
fluctuations per unit of frequency, S¼ kði2Þl=Df ; for stochastic
partitioning at zero temperature, S/ eVdcTSDð1 2 TSDÞ (ref. 13).
Introducing a phenomenological parameter k that accounts for
decoherence in the interferometer with T1 ¼ 1/2 and TSD ¼ 0:5þ
k
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T2ð1 2 T2Þ
p

cosJ; we find that for complete phase averaging or
for a complete decoherence TSD ¼ 0.5, namely, a constant. On the
other hand, shot noise in D1 is SD1/TSD1ð1 2 TSD1Þ ¼ 1=4 2

k2T2ð1 2 T2Þ cos2J; with S D1 ¼ const. for k ¼ 0, but SD1 ¼ 1=4 2

k2T2ð1 2 T2Þ=2 for complete phase averaging (resulting from an
integration of cos2 J in the range J¼ 0……2p). Hence, noise is
expected to exhibit a parabolic dependence on T2 in a coherent
system. Shot noise was measured12,13 with a relatively large Vdc

applied at S so that interference signal was quenched (negligible
visibility). The dependence of S on T2, shown in Fig. 4, followed the
above expression with k < 0.9, proving that phase averaging is
indeed dominant while decoherence is negligibly small.

A single-particle model (that is, a non-interacting model) would
lead to the following dependences of the visibility on energy: for
V ¼ 0 and finite T;n/ bT=sinhðbTÞ; with b a constant; for finite V
but T ¼ 0, n/ sin½ðe=2pÞV�=½ðe=2pÞV�; while the differential visi-
bility at T ¼ 0 is expected to be voltage independent. Because the
experimental results contradict these predictions, we propose (with
no proof yet) two possible reasons for the dephasing. One might be
low-frequency noise (of, say, the 1/f type due to moving impurities),
which might be induced by a higher current, leading to fluctuation
in the area and consequently, phase smearing. The other could be
related to the self-consistent potential contour at the edge. As it
depends on the local density of the electrons in the edge state14,
fluctuation in the density due to partitioning are expected to lead to
fluctuation in the AB area enclosed by the two paths and hence to
phase randomization. For example, for B < 5.5 T, a shift of the edge
of only 1–2 Å suffices to add one flux quantum into the enclosed area.

We believe that this electron interferometer might prove useful in
future work on the interference of electrons. One possible area of
research is the coherence and phase of fractionally charged quasi-
particles in the fractional QHE regime15. A
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The dominant forcing factors for past large-scale changes in
vegetation are widely debated. Changes in the distribution of C4

plants—adapted to warm, dry conditions and low atmospheric
CO2 concentrations1—have been attributed to marked changes in
environmental conditions, but the relative impacts of changes in
aridity, temperature2,3 and CO2 concentration4,5 are not well
understood. Here, we present a record of African C4 plant
abundance between 1.2 and 0.45 million years ago, derived
from compound-specific carbon isotope analyses of wind-trans-
ported terrigenous plant waxes. We find that large-scale changes
in African vegetation are linked closely to sea surface tempera-
tures in the tropical Atlantic Ocean. We conclude that, in the mid-
Pleistocene, changes in atmospheric moisture content—driven by
tropical sea surface temperature changes and the strength of the
African monsoon—controlled aridity on the African continent,
and hence large-scale vegetation changes.

Two main carbon fixation pathways of higher plant photosyn-
thesis, the Calvin–Benson (C3) and the Hatch–Slack (C4) cycles,
occur in natural ecosystems6. Nearly all trees, cold-season grasses
and sedges use the C3 pathway, whereas C4 photosynthesis is found
in warm-season grasses and sedges7. Thus, C4 plants are found
predominantly in tropical savannahs, temperate grasslands and
semideserts7. Most African grasslands are dominated currently by
C4 plant vegetation1. C4 plants use a CO2-concentrating mecha-
nism, thereby outcompeting C3 plants at low atmospheric pCO2

(ref. 8) and causing them to be isotopically enriched in 13C (ref. 4).
At high p CO2

, however, C3 plants will outcompete C4 plants owing to
the higher energy need of C4 plants during photosynthesis8. The
crossover between C3 and C4 plants depends also on the daytime
growing-season temperature, with higher temperatures favouring
C4 plants7,8. Other factors, however, may also affect the occurrence
of C3 and C4 plants. Where precipitation and nutrient availability
permit trees to grow, C3 trees will outcompete C4 grasses, such as in
the tropical forests1. The significance of the climatic factors determin-
ing the large-scale C4 plant abundance is still not well understood, but
insights can be gained from the analysis of past vegetation changes.

Long-chain, odd-numbered C25 to C35 n-alkanes are major lipid
constituents of the epicuticular wax layer of terrestrial plants9. These
plant waxes are easily removed from the leaf surface by rain or wind,
especially by sandblasting during dust storms. They are, therefore,
common organic components of eolian dust10. In surface sediments
of the eastern South Atlantic, the plant wax n-alkanes exhibit a
moderate to high odd versus even carbon-number predominance
(carbon preference index (CPI) of 2.3–6.4), and thus predominantly
represent leaf waxes of terrestrial higher plants9. Their plume-like
distribution in surface sediments (Fig. 1a) indicates that they are
primarily transported by southeasterly winds from the dry areas in
southern Africa, the Kalahari savannah and Namib Desert. The
discharge of the Congo River is apparently of minor importance for
the supply of n-alkane leaf waxes. During the austral winter (June to
August) the strong Southern Hemisphere trade winds transport
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large amounts of dust northwestwards over the eastern South
Atlantic (Fig. 2a). In the austral summer (December to February),
during the southern African monsoon season, the trade winds are
deflected landwards (Fig. 2b). We estimated the C4-plant-derived
percentage of leaf wax n-alkanes in surface sediments using the
stable carbon isotopic composition (d13C in ‰ against PeeDee
Belemnite (PDB)) of the predominating n-C31 alkane and a binary
mixing equation, assuming d13C4 leaf wax lipids of 221.5‰ and
d13C3 leaf wax lipids of 236.0‰ (ref. 11). The results (Fig. 1b) show
that the d13C of leaf wax n-alkanes in the surface sediments of the
eastern South Atlantic mainly reflect the contemporary vegetation
zones on the adjacent continent (Fig. 2). This finding is supported
by investigations of atmospheric dusts collected off the African
coast10. The atmospheric plant wax lipids show a C4 plant contri-
bution of about 55% in dust from the southern African dry areas,
whereas off the tropical rainforest regions the C4 plant fraction is
30–40% (ref. 10).

On the basis of these insights into the present-day system, we
reconstructed the mid-Pleistocene African C3 to C4 plant vegetation
changes with a plant wax d13C record from Ocean Drilling Program
(ODP) Site 1077 (108 26.2 0E, 58 10.8 0S, 2,382 m water depth) in the
eastern tropical Atlantic Angola Basin (Fig. 1). This site is located at
the northern edge of the modern Southern Hemisphere dust plume
during the austral winter (Fig. 2a) and is thus sensitive to changes in
its strength and position. It is, therefore, an ideal recorder of the
southern African vegetation signal transported with plant wax lipids
in dust. This record was compared with an alkenone record
obtained from the same sediment core, reflecting the sea surface
temperature (SST) (Fig. 3b), and the d18O record of benthic
foraminifera at ODP Site 677 (ref. 12), reflecting the global ice
volume (Fig. 3d). We investigated the period from 1.2 million years
to 450 thousand years before present (kyr BP), including the mid-
Pleistocene Transition (MPT), leading to the establishment of the
100-kyr rhythm of the Late Pleistocene ice ages around 650 kyr BP.
Before the MPT, a 41-kyr cyclicity was prevalent. During the MPT,
from about 920 to 650 kyr BP, the global ice volume variations
increased in amplitude13, which led to a substantial perturbation
of the climate system, probably by re-adjustment of the enlarged
Late Pleistocene ice sheets14. The global oceanic thermohaline
circulation was severely weakened by a strong reduction of North
Atlantic deepwater ventilation15, probably causing the long-term
surface water warming of the tropical Atlantic Ocean during the

MPT, as revealed by our alkenone SST record (Fig. 3b).
The n-alkanes in the sediments of ODP Site 1077 are predomi-

nantly derived from higher-plant waxes (CPI ¼ 2.1–5.3) supplied
by the wind. The mid-Pleistocene record of the relative C4 plant
contribution shows large deviations (from 20% to 70%, Fig. 3a)
from the present-day value (about 35%, Fig. 1b). To determine the
dominant control on African C4 plant abundance, cross-spectral
analyses of the C4 plant percentage, SST, global ice volume and
n-alkane flux records with the ETP record—the summed variance of
eccentricity, tilt (obliquity) and precession of the Earth’s orbit—
were performed.

Spectral analyses show that the n-alkane accumulation rates do
not correlate with the C4 plant changes in all orbital cycles (Table 1).
So, an increased eolian flux of C4 plant n-alkanes during times of
elevated n-alkane accumulation rates cannot explain the C4 plant
record. The n-alkane fluxes (Fig. 3c) were generally low before
900 kyr BP, and increased after the growth of the global ice volume at
around 900 kyr BP

14. This suggests that the eolian transport of plant
waxes responded to changes in the trade wind system. Conformably,
an increase of the eolian terrigenous accumulation off northwest
Africa around 900 kyr BP was attributed to the compression and
strengthening of the atmospheric circulation cells16 caused by the
expansion of the mean global ice volume. Atmospheric trajectory
calculations for this ocean area for the Last Glacial Maximum
indicate higher wind speed, but a similar flow path17. Therefore,
our C4 plant record reflects predominantly the vegetation changes
in southern Africa, and not a change in source area of the wax lipids.

The C4 plant record correlates strongly with the SST development
at ODP Site 1077 (Fig. 3b and Table 1). It co-varies in the
precessional (23-kyr) cycle but acts in anti-phase in the obliquity
(41-kyr) and eccentricity (100-kyr) cycles. In the precessional cycle,
the maximum C4 plant occurrence corresponds with the maximum
SST. This is readily explained by the common low-latitude insola-
tion forcing of the African monsoon and equatorial Atlantic
upwelling16,18,19, which are both mainly controlled by the strength
of the precession20. Subtropical southern Africa receives its main
precipitation during the austral summer monsoon21 (Fig. 2b),
whereas upwelling in the equatorial Atlantic is strongest during
the austral winter19,22,23 (Fig. 2a). The precessional variations in the
summer insolation are in anti-phase between the hemispheres20,21,
inducing the strongest southern African monsoon when the north-
ern African monsoon is weakest; that is, when equatorial upwelling

Figure 2 Present-day atmospheric circulation over Africa, vegetation zones and dust

plumes. a, b, General pattern of present-day atmospheric circulation over Africa and the

Southeast Atlantic Ocean in austral winter (a; June to August) and austral summer

(b; December to February). SAH, South Atlantic high-pressure cell. The dotted line

indicates the position of the intertropical convergence zone (ITCZ). Dust plumes are

shaded. Areas in Africa indicate vegetation zones. The location of ODP site 1077 is

indicated. Med, Mediterranean vegetation; MST, Mediterranean–Saharan transitional

vegetation; Afro-Mont, Afro-montane vegetation zone.

Figure 1 Modern distributions of plant wax concentrations and their vegetation

signatures. a, b, Spatial distribution of the total organic carbon (TOC)-normalized

concentrations of the C25 to C35 odd-numbered n-alkanes (a) and the C4 plant percentage

of the n-C31 alkane (b) in surface sediments. Isolines were calculated with the Surfer

software program using the gridding method of kriging. Black dots are locations of surface

samples taken during the RV Tyro cruise in 1989. The star indicates the location of ODP

Site 1077.
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is strongest. The most humid periods in southern Africa, favourable
for C3 plants, therefore coincide with periods of lowered tropical
SST19,21–23 in the precessional cycle. The precessional C3 to C4 plant
variations in subtropical southern Africa are thus explained by
changes in monsoonal precipitation, driven by the low-latitude
insolation changes.

The enlarged mean global ice volume, reflected by the d18O of
benthic foraminifera (Fig. 3d), increasingly affected the tropical
vegetation24 and the eolian transport (Fig. 3c) after 900 kyr BP. The
100-kyr rhythm of the Late Pleistocene ice ages is detected in all
investigated records after about 650 kyr BP. The development of the
global ice volume thus undoubtedly influenced the tropical
environmental changes, following the frequency pattern set by the
high latitudes. In the two longer orbital periods, eccentricity and

obliquity, however, the changes in C4 plant abundance significantly
precede the variations of global ice volume and occur in phase with
the tropical SST changes (Table 1). Moreover, the long-term C4

plant record shows no correlation at all with the long-term global ice
volume development (Fig. 3a, d), but it does resemble the long-term
SST behaviour (Fig. 3b). The opposite phasing between maximum
SST and maximum C4 plant abundance in the two longer orbital
cycles and in the long-term development (Table 1 and Fig. 3)
excludes a direct temperature forcing of the observed C3 to C4

plant vegetation changes. Assuming that air temperatures over
subtropical Africa changed in the same way as the tropical SST,
lower temperatures in the growing season would have favoured C3

plants and not C4 plants, as is observed (Table 1). We, therefore,
propose a common dominant control on large-scale C3 to C4 plant
variations in southern Africa by continental aridity. In the preces-
sional cycle, the aridity variations were driven by the strength of the
monsoon, controlled by low-latitude insolation changes. Low-
latitude insolation, however, contains neither an obliquity nor an
eccentricity component20. This suggests that the tropical SST
directly controlled the continental aridity in the longer orbital cycles
and the long-term development, in line with recent modelling
results25 and modern climatological observations26. During the
mid-Pleistocene, the tropical Atlantic SST (Fig. 3b) decreased by
up to 5 8C during glacials, comparable to the Last Glacial Maxi-
mum27. The lowered SST reduced the tropical evaporation and the
atmospheric moisture content, the main source for the African
precipitation. This large-scale aridification must have been an
important factor for the establishment and persistence of C4 grass-
lands and even for the evolution of C4 plants28. Enhanced aridity will
also have increased the frequency of natural fires, deemed to be an
important factor for increasing relative C4 grass expansion in
tropical savannahs28. These findings do not necessarily imply an
independent behaviour of the C4 plant abundance from the changes
in global ice volume. The high-latitude climate signal manifests
itself through its impact on the equatorial Atlantic SST vari-
ations19,27 on the African vegetation changes.

Over the past 420 kyr, the ice-core records of atmospheric pCO2

correlate strongly with ice volume records29. The phase differences
between the C4 plant abundance and the global ice volume record
(Table 1) and especially their non-uniform long-term developments
indicate, however, that large-scale C3 to C4 vegetation changes were
not primarily controlled by atmospheric p CO2

variations. This
conclusion is supported by a reconstruction of p CO2

for the
Miocene, when C4 grasses had widely expanded7 without an
accompanying decrease in atmospheric CO2 concentrations2. More-
over, a low atmospheric p CO2

alone is unable to trigger C4 plant
expansions, and aridity drives C3 to C4 plant abundance changes on
a regional scale3. Our results indicate that aridity is the dominant
climatic control of C4 plant abundance on a large, continental scale
and at various timescales. The variations in Pleistocene African
vegetation were primarily forced by changes in the strength of the
monsoon and changes in the atmospheric moisture balance directly
controlled by the tropical SST. Low-latitude sea-surface conditions

Table 1 Results of cross-spectral analyses

1/100 kyr21 1/41 kyr21 1/23 kyr21

Data k0 k Phi (8) k Phi (8) k Phi (8)
.............................................................................................................................................................................

C4 percentage 0.96 0.97 174 ^ 9 0.98 2132 ^ 8 0.97 234 ^ 9
SST ODP 1077 0.96 0.96 28 ^ 10 0.99 48 ^ 6 0.94 222 ^ 13
SC25–C35 n-alkanes AR 0.96 0.85 126 ^ 21 0.94 144 ^ 14 0.99 122 ^ 4
2d18O ODP 677 0.96 0.98 24 ^ 8 0.99 78 ^ 5 1.00 87 ^ 2
.............................................................................................................................................................................

Variables are crossed with the summed orbital variance record ETP (eccentricity, tilt and precession)
based on data from ref. 20. Given are the non-zero coherency at the 80% level (k0), the coherencies
(k) and phase angles (Phi) with 80% confidence intervals. Positive phase angles indicate that a
variable lags the maximum interglacial forcing; negative phases indicate a lead of a variable
over maximum interglacial forcing. Benthic d18O data of ODP 677 are from ref. 12. AR,
accumulation rate; SST, sea surface temperature.

Figure 3 Mid-Pleistocene changes of African vegetation, tropical Atlantic SST, eolian

plant wax transport and global ice volume. Mid-Pleistocene records of: a, the C4 plant

fraction of the plant wax n-alkanes using d13C values of the n-C31 alkane (note axis

orientation); b, the alkenone-derived SST record at ODP Site 1077; c, the accumulation

rates (AR) of plant-wax-derived long-chain C25 to C35 odd-numbered n-alkanes; and d,

the global ice volume evolution, reflected by the oxygen isotope values of benthic

foraminifera at ODP Site 677 (ref. 12) (note axis orientation). The grey lines behind the

records are the long-term trends (band-pass filters with a central frequency of 0.004

(250-kyr period) and a bandwidth of 0.004 cycles per kyr). The stratigraphy of ODP Site

1077 is based on oxygen isotope analyses of Globigerinoides ruber (pink)24 by correlation

to the stratigraphy of ODP Site 677 (ref. 12). Ages for all samples were determined by

linear interpolation using the revised composite depth scale (ref. 30). The division of the

age scale into pre-MPT, transition and post-MPT indicated by the grey vertical bars is

based on ref. 14.
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may thus be far more significant for large-scale environmental
changes than previously thought. A

Methods
Dried and ground sediment samples were ultrasonically extracted with organic solvents.
Total lipid fractions (containing the alkenones) were obtained by methylation of the
extract, elution over a small silica column using ethyl acetate and silylation. Apolar
fractions (containing the n-alkanes) were obtained by column chromatography over
AgNO3-impregnated, activated Al2O3 eluted with hexane:dichloromethane (9:1). Internal
standards were added for quantification. Compounds were analysed on a Hewlett Packard
5890 series II gas chromatograph using flame ionization detection (FID) and identified by
gas-chromatography mass-spectrometry analyses of selected samples. Quantification of
compounds was performed by peak area integration in FID chromatograms. For SST
estimation, the simplified unsaturation index (UK

37
0
) was calculated from the peak areas of

the di- and triunsaturated C37 alkenones in total lipid fractions. The conversion to SST
estimates was done using: SST ð8CÞ ¼ ðUK

37
0
2 0:044Þ=0:033 (ref. 27). The standard

deviation (^1 s.d.) based on duplicate and triplicate analyses of our samples is 0.3 8C. The
compound-specific stable carbon isotopic composition of n-alkanes was measured
through gas chromatography isotope ratio monitoring mass spectrometry using a
Finnigan Delta C mass spectrometer. CO2 gas with known isotopic composition was used
as reference. Analyses were done at least in duplicate. Standard deviations of d13C values
(^1 s.d.) were better than 0.5‰ against PDB.
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Morphological, molecular, and biogeographic data bearing on
early primate evolution suggest that the clade containing extant
(or ‘crown’) strepsirrhine primates (lemurs, lorises and galagos)
arose in Afro-Arabia during the early Palaeogene1, but over a
century of palaeontological exploration on that landmass has
failed to uncover any conclusive support for that hypothesis2.
Here we describe the first demonstrable crown strepsirrhines
from the Afro-Arabian Palaeogene—a galagid and a possible
lorisid from the late middle Eocene of Egypt, the latter of
which provides the earliest fossil evidence for the distinctive
strepsirrhine toothcomb. These discoveries approximately
double the previous temporal range of undoubted lorisiforms
and lend the first strong palaeontological support to the hypoth-
esis of an ancient Afro-Arabian origin for crown Strepsirrhini
and an Eocene divergence of extant lorisiform families1,3.

The primate clade Strepsirrhini—now represented by the dis-
tinctive ‘toothcombed’ prosimians of the Old World tropics and
Madagascar—is one of the three major extant primate groups
alongside Anthropoidea (monkeys, apes and humans) and Tarsii-
formes (tarsiers). Within Strepsirrhini, it is clear that a major
dichotomy exists between a monophyletic Lorisiformes (containing
African galagos or ‘bushbabies’ and African and Asian lorises) and a
monophyletic (and wholly Malagasy) Lemuriformes1,4–6, but a poor
strepsirrhine fossil record has left the age and place of origin of their
common ancestor open to debate7,8. Given the probable paraphyly
of African lorisiforms with respect to Asian lorises1,3,6, the proximity
of Madagascar to the African mainland9, and the distribution of
more generalized primates in the Palaeogene fossil record of north-
ern continents and Africa10, it is now generally believed that extant
strepsirrhines shared a common Afro-Arabian ancestor1,3, but the
earliest undoubted record of crown Strepsirrhini has long been that
of early Miocene (about 20 Myr old) lorisids (lorises) and galagids
(galagos) from east Africa11,12. These Miocene lorisiforms consider-
ably postdate estimates of basal strepsirrhine divergence times that
have been reconstructed using local molecular clocks, which suggest
a divergence of lorisiforms and lemuriforms 50–62 Myr ago, and a
much wider window of 23–55 Myr for the divergence of lorisids and
galagids1,3,6.

Palaeontological work in 2001 led to the recovery of two Palaeo-
gene lorisiforms from a single fossil locality, Birket Qarun Locality 2
(BQ-2), that is situated 183 m below the contact of the Qasr el Sagha
and Jebel Qatrani formations north of Birket Qarun in the Fayum
Depression, Egypt. This horizon was recently placed in the lower-
most (Umm Rigl) Member of the Qasr el Sagha Formation13, but
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