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where stresses, resulting from slow in¯ation of the deep rift zone, are
high (Fig. 3a). At the time of the shallow intrusion, the rift opened
about 2 m (refs 11, 15, 21), an eruptive ®ssure formed (Fig. 1), and
seismicity within this region of the south ¯ank immediately
increased by more than a factor of ten (Fig. 2a). The intrusion
also resulted in changes in the patterns of stressing and seismic
activity (Fig. 3a, b). Relative to the pre-intrusion period, seismic
activity shifted away from the rift and more shallow events occurred.
These changes are consistent with stresses that we have calculated
for the 1983 intrusion (Fig. 3b). That is, the regions of increased and
decreased earthquake rates correspond to regions of increased and
decreased stress, respectively, resulting from the intrusion.

We believe that the boundary element model of the 1983 intru-
sion is also a reasonable representation of the stress changes for the
1977 intrusion. Each occurred in the same region15,20, each resulted
in very similar changes in seismicity patterns and rates, and the
limited deformation data for the 1977 event are consistent with the
more extensive 1983 data set.

Figure 3c gives the distribution of stress changes for the 1983
intrusion obtained from the seismicity data using equation (4).
Counts of earthquakes for this calculation are made on a square grid
with 0.5-km spacing of centres, over a radius of 1 km. A three-year
period, t1, was used for counts before the event (N1), and 90 days, t2,
was used for counts following the event (N2). We use the stressing
rate results for the small polygon in Fig. 1 to set ÇSr � 0:3 MPa yr 2 1

before intrusion and ÇSr � 0:15 MPa yr 2 1 following the intrusion.
Additionally, the parameter As is made depth-dependent by allow-
ing j to increase with depth by the weight of the overburden less
hydrostatic pore-¯uid pressure.

For the region of the small polygon (Fig. 1), the boundary
element model gives a stress increase of 0.3±0.6 MPa for the 1983
intrusion. This compares well with the seismicity-based stress
change of 0.5 MPa obtained for both the 1977 and 1983 intrusion
events using equation (3) (Fig. 2b). The pattern and magnitudes of
stress changes at the time of the 1983 intrusion obtained from
earthquake data using equation (4) (Fig. 3c) are in agreement with
the boundary element calculation (Fig. 3b). Regression of the
Coulomb stresses from the boundary element model of the intru-
sion against stresses from equation (4) has a slope of 1.1, and the
correlation coef®cient is 0.80 (Fig. 4).

In summary, seismicity changes coincide with documented
deformation events for the south ¯ank of Kilauea volcano. Inver-
sions of earthquake rates for stress changes based on equation (1)
give consistent results that agree with other estimates of stress. An
additional internal consistency check of the earthquake rate for-
mulation is provided by the previously described slowing of
deformation rates that began around 1981±1983. As noted above,
equation (1) predicts an inverse relationship between stressing rate
and the time ta for seismicity to decay to the background rate
following a stress step. As the data of Fig. 2a show, the time for
seismicity to return to a background rate following the 1983
intrusion is about twice as long as that following the 1977 intrusion;
this is consistent with a halving of the stressing rate.

The methods presented here provide a way to use seismicity rate
information in earthquake catalogues as a stress meter. This
approach is able to resolve both positive and negative stress steps,
as well as long-term changes in stressing rate. Because this approach
does not depend on previous models of speci®c structures, it can
also provide constraints on the models used to analyse observations
of deformation. M
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No population increases without limit. The processes that prevent
this can operate in either a density-dependent way (acting with
increasing severity to increase mortality rates or decrease repro-
ductive rates as density increases), a density-independent way, or
in both ways simultaneously1±3. However, ecologists disagree for
two main reasons about the relative roles and in¯uences that
density-dependent and density-independent processes have in
determining population size4,5. First, empirical studies showing
both processes operating simultaneously are rare6. Second, time-
series analyses of long-term census data sometimes overestimate
dependence7,8. By using a density-perturbation experiment9±12 on
arctic ground squirrels, we show concurrent density-dependent
and density-independent declines in weaning rates, followed by
density-dependent declines in overwinter survival during hiber-
nation. These two processes result in strong, density-dependent
convergence of experimentally increased populations to those of
control populations that had been at low, stable levels.
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