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Abstract. This study was carried out in the Brazilian southern Amazon region (Rond6nia state and
HurnaitS, southern Amazon state). Carbon isotope data on soil organic matter have been collected
along an ecosystem transect of about 750 kmn that includes a savanna, a wooded savanna (cerrado), a
tropical semideciduous forest (cerraddo), a forest transition type and a tropical forest. The main
objective is to evaluate the expansion-regression dynamics of these vegetation units in relation to
climate changes during the Late Pleistocene (Late Glacial) and Holocene. Large ranges in 81

3C values
were observed in soil organic matter collected from profiles in the savanna (-27 to -4%o) and forest
regions (-26 to -1 9%o) reflecting changing distribution of 13 C-depleted C3 forest and 13C -enriched C4

savanna vegetation in response to climate change. 14C data of humin fraction and buried charcoal
indicate that the organic matter in these soils is at least 17,000 years BP at 300-cm depth. In this
period, the entire ecosystem transect are characterized by 6' 3C soil depth profiles, generated typically
by C3 plants (forest), inferring a humid climate in the southern Amazon region after the end of last
glaciation. 13C data also indicate that C4 plants (grasses) have influenced significantly the vegetation at
the transitional forest and the cerrado sites of southern Rond6nia state and two distinct points in the
forest ecosystem in the southern Amazon state. These typical C4 type isotopic signatures probably
reflect a drier climate during about 9000-8000 yr BP to 3000 yr BP and the savanna and wooded
savanna expansion in distinct points of the transect. The C records representing the 3000 yr show an
expansion of the forest, due to a clirnatic improvement, in areas previously occupied by savanna
vegetation. This study adds to the mounting evidence that extensive f'orested areas existed in the
Amazon during the last glacial and that savanna vegetation expanded in response to warm and dry
conditions during the early to middle Holocene.
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1. INTRODUCTION

The Amazon region is one of the key ecosystems that are being investigated as part of the
Global Change Research Program. Most of the research efforts have focused on the
understanding of the link between climate changes and past vegetation in the Amazon region
during the Quaternary [1, 2. Palaeoenvironmental studies done on peat, lake sediments and
soil organic matter [3, 41 associate with pollen records [5, 6] and paleofauna [71 shows several
periods of expansion/regression between forest and savanna vegetation during the late
Quatemnary.

It has been proposed that during cold and dry climatic periods, extensive humid forests
(natural refuges) probably existed in fairly large regions of the Amazonian lowlands, where
sufficient surface relief was present to create rainfall gradients [8, 9]. Open forests and gallery
forests probably existed in the regions between the postulated forest refugia, where variously
extensive wooded savannas may, at times, have dominated the landscape [9].

Stable carbon isotope composition of SOM (soil organic matter) profiles has been
instrumental in identifying the changing distribution Of C3 and C4 plant communities in the
Amazon Basin (i.e. forest vs. savanna vegetation, respectively) and elsewhere [ 10, 1 1. The
typical carbon isotope values Of C3 photosynthetic-pathway plants range from -2O%o to -35%o
whereas values Of C4 photosynthetic-pathway plants range from -9%o to -6%o. Thus, C3 and
C4 plant species have distinct, non-overlapping carbon isotope signatures [10].

This paper present data collected along a transect covering four different types of vegetation
communities, representative of the ecosystem's diversity that presently exists in the Amazon
region. These include a wooded savanna (Cerrado), a tropical sernideciduous forest
(Cerraddo), a forest transition type and a tropical forest. Recent carbon isotope studies on
SOM of several sites in the Amazon region [4, 5 suggest that vegetation communities in the
Cerrado and Cerrad~o ecosystems should be more sensitive to climate changes. This study is
part of a major research program carried out at the Center for Nuclear Energy in Agriculture
(CENA) whose aim is to evaluate vegetation dynamics during the last 20,000 years in Brazil
using carbon isotopes [ 12, 13, 14].

2. MATERIAL ANT) METHODS

2.1. Study sites

The study area is located in the Rond6nia state and in the Humaitsi region, southern Amazon
state (Fig. 1), northwestern part of Brazil The sampling sites in Rond6nia, a transect of about
500 km (Fig. 2), are located close to the city of Vilhiena (12042' S and 660071 W),
representative of the Cerrado, a wooded savanna. Grass species including Tystachia sp,
Panicum sp, Eleusine sp, Bulbostylis sp are interspersed with trees, mainly Curatella
americana, Miconia sp, and Cassia sp. The other sites are near Pimenta Bueno (transition
site) under vegetation of Cerrad~o (110491 and 61010? W), a transitional state between the
dense evergreen forest and the savanna denominated tropical semideciduous forest [15] and
natural forest (11046? and 61015? W), and in Ariquemes (10010? S and 62049? W) under
vegetation of natural forest (Fig. 1). Some of the dominant C3 plants in these forested sites are
Miconia sp, Piper sp, Cecronia sp, Protium sp, Andira sp, Inga sp and Euterpe precatoria.
The soils in Vilhena (Cerrado site) and in Pimenta Bueno (Cerrad~o and forest transition
sites) are Oxisols according with the Soil Taxonomy (USDA) classification. In Ariquemes is
an Ultisol. The distance between Vilhena and Pimenta Bueno is about 200 km and from
Pimenta Bueno to Ariquernes about 400 km. In the transition Cerrad~o-forest, the distance
between the study sites is about 40 km.
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In the HumraitSi region the eight sampling sites are located on a 250-km transect along BR 319
in sites of savanna and tropical forest vegetation (Fig. 3). The study transect is located
between the coordinates 8043' S/630 58' W (km 5) and 731 'S/630 02' W (km 250) where
natural forest/savanna vegetation boundaries are well defined. The savanna vegetation, called
"Campos de HurnaitW" [16], is composed mainly of grasses (Ei-yaintus sp, Panicum cf laxum
SWARTZ, Paspa/um cf multicaule POIR) and few short (< 8 m) trees (Miconia sp, Piper sp,
Byrsonima sp). This ecosystem changes in some places gradually and in others abruptly to a
Tropical Mesophitic opened-canopy forest (known as floresta de terra firme) with palms.
These forests surround the savannas whose areas range from about ten to a hundred square
kilomneters.

66' 60'

Brazil

FIG 1 Map of Brazil showing the study sites.
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FIG. 2. Variation of E5d3C of SOM with depth of the forest-savanna ecotone in Rond6nia state. The 4 C

datings were obtained from charcoal samples.
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Grain size analyzes were carried out at the Soil Science Department of the Escola Superior de
Agricultura Luiz de Queiroz", Piracicaba, Brazil. The results are expressed in percentage

Plants representative of the modem vegetation were also collected at each study site in an area
equivalent to 1000 in 2 . For 13C analysis, the leaves were washed, dried and grounded to <
0. 100 mm. The 13 analysis on soil and plants samples were carried out at the Environmental
Isotopes Laboratory, University of Waterloo using a Carlo Erba Analyzer attached to an
Optima mass spectrometer. Stable isotope results are expressed as 6'3C with respect to the
PDB standard using the conventional 6 (%o) notation:

813c %0) R sample -1x X1000
R , a. dard )

where, Rmple and %,n1 are the 3C/12C ratio of the sample and standard, respectively.

Analytical precision is ± 0.2%o.

3. RESULTS AND DISCUSSION

3.1. Soil properties

The grain size analysis indicated that clays comprise between 20 and 34% of the shallow soil
horizons and increase to 57% in the deeper part of the soils representative of the forest, forest-
transition and Cerrado. The site representative of the Cerrad~o show higher clay content,
ranging from 53% to 78% at the shallow and deeper part of the soil, respectively [12]. In the
HurnaitS region the analyses show that the clay content in the shallow parts of the soils are
lower (20-30%) than in the deeper strata (32-56%). No clear difference was observed between
the vegetation type and the soil clay content. The soils were classified as clayey or medium-
clayey [18].

The carbon contents show the typical soil profiles of decreasing carbon content with depth,
similar to results obtained from most Amazonian soils. In Rond6nia they range between 1.9 to
5% in the shallow soil horizons decreasing to a carbon content as low as 0.30% in the deeper
soil horizons [5]. Higher carbon content, between 5% at the surface and 0.8% in the deeper
part of the soil, is observed at the Cerrado site. This pattern may be related to the presence of
small charcoal remains observed along most of the soil profile at this site. In a forest-savanna
ecotone on medium-texture Oxisols in Roraima, northern part of the Amazon region, it was
found significant differences in the total C content between both vegetation types [3]. The
lower C content of savanna compared to the forest soil was related to its lower clay content
and smaller litter input. The carbon content data in soils of HurnaitAi region also show a
general decrease. Values range from 3.39% in the shallow part of the soil to 0.05% in the
deeper strata. Soils of three profiles under savanna (km 80, 82 and 154) contain notably high
carbon content in the upper 10 cm (2.5 to 3.9%), probably due to the transport of organic
material from forested sites that surround the savannas located in depressions. Below 30 cm,
similar carbon concentration was found both in savanna and forest profiles [ 18].
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3.2. Carbon isotope data

3.2. 1. Radiocarbon data

The radiocarbon data presented in Fig. 2 correspond to charcoal samples at the Cerrado and
the Cerrad~o sites and provide a reliable estimate of the time represented in the soil profiles.
These data show radiocarbon ages of 540 years and 5930 years at the sampling intervals 20-
30 m and 90-100 cm, respectively at the Cerrado site, and 2050 years and 7000 years was
obtained at 60 cm and 150 cm in the Cerrad~o soil. This suggests that the '3C record in the
200-cm soil profiles presented in this paper represent changes in the vegetation communities
perhaps as much as 8000 years. Soil age-depth profiles obtained on humin and charcoal
samples in other study sites in Brazil (including two sites in the Amazon Basin) yield an age
of about 9000 to 12,000 yr BP for the 200 cm soil horizon [12, 19], broadly consistent with
our estimates. The radiocarbon data for the humin fraction in the HurnaitS region (Fig. 3), also
indicate increasing age with depth. Similar soil age profiles have been reported in others parts
of the Amazon Basin and sites in Brazil [ 11, 20]. The radiocarbon data indicate that the soil
profiles represent at least the last 17,000 14C yr BP, approaching the last glacial maximum
(LGM). This is the longest 14 C record for soils reported in the Amazon Basin. Most of the
reported soil profiles span the last 10,000 4C yr [ 11, 20], although older records describing
vegetation changes during the last 40,000 14C yr in the Amazon Basin have been reported
from lake sediments [2. 21] and marine core [22].

3.2.2. 13 C Results

The 6' 3C values for SOM on the forest and forest transition regions in Rond6nia range from
-28.3%o to -25.1%o and -29.0%o to -24.1%o, respectively (FIG. 2). The 3 C enrichment with
depth is probably due to decomposition of SOM [23, 24] and is typical for soil organic matter
generated by C 3 vegetation type [25]. These results indicate that the C3 vegetation type has
been predominant in the regions represented by the forest transition site, Pimenta Bueno
(central-southern region of Rond6nia state) and the forest site, Ariquemes (northern region of
Rond6nia state), during the time represented by this record.

A wider range of 613C values between -3O%o and -4%o are observed at the soil sites
representative of Cerrad~o and Cerrado vegetation communities (FIG. 2). The 13C depth
profile for the Cerrad~o site show a 13C trend ranging from -30%o and -25%o in the deepest
part of the profile (150-200 cm), increasing to about -18.8%o between 30-90 cm and then
reversing towards more 3 C-depleted values (-27.5%o and -25.1%o) at the surface (0-20 cm).
This trend suggests a predominance f C3 vegetation in the lower part of the record that
should represent the early Holocene, changing to a vegetation community consisting
predominantly Of C4 plants, recorded in the interval between 120 and 30 cm (middle and late
Holocene), then returning to a predominance Of C3 plants in the interval 30 cm at the surface
(recent). Similar 613C profiles have been reported in Brazil [3, 4, implying a change from a
C3 to C4 to C3 vegetation type. A detailed study of the composition of modern vegetation at
the Cerrad~o site and 13 3C data show that about 96% of the identified vegetation are C3 plants
and one CAM (orchid) species [12].

The 61 3C record at the Cerrado site seems to show a similar pattern, but much more 1C
enriched values than at the Cerrad~o site (FIG. 2). The 13C values range from - 17.5 and to -
19.0%o. in the depth interval 90-200 cm, increasing to more positive values (-14.8 to -15.7%o)
at 10-80 cm and reversing toward more negative 613C values (-21l.7%o) at the surface layer (0-
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10 cm). This site clearly shows the influence Of C4 plants during most of the time represented
at this site. Palynological and paleolimnnological studies in central Brazil and eastern Amazon
have shown that savannas appeared with the development of a drier climate, beginning 8000
yr BP and reaching a maximum at 6000-5000 yr BP [2, 26]. The existence of charcoal
samples dated between 7000 and 6000 yr BP in the Cerrad~o and Cerrado soils, probably
derived from paleofires that occurred during the dry period, supports the interpretation that the
present savanna appeared during the mid-Holocene. A survey of modem vegetation and 13C
data indicated that about 80% of the identified vegetation of the Cerrado communities are C3
plants, and 20% are composed Of C4 plants [12].

The 613C pattern in soil organic matter and inferred vegetation changes reported in this study
have also been reported in other transitional regions between forest and savanna of the
Amazon region [3, 4 suggesting regional scale changes in vegetation communities occurred
in the Amazon Basin during the Holocene. The regional dimension represented by the Cerrado
and the Cerraddo sites separated by 200 km also support the hypothesis that large areas of the
Amazon region have been affected by vegetation changes.

In HurnaitS region. the savanna soils show a wide range in isotopic composition that varies
between -27 and -14%o (Fig. 3). The lower parts of the profiles (300-cm to 150-cm depth)
show the most 13C depleted values ranging from -27.3%o (at 250-cm depth; km 82) to -23.3%o
(at 220-cm depth; km 154). A trend towards 13C-nihdvalues occurs between 150-cm and
30-cm depth in the savanna profiles reaching values as high as -14.2%o (km 154). This trend is
reversed in the shallow part of the savanna profiles toward slightly more 3C-depleted values.

The soils at the forest sites also show large isotopic variations (-26 to -9%o). The deepest
interval (300-190 cm) show 613C values between -25 and -24%o. Similar to the savanna
profiles, a trend towards ' 3C-enriched values occurs between 190-cm and 40-cm depth in the
forest profiles. This trend is more pronounced at sites km 68 and km 142, whereas no isotopic
change is observed at site km 5 within this depth interval. The shallow parts of the forest
profiles show a shift towards 1 3C-depleted values.

Thus, the low 613C values of -27.3 to -23.3%o observed between 300 cm and 150 cm at the
savanna sites are presumed to reflect SOM formed under forest vegetation. Similarly, the
lower interval from 300-cm to 190-cm depth in the soils of forest sites show 813C values
typical of SOM formned under forest [3, 1 1].

Substantial isotopic enrichment observed in the 150 to 30-cm depth interval in the savanna
soils, and from about 190 to 70 cm in most of the forest sections, is likely related to an
increase in the contribution f C4 plant biornass due to savanna expansion. In the southern
part of the transect, 3C-enrichmenit is most pronounced in soil profiles presently located in
savanna (km 80 and 82), reaching values as high as -4.2%o and becomes less evident in
forested sections to the south and north, where the highest value is -1 9.3%o. The trend towards
13C-depleted values in the upper 70 cm in the forest soil profiles probably reflects a shift
towards increasing influence Of C3 plants at the expense of declining savanna vegetation.

The forest SOM in the lower strata of the soil profiles was probably formed between 17,000
and 9000 14C yr BP based on radiocarbon dating of the Fig. 3. Dominance of forest
vegetation, during the last part of the last glacial to the early Holocene, is consistent with
other vegetation reconstructions [6, 22]. In our study region, widespread savanna expansion
does not appear to have been initiated until around 9000-8000 14C yr BP and lasting until
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about 3000 14C yr BP. This interpretation is similar to other documented forest to savanna
vegetation changes in the Amazon Basin during the early and middle Holocene [12, 20, 24].
However, some regions in the Amazon Basin remained forested during the middle Holocene
[6, 13] possible reinforcing the Refugia Hypothesis. Some authors argue that savanna
expansion was not on a regional scale but much more localized [ 19].

Our results show forest expansion at the expense of savanna since about 3000 14C yr BP. This
vegetation pattern has also been documented near Humaitfi-AM [4, 20]. A similar study
showed the advance of forest over savanna in Roraima, northern Amazon region [3].

Therefore, according to our study the period 17,000-9000 14C yr BP appears to have been
wetter and probably cooler. The expansion of the savanna between 9000-8000 14C yr BP and
3000 '4C yr BP, suggests drier and probably warmer conditions than the previous period,
during early and middle Holocene. Similar climate pattern has been suggested for this region
around the Late Pleistocene [27]. After 3000 14C yr BP to the present, expansion f C3
vegetation (forest) suggests that suitable wetter conditions have favoured this change in the
region.

4. CONCLUSIONS

This study presents the first long Late Quaternary record of vegetation dynamic inferred from
carbon isotope composition of SOM in southern Amazon. Significant carbon isotope
variations reflecting changes in vegetation were observed in 12 soil profiles collected along a
750-km transect that included forest and savanna sites in Rond6nia state and Hurnaitsi region,
Amazonas state. Three major vegetation phases were identified. These include: 1) a forest
phase between 17,000 and 9000 14C yr BP; 2) savanna expansion between 9000-8000 and
3000 14C yr BP; and 3) forest expansion after 3000 14C yr BP. Our study suggests that forest
vegetation was not replaced by regional savanna expansion during the last part of the last
glacial in the region, as has been suggested by others studies, and brings into question the
relationship between climate change and non-uniform vegetation response in the Amazon.
Similarly, savanna expansion appears to have occurred during the dry and warm early and
middle Holocene, although the regional significance of this vegetation change also remains
uncertain in light of other studies that indicate forest vegetation was widespread during this
interval. Further studies utilizing carbon isotope profiles in SOM at other forest-savanna
ecotonal boundary regions, may contribute to a more effective characterization of local versus
regional vegetation response to past climate change in the Armazonia.
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