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The seismic cycle requires that faults strengthen (heal) between
earthquakes, and the rate of this healing process plays a key role in
determining earthquake stress drop1–4, rupture characteristics5,6

and seismic scaling relations2–4,7. Frictional healing (as evidenced
by increasing static friction during quasi-stationary contact
between two surfaces1,8–12) is considered the mechanism most
likely to be responsible for fault strengthening2,3,13,14. Previous
studies, however, have shown a large discrepancy between laboratory
and seismic (field) estimates of the healing rate2–4,14,15; in the
laboratory, rock friction changes by only a few per cent per
order-of-magnitude change in slip rate, whereas seismic stress
drop increases by a factor of 2 to 5 per order-of-magnitude
increase in earthquake recurrence interval. But in such com-
parisons, it is assumed that healing and static friction are indepen-
dent of loading rate. Here, I summarize laboratory measurements
showing that static friction and healing vary with loading rate and
time, as expected from friction theory16–18. Applying these results
to seismic faulting and accounting for differences in laboratory,
seismic and tectonic slip rates, I demonstrate that post-seismic
healing is expected to be retarded for a period of several hundred
days following an earthquake, in agreement with recent findings
from repeating earthquakes13,14,19,20.

The problem of how faults regain strength between earthquakes
is crucial for our understanding of the seismic cycle and the
physics of earthquake rupture. Several factors could play a role,
such as interaction of geometric irregularities and fault-zone
heterogeneity7, but frictional strengthening is likely to be a key
effect in any case. Seismic data indicate that earthquake stress drop
increases logarithmically with time2,3,14 and rock friction studies
show that static friction (which would correspond to fault yield
strength) increases with log(time) (refs 1, 9–12). Critical factors in
understanding these observations are the connection between stress
drop and fault strength, and the problem of scaling laboratory
friction observations to earthquake faults. Previous studies have
assumed that static friction data can be applied directly, whereas the
results summarized here indicate that static friction and time-
dependent strengthening are system responses, dependent on load-
ing rate and elastic coupling.

Figure 1 shows friction data from experiments in which simulated
fault gouge (breccia and wear material within fault zones) was
sheared in a servocontrolled testing apparatus. Frictional healing Dm
is measured as the difference between static and initial friction; the
data indicate that static friction and Dm increase with hold time and
loading rate (Fig. 1), consistent with previous work1,8,9,18. The
experiments include instantaneous changes in loading rate
(Fig. 1), which show that the effect of loading rate on static friction
is significantly larger than on steady-state sliding friction. Temporal
characteristics of the data and measurements of changes in relative
porosity of the gouge Df indicate that shear strength decays
logarithmically with time during healing and that gouge compacts
with the same temporal form (Fig. 2), consistent with previous
work21,22. The data indicate that static friction and healing rate

(b ¼ Dm=Dlog10th, where th is hold time) vary systematically with
loading rate over a range of th spanning three orders of magnitude
(Fig. 1). In particular, a ten times increase in loading rate has about
the same effect on Dm as a ten times increase in hold time.

The data have three important implications. (1) They indicate
that laboratory measurements of static friction and time-dependent
healing must be scaled appropriately for comparison with seismic
estimates of fault healing. Previous comparisons have assumed that
fault healing can be derived directly from the steady-state velocity
dependence of sliding friction2–4,15. (2) The observation that
restrengthening is a system response, dependent on loading velocity,
indicates that the rate of fault healing is expected to vary during the
seismic cycle. (3) The observation that porosity decreases with
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Figure 1 Friction data from experiments in which gouge layers were sheared

within rough granite surfaces in the double-direct-shear configuration (upper

inset). a, Plot of the coefficient of friction versus displacement of a control point

where shear load is applied. Load point displacement is controlled with a high-

speed, servo-hydraulic actuator. Data are shown for slide-hold-slide tests at

loading rates of 1 and 3 mms−1 and hold times of 10 and 100 s. The coefficient of

static friction, ms, is the maximum value reached following a hold, and Dm is the

difference between static and sliding friction. Hold times given below data

indicate positions at which loading was stopped and fault surfaces were held in

quasi-stationary contact. Frictional strength relaxes during holds due to fault

creep and finite apparatus stiffness. Inset shows double-direct-shear configura-

tion. The testing apparatus consists of two independently servocontrolled load

frames applying shear and normal forces across the sample. Stiffness of the

vertical frame is 225MPacm−1 expressed as shear stress per load point

displacement. Nominal frictional contact dimension is 10 cm 3 10 cm and

gouge layers are initially 2.1mm thick. Initial gouge particle size is 50–150 mm

and rock surface roughness (r.m.s.) ,200 mm. During shearing, normal stress is

held constant at 25MPa and changes in layer thickness are recorded continu-

ously to 60.1 mm. b, Frictional healing data for two loading rates as a function of

hold time. The data indicate that Dm and b are functions of hold time and loading

rate, with higher loading rates yielding greater healing for a given time. Lines

indicate best-fit log-linear relations. Healing rates b ¼ Dm=Dlog10th are: 0.0082 for

1 mms−1, and 0.0086 for 10 mms−1.
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log(hold time), coupled with the dependence of both Df and Dm on
loading rate, implies that porosity is closely related to the evolution
of frictional strength as suggested in theoretical and experimental
studies21–23.

An important point is the origin of the loading-rate dependence
of Dm and b: why does static frictional strength vary with loading
rate? The observation that healing varies approximately as the
product of loading rate and hold time implies that the mechanism
is a function of time and slip. As this is a property of rate- and state-
dependent friction (RSF) laws, which are capable of modelling a
wide range of seismic phenomena4,18,24–27, I evaluate the present data
in the context of these laws. In RSF relations16,17 the coefficient of
friction m is written as:

m ¼ m0 þ a ln
V

V 0

� �
þ b ln

V 0v

Dc

� �
ð1Þ

dv

dt
¼ 1 2

Vv

Dc

ð2Þ

where m0 is a constant appropriate for steady-state slip at velocity V0,
V is the frictional slip rate, Dc is a critical slip distance, v is a state
variable, and a and b are empirical constants. Equation (2) describes
the evolution of frictional state following a perturbation in velocity
as proposed by Dieterich16. Other evolution laws have been
proposed6,17 but the distinction is not important here. To model
laboratory friction data, equations (1) and (2) are coupled with a
description of elastic interaction between the loading system and
sliding surfaces:

dm=dt ¼ k V l 2 V
ÿ �

ð3Þ

where k is stiffness divided by normal stress, and Vl is loading
velocity. Equations (1)–(3) are solved numerically, taking V l ¼ V 0,
to yield friction curves for comparison with data.

In Fig. 3a I show a best-fit RSF model to a step change in loading
rate. The main features of the data are well fitted, and the best-fit
constitutive parameters are consistent with previous studies9,28–30.
These parameters were used to obtain predictions of static friction
and healing as a function of hold time and velocity (Fig. 3b). The
predicted curves match the data for each loading rate, which is
remarkable given that both Dm and b are fitted for a set of loading
rates with no free parameters. RSF laws are apparently capable of
describing frictional strengthening as observed in experiment, and
thus may be used to scale the laboratory results to different loading
velocities.

In experiments the initial slip velocity and the subsequent loading
rate are equal and varied together, whereas on earthquake faults the
initial slip velocity would correspond, crudely, to the coseismic slip
rate Vcs and the rate of subsequent loading, VL, to the background
tectonic loading rate. To estimate the effect of slip rate on fault
healing I performed numerical simulations using equations (1)–(3)
(Fig. 4a). The simulations use laboratory values for the parameters a
and b, a field-based estimate for Dc, and k ¼ G=ðLjÞ, where G is
shear modulus, L is earthquake rupture dimension, and j is the
fault-normal effective stress. A reference case, in which
V cs ¼ VL ¼ 1 mm s 2 1, indicates log-linear healing, as expected
(Fig. 4a). To compare other cases, I consider only the change in
static friction by subtracting the steady-state velocity effect on
friction, given by b 2 a ¼ Dm=DlnV. This is reasonable if friction
during seismic rupture is limited by dynamic factors and is
independent of static failure strength; however, only the absolute
values of Dm are affected in any case, not its time dependence. For
coseismic slip rates of 0.01–1 m s−1 and loading rates approximately
equal to plate tectonic rates (30 mm yr 2 1< 3 3 10 2 9 m s 2 1) static
friction shows an initial period of retarded healing and an increase
in healing rate after a few hundred days (Fig. 4a). Although the

length of the initial period of delayed healing varies somewhat with
stiffness (and thus earthquake size), the form of the curve does not.

In the simulations I used k ¼ 1 3 10 2 5 mm 2 1 (which corre-
sponds to L ¼ 30 m for G ¼ 30 GPa and j ¼ 100 MPa) for
comparison with data from a set of small repeating earthquakes
(Fig. 3b). The earthquakes are magnitude 1.5 events that repeatedly
ruptured a small patch (radius < 30 m, depth 6–8 km) of the
Calaveras fault in California, with a range of inter-event times
spanning nearly three orders of magnitude13,14. The data indicate
that seismic stress drop increases with recurrence interval, and that
the healing rate increases at about 100–300 days, in agreement with
the numerical simulation (Fig. 4). Moreover, a reduced healing rate
during the period immediately following earthquakes of similar size
can be inferred from repeating earthquakes with shorter recurrence
interval (,10–100 days), which do not show variation in stress
drop with recurrence interval19,20.

In the numerical simulations, the change in healing rate is the
result of slip during frictional relaxation. This slip is akin to
earthquake afterslip, in which post-seismic fault slip accumulates
at a rate that decays approximately exponentially following some
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Figure 2 Experimental determination of variation of Df and Dm. a and b, plots of

friction data (a) and relative porosity (b) versus time for the initial section of Fig.1.

Frictional strength decreases, and the gouge layers compact, during holds. The

magnitude of Df and Dm increase with hold time. Dilation of the gouge layers on

reloading approximately equals time-dependent compaction, and thus porosity

during steady-state shear is constant. Upper inset shows friction versus log(time)

during hold and indicates that friction relaxes logarithmically with time. Porosity

mimics friction variations during holds. Porosity data are obtained from

measurements of layer thickness, using the nominal contact area to determine

volume change, which is normalized by the initial gouge volume. A linear trend

has been removed from the porosity data to account for geometric thinning of the

gouge layer during shear. c, Compaction Df associated with healing is shown

versus hold time for two loading rates. Like the frictional healing data, Df is a

function of hold time and loading rate, with higher loading rates yielding greater

healing for a given time. Lines indicate best-fit log-linear relations.
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seismic events24,31. The RSF laws show (equation (2)) that afterslip
would tend to erase the effects of frictional healing until slip velocity
V p Dc=v. Thus for hold times that are short compared with the
time necessary for afterslip to slow sufficiently—about 100 days in
the simulations—frictional healing is partially erased (Fig. 4a). This
same effect produces concave-up curvature in laboratory data for
short hold times (shorter than those shown here; Fig. 1), which is
consistent with the view that strengthening involves chemical
cementation and contact junction growth, and is disrupted by slip.

The agreement between the simulations and the repeating-earth-
quake data implies that similar processes may operate in earthquake
fault zones. But when considering the rough agreement between the
long-term healing rates of Fig. 4 it must be noted that changes in
static strength are a function of both b and effective normal stress. I
have used laboratory b values reported here and a normal effective
lithostatic gradient, which yields higher effective normal stress than
some field estimates4. Lower normal stress would require higher
frictional healing rates, which is consistent with enhancement of
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Figure 3 Use of an RSF model to analyse loading-rate dependence. a, Friction

data for a step decrease in loading rate (as shown in Fig.1a) together with a best-

fit RSF model determined by iterative least-squares inversionof equations (1)–(3).

The best-fit constitutive parameters (see text) are: a ¼ 0:0066, b ¼ 0:0083,

Dc ¼ 7:1 mm. These data show velocity weakening frictional behaviour (the

steady-state coefficient of sliding friction decreases with slip velocity). Complete

stress–displacement curves for similar experiments29 show that sliding friction

evolves to a steady value over 3–6 mm of slip and undergoes a transition from

velocity strengthening to velocity weakening at engineering shear strains of 4–5.

The critical slip distance, Dc (a measure of the slip or shear strain needed to reach

a new steady-state friction upon a perturbation in slip rate) also evolves over this

interval29. b, Measurements of healing (Dm) for three loading rates, together with

prediction of the rate and state friction law. Model predictions use the constitutive

parameters determined in a and thus the dependence of Dm and b on loading rate

and hold time are fitted with no free parameters. Error bars show typical

experimental reproducibility.

Figure 4 Results of numerical simulations and comparison with field data. a,

Numerical simulations of fault healing in which initial slip velocity (corresponding

to coseismic slip) Vcs and subsequent loading rate (corresponding to tectonic

loading) VL are varied. In this model, hold time corresponds to earthquake

recurrence interval. Frictional strength is derived from static friction assuming an

effective fault normal stress of 100 MPa. For Vcs ¼ VL ¼ 1 mms2 1, static strength

increases linearly with log(time). Taking Vcs as 1ms−1 and VL as 10−9 ms−1 (typical

values for earthquake particle velocity and plate tectonic loading rates, respec-

tively) indicates that the effective healing rate is retarded for the period immedi-

ately following an earthquake. The duration of reduced healing scales with fault

stiffness and thus earthquake rupture dimension, which is taken as 30m. Friction

parameters area ¼ 0:01, b ¼ 0:02, and Dc ¼ 5mm, consistent with laboratory and

field estimates29. b, Seismic stress drop versus recurrence interval for a series of

repeating earthquakes13,14. The data indicate a distinct break in slope, reflecting a

lower healing rate for events with recurrence interval ,<100 days. In the

numerical simulations shown in a such variations in healing rate are due to

afterslip. In both panels lines indicate best-fit log–linear relations for times ,100

days and .100 days.
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healing by thermal and chemical effects4,11,12. But even for effective
fault-normal stress as low as 10 MPa, the simulations of Fig. 4 do not
indicate the apparent discrepancy between laboratory and seismic
estimates of fault healing noted in earlier works2–4,15. This is because
those works used an effective slip velocity, derived from Dc and the
earthquake recurrence interval, which is not a correct approach31.
Frictional healing rate b scales as blnth for long hold times (from
equations (1) and (2), V p Dc=v as th becomes large, which yields
dv=dt < 1 and thus Dm(th) proportional to blnth), whereas the
approach based on effective velocity assumes that healing and
fault strength scale as DmðthÞ < ðb 2 aÞlnth. This indicates that the
comparison of laboratory and field estimates of fault healing should
involve absolute values rather than relative changes. Using this
approach, I note that the average healing rate from repeating
earthquakes14 and seismic scaling relations2–4 is ,3 MPa per
decade and the long-term rate from repeating earthquakes
(Fig. 4b) is ,6 MPa per decade. This compares with the long-
term healing rate inferred from laboratory data of 4.5 MPa per
decade (Fig. 4a), depending on b and effective normal stress, which
is in much better agreement than previous comparisons. M
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Despite concern about the effects of tropical forest disturbance
and clearance on biodiversity1,2, data on impacts, particularly on
invertebrates, remain scarce3–8. Here we report a taxonomically
diverse inventory on the impacts of tropical forest modification at
one locality. We examined a gradient from near-primary, through
old-growth secondary and plantation forests to complete clear-
ance, for eight animal groups (birds, butterflies, flying beetles,
canopy beetles, canopy ants, leaf-litter ants, termites and soil
nematodes) in the Mbalmayo Forest Reserve, south-central
Cameroon. Although species richness generally declined with
increasing disturbance, no one group serves as a good indicator
taxon9–12 for changes in the species richness of other groups.
Species replacement from site to site (turnover) along the gradient
also differs between taxonomic groups. The proportion of ‘mor-
phospecies’ that cannot be assigned to named species and the
number of ‘scientist-hours’ required to process samples both
increase dramatically for smaller-bodied taxa. Data from these
eight groups indicate the huge scale of the biological effort
required to provide inventories of tropical diversity, and to
measure the impacts of tropical forest modification and clearance.

We chose birds and butterflies as groups to study because they
frequently serve as ‘flagship taxa’ in biodiversity inventories6,9,13. The
other six groups were chosen because they are all widespread and
abundant invertebrates. The study area14–16 is semi-deciduous
humid forest representative of much of southern Cameroon, and
is used for subsistence farming, experimental agriculture, and
forestry trials16, providing a mosaic of habitats. Study sites
(Table 1) formed a gradient of increasing intensity and frequency
of disturbance. For some taxa the inventories are almost complete;
for others, because of lower sampling effort, they are far from
complete (Table 2). The proportion of ‘morphospecies’11 (judged by
expert systematists) that cannot currently be assigned to known
(named) species is inversely related to log (body length)
(F1;5 ¼ 11:07, P ¼ 0:02, ants included only once; values .x in
Table 2 regressed as x), emphasizing the huge disparity that exists
between groups in the state of taxonomic knowledge.

Generally, as in previous studies1,2,5–7,17,18, species richness
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