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ABSTRACT. This study, which was carried out in the southern Brazilian Amazon region (Rond6nia state and Humait,
Southern Amazon state), presents and discusses the significance of carbon isotope data measured in soil profiles collected
across natural boundaries of forest to savanna vegetation. The main objective of this study was to evaluate the expansion-
regression dynamics of these vegetation units in relation to climate changes during the Holocene. 14C data from charcoal, soil
organic matter (SOM) and its component humin fraction indicate that the organic matter in the studied soils is essentially
Holocene in origin. 13C data indicate that C, type plants were the dominant vegetation at all study areas in the early Holocene,
and during the entire Holocene, in the forest sites of Central Rondénia state and in the forest site 50 km from the city of
Humaité. 13C data also indicate that C, plants have influenced significantly the vegetation at the transitional forest and the
Cerrado (wooded savanna) sites of Southern Rondénia state and the forest ecosystem located 20 km from the Humaits city.
These typical C4 type isotopic signatures probably reflect a drier climate during the mid-Holocene. The 13C records repre-
senting probably the last 3000 yr show an expansion of the forest, due to a climatic improvement, in areas previously occupied
by savanna vegetation. These results and other published data for the Amazon region indicate that the areas representing
today’s forest-savanna boundaries have been determined by significant vegetation changes during the Holocene. The bound-
ary between forest and savanna vegetation seems to be quite sensitive to climatic change and should be the focus of more
extensive research to correlate climate and past vegetation dynamics in the Amazon region.

INTRODUCTION

Traditionally, the Amazon region has been regarded as an environmentally stable ecosystem through
out most of the Quaternary (Schwabe 1969; Richards 1973). However, more recent evidence indi-
cates that this region was affected by several dry episodes during the late Pleistocene (Van der Ham-
men 1972, 1974; Absy and Van der Hammen 1976; Absy et al. 1991; Sifeddine 1994) and in the
Holocene (Absy 1980; Liu and Colinvaux 1988; Absy et al. 1991; Desjardins et al. 1996; Sanaiotti
1996; Pessenda et al. 1997a,b). These studies suggest that a significant and dynamic process of
expansion-regression occurred between the tropical forest and savanna vegetation, with vegetation
changes controlled primarily by paleoclimatic variations (Liu and Colinvaux 1988; Absy et al.
1991). The refuge theory in explanation of the high degree of biodiversity in tropical South America
suggests that the modern situation resulted from differential species evolution in forest patches.
These were isolated when continuous forest was replaced partially with savanna during dry periods
of the Pleistocene and Holocene (Haffer 1969; Vanzolini 1970; Prance 1973). Consequently, the
most likely hypothesis for the origin and the present distribution of the forest-savanna boundary, also
called forest-savanna mosaic, in the Amazon region is paleoclimatic change (Desjardins et al. 1996).

One approach to study vegetation changes in the past is to evaluate the carbon isotopic composition
(2C, 13C and “C) of soil organic matter (SOM). The stable carbon composition of SOM contains
information regarding the occurrence of C; (forest) and/or C4 (grasses) plant species in past plant
communities, and their relative contribution to the net primary productivity by the plant community
(Throughton, Stout and Rafter 1974; Stout, Rafter and Throughton 1975). 8!3C values of C; plant
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species range from ca. =32%o to —20%o, with a mean of -27%o, whereas 813C values of C, species
range from —17%o to 9% , with a mean of —13%o. Thus, C; and C, plants have distinct 813C values
and differ from each other by ca. 14%o (Boutton 1991).

As a naturally occurring radioisotope, 14C has been used in the Amazon region as a useful tracer tool
for the study of carbon dynamics in tropical soils and carbon cycling in forests and pastures (Trum-
bore 1993; Trumbore et al. 1995) and to provide information about soil chronology in paleoenviron-
mental studies in distinct regions of Brazil (Valencia 1993; Gomes 1995; Gouveia 1996; Pessenda
et al. 1996b, 1997, 1998; Sanaiotti 1996). 14C dating of charcoal present in soils has also been used
in the Amazon region for chronological purposes (Soubies 1980; Saldarriaga and West 1986; Des-
jardins et al. 1996). The presence of charcoal has been linked to the occurrence of dry phases in the
eastern Amazonia (Absy 1982; Absy et al. 1991; Van der Hammen 1982).

This paper is focuses on the applications of 4C dating of SOM, humin fraction and charcoal samples
collected in soils representative of forest-savanna boundary areas, located in the Southern Amazon
region. This analysis is complemented by !3C data from SOM that provide information about vege-
tation changes in the study region during the Holocene.

METHODS
Study Sites

The study sites are located in two regions: in the Ronddnia state, northwestern part of Brazil, and
Humait4, southern part of Amazon state (Fig. 1). The four sampling sites in the Rond6nia region are
located close to the cities of Vilhena (12°42'S, 66°07'W), representing Cerrado vegetation, a wooded
savanna (Ledru 1993), Pimenta Bueno a site supporting vegetation transitional between cerrado and
natural forest (11°49'S, 61°10'W) and natural forest (11°46'S, 61°15'W), and Ariquemes (10°10'S,
62°49'W), under natural forest vegetation. The soil types from the study sites are given in Table 1.
The distance between Vilhena and Pimenta Bueno is ca. 200 km and from Pimenta Bueno to
Ariquemes ca. 400 km. In Pimenta Bueno, the distance between the forest transition and natural for-
est sites is ca. 40 km. The sampling sites in Humait4 (7°31'S, 63°2'W) region are located along the
road BR 319, and form a transect ecotone including three distinct vegetation communities: a savanna
(Campos de Humait4), a savanna-forest transition (Campos de Humaiti-terra firme forest) and for-
est. Two sampling points are under savanna vegetation (those located at 5 and 17 km from Humait),
one at 18 km from the city and supporting savanna-forest transition and two under forest vegetation
at 20 km and 50 km distance. The soil types from the study sites are given in Table 1.

Sampling and Analytical Aspects

Soil samples were collected from excavations located in areas under distinct vegetation communi-
ties. Soil sampling involved the collection up to 10 kg of material at 10-cm intervals to a maximum
depth of 200 cm. Samples were dried at 60°C to constant weight and root and plant remains were
discarded by hand-picking. Any remaining plant debris was removed by flotation in HC1 0.01M, the
soil was then redried to constant weight and sieved. The prepared soil fraction <0.200 mm (total
soil) and the humin fraction were used for 13C and C analyses. Charcoal samples were also col-
lected whenever available for carbon isotope analysis. A detailed description of the chemical treat-
ment for soil and charcoal samples is given in Pessenda et al. (1996a,b).

The grain size analyses were carried out at the Soil Science Department of the Escola Superior de
Agricultura “Luiz de Queiros”. The “C analyses of SOM and some humin and charcoal samples
were carried out at the Radiocarbon Laboratory, Centro de Energia Nuclear na Agricultura (CENA),
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following the standard procedure for liquid scintillation counting (Pessenda and Camargo 1991).
The measurement of 14C in small humin fraction and charcoal samples was carried out using the
AMS technique at the Isotrace laboratory of the University of Toronto. 13C analysis and the deter-
mination of carbon contents in soil samples were carried out at the Environmental Isotopes Labora-
tory, University of Waterloo, Ontario, Canada. 1C data are reported as percent modern carbon
(pPMC) and as conventional 14C yr BP. The !3C data is expressed (in 3 notation) as per mil and rela-
tive to the PDB standard.
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Fig. 1. Location of study sites
RESULTS AND DISCUSSION
Soil Properties

The total organic carbon contents of Rondénia and Humait4 soils are presented in Table 2. In gen-
eral, the Humaiti soils record lower carbon contents than the Rondénia soils. The highest values
(between 2.0 and 3.5%) in both regions are observed in the shallow part of the soil. The profiles
show a decrease of carbon concentration with depth reaching values as low as 0.05% at the deepest
sampling interval. The profiles of carbon content observed at the study sites were similar to results
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obtained from most Amazonian oxisols (Volkoff and Cerri 1988; Desjardins et al. 1996). However,
throughout its depth profile the Cerrado soil (wooded savanna) has a higher carbon content than
recorded by forest soils, and this is not in agreement with previous published work. Sanches et al.
(1982) show that soils under tropical forest vegetation generally have higher C contents in their
uppermost layers than soils under tropical savanna vegetation; Desjardins ef al. (1996) obtained the
same general pattern for oxisols collected in Roraima, northern Brazilian Amazon region. In those
instances, the lower C content for the savanna soil was correlated with lower clay content and
smaller litter inputs. No relationship was observed between clay content and organic carbon in the
Rondénia and Humait4 soils (Gomes 1995; Gouveia 1996). The highest soil clay content (54—78%)
was found in the forest transition site at Pimenta Bueno, that presented lower C concentration than
the Cerrado site (soil clay content of 36-57%) at Rondénia. Furthermore, the lowest total C content
for the four soil profiles of the Ronddnia region was observed in the forest soil at Ariquemes (Table
2). It is possible that higher carbon contents measured in the Cerrado soil profile at Ronddnia region
could be due to the presence of charcoal fragments that were observed in this profile. In the Humait4
region, the shallow layers of the savanna soils record carbon contents that are similar or slightly
higher than those of forest soils (Table 2). However, this is probably due to peat formation, since
each site is located in a depression that is completely flooded during at least six months in the year.
Clay contents for the Humaiti soils tend to be quite similar (26-50%) but with the exception of the
savanna site 17 km from Humaité that shows values of up to 64% (Gouveia 1996).

Radiocarbon Dates

The !4C data from the Ronddnia and Humait4 sites are given in Tables 3 and 4. The measurements
from Rond6nia are derived from the total SOM and some charcoal samples. In the case of the
Humaité soils, SOM and/or the humin fraction were dated. These data show clearly the influence of
bomb !4C penetration in the first 20 cm at least in both regions. The age profiles from the SOM at
the Ronddnia sites range between 1590 and 3020 yr BP for the 90-100-cm interval, increasing to val-
ues of 3310 and 3550 yr BP at the deepest (190200 cm) sampling interval. It seems that transloca-
tion of recent (post-bomb) carbon down the soil profile is most pronounced at the forest site in
Pimenta Bueno, which also shows the youngest age for the 90-100-cm depth interval.

The charcoal data reveal significantly higher ages when compared to the stratigraphically identical
SOM samples. At the forest site in Pimenta Bueno, charcoal gives a date of 2050 yr BP at a depth of
55 cm compared to an age of only 1590 yr BP for the SOM in the 90-100 cm interval. An age differ-
ence of almost 3000 yr BP is observed between charcoal and SOM collected at 90-100 cm depth in
the Cerrado profile. The largest age difference is observed in the forest transition between charcoal
(7000 BP, 155 cm) and the SOM (3310 and 3550 BP, 190-200 cm) at the forest site in Pimenta Bueno
and Cerrado, respectively. The 14C data clearly document the effect of translocation of shallow, more
recent carbon down the soil profile, which is reflected on the SOM dates. The trend of 4C age
increase with soil depth and the occurrence of charcoal 14C ages that are significantly older than
those recorded by the soil total soil fraction have been reported from other sites and soils in Brazil
(Valencia 1993; Gomes 1995; Gouveia 1996; Pessenda et al. 1996a,b).

The Humaitd SOM records much older dates than that in the Rond6nia soils (Tables 3 and 4). For
example, the deepest samples collected from the Rondénia region ca. 3,550 yr BP compared with a
range of 6530-10,860 yr BP at similar depth in the Humait4 soils. Furthermore, it would appear that
the savanna soils have preserved carbon that is much older than the forest soils at Humait4. The pres-
ervation of older carbon in soils has been correlated to its clay content and the rates of organic matter
decomposition (Scharpenseel and Becker-Heidmann 1989). However, no clear differences are
observed in the clay content between savanna and forest soils at our study sites (Gomes 1995; Gou-
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TABLE 3. 4C Dating of Total Soil and Charcoal Samples from Rondénia Sites in Relation to
Soil Depth

Sample Forest-Ariquemes Forest-P. Bueno
Horizon “c 813C He 313C
(cm) pMC BP (%0) pMC BP (%0) 14C (BP)
0-5 125.0+0.9 Modern -29.5 | 113.9x0.8 Modem -28.9 -
1520 108408 Modern -28.2 | 108.4x0.8 Modemn -28.1 -
20-30 96.9 £0.7 250+ 60 -27.7 | 108.5+0.8 Modem -217.7 540 + 100t
3040 --* - -26.9 - - -27.4 -
40-50 - - -26.3 - - -28.2 -
70-80 - - -26.4 - - - -
90-100 73.6+06 246070 -269 | 821x0.7 1590 + 70 -250 5930 = 130f
155¢ - - - - - - -
160-170 66.6%0.7 3270x90 -26.3 - - - -
190-200 - - - 66.2+0.6 3310+ 80 -24.1 -
Sample Forest Transition Cerrado
Horizon “c d13C He d13C
(cm) pMC BP (%0) pMC BP (%)
0-5 123.0+0.8 Modern -28.1 | 130509 Modern -21.1
1520 108.5%x0.9 Modern -24.5 | 1244%0.9 Modemn -15.0
20-30 98.1+0.7 160 x60 =206 | 93507 530 £ 65 -14.8
3040 > - -19.1 - - -14.2
40-50 - - -18.8 - - -144
70-80 782+0.6 197060 -- - -- -15.9
90-100 73.8+0.6 2440x70 -21.7 68.6 £ 0.6 3020+ 70 -18.6
155+% 38.3+0.7 7000 *130* - - - -
160-170 - - =279 - -- -19.6
190-200 - -- -30.6 643+05 3550+ 70 -18.3

*Samples not analyzed

veia 1996). It is possible that highest litter inputs (younger material) in the forested soils, as a con-
sequence of its highest biomass, and the decomposition of recent materials as tree roots at the deep-
est part of the profiles, in comparison with the savanna vegetation, can explain the youngest dates
observed in the forest soils.

The ages of the humin fraction samples are much older than those of the corresponding SOM in the
Humait4 soils, with an difference up to 2000 yr BP. These data indicate the presence of carbon that
was deposited during late Glacial and early Holocene time. 14C dates covering the Holocene have
also been obtained from charcoal and humin samples taken from soil profiles representing surface
to 200-cm depth, at distinct sites and soils in Brazil and including one site in the northern part of the
Amazon region (Valencia 1993; Pessenda et al. 1996a,b).

13C Results and Paleoclimatic Interpretation

This section presents a short discussion of the 13C data presented in Tables 3 and 4. A detailed inter-
pretation of the 13C profiles is reported elsewhere (Pessenda et al. 1997, 1998). The 313C at the for-
est sites in both study regions ranges from —29.5%o and ~27%o for the shallow soil horizon to -
26.3%o0 and —24%o in the deeper (160-200 cm) part of the soil profile. This isotopic enrichment pat-
tern is probably due to the progressive decomposition of soil organic matter (Nadelhoffer and Fry
1988; Becker-Heidmann and Scharpenseel 1992) and these isotopic signatures are typical for soil
organic matter generated by C; vegetation type (Cerri et al. 1985; Boutton 1991; Desjardins et al.
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TABLE 4. Radiocarbon Dating of Total Soil (SOM) and Humin Samples from Humait Sites
in Relation to Soil Depth

Samples Total soil Humin
Horizon (cm) pMC Age (BP) 313C (%) pMC Age (BP)
Forest (50 km*)
10-20 111.1+£09 Modern -294 - -
20-30 95.6 0.7 360 + 60.0 -27.9 - -
90-100 553+05 4760 * 70.0 -273 - -
190-200 453 +04 6530 + 80 -24.8 - -
Forest (20 km*)

0-10 109.6 + 0.8 Modern -26.7 -- --
20-30 102.1+1.0 Modern -22.0 - -
90-100 74.6 £ 0.6 2360 + 60 -20.7 53.4+35 5040 =530

180-190 46.6 0.5 6130 + 90 -24.0 362+19 8170 £430
Forest Transition (18 km*)

0-10 113.9+0.1 Modern -18.4 - -
20-30 96.3 £0.7 310+ 60 -16.1 -- -
90-100 641+1.1 3570 £130 -21.4 47615 5960260

180-190 -t - -24.5 39.6 +0.4 7380 £ 70
Savanna (17 km*)

0-10 1158 £ 0.9 Modern -15.0 - -
20-30 923 +0.7 640 + 60 -14.7 - --
90-100 - - -19.9 500+15 5570 +240

140-150 - - -26.4 26104 10,790 =80
180-190 - - =225 222+03 12,080 +90
Savanna (5 km*)

0-10 107.5+0.8 Modem -15.5 - -
20-30 91.9 £0.7 680 + 60 -13.7 - -
90-100 449 0.6 6440 + 110 -20.0 - -

190-200 262+04 10860 =90 -24.7 - -

*Distance from the city of Humaitéd
+Samples not analyzed

1991; Pessenda et al. 1996b). These results indicate that during the time represented by this record,
the C; type vegetation has been predominant in the regions of forest vegetation in Pimenta Bueno
and Ariquemes, Ronddnia, and at the forest sites in the Humait4 region.

The 83C values for the soil representing the savanna sites in the Humait4 region show substantially
enriched (less negative) 813C values, when compared with the forest sites. This difference reflects
the influence of C, plants in these ecosystems. The shallow soil horizons range between —15%o0 and
—21%o. It is worthy of note that significantly more depleted 8!3C values (-22 and —26.4%o) are
observed in the deepest part of the soil profiles from the savanna sites, compared to the shallow hori-
zons. They are similar to corresponding depth intervals at the forest sites. If the 14C data obtained for
the savanna profiles is considered representative of the SOM chronology, then it can be postulated
that during the late Pleistocene (ca. 12,000 yr BP) and early Holocene (ca. 10,000 yr BP) forest veg-
etation covered the study area. With the exception of the Cerrado site, the Rondénia data show the
same pattern. These results are in agreement with other studies that document the occurrence of a
fully developed tropical forest in the southern zone of South America, between 10,000 and 9500 yr
BP and 8000 yr BP (Absy et al. 1991; Van der Hammen 1991; Servant et al. 1993).
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Another significant feature of the 13C data is the relative 13C enrichment observed in the middle
part of the soil profile from the forest site 20 km from Humait4 and at the forest transition and Cer-
rado sites in the Ronddnia region. This suggests a major influence of C, plants during the time rep-
resented by this soil interval, although the pattern is not evident in the soil profile sampled from the
forest site 50 km from Humait4. 14C dating of the humin fractions in the 90-100 cm layers from the
forest and forest transition sites gives values ca. 50006000 yr BP, which corresponds to the mid-
Holocene. A charcoal date from the Rondénia Cerrado site also supports the presence of mid-
Holocene carbon in the middle part of that soil profiles. Palynological data indicate that several dry
periods occurred in the central Amazon area and in other regions of South America during the
Holocene (Absy 1982; Van der Hammen 1982; Absy et al. 1991). Therefore, the 1*C data recorded
in this study suggest a regression of some present-day forest areas and the predominance of
savanna vegetation associated with a dry phase during the mid-Holocene. In view of the 200 km
distance between the Cerrado and the forest transition site, it is obvious that these vegetation
changes affected large areas of the Amazon Basin. Similar 13C profiles have been reported in other
areas and as representative of the transition of forest to savanna (Desjardins et al. 1996; Sanaiotti
1996) suggesting regional-scale changes in vegetation communities in the Amazon Basin during
the Holocene.

CONCLUSION

The 14C data show that significantly older dates are obtained from the humin fraction and charcoal
samples in comparison with total SOM. It seems that the savanna soils have preserved older carbon
than the forest sites. Clay contents are not significantly different and therefore this pattern could be
related to a higher input of organic matter at the forest sites compared to the savanna sites. The soil
chronologies for the two study regions indicate that the soil profiles contain carbon deposited during
the late Glacial and early Holocene.

The 13C and 14C data obtained for soils sampled along the transects in the Ronddnia state and in the
Humait4 region show that significant vegetation changes occurred during the period represented by
the development of these profiles. During the early Holocene, forest vegetation covered the present-
day forest and forest transition sites and also areas in the Humait region that now support savanna
vegetation. No significant changes during the remaining portion of Holocene are evident from the
isotopic record at the forest sites in Rondénia and in the forest at 50 km from Humaita. On the other
hand, significant changes are observed during the mid-Holocene in forest transition and in Cerrado
ecosystem soil profiles, located in the southern part of Ronddnia state, and in the vegetation transect
forest-savanna including the forest site located 20 km from Humaiti city. These latter soil profiles
show the influence of C, plants, suggesting drier conditions compared with present day climatic
conditions in the Amazon region. The evidence is for a regression of the forest in the areas repre-
sented by these soil profiles. The more recent portion of the 13C records indicate expansion of the
forest into the forest transition in Ronddnia and in the Humait4 region. This study shows that there
was a vegetation change in the transition areas between forest and savanna vegetation located in the
southern part of the Brazilian Amazon region, more distinct in the central-southern part of Rondénia
state and the Humait4 region, southern part of the Amazonas state, probably related to the climate
changes during the mid-Holocene. These boundary areas seem to be particularly sensitive to cli-
matic change and should be the focus of more extensive research dealing with climate and past veg-
etation dynamics in the Amazon region.
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