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Table 1. Bidart Fan earthquake sequence, channel incision, and offset events.

Earthquake date* Inferred incision date Channel Total offset (m) Number of offsets
(A) 1857 5.9
(B) 16311823
1605 = 5 SE 10.21 2§
(0) 1547-1617%
(D) ~1450-1547%
(E) ~1450-1547%
1418 + 10 NW 15.9t 5

(F) 1360—1425#
(G) 1280-1340

*Dates from (15) except as noted. Earthquake F is rupture event BDT4-d at trench T4. Earthquake G is rupture BDT4-e at T4. Earthquakes
BDT3-f and BDT3-g at T3 (15) are older than earthquakes F and G in this table. ~tMeasurements from (8). tApproximate age (21).
§Inferred incision age of southeast channel overlaps with dates of second and third earthquakes reported by Akgiz et al. (15). They
presented evidence that event BDT2-b is the third oldest earthquake, event C, and predates incision. New radiocarbon dates of BDT2-b
(17) eliminate age overlap of earthquakes B and C.  #The sixth earthquake, F, caused surface rupture between deposition of two near-

surface sedimentary units (17) and therefore is inferred to predate incision of the adjacent northwest channel.

same-age sediments in trenches ~ 200 m away
suggests that the northwest channel has been
displaced by five surface ruptures (Table 1). Ages
of sediments and their stratigraphic position in
trench 4 support an interpretation of incision
between the fifth and sixth earthquakes, during a
time interval that includes the ~1418 extreme
flood (17) (Table 1). Thus, the northwest channel
has been offset in three additional earthquakes by
as much as 5.6 m more than the offset of the
southeast channel (Fig. 2). Slip in individual
earthquakes at the BF is not directly measurable,
but we can assume at least 50 cm of slip on the
basis of expression in trench exposures (/5).
With minimum slip of 1 m in two earthquakes,
maximum slip would be 4.6 m in the other
earthquake.

Comparison of channel incision dates with the
rate of occurrence of surface ruptures suggests that
channel incision events are less frequent than
earthquakes in the Carrizo Plain, which implies

that some channels have been offset by more
earthquakes than previously thought (9). Our
observations do not support previous interpre-
tations of ~9 m of slip in the 1857 earthquake
(3, 4) or any of the earthquakes that ruptured
since 1400. However, slip in the 1857 earthquake
was apparently greater than in any of the four
prior ruptures. This variable slip history is not
consistent with repeated characteristic slip (20)
at BF in the Carrizo, one of two areas where
characteristic slip was defined (6). Since the 1857
earthquake, >5 m of strain has accumulated in the
Carrizo, an amount greater than or similar to slip
released in the last five ruptures.
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Slip in the 1857 and Earlier Large
Earthquakes Along the Carrizo Plain,

San Andreas Fault

Olaf Zielke,™* ] Ramédn Arrowsmith,* Lisa Grant Ludwig,” Sinan 0. Akgiz®

The moment magnitude (M,) 7.9 Fort Tejon earthquake of 1857, with a ~350-kilometer-long surface
rupture, was the most recent major earthquake along the south-central San Andreas Fault, California.
Based on previous measurements of its surface slip distribution, rupture along the ~60-kilometer-long
Carrizo segment was thought to control the recurrence of 1857-like earthquakes. New high-resolution
topographic data show that the average slip along the Carrizo segment during the 1857 event was 5.3 +
1.4 meters, eliminating the core assumption for a linkage between Carrizo segment rupture and
recurrence of major earthquakes along the south-central San Andreas Fault. Earthquake slip along the
Carrizo segment may recur in earthquake clusters with cumulative slip of ~5 meters.

ecent earthquake ruptures along the
RNorth Anatolian fault in Turkey [moment
magnitude (M) 7.4 Izmit earthquake,
1999] (1), the Kunlun Fault in China (M, 7.8

Kokoxili earthquake, 2001) (2), the Denali fault
in Alaska (M,, 7.9 Denali earthquake, 2002) (3),
and the Longmenshan fault in China (M, 7.9
‘Wenchuan earthquake, 2008) (4) present dramatic

manifestations of large-earthquake phenomena,
exemplifying the destructive potential of tecton-
ically active faults. A primary step toward as-
sessing the time and magnitude of future large
earthquakes is the identification of earthquake
recurrence intervals and along-fault slip-release
patterns.

Previous work along the San Andreas Fault
(SAF) (5, 6) reported that the largest slip as-
sociated with the surface rupture of the A, 7.9
Fort Tejon earthquake of 1857—the most recent
earthquake along the south-central SAF—occurred
with ~9 m along the Carrizo segment (Fig. 1).
Further investigation along the 1857 rupture trace
(7) suggested that individual fault segments
experienced essentially the same amount of slip
in preceding earthquakes as they did in 1857
(e.g., the largest slip associated with preceding
earthquakes occurred with ~9 m along the
Carrizo segment). These and similar observations
for the Wasatch fault in Utah led to the formu-
lation of the uniform-slip and the characteristic
earthquake model (7, &), which dominate current
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seismic hazard assessment and earthquake fore-
cast. Both earthquake recurrence models propose
that slip per earthquake at a point along a fault is
essentially the same (i.e., characteristic) and can
be inferred to have occurred by similar-magnitude
major earthquakes. Assuming a constant slip rate
along the fault and a direct relation between
repeat time and amount of slip released in an
earthquake, it was proposed that the relatively
strong (i.e., high slip per event) Carrizo segment
defines the reported 240- to 450-year recurrence
time of major earthquakes along the south-central
SAF (7, 9). This widely accepted model is now
used to estimate long-term earthquake probabil-
ities along the SAF (/0). However, the relation
between Carrizo segment rupture and the recur-
rence of major 1857-like earthquakes, as well as
the formulation of the aforementioned earthquake
recurrence models, relied on aerial photography
and field investigations to reconstruct surface
slip of the 1857 earthquake and preceding large
earthquakes.

A recently collected light detection and
ranging (LIDAR) topographic data set (//) covers
the 1857 rupture trace and provides previously
unavailable, high-resolution data. LIDAR-based
digital elevation models permit identification and
measurement of subtle tectono-geomorphic fea-
tures (/2) (Fig. 2A), therefore justifying the re-
evaluation of surface slip along the Carrizo
segment associated with the 1857 and preceding
earthquakes. Here, we present measurements of
the lateral surface displacement of well-defined
offset stream channels along the Carrizo segment,
assuming that channel incision events general-
ly occur more frequently (decadal time scale)
than large earthquakes (centennial time scale)
(5-7, 9, 13, 14). Consequently, the smallest ob-
servable offsets correspond to the most recent
earthquake along the Carrizo segment (1857
earthquake), and successive larger offset groups
record the cumulative slip of prior events. Chan-
nels along the Carrizo segment that show no
displacement as they cross the fault trace there-
fore formed after the 1857 earthquake (5, 6).
After fault line and offset stream channels were
identified and traced, we determined the position
(distance to fault trace) of upstream and down-
stream topographic, cross-sectional profiles and
back-slipped them with respect to one another
to determine the channel offset (/3) (Fig. 2).
Ninety-eight new measurements were combined
with 51 remeasured offsets (5) (table S2) along
the 60-km-long Carrizo segment (Fig. 1B).

Offset probabilities between 0 and 25 m are
spatially well distributed along the fault segment
southeast of Wallace Creek (Fig. 3A). The number
of offset observations decreases as the respec-
tive offset increases, largely due to the steady
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degradation of inactive channels by geomorphic
processes. The cumulative offset probability dis-
tribution (COPD)—stacked offset measurements
weighted by assigned quality rating (/3)—forms
distinct peaks at 5.3, 9.8, 14.9, 20.1, and 24.5 m
(Fig. 3B). These peaks, particularly those at 5.3,

9.8, and 14.9 m, are narrow and well separated,
indicating that channel offsets along the Carrizo
segment fall into small, well-defined ranges.
Variation within each offset group appears to be
local and random (Fig. 3A). Similar high-frequency
and apparently random offset variation has been
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Fig. 1. (A) Overview of Quaternary active faults (27), including the surface rupture of the great 1857
Fort Tejon earthquake along the SAF, and their geographic relation to urban areas (S.F., San Francisco;
L.A., Los Angeles). The southern SAF is divided into five major segments (20). Relative motion of North
American and Pacific plate is indicated by block arrows. (B) Carrizo Plain segment and the 1857 surface
rupture trace. The locations where offset geomorphic markers were measured, as well as selected
paleoseismic sites (WC, Wallace Creek; PF, Phelan Fan; BF, Bidart Fan), are indicated.
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Fig. 2. (A) Hillshade map of channels #34 and #35 (5) generated from LIDAR-based digital elevation
models. (B) Topographic profiles along red and blue lines are projected onto the fault plane based on
channel obliquity [yellow dashed line in (A)]. Also shown is the blue profile, back-slipped by optimal
offset estimate. (C) 1/=(Aelevation) is a measure of goodness of fit, calculated for each back-slip
increment. (D to G) Current and back-slipped hillshade plot of two channels in the Carrizo Plain area
that intersect the SAF and were offset during the 1857 earthquake (Fig. 1B).
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observed for essentially all large historical
ruptures—for example, the 1999 Izmit (/) and
2002 Denali earthquakes (3).

The smallest observable offsets are attributed
to the 1857 earthquake (Fig. 3). Surface slip
distribution and respective COPD peaks reveal
that average right-lateral surface displacement of
the 1857 rupture along the Carrizo segment was
5.3 + 1.4 m—distinctly lower than the previ-
ously reported 9.0 + 2.0 m (5-7, 9). We suggest
that the latter offsets correspond to the COPD
peak at 9.8 m, recording the cumulative slip of
two or more earthquakes (/5). Prior association
of these offsets with the 1857 earthquake is
primarily due to the relative geomorphic expres-
sion of both channel offset groups. Offset
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channels contributing to the COPD peak at 9.8 m
form a stronger geomorphic signal (relatively
deeply incised, wide channels) than the presum-
ably younger but locally only weakly developed
channels that were offset by 5.3 + 1.4 m;
spatiotemporal variations in storm severity are
likely the controlling factor (/6—18). As a result,
earlier studies using aerial photography and field
observations to measure the 1857 surface slip
distribution may have missed those often weakly
developed 5.3 + 1.4 m offsets or interpreted them
as outliers not representative of the 1857 surface
slip (5—7). Paleoseismic studies at Phelan Fan
and Wallace Creek (Fig. 1B) determined mini-
mum channel offsets of 6.7 and 7.9 m, respec-
tively (9, 14), associating them with the 1857

Offsets (m)

—
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0. 5
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Fig. 3. (A) Offset probability for individual measurements along the Carrizo segment. The goodness-
of-fit measurements were truncated by visually determining minimum and maximum offsets for each
offset (13). Color is assigned based on the respective optimal offset measurement (red: 5 = 2.5 m; blue:
10 + 2.5 m; yellow: 15 + 2.5 m; magenta: 20 + 2.5 m; and cyan: 25 + 2.5 m), indicating to which
COPD peak it contributes most. Color intensity is based on the quality rating assigned to the
measurement. (B) COPD color intensity is based on the quality rating of the offset estimates used in the
stacking. The COPD forms narrow, well-separated peaks.
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Fig. 4. Combined surface slip distribution associated with the 1857 earthquake (solid white line).
Measurements show quality rating increasing with increasing color intensity. Our measurements along
the Carrizo Plain suggest an average slip of 5.3 + 1.4 m during this event. The previously reported 9.0 +
2.0 m offsets (dashed white line) represent the cumulative slip of at least two earthquakes.
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earthquake. Their observations were of uniquely
matching and singly incised offset channel
margins and fill units. Whereas the former offset
lies marginally in the observed range for the 1857
event, the latter offset does not. The discrepancy
between the Wallace Creek record [reporting a
cumulative slip of 7.9, 15.8, 20.7, 22.0, and 30.0 m
(9)] and our COPD peaks (Fig. 3B) may be
related to along-fault slip variations or spatio-
temporal variations in relative frequency of
channel incision and earthquake occurrence. A
recent study on modern earthquakes (/9) showed
that the ratio between average and maximum
surface slip is ~0.4. Considering a ~5-m average
slip during the 1857 event in the Carrizo Plain,
the observed 7.9 m at Wallace Creek may reflect
the maximum slip of this event. However, it was
noted (9) that channel offsets may record the
cumulative slip of multiple events when earth-
quake recurrence was more frequent than channel
formation. We suggest that the 7.9-m offset chan-
nel formed before the penultimate earthquake
and therefore records the slip of more than one
earthquake (15).

Estimates of seismic moment (M,) and M,,
for the 1857 earthquake change by only a
fraction if the new offsets for the Carrizo
segment are used; the respective values change
from M, ~ 8.71 x 10*° Nm to M, ~ 8.12 x
10*” Nm and from M,, 7.93 to M,, 7.90 (table
S3). The new combined surface slip distribution
for the 1857 earthquake (Fig. 4) suggests that
the Carrizo segment may not be considered an
individual fault segment because its respective
offset is not distinctly different from that of
the neighboring segments (Fig. 1A). Neither
distinctively large slip along the Carrizo seg-
ment (relative to other sections of the 1857
rupture) nor high slip gradients at its proposed
boundaries (5, 7) were observed. These obser-
vations challenge the long-held view that the
Carrizo segment is an unusually strong fault
segment, responsible for the recurrence of major
1857-like earthquakes along the south-central
SAF (7-10). The 1857 multisegment rupture
may not be the typical (i.e., characteristic) earth-
quake for the south-central SAF. The Carrizo
Plain and other fault sections involved in the
great 1857 earthquake may therefore rupture
individually and in smaller but still hazardous
events; major, 1857-like rupture may occur only
infrequently.

Previous work along the SAF system described
bimodality in the magnitude-frequency distribu-
tion (20—22); small- to moderate-magnitude earth-
quakes follow the Gutenberg-Richter inverse
power-law relation, whereas large-size earthquakes
occur more frequently. According to earthquake
simulations (23), bimodality may be explained
by systematic variations of coseismic stress drop
with depth and a resulting abrupt increase in
down-dip rupture width at the transition from
moderate- to large-magnitude earthquakes. Total
strain release along faults is presumably domi-
nated by large-earthquake slip (7, 8, 20-23). If
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bimodal behavior is a property of SAF earth-
quake recurrence, the observed COPD peaks at
5.3,9.8, 14.9, 20.1, and 24.5 m (Fig. 3B) repre-
sent the cumulative slip of the five most recent
clusters of earthquakes, each consisting of a
single large earthquake and an undefined number
of small- to moderate-size earthquakes (/J5).
Recent work at the Bidart Fan site (/8) on the
Carrizo Plain (Fig. 1B) provides support for
clusters of earthquakes that add up to 5-m slip.
An alternative interpretation is that slip varies
from event to event unsystematically and that the
observed COPD peaks (Fig. 3B) are caused by
infrequent but highly episodic channel incision
events, recording the earthquake slip that was
accumulated along the fault in between incision
events. Then channel incision—not earthquake
slip—has a characteristic recurrence pattern (16).
Assuming that total strain release along the
Carrizo segment is dominated by large-earthquake
slip (7, 8, 21-23) and considering the Holocene
slip rate of 35 mm/year along the SAF in the
Carrizo Plain (7), we estimate a 140 + 46 year
interval for large-earthquake recurrence (24).
This recurrence time is consistent with findings
of past paleoseismic studies in the Carrizo Plain
(25, 26), which may have recognized primarily
large earthquakes with compelling rupture evi-
dence. Surface-rupturing earthquakes along the
Carrizo segment therefore occur more frequently
and with lower (but still high) slip than pre-
viously reported (5-7, 9, 14, 26).
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Plant Peptides Govern Terminal
Differentiation of Bacteria in Symbiosis

Willem Van de Velde,* Grigor Zehirov,? Agnes Szatmari,"> Monika Debreczeny,*

Hironobu Ishihara,? Zoltan Kevei,* Attila Farkas,* Kata Mikulass,* Andrea Nagy,” Hilda Tiricz,*
Beatrice Satiat-Jeunemaitre, Benoit Alunni,* Mickael Bourge,* Ken-ichi Kucho,? Mikiko Abe,?
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Legume plants host nitrogen-fixing endosymbiotic Rhizobium bacteria in root nodules. In Medicago
truncatula, the bacteria undergo an irreversible (terminal) differentiation mediated by hitherto
unidentified plant factors. We demonstrated that these factors are nodule-specific cysteine-rich (NCR)
peptides that are targeted to the bacteria and enter the bacterial membrane and cytosol. Obstruction
of NCR transport in the dnf1-1 signal peptidase mutant correlated with the absence of terminal

bacterial differentiation. On the contrary, ectopic expression of NCRs in legumes devoid of NCRs or
challenge of cultured rhizobia with peptides provoked symptoms of terminal differentiation. Because
NCRs resemble antimicrobial peptides, our findings reveal a previously unknown innovation of the host
plant, which adopts effectors of the innate immune system for symbiosis to manipulate the cell fate of

endosymbiotic bacteria.

ymbiotic nitrogen fixation by legumes is a
major contributor to the combined nitro-
gen pool in the biosphere. It takes place
in specialized root organs called nodules (/).
The symbiotic nodule cells are large polyploid
cells (2) housing thousands of bacteroids. Bac-
teroids are differentiated Rhizobium bacteria
with specialized metabolic activity, capable of re-
ducing atmospheric nitrogen and supplying the

plant with ammonium as a nitrogen source (3).
In addition to this metabolic adaptation, the
endosymbionts of Medicago truncatula and
related legumes undergo striking morphological
changes such as cell elongation coupled to
genome amplification, membrane modifications,
and the loss of reproductive capacity (4—6). The
polyploid state of bacteroids and the induction
of bacteroid-like cells by genetic interference

with the rhizobial cell cycle (7—10) suggest that
terminal bacteroid differentiation is a cell cycle—
related process.

This terminal bacteroid differentiation is
specific for legumes belonging to the inverted
repeat—lacking clade (IRLC) such as Medicago,
Pisum, or Trifolium, whereas bacteroids in the
non-IRLC legumes, such as Lotus japonicus,
show no sign of terminal differentiation as they
maintain their normal bacterial size, genome
content, and reproductive capacity (6). The same
Rhizobium strains that form symbiosis with both
IRLC and non-IRLC legumes have different
bacteroid differentiation fates in the two legume
types. Therefore, it was concluded that terminal
bacteroid differentiation is determined by un-
known host factors that are produced by the
IRLC legumes and do not exist in the non-IRLC
legumes (6). The nodule-specific cysteine-rich
(NCR) peptides were likely candidates for these
factors (11, 12). NCR genes were found only in
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