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Tremor-tide correlations and near-lithostatic pore
pressure on the deep San Andreas fault

Amanda M. Thomas', Robert M. Nadeau' & Roland Biirgmann'

Since its initial discovery nearly a decade ago', non-volcanic
tremor has provided information about a region of the Earth that
was previously thought incapable of generating seismic radiation.
A thorough explanation of the geologic process responsible for
tremor generation has, however, yet to be determined. Owing to
their location at the plate interface, temporal correlation with
geodetically measured slow-slip events and dominant shear wave
energy, tremor observations in southwest Japan have been
interpreted as a superposition of many low-frequency earthquakes
that represent slip on a fault surface>’. Fluids may also be fun-
damental to the failure process in subduction zone environments,
as teleseismic and tidal modulation of tremor in Cascadia and
Japan and high Poisson ratios in both source regions are indicative
of pressurized pore fluids®>”. Here we identify a robust correlation
between extremely small, tidally induced shear stress parallel to
the San Andreas fault and non-volcanic tremor activity near
Parkfield, California. We suggest that this tremor represents
shear failure on a critically stressed fault in the presence of near-
lithostatic pore pressure. There are a number of similarities
between tremor in subduction zone environments, such as
Cascadia and Japan, and tremor on the deep San Andreas
transform®'?, suggesting that the results presented here may also
be applicable in other tectonic settings.

Analysis of the response of non-volcanic tremor to small stress
oscillations induced in the lithosphere by the Earth’s tidal deforma-
tion allows the determination of the stress orientations and magni-
tudes under which tremors preferentially occur, providing additional
insight into the frictional processes that control tremor generation.
Tidal modulation of tremor was previously established in both Japan
and Cascadia*>">'*. The stresses induced by the ocean tides at these
locations are nearly an order of magnitude larger than those near
Parkfield®', which primarily arise from the deformation of the solid
Earth. We develop our analysis in parallel using a catalogue of 1,777
non-volcanic tremors detected over an eight-year period'', a regional
catalogue of earthquakes within 0.5° of Cholame, the central location
of tremor activity, and a catalogue of characteristically repeating
micro-earthquakes located along the creeping segment of the San
Andreas fault, northwest of Cholame'" (Fig. 1). We include the
repeating earthquake catalogue because it is composed of events that
are all located on the creeping San Andreas fault and might thus be
expected to experience enhanced tidal triggering compared to
regional catalogues'®. We compute the extensional, shear and volume
strains induced by the solid Earth and ocean tides'”'®, assuming a
typical tremor source region depth of ~25km (refs 11, 19). For each
catalogue the fault-normal, shear, Coulomb (friction coefficient
1 =10.4), and volumetric stresses and stress rates are computed for
the times of each event (see Methods).

To investigate the influence of both the stress magnitude and rate
on tremor and earthquake occurrence we divide the catalogue events

into ‘quadrants’ depending on the sign of the loading condition
under which they occur (Fig. 2, inset). If tremor and tides are un-
correlated, the number of events that occur under a particular tidal
loading condition will be proportional to the amount of time that
particular condition exists. Assuming each tremor event is independ-
ent, we use the chi-square statistic to test the null hypothesis that
event times are randomly distributed with respect to tidal influence.
The results for the tremor and earthquake catalogues are shown in
Fig. 2. For the tremor catalogue, the levels of correlation of the normal,
shear and Coulomb stresses exceed the 99% significance level while
the correlation levels for the other catalogues are statistically in-
significant. The lack of correlation in the regional and repeating earth-
quake catalogues is not surprising given the size of the catalogues and
results from previous efforts to establish a significant tidal triggering of
earthquakes® 2 (see Methods).

We further explore the apparent correlation between tremor and
tidally induced stresses by comparing tremor times with the loading
conditions under which they occur. Figure 3 shows tremor rate distri-
butions with respect to tidally induced shear, normal and Coulomb
stress magnitudes and rates at the time of the events. Correlation
between tremor occurrence and tidal stressing rate is insignificant for
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Figure 1| Example one-day tremor time series with superimposed tidal
stresses. Black represents root-mean-square envelope of tremor activity in
Cholame. Blue, red and green curves represent the tidally induced fault-
normal stress (AFNS), right-lateral shear stress (ARLSS), and Coulomb
stress (ACS) for u = 0.4. Yellow stars mark tremor start times. Some short
spikes in the root-mean-square envelope are due to micro-earthquakes. The
inset map shows tremor locations as grey circles, locations of regional
earthquakes as white triangles, and part of the repeating earthquake
catalogue as black squares. Not all repeating events are shown, because they
continue further to the northwest along the creeping San Andreas section.
The white star indicates the epicentre of the 2004 Parkfield earthquake.
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Figure 2 | Results of chi-square significance tests. The chi-square test
results correlate the tremor, regional and repeating earthquake catalogues
with tidally induced AFNS, ARLSS, and ACS. The dashed line shows the 99%
confidence level, where larger values indicate that the hypothesis of random
event occurrence can be rejected. The inset shows how tremor start times
were separated into four ‘quadrants’ based on both the magnitude and rate
of change of the stresses.

all stress components. Induced right-lateral shear stresses (ARLSS)
demonstrates the most compelling correlation, with distinct increases
in tremor activity that correspond to positive (right-lateral) shear
stresses parallel to the San Andreas fault and equally apparent
decreases when values are negative. Additionally, the tremor surpluses
and deficits become more pronounced as ARLSS increases to values of
+150Pa. Although fault-normal stress changes (AFNS) are much
larger, they only exhibit a weak correlation at large, positive (tensile)
values of >1,000Pa. Coulomb stresses (ACS = uAFNS + ARLSS,
1= 0.4) exhibit less correlation than the shear stress alone.
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Assuming a frictional Coulomb failure process is an appropriate
model for non-volcanic tremor, the optimal friction coefficient y is
the value that maximizes the number of events that occur during
times of encouraged failure stress (Fig. 4, Methods). Tremors show
a marked increase for friction values of ¢t << 0.1 with a peak of over
31% above the long-term average number of events (excess) for
1 =0.02. The percentage excess for both the regional and repeating
earthquake catalogues does not exceed 6%. This demonstrates that
tidally induced shear stress parallel to the San Andreas fault, although
of much smaller magnitude than normal stress changes, has the most
robust correlation with non-volcanic tremor near Parkfield. The
dominant role of small shear stress perturbations in stimulating the
tremor, despite much larger normal stress perturbations, is indicative
of a very weak fault zone with low effective normal stress, probably
due to near-lithostatic pore pressures at the depth of the tremor
source region. As a test of our assumption of San Andreas fault
alignment in the stress calculations, we perform the same analysis
to determine the percentage excess tremor with respect to a range of
vertical fault plane azimuths (Fig. 4, inset). The peak percentage
excess occurs at N 44°W, nearly parallel to the local strike of the
San Andreas fault (N 45°W). This result serves as an independent
piece of evidence to show that tremor represents a mode of fault-
parallel shear failure in the lower crust.

If non-volcanic tremor simply represents a different class of earth-
quakes that still involves failure on a fault surface'>*, it is unclear why
tremor is modulated by tides but regional earthquakes are not.
Careful statistical analyses of tidal influence on earthquake popula-
tions find the correlation to be extremely weak (~13,000 events are
needed to establish a 1% increase)?*****. Lockner and Beeler**?! con-
ducted a series of laboratory tests simulating tidal loading conditions
on active faults and found that the absence of strong tidal triggering
can be reconciled with rate-state frictional models that involve
delayed slip nucleation (for example, by time-dependent failure or
static fatigue). If tremor can also be described in a rate-state friction
framework then we can derive a quantitative estimate of effective
normal stress in the tremor source region from the observed tidal
correlations'®. Dieterich'® found a simple scaling relationship
between earthquake rate fluctuations and the amplitude of the
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Figure 3 | Tidal stress magnitude and rate distributions. Tidal stress
magnitude (panels a, b and c) and rate (panels d, e and f) distributions for
the AFNS, ARLSS and ACS (u = 0.4). Volumetric stresses are not shown
because they are strongly coupled with normal stresses. Solid black lines
show tremor rates computed by dividing the number of tremors within the
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respective stress interval by the total amount of time spent in that interval.
The time distribution for each bin is shown below each histogram. The
average tremor rate (dashed line) corresponds to the rate expected if there
were no correlation between tremor and tides. Grey lines are 2¢ error bars
(Methods).
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Figure 4 | Percentage of excess events versus friction coefficient.
Percentage of excess events (that is, above long-term average) during times
of positive ACS versus effective coefficient of friction. Values for the tremor,
regional and repeating earthquake catalogues are shown as grey circles, white
triangles and black squares respectively. Standard deviations (20) were
computed using a bootstrap procedure on each friction value for each
catalogue. Maximum 2¢ errors over all possible friction values are 5.66%,
5.80% and 4.66% for the tremor, regional and repeating earthquake
catalogues respectively. The inset displays the positive percentage excess
tremor for AFNS (black) and ARLSS (grey) as a function of the fault
azimuth.

periodic shear stress divided by the normal stress:
0 =21/(aR,) (1)

where R, is the total rate variation divided by the average rate,
R, = (Rmax — Rimin)/Rayg, 0 is the effective normal stress, 7 is the shear
stress, and a s the rate constitutive parameter. Using the maximum and
minimum rates for ¢ = 0.02, the value of friction that maximizes the
percentage excess (Supplementary Fig. 1), a stressing amplitude of
177 Pa (the maximum value of the tidally induced shear stress) and
experimentally derived values of 0.005 to 0.02 for the fault constitutive
parameter a (ref. 25), we find effective normal stresses of 0.035 to
0.009 MPa (Methods). These values are orders of magnitude lower than
the lithostatic overburden pressure at this depth (~700 MPa), suggest-
ing that effectively lithostatic pore fluids are present in the tremor
source region. Additionally, this estimate is consistent with the low
friction coefficient reflected in the lack of correlation with larger normal
stress fluctuations. Potential sources of fluids at mid-crustal depths
beneath the San Andreas fault are less well documented than slab
dehydration in subduction zones, but previous studies have suggested
the presence of fluids and processes to explain their introduction®®.
The similarities (or differences) in non-volcanic tremor properties
with respect to tectonic environment warrant further discussion.
Nakata et al.® suggest correlation with ACS (assuming p = 0.2) and
ACS rate in Shikoku, Japan, while Lambert et al.'* find that peak
tremor activity occurs at times of maximum tidal shear stress in
the thrust direction and with ACS (assuming u = 0.4) in Cascadia.
One possible reason for the different results is that both in Japan (R.
Nakata, personal communication, 2009) and Cascadia'* times of
increased shear stress are highly correlated with compressive (clamp-
ing) normal stresses of comparable magnitude. This makes it difficult
to separate the individual contributions of the normal and shear
stresses, especially for the short time periods (a few weeks) considered
by these two studies. The results for Parkfield are not subject to this
limitation and we find that very small shear stresses, but not the larger
normal stress changes, modulate tremor. It is likely that tremor
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modulation is affected by frictional strength, the relative magnitude
of tectonic and tidal loading rates’>*', material properties®, and other
factors that vary with respect to tectonic environment. One finding
common to all three localities is that tremor appears to be associated
with the presence of fluids at near-lithostatic pressures, and given
similar observations in variable tectonic environments®®, the same
mechanism is probably responsible for non-volcanic tremor elsewhere.

We find that tremor occurs preferentially when subjected to tidal
shear stresses that promote right-lateral failure along the San Andreas
fault, very small stress perturbations from solid-Earth tides are
responsible for significant tremor rate increases, and extremely low
effective normal stress in the tremor source region is required to
explain the apparent tidal triggering. Tremor appears to be shear
failure capable of producing seismic radiation, so a brittle failure
model seems appropriate. These results present a rheological para-
dox, because ductile rheologies, which may be expected at depths of
more than 20 km and temperatures over 500 °C, generally have no
normal-stress dependence. It is possible that very high fluid pressures
on discrete fault patches facilitate slip in an otherwise ductile-
deforming regime. Coupling these observations with the location
of the tremor on deep, roughly planar zones'®, we favour the conjec-
ture that tremor at Cholame represents shear failure within a weak,
critically stressed San Andreas fault zone extending to the base of the
crust. Finally, given that earthquakes and non-volcanic tremor are
both manifestations of slip on a fault surface, further constraining the
properties and processes that control tremor generation may facili-
tate a better understanding of fault mechanics, lithospheric structure
and tectonic deformation in the deep crust.

METHODS SUMMARY

Tidal stress computation. Tidally induced strains are computed in the tremor
source region using SPOTL''®. Assuming two-dimensional plane strain and
linear elasticity, with an elastic modulus of 30 GPa and Poisson ratio of 0.25,
strains are then converted to stresses and resolved into fault normal and parallel
(shear) directions of the San Andreas fault (N 45° W).

Effective normal stress computation. The stress histogram for friction coefficient
1= 0.02 (the value of the friction coefficient that maximizes the percentage excess
from Fig. 4) is shown in Supplementary Fig. 1. From this figure the maximum and
minimum tremor rates are 9 min per day and 1 min per day, respectively. Using
expression (1) in the text we find that R, = 2, resulting in effective normal stress
estimates of 35,400 Pa and 8,850 Pa for a values of 0.005 and 0.02 respectively.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Event catalogues. The tremor catalogue includes a total of 1,777 events between
July 2001 and May 2008 using the detection methodology described in ref. 11. A
small portion (5-10%) of the non-volcanic tremor occur farther north beneath
Monarch Peak, but the tidally induced stresses do not vary in a significant way
over such small distances, so tidal-stress time series were computed for Cholame
only. The repeating earthquake catalogue contains 2,594 events between 1984
and 1999 on the 175-km creeping section of the San Andreas fault. The tidal
stresses for this catalogue were computed at the centre of the creeping section at
5 km depth. Finally, the regional earthquake catalogue consists of all earthquakes
from the Advanced National Seismic System catalogue, for the same time period
as the tremor catalogue, that are within 0.5° from the centre of the Cholame
tremor. The same tidal time series were used for the tremor and regional earth-
quakes and were computed at 35.666° N, 120.2854° W.

Tidal stress calculation. The tidally induced stresses in the lithosphere were
computed using the SPOTL code developed by D. Agnew'”'®. SPOTL uses
Green’s functions to compute azimuthal and vertical strains that can sub-
sequently be converted to stress. A more thorough description of the mathemat-
ical treatment of tides and code specifics can be found on the SPOTL webpage
(http://www.igpp.ucsd.edu/~agnew/spotlmain.html). The results in this ana-
lysis include contributions from both the body tides, which arise due to deforma-
tion of the solid Earth, and the ocean load tides. The computation includes the
semi-diurnal M2, N2, S2 and K2, and diurnal K1, O1, P1 and Q1 tidal con-
stituents and we used the TOPEX/Poseidon global ocean tide model included in
the SPOTL package to compute the load tides. Tidal model predictions were
compared with strain-meter records in Pifion Flat using the perturbation matrix
of ref. 27, as well as previous studies to verify the calculation®>?’.

Statistical methods. Pearson’s chi-square test is designed to test the similarity
between two frequency distributions. The measure of similarity is known as the
chi-squared statistic and is defined as:

1 (0;—E)

2
=X
x i=1 E;

@)
where 1 is the total number of potential outcomes, O; is the observed frequency
for a particular outcome i, and E; is the expected frequency for a particular
outcome™. In the case of non-volcanic tremor, the total number of tremors
are each assigned to one of four possible categories or ‘quadrants’ (positive
and decreasing, negative and decreasing, and so on) depending on the behaviour
of the tidally induced stress under consideration at the time the tremor occurred.

nature

The expected number is computed by taking the entire eight-year tidal time
series and determining what fraction of time was spent in each group, then
multiplying by the total number of tremors in the catalogue. In this way we
account for the fact that the time distribution is not equivalent between quad-
rants. The grey dashed line in Fig. 2 is the critical value (99% significance level)
for an upper one-sided test with three degrees of freedom.

Each tremor in Fig. 3 is weighted by its duration so, for example, one 15-min
tremor is equivalent to three 5-min tremors. This is in contrast to Figs 2 and 4,
where all tremors are weighted equally. We chose this approach because the
tremor rates can then be used to compute an effective normal stress in the tremor
source region.

Figure 4 again weights all tremors equally and is somewhat analogous to the

chi-square tests mentioned earlier. The percentage excess is defined as (O — E)/E,
using the same observed and expected values (O and E) as in the chi-square test,
but in the case of Fig. 4 we consider only the positive magnitudes (n = 1). The
percentage excess is roughly related to the chi-square values, the main difference
being that the chi-square is a measure of the variance of a population whereas the
percentage excess is related to the mean. Two populations of different size with
the same percentage excess (10 coin flips with 6 heads and 1,000 coin flips with
600 heads, for example) will have greatly different chi-square statistics. The larger
population will have the highest chi-square value because it is much more
statistically improbable.
Uncertainty estimates from Fig. 3. Two-standard-deviation error estimates are
determined using a bootstrap method. The method randomly selects an indi-
vidual tremor from the original tremor catalogue of 1,777 tremors. This process is
repeated 1,777 times to yield a randomly sampled catalogue (with replacement) of
1,777 events. The above process is repeated 50 times, giving 50 randomly sampled
versions of the original catalogue. The tremor rate distributions as a function of
the tidally induced stresses are then calculated for each of the 50 randomly
sampled catalogues. For each stress bin, the standard deviation of tremor rates
of the 50 catalogue values are then computed and multiplied by 2, giving the 26
rate uncertainties for each bin that are shown by the grey bars in Fig. 3. Tremor
rate errors arise from variability in tremor detection sensitivity. More details on
the detection methodology can be found in ref. 11.

27. Hart,R.H.G.etal. Tidal calibration of borehole strainmeters: removing the effects
of small-scale inhomogeneity. J. Geophys. Res. 101, 25553-25571 (1996).

28. Devore, J. L. Probability and Statistics: for Engineering and the Sciences 6th edn,
Ch. 14 (Brooks/Cole-Thomson Learning, 2004).
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Abstractions

FIRST AUTHOR

Even if they have not
experienced them, most
people are familiar with
earthquakes. The violent
tremors occur when
pressure builds up between
tectonic plates at a fault
line, causing the plates to slip, releasing energy
in the form of seismic waves. However, there
are other types of tremor that occur deeper
inside Earth — 25-40 km down — that cannot
be felt at the surface. Since their discovery,
the origin of these ‘non-volcanic tremors' has
puzzled researchers. On page 1048, Amanda
Thomas and her colleagues at the University
of California, Berkeley, report a connection
between extremely small stresses induced by
tides and non-volcanic tremors detected near
the San Andreas fault in Parkfield, California.
Thomas tells Nature more.

When and where were non-volcanic
tremors discovered?

In 2002, in a region beneath the eastern
coast of southwest Japan. In 2003, more
were detected in Cascadia, beneath the coast
of Canada's Vancouver Island. These are
both subduction zones, where Earth’s crustal
plates collide, and one moves underneath
the other. At these sites, tremors occur in
conjunction with ultra-slow-motion slip of
the plates that occurs at regular intervals and
is affected by the rise and fall of ocean tides.

How did you get involved in the work?

In 2003, my co-author Robert Nadeau
detected tremor-like signals originating
near the San Andreas fault, which is not a
subduction zone. The tremors were similar
to the subduction-zone tremors but with
some fundamental differences. For example,
the Parkfield tremors were less dominated
by periodic episodes and had smaller
energies. And no one has found evidence of
slow-slip events occurring there.

So what causes the tremors in Parkfield?
We calculated that shear stress produced
by tidal activity could trigger them. Tides
generate extremely small stresses, several
orders of magnitude lower than those
caused by ambient pressure. Yet, when it is
riding on top of the huge background stress
of the plates pushing against each other, the
tidal-induced shear stress is enough to push
the system over the stress threshold required
for shear failure. The same mechanism may
apply to subduction zones.

Why are the findings important?

These tremors may be key to understanding
fundamental processes that occur at the roots
of faults. Some people have suggested that
non-volcanic tremors could signal accelerated
slip between plates, and thus increased
danger of earthquakes. But we don't have
enough data to make that connection. [ ]
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MAKING THE PAPER

Scott Loarie &
Christopher Field

Can plants and animals keep pace
with changing climates and habitats?

As climates change, many animals and plants
will have to shift their geographical ranges
to find suitable living conditions — and in
some cases these shifts will have to happen
phenomenally quickly. “You can think of it as
a kind of sprinting capacity that these plants
and animals need if they’re going to stay in
the climate zone that they’re in now,” says
Christopher Field, a global ecologist at the
Carnegie Institution for Science in Stanford,
California. Field, together with postdoc Scott
Loarie, also at the Carnegie Institution, and
their colleagues have calculated the speed at
which climate could change across various
landscapes — and how quickly animals would
have to move to keep pace.

Loarie first became interested in under-
standing how climate change might affect
species movement as an undergraduate, when
he worked at Stanford’s Jasper Ridge Biologi-
cal Preserve with Field and co-author David
Ackerly, an ecologist at the University of Cali-
fornia, Berkeley. Jasper Ridge provided a model
area for climate studies owing to its abundance
of diverse, hilly terrain and north- and south-
facing slopes, which create complex tempera-
ture and precipitation patterns. In particular, it
revealed the importance of taking topography
into account when making projections.

Until recently, climate data were not suf-
ficiently detailed to quantify the

Christopher Field (left) and Scott Loarie.

species might have to travel hundreds of kilo-
metres this century to reach the climate zone
that they’re in now;” says Loarie.

Once they had calculated projected veloci-
ties required for animals and plants to keep
pace with climate change in different scenarios,
the authors compared their calculations with
changes that plants, animals and ecosystems
have undergone in the past. By the end of the
last Ice Age, some 12,000 years ago, northward
tree migration may have been as fast as one
kilometre per year. Across much of the globe,
these speeds are comparable with the velocities
of climate change calculated by Loarie, which
average almost 0.5 kilometres per year in mod-
erate emissions scenarios (see page 1052). But
for about 30% of Earth, including homoge-
neous areas such as deserts and the Amazon
Basin, species might have to move up to ten
times faster to keep pace with future changes
in climate, says Loarie.

The researchers applied their projections
globally, including the locations and areas of
global preserves. They found that in all but
8% of the world’s protected areas, species
will be forced out of reserves by

influence of topography on cli- “Species might shifting temperatures within a
mate change. Taking advantage have to move up century. The authors conclude
of fmer—.scale data, Loarie, Eleld to ten times faster that by designing reserves that
and their colleagues combined 5 encompass more heterogeneous
the WorldClim data set, which {0 keep pace with landscapes — such as mountain-
models current climate globally  future changesin  ousregions with hills and valleys
at 1-kilometre resolution, with climate” that provide a diversity of climate

climate-change projections from
16 climate models and three potential green-
house-gas emissions scenarios. In this way,
they were able to estimate how quickly climate
could change across landscapes at fine scales.
They found that in mountainous regions,
which are characterized by heterogeneous ter-
rain, plants and animals don’t have to move far
to encounter different climates. On a mountain
slope, a species might need to move less than
one kilometre upwards to encounter a change
of several degrees Celsius, says Loarie. By con-
trast, in more homogeneous regions such as
deserts or tropical-forest basins, where the
terrain and climate are more uniform, species
must travel greater distances to encounter an
appreciable difference in climate. “In certain
places, like the Central Valley of California,

regimes — and larger, more con-
nected reserves that contain more plants and
animals, species might stand a better chance
of keeping pace with changing climate. Efforts
are already underway in northern California,
where Ackerly has been working with state
parks and regional and local agencies to
devise conservation strategies that facilitate
species movement for adaptation to climate
change.

Elsewhere, co-author Greg Asner, an ecolo-
gist at the Carnegie Institution, is helping the
United Nations to enable countries to moni-
tor deforestation in order to combat climate
change. “Most tropical species will be better
able to move through and persist in continu-
ous forest than through fragments of forest in
asea of soy and cattle pasture;” says Loarie. m
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