
The past two million years have been
tough for species that thrive in temper-
ate conditions. This period, the Pleis-

tocene epoch, has seen erratic, often rapid
climatic fluctuations that have tested many
species to their limits, and some beyond. The
persistence of some temperate species into
the present day indicates that they must have
survived the trying climatic conditions —
but where? The identification of the precise
locations of glacial survival could prove
important in understanding current pat-
terns of species distribution.

This work has traditionally relied on the
efforts of geologists and palaeontologists,
but genetic analyses of present-day popu-
lations are proving a valuable source of 
further information. This kind of approach
has been used in the Northern Hemisphere
to study species ranging from lodgepole
pines1 to woodrats2. Writing in the Journal of
Biogeography3, Premoli and colleagues use
genetic analyses to study the coniferous tree
Fitzroya cupressoides (Fig. 1), and manage to
unravel the glacial history of this species in
South America.

The climatic shifts of the past two million
years have selected in favour of those species
that can adjust their patterns of distribution,
moving from one place to another and per-
sisting — often in suboptimal conditions —
in isolated refugia during cold periods. 
Reliably dated fossils have provided clues 
to the locations of these refugia and to sub-
sequent patterns of spread during warm
episodes, but fossils do not always supply
conclusive evidence. In addition, the resolu-
tion of radiocarbon dating at the start of 
the most recent interglacial period, some
10,000 years ago, is poor. This makes it diffi-
cult to determine precise patterns of species
movements. Pollen analyses have also been
used extensively to identify refugia, but these
studies suffer from problems of interpret-
ation. For example, how much pollen needs
to be found to assure us of a plant’s presence
in an area?

The conditions in the southern part of
South America provide a good example of
these types of problem. The Andes mountain
chain separating Argentina and Chile was
glaciated during the last glacial maximum,
around 22,000 years ago, while the western
lowland part of Chile was ice-free. Pollen
studies have indicated that these lowlands
were occupied by trees throughout the
glaciation, so this region probably acted 

as a refugium for temperate forest organ-
isms. But forest with a similar composition
has also developed on the eastern side of 
the Andes during the present-day inter-
glacial period, so refugia may have existed
there, too.

To investigate this question, Premoli et
al.3 have taken a genetic approach, based on
the argument that patterns of genetic diver-
sity among living populations of a species
should provide insight into its history. They
studied the alerce, or Patagonian cypress
(Fitzroya), which occurs today in lowland
Chile, on the western slopes of the Andes,
and in scattered populations on the Argen-
tinian (eastern) side of the mountains.
Fitzroya is a long-lived conifer that has been
recorded to survive for over 3,600 years, a
lifespan second only to that of the bristle-
cone pine. Current regeneration of the tree 
is poor, suggesting that it would not have
been able to spread rapidly after the end of
the last glaciation.

Premoli et al.3 studied 24 populations 
of Fitzroya from both sides of the Andes,
looking at 11 enzymatic systems involving 
21 putative genetic loci. This provided an
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Chile refuges
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Where did warmth-loving species shelter from the cold during ice ages?
Genetic analyses of a coniferous tree in South America provide an
unexpected answer.
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Figure 1 Fitzroya cupressoides, a long-lived South
American conifer. Genetic analyses of living
Fitzroya populations3 provide clues to the
location of refuges for temperate organisms in
the Southern Hemisphere during the last ice age.

100 YEARS AGO
Huxley’s life and work II. “When I reached
intellectual maturity,” Huxley tells us, “and
began to ask myself whether I was an
atheist, a theist or a pantheist, a materialist
or an idealist, a Christian or a freethinker, I
found that the more I learned and reflected,
the less ready was the answer; until, at 
last, I came to the conclusion that I had
neither art not part with any of these 
denominations except the last”… These
considerations pressed forcibly on him
when he joined the Metaphysical Society.
“Every variety,” he says, “of philosophical
and theological opinion was represented
there, and expressed itself with entire
openness; most of my colleagues were
“ists” of one sort or another; and, however
kind and friendly they might be, I, the man
without a rag of a habit to cover himself
with, could not fail to have some of the
uneasy feelings which must have beset the
historical fox when, after leaving the trap, 
in which his tail remained, he presented
himself to his normally elongated
companions. So I took thought, and 
invented what I conceived to be the
appropriate title of agnostic. It came into 
my head as suggestively antithetic to the
gnostic of Church history, who professed to
know so much about the very things of
which I was ignorant; and I took the earliest
opportunity of parading it at our Society, 
to show that I, too, had a tail like the other
foxes.”
From Nature 29 November 1900.

50 YEARS AGO
The Rumford Medal is awarded to Sir Frank
Whittle for his inventions relating to the
production and application of power… He
proposed to take all the air that was
necessary for the propulsion of aircraft
through a compressor, raise it to a high
temperature by the combustion of fuel and
expand it through a turbine. The expansion
provides all the energy for the operation 
of the compressor, and the kinetic energy 
in the exhaust gases provides the 
propulsive effect… As appears to be the
case with many pioneers of mechanical
engineering, brilliance of inventive genius is
coupled in him with great powers of drive,
leadership and organization. Whittle is a
worthy successor of Watt and Parsons.
Thanks to him, the magic carpet is no 
longer a fantasy of an Arabian Nights
Entertainment.
From Nature 2 December 1950.
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adequate means of estimating genetic vari-
ability within the species. If the western side
of the Andes constituted the only refugial
area, then modern-day populations would
be expected to have overall genetic similarity.
One would also expect lower diversity in
populations found in the east, because these
would have been established by a limited
number of individuals that managed to dis-
perse across the ice-laden divide of the
mountain chain. But if there were separate
eastern and western refugia,  distinct genetic
differences would be expected between
today’s eastern and western populations,
because they will have been isolated from
each other since at least the start of the last
glaciation.

The authors found that the eastern and
western populations are genetically distinct,
so it seems that the single-refugium hypoth-
esis must be abandoned. On the face of it, it is
surprising that warmth-demanding species
survived in the interior of the South Ameri-
can continent, which one might expect to 
be colder than the coasts. Perhaps areas east
of the Andes had relatively little snowfall
(because of the precipitation shadow effect),
limiting ice development and leaving some
sites ice-free.

The genetic patterns of the eastern popu-
lations are also diverse, suggesting that there

were many refugia on the Argentinian side of
the Andes. The more southerly of the eastern
populations are the most varied, implying
that those in the northeast were derived from
those in the south as a result of postglacial
spread. This is also surprising: one would
expect refugia for temperate trees to be
found at warmer latitudes further north.
Premoli et al. question whether the extensive
latitudinal movements seen widely in the
Northern Hemisphere are to be expected 
in the Southern Hemisphere, where very 
different climatic patterns and less extreme
variations were experienced in the Pleisto-
cene. It seems that the biotic impact of the
glacial cycles, in terms of both the latitudinal
extent of vegetation shifts and the frequency
of extinctions, was greater in the Northern
Hemisphere. For Northern Hemisphere bio-
geographers, the south is clearly a foreign
country and plants do things differently
there. n
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Research on earthquake triggering and
fault interaction has been driven in part by
the need to understand changes in seismic
hazard on human timescales. The situation
is particularly clear in the San Francisco Bay
area (Fig. 1, overleaf): a large earthquake on
either the San Andreas or the Hayward fault
could increase or decrease seismic risk across
the entire area. But how do we codify fault
interaction, and what causes one earthquake
to trigger another? 

One factor is surely the transfer of static
(ambient) stresses3,4. Earthquakes release the
stresses supported by faults and, because
earthquakes are shear failures — slip parallel
to the fault dominates over any net perpen-
dicular (normal) motion — they primarily
alter the shear stresses parallel to the fault.
But on some faults both the normal and
shear stresses are affected. Fault strength is a
friction problem, so understanding earth-
quake triggering by stress transfer involves
evaluating whether the change in so-called
Coulomb failure stress (shear stress plus nor-
mal stress multiplied by the coefficient of
friction) is enough to cause fault failure or
inhibit it. Close to a rupture, where the
potential for damaging aftershocks is great-
est, the change in static stress may be of the
same order as the amplitude of dynamic
shaking (see Fig. 1 of the paper on page 570).
So in this circumstance, aftershocks could 
be the result of changes in static stresses,
dynamic stresses or both. 

Kilb and co-workers1 show how the 
question can be addressed in the immediate
vicinity of large earthquakes. They also
introduce a new wrinkle by explicitly
acknowledging that the frictional properties
of faults are likely to be altered by dynamic
shaking. Their thinking is sound — we have
all seen stubborn jar lids come off after a
good whack against the kitchen counter —
but the principle has been difficult to test
with previous methods and data. 

In theory, the effects of dynamic stresses
carried by seismic waves can be evaluated
using the Coulomb failure stress and the
approach developed for static stresses. But
two difficulties arise. 

First, the most sensitive way to evaluate
fault interactions is to measure changes in
the rate of seismicity. Ideally, one would 
evaluate variations in seismicity rate as a
function of time, in the form of Fig. 1 of 
Kilb and co-workers, and compare them
directly with the dynamic (time varying) and
static Coulomb failure stress. But in most
cases it is not possible to measure seismicity
rates with sufficient temporal resolution.
Second, we do not expect instantaneous 
failure of another fault, even when the stresses
exceed a nominal threshold. Modern fric-
tion laws5 show that brittle frictional
strength depends on strain-rate and slip his-
tory in a way that produces delayed failure 
in many cases. The effects are small, but 
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Shaking faults loose
Chris Marone

Earthquakes often induce aftershocks on other faults, but the mechanisms
remain elusive. An innovative analysis tells us more about the effects of
dynamic stresses caused by the passage of seismic waves.

How does an earthquake on one fault
affect the likelihood of failure on near-
by faults? In tackling this question, Kilb

et al.1 (page 570 of this issue) distinguish
between two different triggering effects and
document the possible influence of one of
them — seismic waves. 

For anyone who has ever sat down with a
child to play Don’t Spill The Beans — a game
in which players take turns adding beans to a
shallow pot that pivots like a see-saw — it
will be no surprise that earthquake trigger-
ing depends on some details of the initial
earthquake rupture. In Don’t Spill The Beans,
dropping a bean in the pot is more likely to
cause a spill than carefully adding one over
the pot’s pivot, even though the static load is
the same in both cases. Likewise, if fault slip
occurs slowly and without dynamic shaking
(add that bean cautiously) the question is
whether the static stress transferred to the
surroundings is enough to cause failure on
neighbouring faults. But earthquakes also
produce seismic waves which cause intense

shaking in the immediate region of the fault
concerned. These dynamic stresses might
also trigger aftershocks —rather like bump-
ing the pot. 

A key problem in earthquake triggering
is that of understanding the effects of 
static stress transfer compared with those 
of dynamic stresses and shaking-induced 
fault weakening. Until now, distinguishing
between these effects has been possible only
when the secondary earthquake is triggered
far from the original2. In this situation,
changes in static stress are negligible; only
dynamic stresses are significant. But ‘direc-
tivity’, which can amplify shaking in the
direction of earthquake rupture, provides a
way to distinguish between dynamic and 
static stresses close to an earthquake. Kilb
and co-workers1 apply this approach to the
magnitude 7.3 Landers earthquake of 1992.
They find that aftershocks are more likely in
areas of high dynamic shaking — as long as
the change in static stress does not have the
opposite effect and inhibit fault failure. 
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