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Methods
PDEAAm synthesis
PDEAAm was prepared by group transfer polymerization9 to ensure a narrow molecularmass distribution. Tetrabutylammonium acetate was used as the catalyst and 1-methoxyl1-(trimethylsiloxy)-2-methyl-1-propene as the initiator. In the ®nal stage of polymerization, a hydroxyl group was incorporated into one end of each polymer chain by adding a
capping agent, 2-(trimethylsiloxy)ethyl methacrylate. The trimethylsiloxy group was
subsequently removed by hydrolysis, to generate the ±OH end group. The hydroxyl end
group was subsequently derivatized to a vinyl sulphone group by reacting with divinyl
sulphone6,7. The molecular mass and polydispersity of the polymer were determined in
tetrahydrofuran, using gel permeation chromatography calibrated with polystyrene
molecular-mass standards. All of the polymers have a molecular-mass polydispersity of
less than 1.2.

Conjugation
Conjugation of PDEAAm to E51K/N118K streptavidin was performed at pH 9.5, 4 8C for
16 h. Three thermally induced precipitations of the conjugate were conducted to remove
any unconjugated E51K/N118K streptavidin, which remained in the supernatant.
Iminobiotin af®nity chromatography was employed to separate the conjugate from the
unreacted free polymer10. The puri®ed streptavidin±PDEAAm conjugate was then
immobilized on magnetic microbeads for the biotinylated-protein binding assays.

Binding assays
The conjugates and, as a control, the unconjugated E51K/N118K streptavidin were
immobilized on magnetic microbeads and suspended in 100 mM sodium phosphate
buffer, pH 8, containing 0.2 wt% of BSA. The suspensions were incubated in a 10 8C water
bath for 1 h before addition of the biotinylated protein. They were mixed and then further
incubated at 10 8C for 30 min to reach binding equilibrium. The magnetic beads were
separated and the ¯uorescence intensities (excitation wavelength, 494 nm; emission
wavelength, 520 nm) of the supernatant were measured versus control solutions without
magnetic microbeads. The solutions were then incubated at a higher temperature and the
same operations were repeated. One nmol of either E51K/N118K±PDEAAm conjugate or
E51K/N118K was used for each assay.

Determination of LCST
The LCST of the E51K/N118K±PDEAAm-12.8k conjugate was determined in 100 mM
sodium phosphate buffer, pH 8.0, containing 0.2 wt% of BSA, by measuring absorbance at
500 nm versus temperature. The LCST is de®ned as the temperature where the light
absorbance is 10% of the maximum value.

Synthesis of biotinylated PDEAAm
A primary amino group at the end of the PDEAAm chain was reacted with sulphNHS-LC-biotin (from Pierce). B-PDEAAm was then complexed to E51K/N118K
streptavidin, which was immobilized on magnetic beads via the interaction of biotin
and streptavidin.
Received 29 December 2000; accepted 12 February 2001.
1. Fong, R. B., Ding, Z., Long, C. J., Hoffman, A. S. & Stayton, P. S. Thermoprecipitation of streptavidin
via oligonucleotide-mediated self-assembly with poly(N-isopropylacrylamide). Bioconj. Chem. 10,
720±725 (1999).
2. Wilchek, M. & Bayer, E. A. Avidin±Biotin Technology (Academic, New York, 1990)
3. Schlosser, M., Hahmann, J., Ziegler, B., Augstein, P. & Ziegler, M. Sensitive monoclonal antibodybased sandwich ELISA for determination of the diabetes-associated autoantigen glutamic acid
decarboxylase GAD65. J. Immunoass. 18, 289±307 (1997).
4. Bloch, B. Biotinylated probes for in situ hybridization histochemistry: Use for mRNA detection.
J. Histochem. Cytochem. 41, 1751±1754 (1993).
5. Stayton, P. S. et al. Control of protein-ligand recognition using a stimuli-responsive polymer. Nature
378, 472±474 (1995).
6. Bulmus, V., Ding, Z., Long, C. J., Stayton, P. S. & Hoffman, A. S. Design, synthesis and site-speci®c
conjugation of a pH- and temperature-sensitive polymer to streptavidin for pH-controlled binding
and triggered release of biotin. Bioconj. Chem. 11, 78±83 (1999).
7. Ding, Z. et al. Temperature control of biotin binding and release with a streptavidin-poly(Nisopropylacrylamide) site-speci®c conjugate. Bioconj. Chem. 10, 395±400 (1999).
8. Wu, C. & Wang, X. H. Globule-to-coil transition of a single homopolymer chain in solution. Phys.
Rev. Lett. 80, 4092±4094 (1998).
9. Sogah, D. Y., Hertler, W. R., Webster, O. W. & Cohen, G. M. Group transfer polymerization.
Polymerization of acrylic monomers. Macromolecules 20, 1473±1488 (1987).
10. Hofmann, K., Wood, S. A., Brinton, C. C., Montibeller, J. A. & Finn, F. M. Iminobiotin af®nity
columns and their application to retrieval of streptavidin. Proc. Natl Acad. Sci. USA 77, 4666±4668
(1980).

Acknowledgements
We thank R. Clark for providing protein G, and N. Murthy for help with PDEAAm
synthesis. This work was supported by the National Institutes of Health.
Correspondence and requests for materials should be addressed to A.S.H.
(hoffman@u.washington.edu) or P.S.S. (stayton@u.washington.edu).

62

Evolution of Asian monsoons and
phasedupliftoftheHimalaya±Tibetan
plateau since Late Miocene times
An Zhisheng*, John E. Kutzbach², Warren L. Prell³ & Stephen C. Porter§
* State Key Laboratory of Loess and Quaternary Geology, Institute of Earth
Environment, Chinese Academy of Sciences, Box 17, Xi'an 710054, China
² Center for Climatic Research, Institute for Environmental Studies, University of
Wisconsin-Madison, 1225 W. Dayton Street, Madison, Wisconsin 53706, USA
³ Geological Sciences, Box 1846, Brown University, Providence,
Rhode Island 02912-1846, USA
§ Quaternary Research Center, Box 351310, University of Washington, Seattle,
Washington 98195, USA
..............................................................................................................................................

The climates of Asia are affected signi®cantly by the extent and
height of the Himalayan mountains and the Tibetan plateau1±4.
Uplift of this region began about 50 Myr ago, and further signi®cant increases in altitude of the Tibetan plateau are thought to
have occurred about 10±8 Myr ago4,5, or more recently. However,
the climatic consequences of this uplift remain unclear. Here we
use records of aeolian sediments from China6,7 and marine sediments from the Indian8±10 and North Paci®c oceans11 to identify
three stages of evolution of Asian climates: ®rst, enhanced aridity
in the Asian interior and onset of the Indian and east Asian
monsoons, about 9±8 Myr ago; next, continued intensi®cation of
the east Asian summer and winter monsoons, together with
increased dust transport to the North Paci®c Ocean11, about
3.6±2.6 Myr ago; and last, increased variability and possible
weakening of the Indian and east Asian summer monsoons and
continued strengthening of the east Asian winter monsoon since
about 2.6 Myr ago. The results of a numerical climate-model
experiment, using idealized stepwise increases of mountain±
plateau elevation, support the argument that the stages in evolution of Asian monsoons are linked to phases of Himalaya±Tibetan
plateau uplift and to Northern Hemisphere glaciation.
Continuous sedimentary records of Asian climate are found in
China and in marine cores from the Indian and North Paci®c oceans
(Fig. 1). The planktonic foraminifer Globigerina bulloides and
upwelling radiolaria from ODP site 722 (Fig. 2) are indices of
coastal upwelling in the Arabian Sea and thus of southwesterly wind
strength during the Indian summer monsoon8,10. Although carbonate
dissolution (often associated with high productivity) reduces the
magnitude of the G. bulloides index at certain times (Fig. 2), the
composite radiolarian and G. bulloides records show strengthening of
upwelling about 9±8 Myr ago and relatively continuous upwelling
thereafter. Magnetic susceptibility ¯ux from ODP site 758 (ref. 9),
representing sea-level-mediated ¯uvial transport from the Ganges
and other river systems draining the southern side of the Himalayan±Tibetan orogen, increases about 9 Myr ago. Signi®cantly, new
basal dates from the aeolian `Red Clay' sediments on the Chinese
Loess plateau (Figs 1, 2) indicate onset of aeolian dust accumulation
at about 7.6 Myr ago at Zhaojiachuan (358 539 N, 1078 589 E),
8.0 Myr ago at Chaona (358 069 N, 1078 129 E), and as early as
8.3 Myr ago at Jiaxian (388 169 N, 1108 59 E) (Fang, X.M. and
Qiang, X.K., personal communication). Records from North Paci®c
ODP sites 885 and 886, which accumulated wind-blown dust from
Asia, show a major dust peak about 8±7 Myr ago11. The change in
oxygen isotope composition of soil carbonates in Pakistan about 9±
8 Myr ago12 (Fig. 2), inferred changes in vegetation from C3 (forests)
to C4 (grasses) in Pakistan beginning about 8 Myr ago13, and a
change from mixed needle-leaf and broad-leaf forests to grassland
vegetation along the northeastern margin of the Tibetan plateau
about 8.5 Myr ago14, all imply increasing seasonality by about 8 Myr
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ago, with most precipitation in summer. These widely distributed
observations can be interpreted as signalling an environmental
response to a major phase of Himalaya±Tibetan plateau uplift
about 9±8 Myr ago. This response is broadly consistent with the
climate changes produced in our climate-model experiment. This

experiment used highly idealized stages of elevation history for the
Himalayan±Tibetan region; that is, going from relatively small areas
with elevations above 1,000 m and maximum elevations between
1,700 and 2,700 m (stages HT-1 and HT-2), with a weak Asian
summer monsoon circulation and relatively low summer monsoon
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Figure 1 Locations of geographic features and terrestrial and marine records. BJ, Beijing;
B, Z and J, locations of the Bajiazui, Zhaojiachuan and Jiaxian sections from the Loess
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Figure 2 Terrestrial and marine records from the Chinese Loess plateau and the southern
margin of Asia. The shaded zones at ,9±8 and 3.6±2.6 Myr ago indicate times of
change detailed in the text. a, The magnetic susceptibility ¯ux (SI units times
sedimentation rate, solid line) from ODP Site 758 (Fig. 1) re¯ects the sea-level-mediated
terrigenous ¯ux to the Bay of Bengal9. The d18O of soil carbonates (open squares) in
Pakistan12 re¯ects increased aridity or a change in the precipitation source about 9±8 Myr
ago. The terrestrial record of monsoon in¯uence remains high but variable while the ¯uvial
¯ux to the Bay of Bengal is low between 8 and 4 Myr ago. This difference is attributed to
higher sea level and less transport to the deep sea during the late Miocene. b, The
abundance of upwelling fauna at ODP Site 722 in the Arabian Sea (Fig. 1). Revised
percentage data for planktonic foraminifer G. bulloides (®lled diamonds) and relative
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abundance of radiolarian Actinoma spp.8 (open diamonds). Intervals of poor carbonate
preservation are indicated by ®lled squares on the time axis. The low G. bulloides values
from 8±0 Myr ago are mostly attributed to poor carbonate preservation8. c, The
stratigraphy and time series of magnetic susceptibility7 (thin line) and .19 mm grain-size
fraction (thick line) from the Zhaojiachuan section on the Loess plateau. The chronology is
based on the polarity boundary ages7,16, and was obtained by interpolation from a
sedimentation model15 using the .19 mm grain-size fraction and a magnetic
susceptibility model7 in the basal part where grain-size data are not available. The white,
grey, and dark shaded patterns in the simpli®ed stratigraphy column represent loess or
loess-like sediment, palaeosols and bedrock, respectively.
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precipitation, to a much larger area with elevations above 1,000 m
and maximum elevations of 5,700 m (stage HT-3, a stage we
associate with the Late Miocene time), with a strong Asian monsoon
circulation and increased summer monsoon precipitation (Fig. 3).
These changes in continent-scale monsoon circulation are caused
primarily by large increases in sensible heating and latent heating
(precipitation) that are focused over or along the slopes of the high
plateau1±4. In central Asia, precipitation decreases2,3 (Fig. 3).
The onset of aeolian deposition in China about 8 Myr ago
resulted in long, continuous terrestrial records at Zhaojiachuan
and Bajiazui (358 539 N, 1078 279 E)6,7, within the largest platforms
on the Loess plateau (Fig. 1), and in an area that is very sensitive to
variations in the east Asian summer and winter monsoons15. These
sequences (Fig. 4) consist of two parts: the upper part corresponds
to the well-known loess±palaeosol sequence of Luochuan, aged
#2.6 Myr (ref. 16), which has been correlated with deep-sea
sedimentary records; the lower Red Clay sequence consists of
inter-layered light-red to reddish-yellow silty loess and light-red
to brownish-red palaeosols, and mantles a surface with variable
relief and different ages. The quasi-normal grain-size distribution,
the 40±60% silt fraction, and other chemical and physical characteristics, indicate an aeolian origin for the sediment6,7,17. Overall
southeastward ®ning of the loessic silt is consistent with northwesterly winter winds. The degree of pedogenesis of the palaeosols,
re¯ected in their colour, texture, and abundance of pedogenic
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Several indicators of summer and winter monsoon strength have
been developed from these loess±palaeosol sequences. The high
positive correlation between the frequency-dependent magnetic
susceptibility, which can be used to identify ferromagnetic grain
size, and the magnetic susceptibility of Red Clay samples indicates
that the susceptibility depends mainly on ultra-®ne-grained ferromagnetic minerals formed in situ during pedogenesis18. Therefore,
susceptibility records in the lower sequenceÐwhich have ferromagnetic minerals and magnetic properties similar to those of the
overlying loess and palaeosols, and similar susceptibility records to
those in the upper sequenceÐare indices of summer monsoon
precipitation17 (Fig. 4). The overall strong correlation of the
magnetic susceptibility series with an independently derived Rb/
Sr time-series emphasizes that both indices are measures of summer
monsoon strength (Fig. 4). During weathering, Rb is relatively
stable, whereas Sr is relatively mobile; therefore, an increased Rb/Sr
ratio indicates increased weathering and pedogenesis, and a strong
monsoon19. The coarse-grain fraction and the Al ¯ux (Fig. 4) are
indices of winter monsoon strength15 and the degree of aridity in
dust source regions11, respectively.
Based upon the temporal changes of these monsoon indices
(Fig. 4), we subdivide the period 6±2 Myr ago into three intervals.
The period from 6 to about 3.6 Myr ago shows considerable
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and are signi®cantly lower than the observed or estimated elevations. b, The June±July±
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variability of the monsoon indices but relatively small trends
compared to the subsequent period. The period from about 3.6 to
2.6 Myr ago contains the most-sustained and simultaneous intensi®cation of both summer and winter monsoons on the Loess plateau
(as indicated by magnetic susceptibility, Rb/Sr, coarse grain-size
fraction, and Al ¯ux indices), as well as the most-sustained increase
of aeolian ¯ux to the North Paci®c. This simultaneous intensi®cation of both summer and winter monsoons is dif®cult to explain,
because the rapid increase in the volume of continental ice sheets
during this same periodÐas inferred from the marine oxygen
isotope record20 (Fig. 4)Ðimplies a shift of the climate towards
more glacial conditions. Based on climate-model simulations of
glacial conditions, we would expect a weakening of the summer
monsoon and a strengthening of the winter monsoon21. Therefore,
we attribute the simultaneous strengthening of both summer and
winter monsoons on the Loess plateau to additional, incremental
plateau uplift or extension (see below). Enhanced uplift along the
northern and eastern margins of the plateau after 3.6 Myr ago is
inferred from widely distributed conglomerates and increased
sediment ¯ux after 3.6 Myr ago in the west Kunlun mountains22
(Fig. 4), from conglomerates dating 3.6±2.6 Myr ago in the Linxia
basin23, from a northeastward shift in maximum sedimentation rate
in basins north of the east Kunlun mountains since Pliocene times24,
from well-developed molasse sediments as old as 3.4 Myr in the
Qaidam basin24, from coarse conglomerates dating from 3.6 Myr
ago at Lao Junmiao on the northern ¯ank of the Qilian mountains
(Fang, X.M., personal communication), and from indications of
tectonic activity (since the Pliocene) at Haiyuan, on the eastern
margin of the Tibetan plateau25 (Fig. 1).The magnetic susceptibility
record from the Bay of Bengal also shows a rapid increase in
terrigenous in¯ux about 3.9 Myr ago (Fig. 2a). Moreover, models
of plateau formation suggest continued development of the plateau
towards the north and east26,27.
Our climate-model simulations show that continued uplift and
expansion of the plateau along its northern and eastern margins
(going from stage HT-3 to HT-4, Fig. 3) enhances both summer and
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Figure 4 Terrestrial and marine records dating from 6 to about 2 Myr ago from China and
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(Fig. 1)11; sedimentation rate at Yecheng, north of the West Kunlun mountains22; and d18O
from ODP core 846 in the eastern equatorial Paci®c20. The chronology of monsoon proxy
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winter monsoons in the region of the Loess plateau/east Asia and
continues the drying trend in central Asia, but causes little change in
the general Asian summer monsoon circulation or the Indian
monsoon precipitation. Overall, the model results indicate that
the relatively large high-elevation area that we insert in the model in
going from stage HT-2 to stage HT-3, presumably re¯ecting elevation changes that occurred no later than about 8 Myr ago, are
suf®cient to alter signi®cantly the thermally forced circulation and
establish strong continent-scale summer and winter monsoons and
central Asian aridity (Fig. 3). Continued elevation increases along
the northern and eastern margins, in going from stage HT-3 to stage
HT-4, have a more local in¯uence restricted mainly to central Asia
and the Loess plateau/east Asia sector.
The onset of major Northern Hemisphere glaciation after 2.6 Myr
ago appears to have in¯uenced, and was perhaps in¯uenced by, the
development of the Asian monsoons. After 2.6 Myr ago, the east
Asian summer monsoon, re¯ected by the magnetic susceptibility
index, becomes more variable and at times weaker (Figs 2, 4), and
the phasing between orbital forcing and Indian monsoon strength
changes28. In contrast, the east Asian winter monsoon, re¯ected in
the indices of the grain-size fraction and Al ¯ux, continues strong,
and even intensi®es, as does the aeolian ¯ux to the North Paci®c
(Figs 2, 4), indicating sustained or intensi®ed central Asian aridity.
These changes are consistent with the climate-model simulations
for glacial conditions21: weakened summer monsoons, but continued aridity in central Asia and strong winter monsoon northwesterly winds across eastern Asia, and strong westerlies aloft
(stage G, Fig. 3). The increased atmospheric dust loading associated
with central Asian aridity and strong winter winds may have helped
cool global climate11, and thereby contributed to the development
or intensi®cation of glaciation.
We have ignored other possible in¯uences on Late Miocene±
Pliocene climates such as uplift elsewhere29, changes in ocean
gateways30, decreases in atmospheric CO2 concentrations due to
increased weathering or carbon burial29, and changes in land/ocean
con®guration31. Nevertheless, the terrestrial records from the Loess

sequences of the Bajiazui section was obtained by interpolation with a sedimentation-rate
model using .19 mm grain-size fraction, based on the magnetic stratigraphy6 and
calibrated with polarity boundary ages20. The palaeomagnetic results have also been
con®rmed by analysis of duplicate samples at the Geomagnetism Laboratory, University of
Liverpool. Sampling resolution is 5±10 kyr. Sedimentation rate of the debris sequence at
Yecheng is calculated based on its original thickness and polarity boundary ages. In the
simpli®ed stratigraphy column, the vertically hatched and solid black areas represent
respectively loess (or loess-like) sediment and palaeosols.
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plateau and the marine records from the Indian Ocean, interpreted
with the aid of climate-model simulations that take into account
both uplift and lateral extension of the Tibetan plateau, support and
extend earlier conclusions11,17 concerning the nature and probable
causes of the multi-stage evolution of Asian climates.
M
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Marine ®xation of atmospheric nitrogen is believed to be an
important source of biologically useful nitrogen to ocean surface
waters1, stimulating productivity of phytoplankton and so in¯uencing the global carbon cycle2. The majority of nitrogen ®xation
in tropical waters is carried out by the marine cyanobacterium
Trichodesmium3, which supplies more than half of the new
nitrogen used for primary production4. Although the factors
controlling marine nitrogen ®xation remain poorly understood,
it has been thought that nitrogen ®xation is limited by iron
availability in the ocean2,5. This was inferred from the high iron
requirement estimated for growth of nitrogen ®xing organisms6
and the higher apparent densities of Trichodesmium where aeolian iron inputs are plentiful7. Here we report that nitrogen
®xation rates in the central Atlantic appear to be independent
of both dissolved iron levels in sea water and iron content in
Trichodesmium colonies. Nitrogen ®xation was, instead, highly
correlated to the phosphorus content of Trichodesmium and was
enhanced at higher irradiance. Furthermore, our calculations
suggest that the structural iron requirement for the growth of
nitrogen-®xing organisms is much lower than previously
calculated6. Although iron de®ciency could still potentially limit
growth of nitrogen-®xing organisms in regions of low iron
availabilityÐfor example, in the subtropical North Paci®c
OceanÐour observations suggest that marine nitrogen ®xation
is not solely regulated by iron supply.
We collected surface water samples and colonies of Trichodesmium
spp. using trace-metal clean methods along two transects in the
tropical (0±68 N latitude; 50±288 W longitude) and subtropical
(10±168 N; 30±558 W) Atlantic Ocean in April 1996, and analysed
them for C, N, P and Fe content. We also measured N2 ®xation rates
of colonies (Methods).
Strong spatial gradients in the N2-®xing diazotrophic activity
were observed along the tropical and subtropical transects. Cell
C speci®c N2 ®xation in the subtropical northern transect
(median was 152 mmol N per mol C per h) was four times higher
than in the tropical transect (median was 38 mmol N per mol C
per h) (Fig. 1a). Trichodesmium biomass (Fig. 1b) was also seven
times higher in the northern subtropical transect (subtropical
median was 1.44 per mg chl a per m2; tropical median was
0.20 per mg chl a per m2).
In contrast to N2 ®xation, dissolved Fe concentrations in surface
waters of the sub-tropical (median was 0.77 nM) and tropical
(median was 0.95 nM) Atlantic were relatively constant (Fig. 1c).
Similarly, levels of Fe in ®eld-collected Trichodesmium colonies
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