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ABSTRACT: Ocean Drilling Program Leg 155 Site 942 on the Amazon Fan is an ideal location for monitoring
palaeoclimatic changes within a significant proportion of the Amazon Basin. We present n-alkane d13C and taraxerol
and laevoglucosan concentration records from this site covering the last 38 ka. The entire n-alkane d13C record is
constrained between �31% and �34%, which is well within the isotopic range occupied by C3 vegetation. The
concentration and relative abundance of taraxerol, a mangrove indicator, varies by over an order of magnitude, but
seems to have had no effect on the n-alkane d13C record. The laevoglucosan concentrations are extremely low during
the last glacial period, suggesting a relatively low occurrence of forest fires. Laevoglucosan concentrations are highest
between 13.5 and 12.5 ka, suggesting an increased incidence of Amazon forest fires at the very end of the Younger
Dryas. These records, combined with previously published pollen records from Site 932, reveal no evidence for
massive incursions of grasslands into Amazonia during the last glacial period, despite evidence of reduced outflow of
the Amazon River indicating more arid conditions. We therefore suggest that savannah encroachment, as proposed by
the Pleistocene refuge hypothesis, can be refuted as an explanation for high species endemism within the Amazon
Basin, and alternative explanations are required. Copyright # 2012 John Wiley & Sons, Ltd.
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Introduction

Tropical rainforests display a level of biodiversity unmatched
by any other vegetation type (e.g. Morley, 2000; Willis and
McElwain, 2002; Hoorn et al., 2010). This has stimulated
debate concerning the origin of this unparalleled biodiversity
particularly in the Amazon Basin. This paper provides another
test of one of these theories, namely the ‘Pleistocene tropical
rainforest refuge hypothesis’ (e.g. Haffer, 1969; Haffer and
Prance, 2001). It has been suggested that, during each glacial
period, lower temperatures and precipitation in the Tropics
allowed savannah to replace the majority of the tropical
rainforest (e.g. Haffer, 1969; Prance, 1987; van der Hammen
and Absy, 1994). However some of the tropical rainforest
would have survived in small refugia (Prance, 1987). These
isolated islands of rainforest would have become hotbeds of
evolution by allopatric speciation, producing many new
species. At the end of each glacial period the patchwork of
rainforest merges back together with higher levels of species
diversity and endemism (Prance, 1987; van der Hammen and
Absy, 1994; Haffer and Prance, 2001; Behling et al., 2010).
Little palaeoecological evidence, however, exists for this

inferred massive incursion of savannah into the Amazon Basin
during the last glacial period (Colinvaux and de Oliveira, 2000;
Mayle et al., 2004, 2009; Vonhof and Kaandorp, 2010). Many
lake pollen records show no reduction of rainforest pollen at all
(Colinvaux et al., 1996; Bush et al., 2002); in fact it is only at
ecotonal margins that there is any evidence for savannah
expansion (Mayle et al., 2004; Burbridge et al., 2004). Other
evidence for a lack of savannah incursion includes the marine
pollen record from the Amazon Fan, which shows large changes
in the concentrations of pollen over the last 45 ka but almost no
variation in the amount of arboreal pollen (Haberle and Maslin,
1999). However, phylogenetic studies of tropical flora and fauna
provide conflicting interpretations as to whether there were

tropical rainforest refugia (e.g. Liu and Colinvaux, 1985; Fjeldsa
and Lovett, 1997; Scheider and Moritz, 1999; Behling and
Hooghiemstra, 1999, 2001;Moritz et al., 2000; Bush et al.,2004).
Yet other studies emphasize the greater importance of the
‘savannah refuge’ in times of interglacial warming rather than
forest refuge during glacial periods (Behling et al., 2000; Flagstad
et al., 2001). Others suggest that during the glacial periods closed
tropical dry forest ecosystems (i.e. trees) expanded more than
savannah vegetation (Pennington et al., 2004; Pennington and
Dick, 2010). The additional problem is that it is very difficult
palynologically to distinguish between evergreen forest and
closed-canopy semi-deciduous dry forest (Pennington et al.,
2004; Mayle et al., 2004; Pennington and Dick, 2010).
Hence there is still confusion over the changes in the

Amazon rainforest extent over the last glacial–interglacial cycle
(Morley, 2000; Behling et al., 2010; Hoorn et al., 2010). In
this study we present biomarker records from the Amazon Fan
ocean sediments. These sediments can provide climate and
vegetation records representative of a significant portion of
the Amazon Basin catchment within a single, uninterrupted
sedimentary sequence that can be radiocarbon dated to high
resolution with foraminifera (Maslin and Burns, 2000). As noted
above, a pollen record has been produced from the Amazon Fan
at Ocean Drilling Program (ODP) Site 932 (Haberle and Maslin,
1999), and it suggests that forest persisted within the Amazon
Basin during glacial periods. It is, however, frequently suggested
that this pollen record is biased toward a coastal and gallery forest
signal (e.g. Hooghiemstra and Van der Hammen, 1998; Behling
et al., 2002, 2010). Hence in this study we have used biomarker
proxies as a complement tomore traditional proxies to investigate
and test the Amazon rainforest pleistocene refuge hypothesis.

Site location

ODP Leg 155 Site 942 on the Amazon Fan is an ideal location
for monitoring palaeoclimatic changes on the adjacent
continent (Damuth and Kumar, 1975; Flood et al., 1995;
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Maslin and Burns, 2000). Site 942 is situated just to the west of
the main Amazon Fan complex (Fig. 1), so it benefits from
enhanced glacial sedimentationwhen terrestrial sediment is fed
directly into the fan system but is sufficiently removed from the
zones of active slope failure and sediment reworking (Flood
et al., 1995; Maslin et al., 2000). A parallel study of high-
resolution planktonic foraminifera d18O values, building on the
work of Maslin and Burns (2000), indicates the constant
influence of Amazon River water at this site (Maslin, 1998;
Ettwein, 2005; Maslin et al., 2011). This is supported by diatom
analysis of the sediments (Mikkelsen et al., 1997) revealing that
�75% of the assemblage is of a freshwater origin, by far the
maximum representation of all the sites drilled (the remainder
of which had 10–30% representation). Of all the Leg 155 sites
drilled, 942 has experienced the greatest continual Amazon

River influence (Wilson et al., 2011) and so has optimal
potential to yield a representative terrestrial archive.

Methodology

ODP Leg 155 Site 942 was sampled for foraminifera and
biomarker characterization over a depth of 20m, representing
the last 40 ka. A composite age model was developed for ODP
Site 942, using a combination of 36 accelerator mass
spectrometry (AMS) radiocarbon (14C) ages (Fig. 2) that were
measured on both multiple- and mono-specific planktonic
foraminiferal samples. Radiocarbon analyses were conducted
at the Leibniz-Labor für Alterbestimmung und Isotopen-
forschung, Kiel University, Germany (Maslin and Burns,
2000; Maslin et al., 2000), the Center for Accelerator Mass

L

H

1
3

8

6ODP 942
ODP 932

9

17
18

21

25

19
16

24

32

10

14

30
31

29292929

11111111

13131313
15151515

20202020

22

55

28282828

2726

7

12

23
22

4

mean position of ITCZ January
mean position of ITCZ July

prevailing wind direction
land above 500 metres

0 1000 miles

Arid Humid No change

20°

40° 40°

20°

80° 60° 40°

80°100° 60°

40°

Equator

Tropic of Capricorn

0° 0°

Figure 1. Map of the present-day summer and winter locations of the Intertropical Convergence Zone (ITCZ) and the major wind and hencemoisture
sources over the Amazon Basin. Locations of palaeoclimate records from the LGM and whether the authors found evidence for wetter (blue filled
triangles/circles), drier (red filled triangles/circles) or no change (yellow open triangles/circles) compared to the present. Circles are used for key pollen
records complied by Marchant et al. (2009). 1, Cariaco Basin (Hughen et al., 1996; Peterson et al., 2000; Haug et al., 2001; Lea et al., 2003); 2, La
Chonta Bog, Costa Rica (Islebe et al., 1995); 3, Lake Valencia, Venezuela (Leyden, 1985); 4, Lake Fuquene, Columbia (Van der Hammen and
Hooghiemstra, 2003); 5, El Valle Lake, Panama (Bush, 2002); 6, Amazon Fan ODP Site 942 (Maslin and Burns, 2000; Maslin et al., 2000, 2011, this
study); 7, Lake Pata, Brazil (Colinvaux et al., 1996); 8, Amazon Fan (Damuth and Fairbridge, 1970); 9, Equatorial Eastern Pacific (Heusser and
Shackleton, 1994); 10, Fortaleza, Brazil and North Brazilian Current (Arz et al., 1998, Arz et al., 1999); 11, Huascaran, Peru (Thompson et al., 1995);
12, East Brazil (Auler and Smart, 2001); 13, Sajama, Bolivia (Thompson et al., 1998) and Illumani, Bolivia (Ramirez et al., 2003); 14, Bahia State, Brazil
(Wang et al., 2004, Wang et al., 2006); 15, Lake Titicaca, Peru (Baker et al., 2001a, 2001b; Fritz et al., 2007); 16, South Atlantic Ocean core GeoB
3229-2 (Arz et al., 1998, Arz et al., 1999; Behling et al., 2002); 17, South Atlantic Ocean core Geob 3202-1(Arz et al., 1998, Arz et al., 1999; Behling
et al., 2002); 18, Salar de Atacama, Chile (Bobst et al., 2001); 19, Alto Parana, Argentina (Stevaux, 2000); 20, Lakes Lejia andMiscanti, Chile (Grosjean,
1994; Grosjean et al., 2001); 21, SantaMaria Basin andQuebrada del Torro, Argentina (Trauth and Strecker, 1999; Trauth et al., 2000); 22, St8 Santana
Cave, Brazil (Cruz et al., 2006, 2009); 23, Colonia, Brazil (Ledru et al., 2005); 24, Botuvera Bt2, Brazil (Cruz et al., 2006, 2009;Wang et al., 2006); 25,
Mar Chiquita, Argentina (Piovano et al., 2008); 26, South East Pacific Ocean core GeoB 3302-1 (Lamy et al., 1999); 27, Salinas Bebedero, Argentina
(González, 1994; González and Maidana, 1998); 28, Chilean Lake District, Chile (Heusser, 1989; Markgraf, 1989; Moreno et al., 1999); 29, Cari
Laufquen, Argentina (Galloway et al., 1988); 30, Huelmo Site, Chile (Massaferro et al., 2009); 31, Cardiel, Argentina (Stine and Stine, 1990); 32, Ceara
Rise (Harris and Mix, 1999). This figure is available in colour online at wileyonlinelibrary.com/journal/jqs.
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Spectrometry, Lawrence Livermore National Laboratory (USA),
and the Scottish Universities Environmental Research Centre.
Each 14C analysis was corrected for isotope fractionation
through normalization using d13C values measured on the
same samples. In order to translate the 14C chronology into
equivalent GISP2 ice core years, non-reservoir corrected
14C ages from ODP Site 942 were correlated with similar data
from nearbyODP Site 1002 in the Cariaco Basin (Hughen et al.,
2004a, 2004b) that has been tuned to the GISP2 age scale
(Meese et al., 1997). Sedimentation rates calculated from
the age model (see Fig. 2) show that between 45.0 and 13.7 ka
sedimentation rates varied between �0.2 and 0.6mka�1.
Sedimentation rates peak at between 15 and 14 ka at
�1.5mka�1 and between 13.6 and 13.5 ka at over 5mka�1

(Fig. 2), which coincides with an abrupt increase in the
abundance of terrestrial detritus in the record (Maslin et al.,
2000). This may be evidence for a shift of the main active
channel system towards Site 942 (Maslin et al., 2006) or of a
flushing of river sediment following deglaciation in part of the
Andes (Thompson et al., 1998; Maslin and Burns, 2000; Bendle
et al., 2010). Thereafter, until 10.9 ka sediment accumulation
rates were approximately 0.45mka�1. At ca. 10.9 ka, sedi-
mentation rates fall abruptly to a more typical oceanic pelagic
sedimentation rate of �0.05–0.10mka�1, when higher sea
levels flooded the continental shelf and the river deposited its
load further inland (Maslin et al., 2006).
Samples to be analysed for biomarker distributions were

freeze dried, ground and extracted via ultrasonication in
a sequence of solvents with increasing polarity: hexane
twice; a 1:1 (v/v) azeotrope of dichloromethane:methanol
(DCM:MeOH) twice; MeOH twice. After extraction, the
samples were evaporated to approximately 3–4mL and then
transferred to glass vials. The remaining solvent was evaporated

under a stream of N2 after the addition of a standard mixture
containing androstane and hexadecyloctadecanoate. In order to
achieve gas chromatography (GC)-resolved peaks for isotopic
analysis, each total lipid extract was further separated into five
fractions using silica gel chromatography. The activated silica
column (5cm long, 5mm wide) was eluted with: 3mL hexane
for saturated hydrocarbons; 1.5mL of 9:1 (v/v) hexane:DCM for
aromatic hydrocarbons; 5.5mLDCM for ketones andwax esters;
3mL of 1:1 (v/v) DCM:MeOH for alcohols and sterols; 3mL of
MeOH for more polar compounds.
Compounds in each of the fractions were initially screened

using GC (see Boot et al., 2006). After dissolving in 100mL ethyl
acetate, each sample was injected into a Carlo Erba 5300 series
gas chromatograph fitted with a CP-Cil 5CB silica column
(internal diameter 0.32mm, length 50m, d.f. 0.11mm),
which was heated from 40 to 1408C at 208C min�1, then at
48C min�1 to 3008C, at which temperature it was held for
20min. All fractions were subsequently analyzed using gas
chromatography–mass spectrometry (GC-MS) with a Thermo-
quest Finnigan Trace chromatograph interfaced to a Thermo-
quest Finnigan Trace mass spectrometer operating with
electron ionization at 70 eV and scanning an m/z range of
50–850. GC conditions for GC-MS were identical to those used
for GC analysis. Compound identifications were assigned by
comparing mass spectra and relative retention times with those
in the literature. Compoundswere quantified against the known
concentrations of internal standards described above, with
n-alkanes and n-alkanols quantified using GC, and taraxerol
and laevoglucosan, which occur at lower concentrations,
quantified using GC-MS. Sedimentation rates derived from the
AMS age model described above were used along with the dry
bulk density to calculate mass accumulation rates (MARs) for
the various molecular components along with the average
chain length (ACL) for the n-alkanes (Boot et al., 2006).

MARcomponent ¼ ðConccomponent � SR �DBDÞ
where MARcomponent is the MAR (ng cm�2 ka�1), Conccomponent

is the mass of component (ng g�1) dry sediment, SR is the
sedimentation rate (cmka�1) and DBD is the dry bulk density
(g cm�3).
ACLs for the n-alkanes were calculated as

ACL27�33 ¼ ð27 ½C27� þ 29 ½C29� þ 31 ½C31� þ 33 ½C33�Þ=ð½C27�
þ ½C29� þ ½C31� þ ½C33�Þ

with [Cx] signifying the concentration of the n-alkane with x
carbon atoms. Carbon preference indices (CPIs) were calcu-
lated for n-alkanes and n-alkanols as

CPI ¼
h
0:5

X
Xi þ Xiþ2 þ . . .þ Xnð Þ=

X
Xi�1 þ Xiþ1 þ . . .þ Xn�1ð Þ

þ 0:5
X

Xi þ Xiþ2 þ . . .þ Xnð Þ=
X

Xiþ1 þ Xiþ3 þ . . .þ Xnþ1ð Þ
i

where i¼ 25 and n¼ 33 in the case of n-alkanes, and i¼ 21 and
n¼ 31 in the case of n-alkanols.
Gas chromatography–isotope ratio monitoring mass spec-

trometry (GC-IRMMS) was used to measure the carbon isotopic
composition of compounds in the n-alkane fraction. Each
sample was dissolved in 100mL ethyl acetate and placed in
1mL auto-sample vials before being analysed on a Varian
gas chromatograph fitted with a ZB-1 column linked to a
ThermoFinnigan Mat DeltaS mass spectrometer via a combus-
tion interface; the gas chromatograph temperature programme
was the same as that used for standard GC analysis. Each
sample was analysed twice, with an equipment precision of
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Figure 2. Site 942 composite age–depth plot and estimated sedimen-
tation rates using the selected 36 AMS radiocarbon dates (Maslin and
Burns, 2000; Ettwein, 2005; Maslin et al., 2011).
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0.3%; values are expressed in standard d13C notation as parts
per mil (%) deviations from the Vienna Pee Dee Belemnite
(VPDB) standard.
The planktonic foraminifera oxygen isotope record was

constructed using the following methodology. The samples
were freeze dried and then wet sieved through a 63mm mesh
sieve, dried in a 608C oven and weighed. The samples were
then dry sieved at convenient intervals between 300 and
355mm, from which 30 individual Globigerinoides sacculifer
(with sac) planktonic foraminiferal tests were picked for each
species per sample. Samples from 40 to 0 ka were measured for
d18O using a Finnigan Delta XLþ ratio mass spectrometer
linked to an automated carbonate preparation system (Kiel III)
at the Stable Isotope Laboratory, Department of Geosciences,
University of Massachusetts, Amherst, MA, USA. Higher-
resolution samples from 22 to 13.9 ka were measured
for d18O using an automated common acid bath VG
IsocarbþOptima mass spectrometer at the NERC Isotope
Geosciences Laboratory, Keyworth, Nottingham, UK. All
d18O values were measured in per mil (%) and expressed as
deviations relative to the VPDB) standard. Analytical sample
reproducibility errors were <0.07% at each facility, based on
replicate measurements of within-run laboratory standards,
calibrated against standards from the International Atomic
Energy Agency and the National Bureau of Standards. Data
from each lab were spliced together and harmonized by
comparing the d18O measurements of the laboratory sample
standards and inter-laboratory replicate sample data; a
correction factor was applied where appropriate. The global
mean glacioeustatic component of foraminiferal d18O was
removed using the independently Th/U-dated Barbados sea-
level record (EPICA Community Members, 2006; Peltier and
Fairbanks, 2006) scaled to d18O, assuming a modern–Last
Glacial Maximum (LGM) amplitude of �1%� 0.1% (Adkins
et al., 2002). The foraminiferal d18O record was corrected for
temperature fractionation by scaling the Mg/Ca Site 942 SST
record assuming a standard temperature–d18O fractionation of
0.21% 8C�1 (mean of 0.20–0.22% 8C�1; Maslin and Swann,
2005); see Maslin et al. (2011) for full details.

Discussion and results

Figure 2 shows the ice-volume corrected planktonic
foraminifera oxygen isotope record, the biomarker MARs
and distributions and n-alkane d13C values. The planktonic
forminifera oxygen isotope record provides a stratigraphic
context and may provide an estimation of the outflow of the
Amazon River (Maslin and Burns, 2000; Maslin et al., 2000,
2011). Analysis of the diatom fraction of surface sediments from
Site 942 reveals that freshwater taxa make up �75% of the
diatom assemblage, compared to just 10–30% elsewhere on
the fan (Mikkelsen et al., 1997). This higher percentage
abundance reflects the influence of the Amazon River
freshwater plume at this location (Maslin et al., 1997;
Mikkelsen et al., 1997). Moreover, Wilson et al. (2011) used
planktonic foraminiferal oxygen isotopes and Mg/Ca sea
surface temperatures (SSTs) to show that during the late Glacial
period, Younger Dryas, mid Holocene and Modern time slices
ODP Site 942 and surrounding sites consistently exhibit the
most negative oxygen isotope values, suggesting a continual
influence of the Amazon River freshwater plume over this part
of the Amazon Fan. A comparison of oxygen isotope records
either side of the Amazon River outflow also confirms this
influence. For example, the Glacial to late Holocene
uncorrected d18O range is 2.5% for G. sacculifer and 2.2%
forG. ruber (Ettwein, 2005). This compares withmarine records
to the east of the Amazon outflow, which have a range of 1.9%

for G. sacculifer and 1.6% for G.ruber (Arz et al., 1999). If we
assume that the ice volume and SST effects are broadly similar
either side of the Amazon outflow, then it suggests the Amazon
outflow has an influence of approximately 0.6% on the surface
water oxygen isotope composition.

In order to isolate the local freshwater impact on surface
water salinity, we have removed the global mean glacioeustatic
component and local Mg/Ca-derived SST data from the
d18O time series (Fig. 3). The residual Dd18O can be explored
using a two-component mixing model between an Amazon
and a tropical Atlantic Ocean end-member, which have
average modern-day isotopic values of �� 5.5% and �þ 1%
respectively (see references in Wilson et al., 2011).
Consequently, d18O values at Site 942 are comprised of a
combination of these two isotopic signals dependent on the
relative mixing ratio of the two water masses over Site 942.
Although these end-members will have altered in the past,
they cannot reverse, so the construction of a model of river
outflow shows that a relative enrichment (depletion) in the
Dd18O represents a decrease (increase) in the amount of fresh
water mixed over Site 942, arising from changes in the outflow
of the Amazon River (Maslin and Burns, 2000). Maslin et al.
(2011) therefore suggest that Site 942 Dd18O reflects changes in
Amazon River outflow and thus may be indicative of how wet
or dry the Amazon Basin was in the past. During the last glacial
period between 40–17 ka and 15–13 ka the Amazon Basin was
drier than today, while between 17–15 ka and 12–0 ka the
Amazon Basin seems to have been as wet as today.

The laevoglucosan, n-alkane and n-alkanol MARs, as well as
the taraxerol:C28 alkanol and taraxerol:C29 alkane ratios, are
largely invariant through the last 38 ka. The exceptions are the
peaks in all five records at 13–12 ka (see Fig. 3B, C, D) and
the peaks in the taraxerol:C29 alkanol and taraxerol:C29 alkane
ratios at ca. 38 ka and ca. 27 ka. The n-alkane ACL and
d13C records are also largely invariant throughout the last 38 ka,
generally ranging from 29.5% to 30% and from �30% to
�34%, respectively.

Terrestrially derived lipid biomarkers provide a number of
tracers for palaeovegetation and complementary insights into
pollen analysis. One such class of biomarkers are the n-alkanes
(straight-chain hydrocarbons), common leaf wax components
in vascular plants (e.g. Eglinton et al., 1962; Eglinton and
Hamilton, 1967). Vascular plants are characterized by a
predominance of n-alkanes with high carbon numbers (C27–
C33), preferentially favouring odd rather than even carbon
numbers (’high’ carbon preference index (CPI), reviewed by
Pancost and Boot, 2004). Although some bacteria and algae
can produce n-alkanes of higher carbon number, they rarely
have high CPIs (Bird et al., 1995). Although interpretation of
n-alkane concentrations is generally limited, their carbon
isotopic compositions can have great utility in palaeovegeta-
tion investigations. Typical d13C values of C3 (Calvin–Benson
or non-Kranz) photosynthetic pathway plants range from
�22% to �30% (average �27%) (Ehleringer and Monson,
1993), whereas values of C4 (Hatch–Slack or Kranz) photo-
synthetic pathway plants, which include tropical and marsh
grasses, range from�9% to�16% (average�13%) (Ehleringer
and Monson, 1993). C3 and C4 plant species therefore each
have distinct isotopic signatures (see references in Maslin
and Swann, 2005). Although this plant species mixture
can be recorded by bulk sedimentary organic matter (e.g.
Kastner and Goñi, 2003), it can be skewed by contributions
from marine inputs. Compound-specific d13C analysis
of refractory n-alkanes of exclusively higher plant origin
avoids this problem, and has been shown to record C3

and C4 species differences with fidelity in modern and
geological materials (e.g. Collister et al., 1994; Schefuss
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et al., 2003; Rommerskirchen et al., 2003; Denison et al.,
2005). Collister et al. (1994) observed that in C3 and C4 species,
the n-alkane d13C values were depleted relative to biomass
by �5.9% and �9.9%, making the observed C3 range �28 to
�36% (average �33%) and C4 range �19 to �26% (average
�13%) in n-alkanes.
As can be seen from Fig. 2, the n-alkane d13C values

throughout the entire record is wholly constrained between
�29% and �34%, which is well within the isotopic range for
n-alkanes derived from C3 vegetation (�28 to �36%). This
result is consistent with the original biomarker work on
Amazon Fan sediments by Kastner and Goñi (2003), which
included carbon isotopic compositions of bulk organic matter
and ratios of lignin-derived phenols. It is also consistent with
the lack of variation in n-alkane ACLs (Boot et al., 2006).
Assuming that the signal at Site 942 is representative of the
average vegetation across the Amazon River catchment, it
implies that there has been continuous forest cover within the
Amazon Basin with minimal/no significant encroachment of
tropical grasslands over the last ca. 38 ka. However it may be
possible that the n-alkane d13C record contains a sampling bias
towards only coastal and river edge vegetation. This bias has
also been suggested for the ODP 932 pollen record. In addition,
the d13C values are unable to distinguish changes in floristic
structure (e.g. variation in montane vs. lowland species); the
intra-C3 range of shift in the data remains in stark opposition to
the refuge hypothesis.
Figure 3(C) also shows a down-core record of the

taraxerol:C29 n-alkane and taraxerol:C28 n-alkanol ratios.
Taraxerol has been shown to be a useful biomarker tracer

for mangrove organic matter contributions to deep-sea fan
sediments (Versteegh et al., 2004; Koch et al., 2011). These
ratios (Fig. 3C) can therefore reflect the relative inputs of
mangroves relative to leaf wax inputs from the wider higher
plant community. They have varied over the last 38 ka by
over an order of magnitude, with particularly high taraxerol
contributions at ca. 38 ka and the transition from Younger
Dryas to the Preboreal period (13–11 ka). These trends appear
to correspond to trends in the Rhizophora mangrove pollen
signal from Site 932 on the Amazon Fan (Site 932; Haberle and
Maslin, 1999). The ODP Site 942 d18O records shown in
Fig. 3(A) suggest that the peak after the end of the Younger
Dryas was coeval, with a rapid increase in outflow from the
Amazon River. It also occurs both during and after the
extremely high sedimentation rates between 13.8 and 13.5 ka
(Bendle et al., 2010), suggesting that the mangrove signal is not
just responding to increased sediment input. The mangrove
increased contribution may therefore be due to flushing out of
the Amazon Basin with the first increase in moisture availability
or increased erosion of coastal mangroves with increased sea
level. A similar peak in taraxerol abundances relative to those
of leaf waxes occurs ca. 36 ka; however, the relatively limited
age control around this time prevents any relationship with
changing sedimentation rates to be ascribed.
Nevertheless, the taraxerol:leaf wax ratios do have important

implications for the interpretation of the d13C signal.
Comparison with ratios from both the Congo and Amazon
Fan sediments, where this biomarker ratio has been shown to
match the mangrove pollen very well (Versteegh et al., 2004;
Koch et al., 2011), suggests that mangroves contribute just
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�10% of the total terrigenous organic matter to the sediment.
Moreover, there are no isotopic shifts associated with the
dramatic changes in the mangrove inputs inferred from either
taraxerol or Site 932 pollen records. Combined, these two lines
of evidence suggest that the d13C n-alkane signal is not driven
by coastal mangrove inputs.
Further support for a lack of savannah expansion is provided

by the ODP Site 942 laevoglucosan record (Fig. 3B).
Laevoglucosan is derived from incomplete combustion of
cellulose and is therefore thought to be a forest fire tracer when
found in marine and lacustrine sediments (e.g. Simoneit et al.,
1999; Simoneit and Elias, 2000). Laevoglucosan MARs are
relatively low throughout the record, apart from somewhat
higher values between 14 and 13 ka, which corresponds to
the increase in sedimentation rates. These higher values are
not reflected in laevoglucosan concentrations, such that
the increase could be a preservational artefact of increase
sedimentation rates. Alternatively, it could record an
increase in fires at the very end of the Younger Dryas due
to extreme aridity. In contrast, the laevoglucosan record
suggests that there was no large increase in fires in the Amazon
Basin during the last glacial period, which would be expected if
savannah had significantly expanded.
The biomarker data presented here add further weight to the

increasing volume of evidence that forest cover persisted
within the Amazon Basin throughout the last glacial cycle (e.g.
Colinvaux, 1989; Colinvaux et al., 1996; Haberle and Maslin,
1999; Colinvaux and de Oliveira, 2000; Kastner and Goñi,
2003; Marchant et al., 2009). It adds credibility to palyno-
logical interpretations that, although the forest remained
intact, there were significant changes in thermo-sensitive tree
populations (Haberle and Maslin, 1999) due to suppressed
temperatures �58C in the Amazonian lowlands (Bendle et al.,
2010). Figure 4 compares the Site 932, total arboreal pollen and
Andean type tree pollen with the Site 942 n-alkane d13C record.
Previously published pollen data from the Carajás Plateau,
the site frequently used as the classic defence of the refuge
hypothesis (e.g. Van der Hammen and Absy, 1994;
Hooghiemstra and Van der Hammen, 1998) has since been

reanalysed and found instead to be responding to a strong local
edaphic control (e.g. Colinvaux and de Oliveira, 2000).
Marchant et al. (2009) suggest that of all the published pollen
data only those from the extreme southwest edge of the modern
forest provide substantial evidence for the past existence
of savannah in the Amazon Basin. However, the biome
replacement observed along this migrating ecotone boundary
appears to correspond to insolation, suggesting it may
be responding to precipitation driven by the Intertropical
Converge Zone (Wang et al., 2004, 2006; Cruz et al., 2005,
2009; Maslin et al., 2011).

Nevertheless, it remains interesting that while the
biomarker and pollen records imply the persistence of tree
cover throughout the last 35 ka, other data, independent of
vegetation, suggest that the Amazon Basin experienced a
period of marked aridity during the last glacial period. This
view of an arid glacial Amazon Basin is supported by (i) oxygen
isotope reconstruction of Amazon River outflow (Maslin
and Burns, 2000; Maslin et al., 2000, 2011), (ii) inorganic
sedimentary lake records from within the Amazon Basin that
imply lower water levels or even complete desiccation (e.g.
Van der Hammen, 1974; Colinvaux et al., 1996; Ledru et al.,
1998; Servant et al., 1993; Sifeddine et al., 2001; Maslin and
Burns, 2000); (iii) oxygen isotope records from spelothems
(van Breukelen et al., 2008; Cruz et al., 2005, 2009);
(iv) unweathered plagioclase deposits in the Amazon
Fan (Damuth and Fairbridge, 1970; Irion et al., 1995); and
(v) d18O values of kaolinite within Andean soils (Mora and
Pratt, 2001). This interpretation is also supported by drier
conditions found in northern South America and southern
Central America. For example, marine records from the Cariaco
Basin clearly show a very dry LGM (Peterson et al., 2000) and
Younger Dryas (Haug et al., 2001). In contrast, other authors
have suggested that the Amazon Basin was wetter during the
last glacial period. Evidence suggested includes lake level
records from the Peruvian/Bolivian Altiplano (Seltzer et al.,
2000; Baker et al., 2001a, 2001b; Seltzer et al., 2002), pollen
and lake level records from northwest Amazonia (Bush et al.,
2002) and speleothem evidence from southeast Brazil (Wang
et al., 2004, 2006; Cruz et al., 2005, 2009). However, these
records are distal and may have been strongly affected by local
factors. For example, the Peruvian/Bolivian Altiplano (Seltzer
et al., 2000, 2002; Baker et al., 2001a, 2001b) records are
thought to be driven by increased moisture transport to higher
altitudes as the southeasterly winds strengthen (Lenters and
Cook, 1997;Marengo et al., 2001; Leduc et al., 2007) following
the weakening of the South American monsoon, while rainfall
in northwest Amazonia and southeast Brazil are strongly
influenced by austral winter rainfall (Cruz et al., 2009). The
weight of evidence (see also Sylvestre, 2009;Mayle et al., 2009;
Marchant et al., 2009; Maslin et al., 2011) supports the
interpretation that the Amazon was more arid during the last
glacial period than today (see Fig. 1 for summary). However,
the biomarker data suggest that this aridity did not result in a
major change in Amazon Basin plants and especially not an
expansion of savannah vegetation.

Indeed, persistent forest cover within the Amazon Basin
despite cold-stage aridity is consistent with coupled climate–
vegetation model results (e.g. Cowling et al., 2001, 2004;
Cowling, 1999, 2004; Prentice et al., 2004) as the cooler
temperatures mitigate the detrimental effects of the low
carbon dioxide and aridity via reduced evapotranspiration
and photorespiratory carbon loss in C3 plants (Cowling
et al., 2001), allowing C3 vegetation to outcompete C4

species during glacial periods. Farrera et al. (1999) and
Bendle et al. (2010) have shown temperatures to be at least 58C
lower during the last glacial period in the Amazon lowland,
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Figure 4. Comparison of the Site 942 n-alkane d13C values from this
study with the Site 932 arboreal pollen and Andean forest pollen
percentages (Haberle and Maslin, 1999). This figure is available in
colour online at wileyonlinelibrary.com/journal/jqs.
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supporting this proposed biological response. This allows us
to reject the ephemeral view of the Amazon rainforest and
confirms the theory that the Amazon rainforest is resilient and
has adapted to past climate change and has been a dominant
feature of the Earth climate system for at least the last 55 million
years (Maslin et al., 2005).

Conclusions

The biomarker data from the Amazon Fan reveals no
evidence for massive incursions of grasslands into Amazonia
during the last glacial period, despite more arid conditions.
We therefore suggest that savannah encroachment, as
proposed by the Pleistocene refuge hypothesis, may be
refuted as an explanation for high species endemism within
the Amazon Basin. The n-alkane d13C values, however, are
incapable of discriminating between different forest types
(e.g. montane vs. lowland) and, although C3 plants remained
dominant within the basin, there may have been a different
floristic structure from that present within the Amazon Basin
today, as proposed by palynological investigations and
modelling simulations (Haberle and Maslin, 1999; Cowling
et al., 2001, 2004).
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