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The reliability of paleovegetation records inferred from soil
hytolith assemblages and SOM (soil organic matter) carbon iso-
ope analysis was examined in light of previous pollen and char-
oal reconstructions. The sampled latosol is located in south-
entral Brazil (Salitre), at a boundary between forest and cerrado.
he derived mean age of phytoliths and SOM at each level is the

esult of a balance between continuous translocation and selective
issolution. It increases with depth in a regular, quantifiable fash-

on that allows paleoenvironmental interpretation. Phytoliths and
OM tracers first record a savanna phase, associated with the last
olocene long dry period occurring between ca. 5500 and 4500 yr
.P. Two periods of tree community development followed, be-

ween ca. 4000 and 3000 and after ca. 970 yr. B.P., leading to the
resent cerrado/forest association. The dry spell interrupted this
rend about 970 6 60 yr B.P. The second development of woody
lements was contemporaneous with an increase in anthropogenic
res. Therefore, climate was more important than fires and human
ctivities in constraining the growth of vegetation during the last
ine centuries at Salitre. More generally, despite pedogenic pro-
esses, soil phytoliths and d13C values of the SOM may be accurate
racers of vegetation changes. © 1999 University of Washington.

Key Words: paleoenvironment; late Holocene; soil; phytolith;
arbon isotope; charcoal; Brazil.

INTRODUCTION

Soils contain charcoal, soil organic matter (SOM), ph
iths, and human artifacts that are potentially useful for re
tructing paleoenvironments. Because soils are widesp
ven in dry areas where lake sediments are often lac
ioclimatic data obtained from them are particularly desir

or reconstructing past climates. However, the reliability
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-
-

ad,
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e
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aleoenvironmental interpretations of soil-particle seque
as been questioned (Cahen and Moeyersons, 1977). P
istributions in soils are governed by four main pedog
rocesses: translocation, dissolution (or mineralization), d
ation, and colluviation (Johnson, 1990; Kellyet al., 1991;
olin et al.,1992; Bouletet al.,1995; Alexandreet al.,1997a)
article translocation results from illuviation and/or fluid tra
ortation in pores and from burrowing animals such as

ermites, and worms, which bring to the surface materials
reater depths. Selective dissolution is related to the chem
nd surface area of the particles and to the stability of S
ilica particles/clays aggregates (Bartoli and Wilding, 19
nalysis of soil particles can provide useful paleoenvironm

al information only if the age of the particles at each level
e reconstructed. In this paper, we present evidence th
ean age of phytoliths and SOM in the uppermost 2.6 m

atosol in central southern Brazil increases with depth
egular, quantifiable fashion. The mean age of particles at
evel results from a balance between continuous transloc
nd selective dissolution. We then examine the reliabilit
aleovegetation records inferred from soil phytolith ass
lages and SOM carbon-isotope analysis by comparison
ollen and charcoal data previously published. Finally,
econstruct the movement of a boundary between fores
errado and its relation with paleofires during the late Holo
eriod.

STUDY AREA

The study area is located near Salitre de Minas (M
erais State, Brazil, 19°S, 46°469W) (Fig. 1). The climate i

ropical, with an average annual rainfall of 1600 mm, a 4
0033-5894/99 $30.00
Copyright © 1999 by the University of Washington.
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ALEXANDRE ET AL.188
-month dry season, and an average annual temperatu
0°C. The area is located in a transition zone between
errado tree and tall grass savanna and the mesophytic
eciduous forest. Salitre is a 3.5-km-wide dolina-shaped
ression lying at the center of an ultramafic-alkaline bed
omplex. The bottom of the depression lies at 980 m an
ccupied by a peat bog from which the pollen data w
btained (Ledru, 1993; Ledruet al., 1994, 1996). The slope
re covered by latosols developed at the expense of a 5
00-m-thick saprolite that overlies fenitized Proteroz
uartzites and shales. The soils extend as high as 118
enudation and colluviation do not affect these soils (Boulet
l., 1995).
The profile sampled is developed on a slope, under a f

atch surrounded by the cerrado. It is vertically zoned into
orizons separated from one another by gradational bound
Fig. 2a). Evidence of high biological activity includes ab
ant roots, filled holes (tens of centimeters in diameter) ca
y roots, or animal fecal pellets. The main minerals show
-ray analysis are kaolinite, gibbsite, goethite, hematite,
uartz. Pieces of charcoal (millimeters to centimeters in d
ter) are scattered throughout the profile (Fig. 2b). They
ean14C ages that increase with depth (Fig. 2 and Table
heir abundance-with-depth indicates that a number of
ccurred in the area between ca. 6000 and 3000 yr B.P. (V
t al., 1994), in conjunction with a dry phase recorded
ollen (Ledru, 1993; Ledruet al.,1994, 1996). Fifteen sampl
overing 5 to 20 cm of soil thickness were collected from
.3 m depth.

PHYTOLITH AND SOM CARBON-ISOTOPE ANALYSIS

hytoliths

Background. The basic grass phytolith classification
ned by Twiss (1969, 1992) has shown that three grass
amilies are discriminated by the shape of the main short

FIG. 1. Map showing location of the study area in southeastern B
fter Ledru (1993).
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hytoliths they produce: (1) cross and dumbbell morphot
re produced in abundance by the Panicoideae, which c
ostly of C4 grass adapted to warm and wet environment

addle morphotype is produced in large amounts by the C
idoideae, which consist of C4 grass adapted to warm an
nvironments; (3) rectangular and circular morphotypes
roduced in large amounts by the C3 Festucoideae. All gr
roduce elongate, point-shaped, and fan-shaped morpho
his classification has been criticized because of multipl
nd redundancy of many grasses (Brown, 1986; Mulholl
989), which prevent the determination of plants on a spe
r genus level. However, many studies have also demons

hat assemblage analysis is a very accurate way to charac
rass (Poaceae) communities of vegetation, which is not
ible by pollen analysis (e.g., Kurmann, 1985; Piperno, 1
wiss, 1992; Fredlund and Tieszen, 1994; Piperno and Be
996; Alexandreet al.,1997a; Fredlund and Tieszen, 1997a
oreover, Alexandreet al., (1997b) demonstrated by mode
nd fossil phytolith assemblage analysis of sediments tha

ree cover density of a given vegetation can be estimated
ccuracy through the proportion of the circular rugose ph

ith produced by dicotyledons. This morphotype appears
ively resistant to dissolution in latosols (Alexandreet al.,
997a). Finally, Palmae are well indicated by the circ
renate morphotype (Piperno, 1988).
Thus, phytolith analysis appears to be especially accura

racing forest and grassland dynamics. However, their reli
ty as paleoenvironmental indicators in soils has been po
tudied (Kellyet al.,1991; Piperno and Becker, 1996) beca
rocesses controlling phytolith distributions within soil profi
re barely understood.

Extraction and quantification. Following extraction of or
anic matter and iron oxides by wet chemical methods,

oliths and charcoal were separated using heavy liquid from
- to 50-mm fraction (Kelly, 1990; Alexandreet al.,1997a) and
eighed. Charcoal particles were counted under the op
icroscope and subtracted from the final weight.

Taxonomy and counting.Two hundred phytoliths wer
ounted under the optical microscope (6003). Six morpho-
ypes, with taxonomic significance previously described, w
istinguished (Fig. 3a): (1) circular rugose, (2) circular cren
3) elongate, point-shaped, and fan-shaped, (4) cross and
el, (5) saddle, and (6) rectangular and circular. The propo
f the woody flora in the reconstructed formations is infe

rom the ratiod:p whered 5 dicotyledon phytoliths andp 5
oaceae phytoliths (Alexandreet al., 1997b).
The modern assemblage extracted from the soil humic

izon is used as reference for the fossil assemblage inter
ion. Its correlation with the surrounding vegetation is
ussed on the basis of a wide investigation of cerrado
hytoliths (Sendulsky and Labouriau, 1966; De Campos
abouriau, 1969; Da Silva and Labouriau, 1970; So¨ndahl and

l.
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ALEXANDRE ET AL.190
abouriau, 1970). This investigation of cerrado grass co
icts the basic pattern of the Twiss classification on one p
4 Panicoideae (e.g.,Trachypogon, Eriochloa), which domi-
ate the cerrado, and C4 Chloridoideae (e.g.,Chloris, Eragros-

is) yielded, in significant proportions, the rectangular
ircular morphotypes. As no C3 Festucoideae are now w
pread in the cerrado, rectangular and circular morpho
annot be correlated either with C3 Festucoideae or with
ther grass subfamily in this area.

TAB
Radiocarbon Dates of Charcoal from the Soil Profile and of

Lab number Material Dep

OBDY 1254 Soil, charcoal 20
OBDY 1255 Soil, charcoal 70
OBDY 1251 Soil, charcoal 1
OBDY 1252 Soil, charcoal 14
OBDY 1250 Soil, charcoal 18

OBDY 970 Peat (LC91/1), OM 14
OBDY 551 Peat (LC3), OM 17
OBDY 556 Peat (LC3), OM 30
OBDY 555 Peat (LC3), OM 42

FIG. 3. (a) Microphotographs of the five morphotypes with taxono
ignificance distinguished in this study: (1) circular rugose, (2) circular cre
3a) elongate, (3b) point-shaped, (3c) fan-shaped, (4) dumbbell, and (5) s
b) Microphotographs of the two phytolith surface types: (1) with small
its (a few micrometers in diameter) and (2) with wide etch figures (abo
m in diameter).
a-
t:

d
e-
es
n-

In this study, phytolith data are discussed together
ollen data from the same area (Ledru, 1993; Ledruet al.,
994, 1996).

OM

Measurement of organic carbon content and SOM ca
sotope analysis. The organic carbon content of the,2-mm
raction was measured using a C–H–N analyzer. Precisio
esults is greater than 0.3%. The13C/12C ratios of SOM ground
ieved, and homogenized to,200mm were measured on a d
ombustion elemental analyzer (CHN NA 1500, Carlo E
oupled to a Fisons SIRA 10 isotope ratio mass spectrom
Girardin and Mariotti, 1991). Isotope abundance was
ressed ind13C versus PDB:d13C‰ 5 [( 13C/12C)sample 2 (13C/

12C)PDB)/(
13C 2 12C)PDB)] p 1000. Repeatedd13C measuremen

f a carefully ground and homogenized reference soil yie
precision (1s, 8 aliquots) of 0.06‰.

Background on SOM carbon isotopes.Carbon isotop
ractionation between plant matter and atmospheric CO2 asso
iated with photosynthesis is smaller for C4 plants than fo
lants. The averaged13C values of C3 and C4 plants are226
nd 212‰, respectively. The main control of SOMd13C is

itter input. However, numerous studies demonstrated tha
ope fractionation during decomposition, humification, and
erential preservation of13C-enriched SOM components (e.
oh et al., 1977; O’Brien and Stout, 1978; Nadelhoffer a
ry, 1988; Martinet al., 1990; Mariotti, 1991), as well a
ecent variations in the13C content of atmospheric CO2 (Friedli
t al., 1986; Marino and McElroy, 1991), could cause13C
nrichment of forest SOM with depth. This13C enrichment i
lways lower than 4‰, far smaller than the 14‰ differe
etween C3 and C4 plant litter. Therefore, given the time li

mposed by the turnover rate of SOM, it is possible to de
ine from thed13C value of SOM if a change has occur
ith time in the proportions of C3 and C4 plants in
verlying vegetation (e.g., Mariotti and Peterschmitt, 19
outton, 1996; Desjardinset al., 1996).

1
ganic Matter (OM) from the Peat (Cores LC91/1 and LC3)

cm) 14C age (yr B.P.) Reference

0 6006 40 Vernetet al., 1994
0 31606 40 Vernetet al., 1994

36606 90 Vernetet al., 1994
50 58406 50 Vernetet al., 1994
90 63306 30 Vernetet al., 1994

0 9706 60 Ledruet al., 1994
0 30606 210 Ledruet al., 1994
2 43506 525 Ledruet al., 1994
4 55606 365 Ledruet al., 1994
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LATE HOLOCENE BRAZILIAN CLIMATE 191
RESULTS

hytolith Data

Phytoliths (Fig. 2e) account for 0.1% of the,200-mm
raction (dry weight) in the humic horizon (A0), and tend to
ecrease below, interrupted by three peaks of abundan
0–40, 80–90, and 140–190 cm depth. They represent 0.
f the ,200-mm fraction at the bottom of the soil section.
Elongate, point-shaped, and fan-shaped morphotypes

wo types of irregular surface features (Fig. 3b): small etch
few micrometers in diameter (type 1) and wide etch fig

bout 5–10mm in diameter associated with irregular a
ngular edges (type 2). Proportions of the two types of su

eatures on the fan-shaped phytoliths are illustrated in F
f. Surfaces with wide etch figures increase from 0 to 1

rom the top to the bottom of the soil section.
The phytolith diagram is presented as Figure 2g. Five z
ay be discriminated on the basis of thed:p ratio and of the
oaceae phytolith spectra:

Zone 1 (230–200 cm).Ratios d:p at 230 and 200 c
espectively, equal to 0.3 and 0.5. The Poaceae morpho
re only represented by the elongate, point-shaped, and
haped morphotypes.

Zone 2 (200–130 cm; charcoal14C dating according to
ernet et al., 1994: 63306 60 yr B.P. at 190–180 cm an
8406 50 yr B.P. at 150–140 cm).Among Poaceae phyt

iths, dumbbell and cross morphotypes appear, remainin
er 3%; rectangular and circular morphotypes remain u
.5%; saddle morphotype is present in weak proportion on
50–140 cm. Ratiod:p varies between 0.3 and 0.8.

Zone 3 (130–40 cm; charcoal14C dating according to
ernet et al. (1994): 36606 90 yr B.P. at 110–100 cm an
00 6 40 yr B.P. at 30–20 cm). Ratio d:p stabilizes aroun
and 1.3. Grass phytoliths with precise taxonomic signific
ecome more represented: cross and dumbbell morpho

ncrease, fluctuating between 6 and 9%; saddle morpho
emains under 1.5%; rectangular and circular morphot
ncrease between 3 and 6% but only from 110–100 cm.

Zone 4 (40–20 cm; charcoal14C dating according to Verne
t al., 1994: 6006 40 yr B.P. at 30–20 cm). Ratio d:p
emains equal to 1. The main feature of this zone is
ignificant increase of saddle morphotype, which surpa
.5% for the one and only time in the entire sequence.

Zone 5 (from 20 to 0 cm).Ratio d:p increases to 1.
mong Poaceae phytoliths, cross and dumbbell morpho
nd rectangular and circular morphotypes account each fo
f the total phytolith sum, whereas saddle morphotype a
ance is less than 1.5%.
at
%

ow
ts
s

ce
re

es

es
n-

n-
er
at

e
es

pe
es

e
es

es
%
n-

OM Data

Organic carbon content (Fig. 2c) represents 20% of the,2
m soil fraction (dry weight) in the organicA0 horizon (0–5

m). It decreases rapidly in the organo-mineral A1 horizon
4–20 cm) to 2.7% of the,2 mm soil fraction between 20 a
0 cm depth. It decreases gradually downward, up to 1.02

he ,2 mm soil fraction at 220–230 cm depth. This pro
oes not show evidence of any buried soil or organic pa
orizon.
The distribution of thed13C values of the SOM (Fig. 2d

hows three trends: (1) from the bottom of the profile u
70–160 cm, it decreases from219 to222‰; (2) from 160 up

o 40 cm, it stabilizes between222 and221.5‰; and (3) from
0 cm, it decreases rapidly to reach228‰ in the organi
orizon, which is in equilibrium with present litter inputs.

DISCUSSION

edogenic Processes Conducing to Phytolith and SOM
Distributions

The decrease and stabilization observed with depth in
bundance of organic carbon is common to tropical and
erate soils. It may be modeled as a bicompartmental dis

ion, the result of particle translocation and mineraliza
Jenkinson and Rayner, 1977; Partonet al., 1987). A bicom-
artmental distribution assumes two pools of organic c
ounds. One pool is recycling rapidly and is in dyna
quilibrium. The input for that pool is litter at the top of t
rofile. With time, the organic matter in that pool is trans
ated downward and is mineralized, decreasing to trace l
t the bottom of the profile. The second pool is more stable

ts translocation leads to a constant abundance distribution
epth. At the base of the soil profile, nearly all of the orga
atter is in the stable pool. Paleoenvironmental significan

he SOM d14C and d13C mean values have commonly be
iscussed in terms of a similar bicompartmental m
O’Brien and Stout, 1978; Balesdent and Guillet, 1982).
eneral pattern of the phytolith distribution is somewhat s

lar to that of organic carbon. We interpret it as a bicomp
ental distribution, by analogy with the bicompartme
odel of distribution of the SOM. Such an interpretation
een already made to discuss a phytolith distribution

atosol of Congo (Alexandreet al., 1997a). It is here corrob
rated by the following points: if phytoliths surfaces with w
tch figures are more weathered than phytolith surfaces
mall etch pits because of a longer residence time in the
heir increase with depth suggests that (1) each phytolit
emblage is a mixing of young and old particles and (2)
ean residence time of phytolith assemblages increases
epth, which permits us to discuss the soil phytolith sequ
s a paleoenvironmental record.
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ALEXANDRE ET AL.192
hytolith and SOM Carbon Isotope Records

Because of the salitre depression shape, we will assum
his discussion that the main sources of allogenic part
ound in the soil (e.g., phytoliths, charcoal, organic com
ents) are local.

Phytolith record. The Poaceae phytolith assemblage of
umic horizon corroborates the dominance of tall C4 P
oideae over short C4 Chloridoideae in the present veget
d:p ratio of 1.5 results from the mixing between phytoli

hat originated in both the forest patch and the surroun
errado. Using this modern assemblage as reference, five
ssociations can be reconstructed from the phytolith sequ
Zone 1 records a vegetation with abundant grasses. W

lements are far less developed than today. The lack of
ell phytoliths characteristic of grass subfamilies would h
nvolved grass phytolith production, dispersal, and/or pre
ation different than those found under modern conditi
his prevents further interpretation and indicates the lim
oil phytolith analysis.
Zone 2 records a grassland dominated by tall C4 gra
ith a density of tree or shrub cover far lower than the mo
ne. For the Holocene, only one savana phase, associate
arm and dry conditions, has been recorded at Salitr
ollen from the peat between 55606 370 and 43506 540 yr
.P. (Fig. 4a; Ledruet al.,1994). It was contemporaneous w
n increase in fires in the area (Vernetet al.,1994). This lates
nd driest episode is well documented over tropical S
merica (Soubie`s, 1980; Bradburyet al., 1981; Absyet al.,
991; Servantet al., 1993; Ledru, 1993; Ledruet al., 1996;
bbott et al.,1997; Salgado-Labouriauet al.,1997). Based o

he assumption that phytoliths in the soil profile were produ
y Holocene vegetation, the bottom of phytolith zone 2 wo
t least be younger than 55606 370 yr B.P.
Zone 3 shows the development of trees and/or shrubs, w

emain less abundant than today. This change may be rela
he generation of conditions wetter than the previous
literature cited above) and to a decrease in fires (Vernetet al.,
994). Pollen data (Fig. 4b) have also recorded such a
rease of arboreal taxa between 43506 540 and 30606 210
r B.P., followed by the development of a vegetation rega
s similar to the modern one (Ledruet al.,1994). Phytolith dat
how, with more accuracy, that if the grass association
lose to that of the cerrado, the present density of the tree
as not reached yet.
Zone 4 records a slight decrease of trees (also corrobo

y pollen data at 9706 60 yr B.P., Fig. 4b) and a brief b
ignificant development of short C4 grasses. This migh
elated to a brief, very dry episode, which may have b
ontemporaneous with a mediaeval dry spell identified in
gonia and California (Stine, 1994). The lack of d
n modern paleoenvironmental changes in South Am
oes not warrant further discussion of the significance of
vent.
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Following this dry episode, zone 5 records the return
onditions more favorable for the growth of vegetation
apid increase in the density of shrub and tree cover a
ecrease in short C4 grass abundance led to the presen
iation of forest and cerrado. Finally, the phytolith record fr
he soil is in good agreement with pollen data from the pea
trengthens the precision of the reconstruction of the
ecent vegetation changes at Salitre.

OM Carbon Isotope Record

At the top of the profile,d13C of the SOM is characteristic
forest humic horizon (Mariotti and Peterschmitt, 1994; D

ardinset al.,1996). Decay-with-depth of SOM in equilibriu
ith forest inputs (C3 plants), isotope effects associated
umification, differential SOM preservation, and recentd13C
ariations of atmospheric CO2 imply a rapid but limited13C-
nrichment of SOM in the topsoil, followed by a steady
ichment at lower depths, the whole enrichment being lim
o 3 to 4‰ as generally observed (Boutton, 1996; Nadelh
nd Fry, 1988; Mariotti and Peterschmitt, 1994). In agreem
ith this classic pattern, a 2-m-deep ferrallitic soil close
alitre, assumed to be in equilibrium with forest inputs, sh
2‰ enrichment, which is mostly located in the uppermos

m (Desjardinset al., 1991). The Salitre SOMd13C profile is
ifferent: the first13C shift in the uppermost 40 cm is grea

han 7‰, while the second shift, in the 40 lowest cm, acco
or 3‰. These features indicate two major changes in the
ora: at the bottom of the section, the SOMd13C signature i
he result of mixing between C3 and C4 plants, as in a
avanna. A first increase of the density of shrubs or trees
3 plants) is recorded from 230 to 170 cm depth. A sec
tep in the expansion of C3 plants is recorded above 4
epth, which led to the present association between fores
errado.

FIG. 4. Pollen diagrams from two cores from the Salitre peat (from L
t al., 1994). (a) Core LC3. (b) Core LC91/1.
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Finally, both phytolith assemblages andd C values of the
OM clearly show evidence of two stages in the developm
f trees at Salitre after ca. 5000 yr B.P., but do so at diffe
epths. SOM appear more rapidly translocated through l
orizons than phytoliths.
The correspondence between phytolith and pollen rec

ermits us to place the first stage of tree expansion bet
350 6 500 and 30606 210 yr B.P. and the second af
70 6 60 yr B.P. Comparison between time scales base
hytolith reconstruction and on charcoal14C dates (Fig. 2
how that phytoliths are translocated more rapidly than c
oal: for instance, the middle of the 43506 500 to 30606 210
r time span recorded at 140–130 cm depth by phytolith
ecorded at 110–100 cm depth by charcoal (36606 90 yr
.P.). This comparison also shows that if the first developm
f trees corresponds to the end of a long fire period, the
ecent tree expansion corresponds to an increase in fires

CONCLUSIONS

In South America, fires could be responsible for the
olocene variations in the boundaries between forest an
anna (Soubie`s, 1980; Desjardinset al., 1996; Salgado
abouriauet al., 1997). Our results show that at Salitre,
ansion of trees between ca. 4000 and 3000 yr
orresponded to a decrease in fires, in agreement with V
t al., (1994). This change led to the development of a v

ation association with less wood than the modern one. A
pell, recorded by phytoliths at ca. 900 yr B.P., was
ecorded by SOMd13C signatures because it was mainly
ressed by a change among the C4 grasses. It was follow
xpansion of trees and an increase in human-induced
Vernet et al., 1994). This implies that climate was mo
mportant than fires in constraining the growth of vegeta
uring the last nine centuries at Salitre.
Finally, despite selective dissolution (or mineralization

he studied soil, and mixing between young and old elemen
ach depth, phytoliths andd13C values of the SOM are accura

racers of vegetation changes. As impact of tropical land
ace conditions on the Holocene global climate variability
een hypothesized (Gasse and Van Campo, 1994), this
hows that soil phytoliths and SOM can provide informa
oncerning the dynamics of the major tropical vegetation
emblages, which otherwise may be unavailable for reg
hat lack lake sediments.
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