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10 min, transferred to a fresh tube and then neutralized with Tris±HCl (pH 9.1). The
eluted phage were titred and binding ef®ciency was compared.

The phage eluted after third-round substrate exposure were mixed with their
Escherichia coli ER2537 host and plated on LB XGal/IPTG plates. Since the library phage
were derived from the vector M13mp19, which carries the lacZa gene, phage plaques were
blue in colour when plated on media containing Xgal (5-bromo-4-chloro-3-indoyl-b-D-
galactoside) and IPTG (isopropyl-b-D-thiogalactoside). Blue/white screening was used to
select phage plaques with the random peptide insert. Plaques were picked and DNA
sequenced from these plates.

Substrate preparation

Substrate orientations were con®rmed by X-ray diffraction, and native oxides were
removed by appropriate chemical speci®c etching. The following etches were tested on
GaAs and InP surfaces: NH4OH: H2O 1:10, HCl:H2O 1:10, H3PO4: H2O2: H2O 3:1:50 at
1 min and 10 min etch times. The best element ratio and least oxide formation (using XPS)
for GaAs and InP etched surfaces was achieved using HCl: H2O for 1 min followed by a
deionized water rinse for 1 min. However, since an ammonium hydroxide etch was used
for GaAs in the initial screening of the library, this etch was used for all other GaAs
substrate experiments. Si(100) wafers were etched in a solution of HF:H2O 1:40 for one
minute, followed by a deionized water rinse. All surfaces were taken directly from the rinse
solution and immediately introduced to the phage library. Surfaces of control substrates,
not exposed to phage, were characterized and mapped for effectiveness of the etching
process and morphology of surfaces by AFM and XPS.

Multilayer substrates of GaAs and of Al0.98Ga0.02As were grown by molecular beam
epitaxy onto (100) GaAs. The epitaxially grown layers were Si-doped (n-type) at a level of
5 ´ 1017 cm-3.

Antibody and gold labelling

For the XPS, SEM and AFM experiments, substrates were exposed to phage for 1 h in Tris-
buffered saline then introduced to an anti-fd bacteriophageÐbiotin conjugate, an
antibody to the pIII protein of fd phage, (1:500 in phosphate buffer, Sigma) for 30 min and
then rinsed in phosphate buffer. A streptavidin/20-nm colloidal gold label (1:200 in
phosphate buffered saline (PBS), Sigma) was attached to the biotin conjugated phage
through a biotin±streptavidin interaction; the surfaces were exposed to the label for
30 min and then rinsed several times with PBS.

XPS

The following controls were done for the XPS experiments to ensure that the gold signal
seen in XPS was from gold bound to the phage and not non-speci®c antibody interaction
with the GaAs surface. The prepared (100) GaAs surface was exposed to (1) antibody and
the streptavidin±gold label, but without phage, (2) G1-3 phage and streptavidin±gold
label, but without the antibody, and (3) streptavidin±gold label, without either G1-3
phage or antibody.

The XPS instrument used was a Physical Electronics Phi ESCA 5700 with an aluminium
anode producing monochromatic 1,487-eV X-rays. All samples were introduced to the
chamber immediately after gold-tagging the phage (as described above) to limit oxidation
of the GaAs surfaces, and then pumped overnight at high vacuum to reduce sample
outgassing in the XPS chamber.

AFM

The AFM used was a Digital Instruments Bioscope mounted on a Zeiss Axiovert 100s-2tv,
operating in tip scanning mode with a G scanner. The images were taken in air using
tapping mode. The AFM probes were etched silicon with 125-mm cantilevers and spring
constants of 20±100 N m-1 driven near their resonant frequency of 200±400 kHz. Scan
rates were of the order of 1±5 mm s-1. Images were levelled using a ®rst-order plane ®t to
remove sample tilt.

TEM

TEM images were taken using a Philips EM208 at 60 kV. The G1-3 phage (diluted 1:100 in
TBS) were incubated with GaAs pieces (500 mm) for 30 min, centrifuged to separate
particles from unbound phage, rinsed with TBS, and resuspended in TBS. Samples were
stained with 2% uranyl acetate.

SEM

The G12-3 phage (diluted 1:100 in TBS) were incubated with a freshly cleaved hetero-
structure surface for 30 min and rinsed with TBS. The G12-3 phage were tagged with
20-nm colloidal gold. SEM and elemental mapping images were collected using the Norian
detection system mounted on a Hitachi 4700 ®eld emission scanning electron microscope
at 5 kV.
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The extension of growing season at high northern latitudes seems
increasingly clear from satellite observations of vegetation extent
and duration1,2. This extension is also thought to explain the
observed increase in amplitude of seasonal variations in atmos-
pheric CO2 concentration. Increased plant respiration and photo-
synthesis both correlate well with increases in temperature this
century and are therefore the most probable link between the
vegetation and CO2 observations3. From these observations1,2, it
has been suggested that increases in temperature have stimulated
carbon uptake in high latitudes1,2 and for the boreal forest system
as a whole4. Here we present multi-proxy tree-ring data (ring
width, maximum late-wood density and carbon-isotope composi-
tion) from 20 productive stands of white spruce in the interior of
Alaska. The tree-ring records show a strong and consistent
relationship over the past 90 years and indicate that, in contrast
with earlier predictions, radial growth has decreased with increas-
ing temperature. Our data show that temperature-induced
drought stress has disproportionately affected the most rapidly
growing white spruce, suggesting that, under recent climate
warming, drought may have been an important factor limiting
carbon uptake in a large portion of the North American boreal
forest. If this limitation in growth due to drought stress is
sustained, the future capacity of northern latitudes to sequester
carbon may be less than currently expected.
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Figure 1 Climate trends in interior Alaska in the twentieth century. Mean summer (May

through August) temperature at four meteorological stations (see Fig. 2 for locations).

a, annual values; b, annual values smoothed with ®ve-year running mean and ®tted with

regression line; c, normalized growth year (September through August) precipitation

minus normalized May through August temperature at Fairbanks. Scaled to zero mean

over the period 1906±98.
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We assembled the available twentieth-century summer climate
records from stations representative of the boreal forest region of
Alaska (Fig. 1a, b). Although the greatest magnitude of high latitude
warming has been reported in winter and early spring5, these Alaska
stations show a strong warming trend in the growing season over the
past 50 years (Fig. 1a, b). Interior Alaska is semi-arid with potential
evapotranspiration equal to annual precipitation at many interior
locations6. A combined index of growing season temperature and
growth-year precipitation in central Alaska registers severe and
prolonged warmth and dryness from the 1970s to the present that
is unprecedented in the twentieth century (Fig. 1c). Warming
without a concurrent increase in precipitation is projected to turn
regions of the present-day central Canadian boreal forest into lower
productivity Aspen parklands7.

We sampled trees from a broad range of diameters from closed-
canopy white spruce stands in the Bonanza Creek Long-Term
Ecological Research site and surrounding areas across east-central
Alaska (Fig. 2). The sample represents mature and old stands
(Fig. 3a) representative of the Alaskan boreal forest, in contrast to
the well studied forest±tundra treeline8±10.

Correlation analyses of all three tree-ring parameters for 36
months (year of tree-ring formation plus the two years before) with
the Fairbanks/University Experiment Station record show highly
signi®cant correlation with summer temperatures (Fig. 4a±c). We
did not use other interior Alaska climate stations because they are
highly correlated with the Fairbanks record (Fig. 1) and are shorter
in duration. Ring-width is strongly negatively correlated with
summer monthly mean temperature in the year of ring formation
plus the two years before (Fig. 4a). The negative relationship of ring-
width and summer temperature contrasts with the positive relation-
ship widely reported for forest-tundra margin trees8,10,11. Growth-
year precipitation (September through August) is correlated posi-
tively (p . 0.01) with ring-width both for the year of ring formation
(0.34 annual values, 0.64 for ®ve-year running mean (smoothed))
and the year before (0.39 annual values, 0.68 smoothed). Most
conifers are determinate growers: photosynthetic gain in the growth
season before ring formation has the strongest in¯uence on current-
year growth12. By contrast, the d13C and maximum late-wood
density (MLWD) properties in spruce ring-width are correlated
most strongly with mean monthly summer temperatures of the
current growth year (Fig. 4b, c).

We combined monthly mean summer temperature and growth
year precipitation into an index of climatic favourability for white
spruce growth (see Methods). High radial growth and favourable
climate occur consistently during the 50-year period 1915±65
(Fig. 5a). The ring-width climate index (CIrw) closely mirrors
one- and two-year positive and negative growth anomalies in the
sample (Fig. 5a), such as the spike of growth in response to a cool
and moist 1937 and the short, sharp reduction of growth in
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response to the warm and dry years of 1957±58 (Fig. 1c). A quasi-
decadal cyclicity is apparent in which opposite trends in mean radial
growth occur regularly over periods of 5±6 years (Fig. 5a, b). The
most striking feature of the climate and ring-width record is the
sustained unfavourable climate signal and growth response from
the 1970s to the present.

Several features of the sample indicate that this climatically
related growth reduction is signi®cant at the landscape level of
carbon uptake. Mean ring-width of each of the 20 stands and radial
growth of a majority (71%) of the individual trees in the sample are
signi®cantly correlated (p . 0.05) with CIrw. The population of trees
that is signi®cantly correlated with climate displays a distribution
skewed towards faster rates of growth in the twentieth century than
the portion of the population that is not signi®cantly correlated
(Fig. 3c). Thus the fastest growing trees are most limited by summer
warmth and low precipitation.

Correlation analyses of the d13C and wood density properties
provide independent con®rmation of the ring-width results. The
carbon-isotope (d13C) ratio provides information on CO2 uptake
and water vapour loss during photosynthesis13, and thus under
limiting conditions can register drought stress. We calculated
discrimination of d13C, the difference between d13C of the tree-
ring (hollocellulose) and atmospheric d13C annually. The d13C
discrimination of our sampled white spruce is signi®cantly nega-
tively correlated with summer monthly mean temperatures in the

year of the ring formation (Fig. 4b).
Fairbanks precipitation is signi®cantly correlated with d13C dis-

crimination (0.335, p . 0.02), but combining summer temperature
with growth-year precipitation did not result in a signi®cantly
higher overall correlation than the correlation with summer tem-
perature alone. The d13C discrimination of white spruce displays a
strong relationship to the short-term variability of Fairbanks
summer temperature throughout the twentieth century (Fig. 5c)
and declines in the 1980s and 1990s to an unprecedented and
sustained low level for the twentieth century (Fig. 5d).

MLWD is the maximum density of the wood formed at the end of
the growing season when conifer tracheids switch from large-
diameter, thin-walled cells (formed in spring and early summer)
to smaller-diameter, thick-walled cells. Correlation analysis has
shown that this number integrates growing conditions over the
length of the photosynthetically active season14 and is also more
consistent than ring-width15. We hypothesize that an increase in the
length of the growing season along with warmer summer tempera-
tures depletes already limiting soil moisture. In an environment of
high soil-moisture tension, wood cell production shifts earlier in the
summer from relatively low-density early wood to higher-density
late wood, prolonging the wall-thickness phase of growth which is
associated with increased late-wood density16,17. The MLWD of our
white spruce sample is signi®cantly correlated with early and late
summer temperatures in the year of ring formation (Fig. 4c), as
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noted for North American treeline white spruce15, and other months
add little improvement. An unprecedented late-twentieth-century
rise in MLWD and the associated temperature index is consistent
with the other tree-ring properties (Fig. 5e, f).

Our carbon isotope and MLWD results con®rm that drought
stress accounts for the climate sensitivity of ring-width for produc-
tive upland white spruce sites in interior Alaska. Climate sensitivity
in our sample has been sustained (neither degraded nor improved)
over the last nine decades, and drought stress has reached levels
unprecedented in the twentieth century because of climate warming
experienced in the 1980s and 1990s. The wide distribution (Fig. 2),
representative diameter distribution of the sampled tree population
(Fig. 3a, b) and consistent response of the stands suggest that this
response is typical of upland white spruce forests in interior Alaska.
In the western Canadian boreal forest, white spruce radial growth
displays a negative relationship with the duration of ®re weather
(hot and dry)18, suggesting that our ®ndings have broader applic-
ability. Our results are also consistent with the suggestion that
drought stress is one possible explanation for a late-twentieth-
century decrease in the positive relationship of temperature and
radial growth of trees at the forest±tundra margin across the
Northern Hemisphere19,20.

White spruce is one of the most productive and widespread forest
types in the boreal forest of western North America21±23. Thus any
coherent, climate-related change in white spruce growth is likely to
be an important factor in CO2 uptake in the boreal forest, a region
that is one of the planet's major potential carbon sinks. Our results
suggest that the current assumption of carbon-cycle models24, of a
uniform positive relationship of atmospheric carbon uptake to
high-latitude warming, will lead to an overestimate of high-
latitude carbon storage and an underestimate of future atmos-
pheric CO2. M

Methods
The radial-growth sample is representative of trees in mature and old stands that are
dominant on the contemporary landscape, including trees across a broad range of
diameters. The radial-growth sample includes 269 trees in 20 separate stands; radial
growth was calculated as a stand-weighted mean. All trees contributed from 1908 until the
date of sampling (sampling took place between 1994 and 1996) or, in two cases, the death
of the stand. One stand (Reserve West in Bonanza Creek) was killed by wild®re in 1983 and
the other was logged in 1987. In these two stands wood disks were harvested from the
stumps. Density was measured in cores from 23 trees collected in three stands including
Reserve West and outlying sites to the east and west (Fig. 2). The common period of
analysis for density was 1918±1994; all trees contributed throughout, except that sample
depth in one stand dropped from 14 to 6 trees between 1982 and 1994. Stable carbon
isotope (d13C) was measured only at Reserve West. Four orthogonal cores from each of
four trees pooled together give an isotope value representative of a site25. We obtained
isotope measurements for the period 1900±1981 from four orthogonal wedges from each
of four harvested stump disks. For the period 1982±96 samples were obtained from four
cores collected at each of four surviving trees near the ®re perimeter. We believe the isotope
sample is representative of white spruce of the interior Alaskan boreal forest because
Reserve West is centrally located, is within the well studied Long-term Ecological Research
site, and the tree-ring parameters are well correlated with each other. We con®rmed the
trends in d13C seen at Reserve West in limited samples covering three and four decades
collected at two other sites located about 30 km from Bonanza Creek.

We did not transform ring widths into de-trended normalized ring-width index values
for two reasons. First, we wanted to preserve the weighting effect of tree increments of
different sizes because this re¯ects annual production more closely than normalized
values, which remove this effect. Second, most white spruce of the age range in this study
exhibit little age-related growth trend, and the removal of trend is user-speci®ed and risks
the loss of information on long-term climate variability that may actually in¯uence tree
growth26. However, we also correlated climate with de-trended ring-width indices27 for
several stands and found little difference, demonstrating that our results are not an artefact
of age-related changes in ring width.

We examined various combinations of climate parameters in order to produce climate
indices that maximized correlation for each of the three tree-ring properties (Fig. 5). The
climate index (CIrw) that correlates best with ring-width (Fig. 5a, b) is composed of the
following parameters:

CIrw � �Yr0�PPTgr�n 2 �TM 2 A�n� � Yr 2 1�PPTgr�n 2 �TM 2 A�n��=2

where Yr0 is the year of ring formation, Yr-1 is the year prior to ring formation, (PPTgr)n is
the normalized growth year precipitation, and (TM-A)n is the normalized May±August
temperature.

For stable carbon isotope analysis, four orthogonal samples of annual rings were

excised, ground and blended with the same-year wood from four tree disks. Hollocellulose
was extracted from the annual wood28 and carbon-isotope ratios were analysed for the
years 1900±81. The same procedure was used on cores from the surviving trees for the
period 1967±96, to provide an overlap period for correction. Isotope trends for the period
of 1967±81 follow similar curves from both sets of wood samples, but there is a slight offset
(0.7) in the d13C of the ®re-killed trees versus the live trees, probably due to site-speci®c
effects. A correction was made for this offset. A correction was also made for d13C changes
in atmospheric CO2 over the last 150 years due to fossil fuel and biomass combustion using
the Law Dome Antarctic ice core data (1.53½ over 150 years) and discrimination was
calculated29. Thus a continuous record of d13C discrimination was determined for 1900±
96 and the best correlation was found with May±August temperatures (Fig. 4b, 5c, d).

Maximum late-wood density was measured by X-ray attenuation15,30 at Lamont-
Doherty Earth Observatory. One to four radial samples were collected from each tree.
Annual density values were ®rst combined to produce annual tree averages that were then
used to calculate overall yearly stand means for each of three stands. The three-stand
means were then averaged to produce the sample mean used in correlation analysis. We
determined that MLWD correlated best with May, July and August temperatures
(Fig. 4c, 5e, f).
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When a mantle plume interacts with a mid-ocean ridge, both are
noticeably affected. The mid-ocean ridge can display anomalously
shallow bathymetry, excess volcanism, thickened crust, asym-
metric sea-¯oor spreading and a plume component in the com-
position of the ridge basalts1±4. The hotspot-related volcanism can
be drawn closer to the ridge, and its geochemical composition can
also be affected3,5±7. Here we present Sr±Nd±Pb isotopic analyses
of samples from the next-to-oldest seamount in the Hawaiian
hotspot track, the Detroit seamount at 518 N, which show that,
81 Myr ago, the Hawaiian hotspot produced volcanism with an
isotopic signature indistinguishable from mid-ocean ridge basalt.
This composition is unprecedented in the known volcanism from
the Hawaiian hotspot, but is consistent with the interpretation
from plate reconstructions8 that the hotspot was located close to a
mid-ocean ridge about 80 Myr ago. As the rising mantle plume
encountered the hot, low-viscosity asthenosphere and hot, thin
lithosphere near the spreading centre, it appears to have entrained
enough of the isotopically depleted upper mantle to overwhelm
the chemical characteristics of the plume itself. The Hawaiian
hotspot thus joins the growing list of hotspots that have interacted
with a rift early in their history.

For more than 81 Myr (ref. 9), the Hawaiian hotspot has been
producing the age-progressive Hawaiian±Emperor chain of
volcanic islands and seamounts (Fig. 1). This chain extends for
5,800 km from the present location of volcanic activity on the island
of Hawaii and Loihi seamount, to the northernmost Emperor
seamount (Meiji) at 538 N. There are over 100 volcanic edi®ces
along the Hawaiian±Emperor chain, and more than 30 of these (in
addition to the Hawaiian Islands) have been sampled by dredge and
drill9±11, making it the most intensively sampled and studied hotspot
track on Earth.

Published Sr-isotope ratios of tholeiitic basalts from along the
Hawaiian hotspot track show an interesting trend with age (Fig. 2).
These ratios remain fairly constant along the Hawaiian Islands and
the Hawaiian ridge between Kilauea volcano on Hawaii and Yur-
yaku seamount (Fig. 1); they then decrease steadily northwards
along the Emperor seamounts to Suiko guyot, which was the oldest
seamount previously analysed (64.7 Myr; ref. 12). This decrease in
the 87Sr/86Sr ratio back in time was attributed to a decrease in
distance between the hotspot and the nearest spreading centre13.
Only the tholeiitic basalts (as opposed to the transitional and alkalic

basalts) show this isotopic trend, perhaps because the tholeiites
experienced little if any interaction with the lithosphere14±16.

Because this trend in 87Sr/86Sr with time was all within the range
for the Hawaiian Islands, it could be explained by a sampling bias in
the older seamounts. We therefore decided to measure the isotopic
ratios of basalts from the two oldest Emperor seamounts (Detroit
and Meiji) to determine if the isotopic trend continued further back
in time. We also analysed a single sample from Suiko to tie in with
the published data. We chose to concentrate our analyses, and our
discussion here, on the tholeiitic basalts because only they show the
isotopic trend with time.

We measured the Sr, Nd and Pb isotope ratios of basalts from two
locations (ODP Sites 883 and 884) on the Detroit seamount
platform9. The Site 884 basalts have low concentrations of alkalis,
TiO2, and other incompatible elements at moderate MgO (4.6±
8.8 wt%) and Ni (47±94 p.p.m.) contents, and are unambiguously
tholeiitic9. Basalt recovered at the other drillsite on Detroit (Site
883) are too altered to determine unambiguously if they are
tholeiitic (and we wish to limit our study to tholeiites); however,
we include them here (Table 1) because they are isotopically similar
to the Site 884 basalts (Fig. 3), which bolsters our argument that the
Late Cretaceous volcanism was signi®cantly different from the more
recent volcanism. The Suiko sample from DSDP Site 433 and the
Meiji sample from DSDP Site 192 are tholeiitic basalts12,17.

Age-corrected (initial) 87Sr/86Sr, 207Pb/204Pb and 208Pb/204Pb
values (Table 1) in the Detroit tholeiites (Site 884) are lower than
anything previously reported from the Hawaiian±Emperor chain
(Fig. 3), while 143Nd/144Nd and 206Pb/204Pb values for these tholeiites
overlap the Hawaiian ®eld. Age corrections to these isotopic data are
small (Table 1), and even the measured ratios are distinct from the
Hawaiian data. The Sr and Pb isotope ratios of the Detroit tholeiites
are within the range of Paci®c mid-ocean-ridge basalt (MORB),
while their 143Nd/144Nd values are lower than modern Paci®c
MORB, but within the range of Paci®c MORB data adjusted to
80 Myr (Fig. 3b). Isotopic data for the Site 883 samples are similar to
the Site 884 data, but are not quite as depleted.

The Suiko sample has the highest Sr and Pb isotope ratios
measured in this study, and values of 143Nd/144Nd that are similar
to those found at Meiji and Detroit (Table 1). Suiko isotopic ratios
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Figure 1 Location of volcanoes in the Hawaiian±Emperor island/seamount chain that

have been dated (the age of Meiji is unknown). Additional locations have been sampled,

but not dated. Locations from which tholeiites have been reported are shown by ®lled

circles. Locations where no tholeiites were reported, or the identi®cation of the tholeiites is

in doubt, are shown by open circles. Seamounts mentioned in the text are labelled with

names and ages. Age data are from a compilation10, except for the Detroit seamount age9.

New isotopic data presented in this study are from Suiko, Detroit and Meiji.
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