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hypothesis that a simple physical process, mediated by the trade
winds, controls the broad pattern of biological productivity over the
eastern equatorial Paci®c on the glacial to interglacial timescale. The
results do not support this hypothesis. Rather, changing upper-
ocean chemistry and circulation appear to have a dominant role and
need to be incorporated in a complete model of the EEP. M

Methods
Productivity estimates for calibration with the benthic foraminiferal surface sediment
taxon abundance data were developed independently for the Atlantic, Paci®c and Indian
oceans8,11,27,28. Relative differences and trends in productivity among our benthic sampling
locations are primarily based on CZCS (Coastal Zone Color Scanner) contours. Absolute
productivity values have been selected to conform with published syntheses of measured
productivity, sediment trap organic carbon ¯uxes, benthic chamber ¯ux data and, where
other data are lacking, the Berger29 `synthetic map' based primarily on oceanic phosphate
concentrations. In most cases for our sample set the various sources are within 20% of the
Berger29 synthesis of measured productivity values. Recent satellite-derived estimates of
surface ocean productivity (for example, ref. 30) tend to have higher absolute values than
those in the previous literature. Satellite mapping is still developing, but this could mean
that ultimately the values to which we have calibrated will need to be adjusted upwards.
However, the trends and relative changes in productivity we used follow CZCS imagery
and are compatible with satellite observations. Within the context of the calibration used
here, estimation error is about 10% of the calculated value28.

An average of 346 individuals was counted for each downcore sample and the
abundances of 33 taxa were used to make palaeoestimations. Counts for the four cores
were made independently by three researchers (P. L., M. Fariduddin, Q. Hui) trained in the
taxonomic system used to calibrate the transfer function. Tests for no-analogue condi-
tions, following ref. 12, show that the downcore assemblages can be modelled in terms of
surface calibration data.
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The mechanism responsible for the triggering of earthquakes
remains one of the least-understood aspects of the earthquake
process. The magnitude-7.3 Landers, California earthquake of 28
June 1992 was followed for several weeks by triggered seismic
activity over a large area, encompassing much of the western
United States1. Here we show that this triggered seismicity marked
the beginning of a ®ve-year trend, consisting of an elevated
microearthquake rate that was modulated by an annual cycle,
decaying with time. The annual cycle is mainly associated with
several hydrothermal or volcanic regions where short-term trig-
gering was also observed. These data indicate that the Landers
earthquake produced long-term physical changes in these areas,
and that an environmental source of stressÐplausibly barometric
pressureÐmight be responsible for the annual variation.

For this study, we used the CNSS (Council of the National
Seismic System) earthquake catalogue for the period 1 January
1988 to 1 January 1997, with the aftershocks removed by
declustering2 (Fig. 1). Figure 2a shows the resulting time series of
seismicity rate r (number of events per day). Before the Landers
earthquake, r is relatively stable, averaging 39.7 events per day. Just
afterwards, there is a sharp peak in r due to remotely triggered
seismicity from the Landers event, which has been extensively
studied1,3±10. This is followed by a remarkable annual periodicity
that appears to modulate the slow decay of a post-Landers boost in
seismicity (Fig. 2). The mean peak-to-peak amplitude of the annual
cycle, averaged over the 4-year period 1 January 1993 to 1 January
1997 is about 10 events per day (Fig. 3). If modelled as a decaying
sinusoid of the form

r�t� � a1 � e 2 a2t
�a3 � a4 sin�2pt 2 a5�� �1�

where t is time in years since the beginning of 1993, a decay constant
of about 2 years is obtained (Fig. 2b). We tested the signi®cance of
the annual cycle by ®tting the post-Landers data using equation (1),
and found that a4 is signi®cantly different from zero at the 95% level
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for cut-off magnitudes of 1.5 and lower (Fig. 2d). The excess
seismicity and its decay could not be the result of incomplete
removal of aftershocks of major earthquakes such as the Landers,
Big Bear, Joshua Tree and Little Skull Mountain earthquakes,
because these features still exist when these aftershock zones are
excluded.

The annual periodicity in seismicity is spatially localized by
calculating the numbers of events Ne1 and Ne2 that occurred in
the ®rst half (months 1±6) and second half (months 7±12) of the
years, respectively, for both the pre- and post-Landers periods.
Based on Fig. 3, the difference DNe � Ne2 2 Ne1 should be highest
for the post-Landers period in areas that possess a large annual cycle
with a peak in the autumn. In Fig. 4, we have mapped DNe for the
post-Landers period. It is clear that the largest contribution comes
from three areas: Long Valley, Coso and The Geysers geothermal
®eld. These are all hydrothermal/volcanic areas and were subject to
the most intense short-term triggering from Landers. This suggests
a close link between the short-term triggering and the long-term
seismicity. All together these three areas contribute about 2/3 of the
total amplitude of the annual cycle (Fig. 3).

The variations in seismicity are detected only below magnitude
1.5 (Fig. 2d). Because for most areas, the completeness magnitude
Mc (the magnitude above which no events are missed) is thought to
be in the range 1.1±2.5, the catalogue is incomplete for most of the
areas. It is thus necessary to determine whether the observed annual
cycle could be an artefact of temporal variations in network
sensitivity after the Landers earthquake compared to the preceding
period. This would require the existence of an annual cycle in
network sensitivity with the maximum in the autumn and mini-

mum in the spring. A particularly sensitive measurement of net-
work sensitivity is the seasonal variation in the number of stations
that detect events at ®xed magnitude. Figure 5 suggests that in the
pre-Landers period, for the entire area, there are (on average) one or
two more stations per event in the second half of the years than in
the ®rst half. If this made a noticeable difference in observed
seismicity rate, we would expect to see an annual cycle during the
pre-Landers period with peaks in the autumn. This is not the case
(Figs 2b, 3). For the post-Landers period, there are several more
stations per event in the ®rst half of the years than in the second half.
Again, if this made a noticeable difference in seismicity rate, we
would expect to see an annual cycle with more events in the ®rst half
of the years, which is the opposite of what we have observed.

To study local variations of network sensitivity, we ®rst divided
the area into equal-sized blocks; then, for each block, we computed
the number of stations per event Ns1, Ns2 for the ®rst half and
second half of the years, respectively, and took the difference
DN s � N s2 2 N s1. The spatial distribution of the resulting DNs

suggests that there is a great amount of spatial variability in DNs.
If the temporal variations in seismicity were due to variations in
network sensitivity, the maps of DNs and DNe (Fig. 4) should be very
similar. In fact, the two patterns are essentially uncorrelated. One
area where DNs is positive for small-magnitude events (below
M � 1:5) is in the Long Valley area. In the vicinity of the caldera,
DNs varies between 1 and 2 (out of 10±20 total stations), as might be
expected due to heavy snow in the winter. A detailed analysis of the
seismicity of this particular zone, however, shows that the post-
Landers seismicity that shows an annual cycle is primarily in the
region directly south of the caldera, where DNs is effectively zero. In

Figure 1 Map showing declustered seismicity in the western United States for the period 1

January 1988 to 1 January 1997. The total number of events in the area is about

141,000. We use a cluster-link procedure for the declustering2. The dimensionless

scaling factor Q � 10 is used in the study, although our tests show that the presence of

the annual cycle is insensitive to the particular value of Q used (values between 2 and 20

were used). GG, The Geysers geothermal area; LV, Long Valley; and CS, Coso. The 1992

Landers mainshock is located at the lower-right corner of the plot.
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addition, considering together this zone plus the other areas with a
large annual cycle, the average DNs below M � 1:5 is very small (a
few tenths of a station) and the values for the pre- and post-Landers
periods are statistically indistinguishable (Fig. 5). These regions
taken together nevertheless continue to reveal a clear annual cycle.
Finally, this seismicity is dominated by the occurrence of swarms. It
is thus highly unlikely that subtle temporal variations in network
sensitivity could be the cause. The possibility that the annual cycle
was the result of seasonal variation in water pumping/injection
after June 1992 can also be ruled out (E. Johnson, M. Khan and
S. Hodgson, personal communications).

We ®nd that most of the swarms in this area and in the other
hydrothermal/volcanic areas occurred more often in the autumn. It
is this preference in the occurrence time of swarms that gives rise to
much of the observed annual cycle (Fig. 2). Based on the above
analysis, we conclude that variable network sensitivity is an unlikely
explanation for the observed characteristics of seismicity. We
propose that a real, post-Landers increase in small-event seismicity,
modulated by an annual cycle, is the most likely explanation for the
observed annual cycle in earthquake activity.

The data presented here reveal the existence of a long-term
component of the previously observed Lander-triggered seismicity,
which is modulated by an annual cycle. The excess seismicity
implies a long-term change in the conditions for failure at great
distance from the Landers earthquake. The predicted static stresses
from the Landers earthquake are small at large distances, of the
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order of 1 kPa (10 mbar), whereas the triggering of aftershocks
appear to require a Coulomb stress that is an order of magnitude
greater. The dynamic stresses (due to propagating seismic waves)
from the event, however, were capable of generating 10-kPa stress
changes, and this mechanism has been invoked to explain the short-
term triggering1,3,9. If this same mechanism is responsible for the
long-term triggering, it implies that dynamic stresses can produce
semi-permanent changes at large distances from a seismic event.

The existence of the annual cycle requires a process that is capable
of modulating the Coulomb stress for small seismic events over a
large area. The most plausible sources of stress with a large annual
cycle are barometric pressure and precipitation (tidal stresses at
one-year period are about two orders of magnitude lower). We
regard barometric pressure as the more likely of the two. This is
primarily because the levels of precipitation vary dramatically
throughout the regions (from large snowfall to desert environ-
ments), whereas barometric pressure ¯uctuations are much more
coherent. Comparison of seismicity with pressure (Fig. 2) reveals
that pressure lows precede seismicity highs by 90 days. Barometric
pressure applies a time-varying surface load with dominant annual
period and amplitude of about 2 kPa. For vertical faults, a pressure
low will produce a decrease in normal stress and a corresponding
increase in the effective shear stress that should produce a high in
seismicity. The presence of a phase lag could be explained by the
effect of ¯uid pore pressure on Coulomb stress. This effect is time
dependent, owing to diffusion to the water table11. A hydrologic
diffusivity of 1 m2 s-1Ðwhich is a high but not unreasonable value
for fractured volcanic rock that characterizes the triggered
regionsÐcould produce the observed lag.

The above analysis suggests that the triggered seismicity from the
Landers earthquake possesses a long-term, multi-year component.
The annual periodicity is primarily observed in hydrothermal/
volcanic areas. Barometric-pressure-induced modulation of seismi-
city may explain these data. Such a stress variation (about 2 kPa) is
an order of magnitude smaller than the minimum static stress levels
previously considered to trigger aftershocks12,13. M

Received 4 October 1999; accepted 8 June 2000.
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Sea ice and oceanic boundaries have a dominant effect in struc-
turing Antarctic marine ecosystems. Satellite imagery and histori-
cal data have identi®ed the southern boundary of the Antarctic
Circumpolar Current1 as a site of enhanced biological
productivity2. Meso-scale surveys off the Antarctic peninsula
have related the abundances of Antarctic krill (Euphausia
superba) and salps (Salpa thompsoni) to inter-annual variations
in sea-ice extent3. Here we have examined the ecosystem structure
and oceanography spanning 3,500 km of the east Antarctic coast-

k Present address: Monterey Bay Aquarium Research Institute, 7700 Sandholdt Road, Moss Landing,
California 95039, USA.

line, linking the scales of local surveys and global observations.
Between 808 and 1508 E there is a threefold variation in the extent
of annual sea-ice cover, enabling us to examine the regional effects
of sea ice and ocean circulation on biological productivity.
Phytoplankton, primary productivity, Antarctic krill, whales
and seabirds were concentrated where winter sea-ice extent is
maximal, whereas salps were located where the sea-ice extent is
minimal. We found enhanced biological activity south of the
southern boundary of the Antarctic Circumpolar Current rather
than in association with it2. We propose that along this coastline
ocean circulation determines both the sea-ice conditions and the
level of biological productivity at all trophic levels.

The BROKE (baseline research on oceanography, krill and the
environment) survey was designed to obtain a quasi-synoptic
description of the oceanography and ecosystems in an area of
873,000 km2 off the coast of east Antarctica during the austral
summer of 1996 (ref. 4; Fig. 1). Underway measurements included
near-surface ocean currents, sea surface temperature, multi-fre-
quency acoustics, surface water ¯uorescence and whale and seabird
observations. On eight transects, detailed oceanographic measure-
ments, primary productivity measurements, phytoplankton sam-
pling and oblique 0±200-m zooplankton net tows were carried out
at pre-determined stations.

Surface circulation between 808 and 1508 E was characterized by a
narrow westward slope current just north of the shelf break follow-
ing bathymetric contours (Fig. 1). Flow was westward along the
shelf, northwards near 808 E, with an eastward return forming a gyre
closed at 115±1208 E. Along the southern boundary of the Antarctic
Circumpolar Current (SB-ACC), the ¯ow was highly variable but
primarily eastwards. Near 1308 E, north of the SB-ACC, the ¯ow was
more strongly eastwards. This circulation pattern con®rmed mea-
surements from iceberg tracks5 and sea-ice drift6. Sea surface
temperatures were cooler in the west where the cool water ¯owed
around the gyre and penetrated to lower latitudes (Fig. 1). The
survey crossed the SB-ACC1 on ®ve transects, and with one
exception the position of the SB-ACC was close to previous
measurements, being further offshore in the west and closer to
the coast in the east (Fig. 1).

Signi®cantly more of the acoustically detected Antarctic krill
biomass (63% or 3.0 million tonnes) was encountered in the west
of the survey area (80±1158 E; Table 1). In the east, Antarctic krill
were con®ned to the narrow coastal band of cold (less than -1.6 8C)
Antarctic Surface Water (AASW; Fig. 2). Antarctic krill biomass in
the west was distributed throughout the latitudinally extensive cool
surface waters south of the SB-ACC. Not many studies have
examined Antarctic krill distribution in this region. The Discovery

Table 1 Biological measurements in the west (80±1158 E) and the east (115±
1508 E) of the BROKE survey area

Mean west
(n)

Mean east
(n)

F P d.f.

.............................................................................................................................................................................

Krill acoustics* 34.39
(1076)

22.48
(927)

6.142 0.013 1,2001

Salps density (RMT net)² 0.72
(29)

38.8
(37)

65.247 , 0.0001 1,64

Primary productivity³ 613.4
(14)

395.36
(14)

11.28 0.002 1,26

Chlorophyll-a§ 68.36
(29)

27.93
(31)

13.624 0.0005 1,58

Birdsk 70.85
(187)

30.73
(127)

5.561 0.019 1,312

Whales¶ 0.066
(9)

0.003
(9)

6.181 0.024 1,16

.............................................................................................................................................................................

Comparisons made by analysis of variance (ANOVA).
* Mean acoustic sa (m2 per nautical square mile) for bins of 10 nautical miles.
² Density in individuals per 1,000 m3 (log10 (x+1) transformed before analysis).
³ Column productivity in mg C m-2 d-1 from CTD casts.
§ Vertically integrated chlorophyll a for 0±150 m in mg Chl-a m-2 from CTD casts.
kNumber of birds observed in 10-minute intervals on the hour, standardized for effort.
¶ Mean number of cetaceans observed per transect, standardized for effort.
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