the burial of wood and
charcoal fragments and for distinct soil formation rates (Boulet et al.,
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Table 2

95

Radiocarbon dating reported as 'C yr (1 ©) B.P., normalized to calibrated years as cal yr (2 o) B.P. (Reimer et al., 2009) and mean calibrated age (cal yr B.P.) of humin fraction and vegetal

fragment samples.

Sample Depth Laboratory number Material Age Age Mean calibrated age
(m) (**CyrBP.) (cal yr BP,20) (cal yr BP.),
Site 1 TU-F 70-60 Erl® 10804 Vegetal fragment 3117 4+ 34 3271-3382 ~3326
TU-F 100-90 TOP 13480 Humin 4390 + 80 4839-5287 ~5063
TU-F 160-150 TO" 13481 Humin 7000 + 80 7755-7963 ~7859
TU-F 250-240 TO" 13482 Humin 6850 4 100 7515-7929 ~7722
Site 4 MOC-F 100-90 Erl® 10796 Humin 8464 4 38 9438-9531 ~9438
MOC-F 200-190 Erl® 10797 Humin 10,387 + 38 12,087-12,410 ~12,248
MOC-F 250-240 Erl* 10798 Vegetal fragment 8048 + 36 8774-9029 ~8901
MOC-F 300-290 Erl* 10799 Humin 16,118 4+ 60 18,941-19,438 ~19,189
MOC-F 310-300 Erl® 10800 Vegetal fragment 8685 + 39 9544-9737 ~9640
Site 5 C-BAT 180-170 Erl® 10801 Vegetal fragment 4918 + 30 5594-5714 ~5654
C-BAT 250-240 Erl® 10802 Vegetal fragment 4930 + 36 5596-5727 ~5661
C-BAT 380-370 Erl® 10803 Vegetal fragment 5702 £ 37 6406-6628 ~6517
Site 6 C-AF 100-90 TO® 13477 Humin 2810 + 60 2771-3078 ~2925
C-AF 200-190 TO" 13478 Humin 5730 + 80 6320-6718 ~6519
CA-F 320-310 TOP 13479 Humin 6330 + 110 6965-7437 ~7201

¢ AMS-Labor Erlangen (Germany).
b Isotrace Laboratory, Toronto (Canada).

1995; Gouveia and Pessenda, 2000). Furthermore, for all study areas, a
probable influence of tectonic events in the soil accommodation and
in the organic matter dynamics cannot be ignored. For the CA-F samples
and also representative for the CA-IM samples in the paleochannels
inside of the flooded zone dates range from ~7210 cal yr B.P. (320-
310 cm) to ~2925 cal yr B.P. at 100-90 cm. The contrast in the oldest
ages observed for the MOC-F samples and the CA-F samples is probably
associated with the organic matter dynamics of the non-flooded setting,
where the soil formation process has a low rate of ~0.016 cm/year, and
the flooded system, where the soil formation/sedimentation rate is
~0.032 cm/year.

The radiocarbon dating for the C-BAT samples from the open savan-
na in the flooded zone, which is also representative for the MOC-C,
MOC-TC, C-CAT, C-CRUZ and CA-C samples, show dates that varied
from ~6517 cal yr B.P. (380-370 cm), ~5661 cal yr B.P. at 250-240 cm
and ~5654 cal yr B.P. at 180-170 cm.
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4.2. Grain size analyses

Comparison of the grain size analysis results of the paleochannel
and floodplain locations reveals important differences between their
soil formation and sedimentation processes (Fig. 3). Cores from
paleochannels (MOC-F, MOC-TF) display sand successions that grade
upward into sandy silt from the base until ~150 cm (~19,200 cal yr B.P.
to ~10,000 cal yr B.P.), and then have silt and mud alternations record-
ing typical channel filling from 150 c¢m to full abandonment in the
shallow layer (~10,000 cal yr B.P. to modern). Floodplain locations
(C-CAT, C-CRUZ) show silt and clay predominance through the whole
core (~40 and 60%, respectively).

Paleochannel locations MOC-TF and MOC-F are close to each other
and have similar textures. In their sedimentary basal package recording
the paleochannel development, sand content decreases, from ~60% until
~20% from 90 cm to the top layer, whereas the silt and clay increases
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Fig. 3. Diagram indicating the relation between sand, silt and clay percentages along the collected core and comparison of paleochannel (MOC-F, MOC-TF and MOC-TC, at site 4) and
flooding zone areas (C-CAT and C-CRUZ, at site 5), with respective radiocarbon ages (from MOC-F and C-BAT).


image of Fig.�3

96 M. Francisquini et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 415 (2014) 91-104

(~40 and 20%, respectively ). MOC-F is comprised essentially of clayey silt
material from 100 cm to the top layer. The complete channel abandon-
ment that was followed by sedimentary infilling allowed the surface to
be occupied first by grasslands and later by trees. Rossetti et al. (2010)
emphasized that slightly higher topographies are responsible for
protecting these areas from the effects of flooding and allowing develop-
ment of rainforests.

4.3. Floristic and isotopic analyses of vegetation

Floristic characterization at the fourteen sampling locations identified
a total of 650 species. Relative species richness was recorded for the
rainforest on the post-Barreiras Formation, rainforest on paleochannel,
open savanna, and wooded savanna. Species from each sampling site
are organized according to their representativeness, habitat types
(arboreal, shrubby, palms, herbs, and liana), and their respective carbon
isotopic values in Figs. 4 to 7.

In the rainforest on the post-Barreiras Formation terrain, plants of
site 1 (PC-F and TU-F), have low §'3C values (Fig. 4), ranging between
— 37.8%o (Ischnosiphon gracilis) (Maranthaceae) and — 28.9%. (Clidemia
hirta) (Melastomataceae). High arboreal density occurs at this sampling
point, and the most representative tree species are Miconia pyrifolia
(813C —34.5%,) (Melastomataceae) and Poraqueiba guianensis (6'>C
—34.0%0) (Icacinaceae). C3 herb species such as Clidemia dentata
(8'3C —33.7%.) (Melastomataceae), Olyra latifolia (5'3C —34.5%o)
(Poaceae), Selaginella sp. (6'°C —33.2%) (Selaginellaceae) and
Ischnosiphon gracilis (Maranthaceae) (8'>C —37.8%.) are also highly
representative. The shallow (0-10 cm layer) soil isotopic 8'>C values
of —28.9%. to PC-F and — 28.6%. to TU-F indicate rainforest biomass
contributions of 100% Cs plants to soil organic matter.

Plants at TG, site 2, and C-CAM, site 3, (Fig. 5) include arboreal
species typical of central-eastern Brazilian wooded savanna, such
as Tabebuia serratifolia (8'>C —27.3%.) (Bignoneaceae), Curatella
americana (5'3C —28.9%.) (Dilleniaceae) and Pouteria ramiflora (6'>C
—28.9%0) (Sapotaceae), and of north and northeastern Brazilian savan-
na, such as Byrsonima crassifolia (6'>C —27.8%.) (Malpighiaceae) and
Anacardium microcarpum (8'3C — 28.9%.) (Anacardiaceae). Also present
are the C, Poaceae species Axonopus purpusii (6'°C —11.8%.),
Andropogon selloanus (8'>C —11.8%.), and Paspalum pulchellum (8'3C
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—12.4%.). 8'3C values of the total plant assemblage range from
—11.1%. (Vigna longifélia) (Fabaceae) to —33.0%. (Myrcia ciiprea)
(Myrtaceae). The shallow soil isotopic values of —18.3%. at C-CAM
and — 17.3%. at TG indicate a larger biomass contribution from C4 plants
than from Cs plants at these wooded savanna sites (~63% C4 at C-CAM
and 69% C4 at TG) than at the rainforest site.

Compositions of vegetation at the paleochannel locations MOC-F,
MOC-TF (site 4), CA-IM, and C-AF (site 6) are quite similar to that of
the rainforest from site 1 (PC-F, TU-F) in both floristic and isotopic
values (Fig. 6). Arboreal species that are present at both sites are
Euterpe oleraceae (6'>C —32.6%.) (commonly known as Acai palm),
Inga grandiflora (6'C —31.4%.) (Fabaceae), and Symphonia globulifera
(8'C —31.0%.) (Clusiaceae). Other species, such as Gustavia augusta
(8'3C —33.8%.) (Lecythidaceae), Simaba multiflora (8'C —29.9%.)
(Simaroubaceae), Licania apetala (8'>C —31.9%.) (Chrysobalanaceae),
and Inga nobilis (6'3C — 30.8%.) (Fabaceae), are common to all sampling
points on the paleochannel. No visible evidence of C4 plants is observed,
and all herbs are C5 plants, such as Panicum laxum (8'3C —27.7%o)
(Poaceae) at CA-IM and MOC-TC, Olyra longifolia (8'>C —32.5%.)
(Poaceae) at CA-F and Cyperus surinamensis (63C — 34.2%.)
(Cyperaceae) at MOC-F. The isotopic values of the shallow soil layer
are —28.1%. at MOC-F, —24.6%. at MOC-TF, —26.7%. at CA-IM, and
—26.6%. at CA-F, suggesting the overall predominance of Cs plant con-
tributions to the soil organic matter, ranging from 100% at MOC-F to 93%
at MOC-TF, 98% at CA-IM, and 97% at CA-F.

At site 4 (MOC-C, MOC-TC), an open savanna vegetation in con-
tact with the flooding zone, C; grasses are widely represented (Fig. 7),
although C, grasses like Paspalum orbiculatum (—12.0%) and a
Crassulaceous acid metabolism (CAM) species such as Guzmania
lingulata (—15.9%.) (Bromeliaceae) are present. Although few in spe-
cies, C4 plants seem to have a relatively large total biomass; the shallow
soil carbon isotope values are —21.7%, to MOC-C and — 23.9%. to
MOC-TC, suggesting C,4 plant organic matter contributions of ~38% at
MOC-C and 22% at MOC-TC. At C-BAT, C-CAT and C-CRUZ (Site 5),
open savanna vegetation near Arari lake (a flooding area), C; grasses
and shrubs such as Ipomoea carnea (6'>C —26.6%.) (Convovulaceae)
and Mimosa dormiens (6'3C —29.8%.) (Fabaceae mimosoidae) are
dominant, which is probably associated with the moistness of the area
that favors establishment of C3 herbs/grasses. Herbs such as Ipomoea
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Fig. 4. Plants and their respective isotopic values (5'>C) of forest on post-Barreiras Formation site 1 (TU-F and PC-F) grouped by their representativeness and vegetation habit (tree, shrub,

liana and herbs).
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Fig. 5. Plants and their respective isotopic values (5'C) of wooded savanna site 2 (TG) and site 3 (C-CAM) grouped by their representativeness and vegetation habit (tree, shrub, liana and

herbs).

asarifolia (6'>C — 28.9%.) are abundant at the C-BAT and C-CAT locations.
In addition, C4 Cyperaceae such as Fimbristylis sp. (6°C —12.4%.),
Bulbostylis truncata (8'3C —12.0%.) and C4 Poaceae such as Paspalum
orbiculatum (6'3C —12.0%.), Pasparum riparium (6'>C —12.1%.) and
Axonopus purpusii (6'3C — 14.5%.) are also common and are probably
associated with the dry season that is favorable for C4 plant develop-
ment. The carbon isotopic values of the shallow soil layer vary fairly nar-
rowly from —19.1%, at C-CAT, to —20.3%. at C-CRUZ, and finally
—22.2%. at C-BAT, with C4 biomass contributions of ~57%, 47% and
34%, respectively. Although CA-C (Site 6) has only a few C4 Poaceae spe-
cies, such as Axonopus purpusii and Paspalum pulchellum (5'>C — 12.4%.),
the shallow soil isotopic value of —18.7%. is indicative of ~60% C,4 bio-
mass contribution to the soil organic matter.

4.4. Stable carbon isotopes (8>C) of soil organic matter depth profiles

For interpretation of the soil organic matter 8'3C profiles, it was
assumed that variations smaller than 3.0%. are associated with isotopic
fractionation occurring during organic matter decomposition and with
variations in the carbon isotope composition of atmospheric CO,
(Boutton, 1996). Thus, variations of at least 3.0%. likely resulted from
changes in the local plant community (Boutton, 1996; Desjardins et al.,
1996; Pessenda et al., 1996a,b, 1998a,b; Freitas et al., 2001; Pessenda
et al,, 2001; Gouveia et al., 2002; Pessenda et al., 2004, 2005, 2010).

The organic matter '3C values from each site, as well as the respec-
tive calibrated ages with soil depth, are shown in Fig. 8. Samples from
the rainforest location TU-F of site 1 exhibit 6'>C values varying between
—27.9%0 and —27.1%. (mean of —27.5%.) from 250 to 170 cm
(~7859 cal yr B.P.), which are values that also characterize the modern
forest vegetation cover. A slight 6'3C increase from ~—26.8%. to
~—25.9%, (mean of —26.2%.) occurs between 170 and 60 cm, an inter-
val that corresponds to ~7859 cal yr B.P. to ~3800 cal yr B.P., and is
followed by decreases to —27.2%. (50 cm) and — 28.6%. (0 cm) that
respectively correspond to ~3800 cal yr B.P. and the present. A similar
pattern of variations was found at PC-F, also of site 1. From 390 to
180 cm, 6'3C varies from —27.2%. to —26.1%. (mean of — 26.7%.).

Between 180 and 70 cm, values vary from —27.5%. to —24.4%. (mean
of —26.3%.), and from 70 cm to 0 cm, 6'3C is —27.5%. (at 60-50 cm)
and —29.0%. at (10-0 cm) (mean of —27.7%.). 6'2C values in both
records from rainforest site 1 are indicative of C3 plant organic
matter and do not indicate significant vegetation changes since at
least ~7859 cal yr B.P. (Fig. 8A).

At sites 2 (TG) and 3 (C-CAM), the respective 6'C values of
~—17.2%0 and of ~— 18.2%. in their shallow soil layers reflect the mod-
ern vegetation cover that contains a mixture of Cs and C,4 plants. The
result indicates C4 plant biomass dominance of ~70% at the TG site
and of ~63% at C-CAM. In order to verify the 1*C dating of soil organic
matter for these two sites, we refer to the results of more than 20 'C
humin datings obtained in similar soils and depths at other sites in
Brazil (Pessenda et al., 1998b; Freitas et al., 2001; Pessenda et al.,
2001). For instance, the '“C soil data base suggests ~16,000 cal yr B.P.
at ~270 cm soil depth, ~9000 cal yr B.P. at ~180 cm soil depth, and
~3000 cal yr B.P. at ~50-40 cm. For the deeper soil layer, the 5'3C
value of ~ — 26.0%. suggests the dominance of C5 plants, probably mostly
comprised of trees. After that, a 6'>C increase to — 16%o. occurs from
~180 cm (~9000 cal yr B.P.) to ~30 cm (~3000 cal yr B.P.), followed by
a small decrease to ~—17.2%. in the shallow soil layer (30-0 cm), indi-
cating the opening of vegetation probably associated with a drier or less
humid period than the previous one. A similar pattern was observed at
C-CAM, where the §'3C increase occurs from ~—21.0%. at ~140 cm,
where it is interrupted by the concretionary lateritic level, to ~—18.0%o
in the shallow soil layer (Fig. 8B).

Comparison of the 6'3C values of soil samples in relation to depth
and depositional ages in the paleochannel at locations MOC-F and
MOC-TF of site 4 outside the flooded zone and CA-IM, CA-F of site 6
inside the flooded zone shows that they have similar 6'C patterns of
change (Fig. 8C). The '“C dating indicates that since ~22,000 cal yr B.P.
(350-340 cm) and ~9150 cal yr B.P. (150-140 cm) at MOC-F and
~7800 (350-140 cm) and ~6500 cal yr B.P. (150-140 cm) at CA-F, the
mean carbon isotopic values of —24.8%. (MOC-TF), —26.2%. (MOC-F
and CA-F), and —26.6%. (CA-IM) indicate dominance of Cs plants, prob-
ably associated with the existence of active paleochannels. A general
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Fig. 6. Plants and their respective isotopic values (6'3C) of forest on paleochannel site 4 (MOC-F and MOC-TF), site 6 (CA-IM and CA-F) grouped by their representativeness and vegetation
habit (tree, shrub, liana and herbs).

trend towards larger 6'3C values of —18.5%. at MOC-TF (70-60 cm)
occurred from ~9150 (150-140 c¢cm) to ~2450 cal yr B.P. (50-40 cm)
at MOC-F and — 18.8%. at CA-F (60-50 cm) from ~6500 cal yr B.P.

to ~2000 cal yr B.P,, indicating the sequence of the filling of paleochannels
and the establishment of a vegetation cover that was constituted of
a mixture of C3 and Cy4 plants. From ~2450 cal yr B.P. at MOC-F and
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