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Abstract. One hundred and one landslides were documented.  Introduction
across 370 krfollowing a rainstorm that swept the British
Columbia coastline on 18 November 2001. Despite the re-

: _ Large storms frequently cause shallow landslides on the
gional nature of the storm, the landslides were spaced Closgteep slopes of coastal British Columbia and worldwide

together, even within the study area. Landslide clustering(Caine 1980; Church and Miles, 1987; Page et al., 1999;

IS attgbgtﬁd tt: high Imler? S('jty stotrm ce{ls t?(o _I‘f’? all tg be Zhou et al., 2002; Crosta and Frattini, 2003; Jakob and
recorded by th€ general hydrometric network. 1he evidenc etherly, 2003; Guthrie and Evans, 2004; among others).
nicely corroborates previous historical studies that reache

similar conclusions, but against which there was no moder hese landslides are a result of increased pore pressures
' 9 nalong a soil-bedrock interface or within the soil profile at

an;lolg teilvna]l?/zed f:r c(;)atstall Bt’tm(ljs\r/]v (;,Iolﬁmbm\.N '\f?gwn'tu?s'an interface of reduced permeability. Beginning as debris
?ur Iuna(lj "Z equre fyr tﬁ anploo go@,n?n 3\/ 3F;Obe| \;a\l/trfut eslides, the translational failures often break up and propa-
or landsiides greater tha owever, Deto a gate downslope as a flow. Entrainment and deposition zones

size several curves would fit. The rollover effect, a point often overlap and the erosion zone or the scar tends to be
where the data is no longer represented by the power law,

. . $mall with indistinct lower boundaries, and overlap the en-
therefore occurs at about 1.5 orders of magnitude higher tha b

. - trainment zone. Spatially, the landslides initiate on slopes be-
the smal[est Iand;hde. Additional work on Vgncouver Island tween about 30and 45 (typically mid-slope) and, in coastal
has provided evidence for rollovers at similar values. We

. that the rollover i manifestation of the bhvsi IBritish Columbia at least, tend to continue downslope to the
propose hat the Tollover 1S a maniiestation of the physica valley floor. A general examination of the landscape suggests
conditions of landslide occurrence and process uniformity.

The dat fit to a double Pareto distributi d P-P bl tthat debris slides and debris flows are more or less randomly
€ datawas fitto a double Fareto distribution and === Plolyiqiip ted across these zones. More detailed analysis how-
were generated for several data sets to examine the fit of th

model. The double Pareto model describes the bulk of chet\/er, reveals that this is not in fact the case.

data well, however, less well at the tails. For small land- Recent historical analysis of landslides by Guthrie and
slides «650n?) this may still be a product of censoring. Evans (2003, 2004) suggested that regional rainstorms in
Landscape denudation from the storm was averaged over thepastal British Columbia were felt more acutely in specific
study area and equal to 2 mm of erosion. This is more than afpcations where convective storm cells concentrated precip-
order of magnitude larger than the annual rate of denudatiorfation on the landscape in excess of the typically recorded
reported by other authors for coastal British Columbia, butamounts. They were unable to verify their hypothesis di-
substantially less than New Zealand. The number is sometectly as the high intensity storm cells they proposed were
what affected by the rather arbitrary choice of a study aresSubstantially smaller than the hydrometric network of record-

boundary. ing stations. Instead, they cited as evidence the spatial pat-
terns of precipitation related landslides across the landscape,
Correspondence tdR. H. Guthrie noting that they were highly clustered within identified time

(richard.guthrie@gems6.gov.bc.ca) epochs. We consider the data herein based, on a recent storm
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Fig. 1. The regional storm that hit coastal British Columbia on 18 November 2001, resulting in 101 landslides in the Loughborough Inlet
study area (indicated by a circle on the map). GOES-10 images provided courtesy of Environment Canada.

event, strong corroborative evidence in support of that earlierainfall were recorded, less than the annual return of 43 mm,
contention. and actually exceeded earlier that month. A preliminary
Magnitude frequency curves for landslide data sets worlg-£xamination of antecedent conditions at Chatham Point re-

wide have recorded a phenomenon called rollover where thé(ealed that the conditions leading up to 18 November were

slope of the observed landslide size against probability of ot unusually wet. We examined the landslides in the field

occurrence falls below a power law relation at smaller sizeX" 29 November 2901’ and flew 1:10 (.)00 aerial photographs
(Hungr et al., 1999; Hovius et al., 2000; Stark and Hovius over the area that included the landslide clusters a few days

2001: Guzzetti et al., 2002: Martin et al., 2002: Guthrie and!ater. In total, 101 landslides were identified and character-

Evans, 2003, 2004; Brardinoni et al., 2003; Brardinoni and'zed as a result of the storm.
Church, 2004). We examine the magnitude frequency curves

for landslides from a recent storm, compare them to other2 Study area
data from coastal British Columbia and present evidience in

support of a physical expaination of the rollover effect. The Loughborough Inlet study area is on the wet west coast

A regional storm swept across coastal British Columbiaof British Columbia, near Vancouver Island (Fig. 2). Typi-
on 18 November 2001 (Fig. 1). The storm was anecdotallycal annual precipitation at nearby Chatham point is approx-
considered a large winter storm, and was sufficiently largeimately 2185 mm at sea level (Environment Canada, 1993)
to trigger landslides sporadically over the Vancouver Islandand expected to be greater at higher elevations. The study
region. As landslide reports filtered in to the regional andarea itself is best described as fjordland, bound by long
district government offices, it became evident that there waglacially over-steepened inlets and broad u-shaped valleys,
an unusually high concentration of landslides across abousurrounding steep rugged terrain and mountain peaks. El-
370kn? of coastal mainland between Loughborough Inlet evation ranges from sea level to 1769 m within the study
and Philips Arm (Fig. 2). Examination of the rainfall records area. Human activity has been extensive within the study
for nearby Chatham Point revealed little. Only 36 mm of area. In particular, there has been substantial logging and
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Fig. 2. Study area boundary. Inset box indicates location of Fig. 3. Fig. 3. Detail of landslides digitized into the GIS showing 47 of 101
landslides.

road building from the turn of the Century to the present time. pressure increases downslope, and become an avalanche or
In a few places, logged slopes have hydrologically recoverediow.
with mature second growth nearly indistinguishable from ad- Landslides were traced onto stereo air photographs us-
jacent old growth. One of the consequences of logging pracing a digital photogrammetry system. Data was trans-
tices in the Loughborough Inlet study area are a tremendouferred into a Geographic Information System (GIS) program
number of landslides on steep slopes that predate this parti¢ArcView™) with attributes. Characteristics such as total
ular storm. This has the retrospective advantage, however, alisturbed area, connectivity to streams, other forcing factors
confirming that the entire area is vulnerable to mass move{logging or road related for example) and so forth were gen-
ments, particularly debris slides and debris flows. erated from air photograph and GIS analysis. Figure 3 shows
Bedrock Geology is almost ubiquitously comprised of a detail of the study area and the associated landslides drawn
Mid-Cretaceous plutonics of undifferentiated diorite, gabbro,in the GIS program.
diabase and amphibolite. The remainder consists of a small The landslide distribution was plotted using cumulative
band of Upper Triassic volcanics known as the Karmutsenprobabilities on log-log scale and then compared to data from
Formation (Journeay et al., 2000). other areas on Vancouver Island plotted similarly. A prob-
Terrain generally consists of shallow colluvium over steepability density plot was generated using the double Pareto
and moderately steep rock slopes. Exposed bedrock is prevanodel of Stark and Hovius (2001) and a maximum likelihood
lent at higher elevations and moraine may be present omestimation to fit the data. P-P plots comparing expected ver-
lower slopes. sus observed landslides were generated for Loughborough
Inlet, as well as other areas on Vancouver Island to look at
the voracity of the double Pareto distribution.
3 Methods Landslides contours for comparison with the data from
Vancouver Island were generated using Home Range Exten-
sion, an ArcViewM plug in. Home Range Extension is a
point density contouring program that works in ArcVieW
and uses fixed and adaptive kernel methods for generating
contours.

Following the regional storm on 18 November 2001, land-
slide reports for Vancouver Island were forwarded to the re-
gional and district offices of the Ministry of Water Land and
Air Protection. After observing the large number of clustered
landslide events, we visited the Loughborough Inlet study
area on 29 November, 2001. We subsequently had 1:10 000
air photographs flown December 2001 of that year. 4 Results and discussion

Landslides were identified as debris slides and debris flows
as described by Varnes (1978) and referred to as debri®ne hundred and one landslides from 11Z40409 000 rd
avalanches by others (Swanston and Howes, 1994; Crudewere identified in the Loughborough Inlet study area. The
and Varnes, 1996). These landslides begin as shallow trandield visit confirmed that landslides initiated as debris slides
lational failures, but typically break up as velocity or pore in the surficial deposits on steep and moderately steep hill-
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Fig. 5. The cumulative magnitude-frequency curve for the land-
slides from the 18 November 2001 storm in the Loughborough Inlet
study area. The landslides above 10 0Goare well described by

a power law with a slope of about1.24. Several curves would fit
the remainder of the data.

5 Probability distributions

The probability distribution curves of landslide magnitudes
have been discussed by several authors (Hungr et al., 1999;
Hovius et al., 2000; Stark and Hovius, 2001; Guzzetti et al.,
2002; Martin et al., 2002; Guthrie and Evans, 2003, 2004;
Brardinoni et al., 2003; Brardinoni and Church, 2004; among
others). The issue is not trivial. Correct characterization of
landslide frequency and magnitude is necessary for the de-
termination of impact, landscape denudation and total risk
analysis.

Typical of most landslide distributions is a power law
relation for medium to large landslides (generally sizes
>1000 nf) with a steep negative slope that is probably re-
lated to the limitations of the landscape itself (Pelletier et al.,
1997; Guzzetti et al., 2002; Brardinoni and Church, 2004;
Guthrie and Evans, 2004). Historically, censoring by under-
sampling and other biases have been linked to the rollover
effect, a point where the actual landslide distribution falls
below the distribution predicted by the model (in this case a
Fig. 4. Typical examples of the landslides within the study area. power law relation). Inability to consistently resolve small
(A) shows landslides entirely within a cut blodB) shows several  landslides has been offered as an explaination for undersam-
landslides that occurred at the interface between second growth angling (Hungr et al., 1999; Stark and Hovius, 2001; Brardi-
old growth forest, an¢C) shows the damage to a stream from some nonj et al, 2003; Brardinoni and Church, 2004). Brardinoni
of the larger landslides following the storm. et al. (2003) determined that, in the Capilano basin of coastal

British Columbia, 85% of landslides were below a nominal

resolution of 650 ri and accounted for about 30% of land-

slide mobilised debris. However, more recent research in the

same basin suggests that small landslides account for 2.7%

of mobilised debris (Brardinoni and Church, 2004). This is

similar to other research that indicates that the major con-
slopes. Figure 4 shows photographs of typical landslidedribution of sediment to a system comes from the moderate
from the study area and the impact to a stream from one obr large landslides (Benda and Dunne, 1997; Hovius et al.,
the larger failures. 2000; Stark and Hovius, 2001).
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Fig. 6. A family of cumulative magnitude-frequency curves from Fig. 7. Loughborough Inlet landslides plotted against the dou-
coastal British Columbia demonstrating process uniformity. Theple Pareto distribution using maximum likelihood estimation. The
numbers of landslides are 101, 201 and 1109 for Loughboroughollover point determined by Stark and Hovius (2001), is
Inlet, Brooks Peninsula and Clayoquot respectively. The Brooksggg2 nf, however, there is substantial variation around this num-
Peninsula data set does not include any landslides that are related fr and 10 000 fis an equally good fit (data is the same as that
roads or logging, while the other two data sets include landslides reshown in Fig. 5).

lated to logging practices. Despite this difference, the curves remain

similar (adapted from Guthrie and Evans, 2004).

Several researchers have considered that physical reasofdficial material characteristics) are ubiquitous at the time of
may also account for the rollover effect (Pe”etier etal., 1997;failure, and the failure itself further loads the SIOpe below it.
Hovius et al., 2000: Guzzetti et al., 2002: Martin et al., 2002: Consequently, the landslides tend to a larger size until limited
Brardinoni and Church, 2004; Guthrie and Evans, 2004). Toby & physiographic barrier, most commonly streams, gullies
alarge degree, the inability to demonstrate clearly a physicafnd valley bottoms. Consider that the landslides are most
cause for rollover has been related to the small size that it halikely to initiate mid-slope; the landslide distribution curve
appeared in most data sets. The size (typicall000 nf) then reflects local relief, the complexity of the landscape, and
has resulted in doubt about the ability to resolve any physi-the opportunity for landslides of different size classes.
cally attributable rollover from rollover due to data bias such  These data were compared to other data sets from Vancou-
as undersampling. ver Island with remarkably similar results (Fig. 6). Data de-

The cumulative frequency-magnitude distribution of 101 scribing debris slides and debris flows greater than 500m
landslides in Loughborough inlet is given in Fig. 5. Larger from Brooks Peninsula and Clayoquot Sound on the west
landslides are generally well described by a power law rela-coast of Vancouver Island also demonstrate the rollover ef-
tion with a slope of about-1.24 for landslides greater than fect at sizes larger than 10006 mThese similarities pre-
about 10000 rA Below 10 000 m the cumulative distribu-  vail despite substantial differences in the characteristics of
tion curve flattens rapidly and could be described by severalandslides that are tentatively related to forcing mechanisms,
relations. The rollover then occurs at approximately 1.5 or-as well as differences in timing (and therefore the complete-
ders of magnitude larger than the minimum recorded size. ness of the sets): approximately 60% of the landslides from

The power law portion of the curve describes inherentthe single storm in Loughborough Inlet are related to log-
landscape limitations. Simply put, there are substantially9ing (open slope clear-cut failures or road related failures).
fewer locations within the landscape that can support landdn contrast, 201 landslides in Brooks Peninsula were natural
slides of incrementally greater size than 10 060 the larger ~ @nd comprised a complete set spanning more than 60 years
the landslide, the more limited the opportunities. Simi- (Guthrie and Evans, 2004). In Clayoquot, another compre-
larly, however, the distribution of landslides smaller than hensive set of 1009 landslides and spanning decades is a mix
10000 n? can also be explained by the local relief. Exam- Of natural and logging related events.
ining the data from Loughborough, we note that 90 of 101 Brardinoni and Church (2004) have recently determined
landslides continued down-slope from their point of origin for another coastal British Columbia watershed, that a
until they were intercepted by a major barrier. Typically change occurs in the magnitude frequency curve for land-
(more than 50% of the time) this was a stream. Other barslides greater than about 4008.mn terms of the total dis-
riers included the valley bottom or other landslides, but onlyturbed area, this would indicate a change when size exceeds
11 landslides stopped mid-slope. We argue that causativé0 000 nf. Brardinoni and Church also suggest that physical
factors (in this case saturation of steep slopes with similarexplanations may account for this change.
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too infrequently to observe. We argue, however, that while
that might be true for Loughborough as a temporally limited
data set, that the same cannot be said for Brooks Peninsula
or Clayoquot. Even infrequent large landslides of otherwise
similar characteristics are likely to be spotted over 50 years
of air photographs as they tend to persist in the landscape
; ; i : v 0 : i : % substantially longer than landslides of smaller dimensions.
Predicted area (m”) log 10 using double Pareto distribution Once again, we are drawn to the Similarity between all data

. sets and posit a physical explanation for the distributions.
(C) Loughborough
n=101

T 6,
(A) Brooks Peninsula (B) Clayoquot
1 n=201 1 n=t107

area (m’) log 10
o~
~

Observed

5.1 Spatial distribution and implications

Studies in landslide dynamics often focus on causal mecha-
nisms, relating landslide initiation and frequency to storms
and storm size (Caine, 1980; Schwab, 1983; Church and
Miles, 1987; Page et al., 1994; Guthrie, 1997; Zhou et al.,

area (m’) log 10

Observed

2 3 4 5 6 2002; Jakob and Weatherly, 2003; Guthrie and Evans, 2004,
Predicted area (m) log 10 using among others). Caine (1980) first addressed precipitation

thresholds to landslides suggesting minimum rainfall inten-
Fig. 8. Quantile probability plots of the double Pareto distribution Sities of 100mn24-1h. The application of these intensi-
for all three data sets. These plots indicate that while the doubldies to coastal British Columbia has been difficult, however,
Pareto distribution predicts the bulk of the data well, it does so lessand landslides have been documented at lower rainfall inten-
well at the tails. Below 650 fthere may still be a censoring effect.  sity, and storms exceeding this intensity have occurred with-

out consequent landslides (Church and Miles, 1987; Guthrie,

1997, Jakob and Weatherly, 2003). This study is a case in

Whether by sampling artefact or by physical design, Starkpoint. If we look at the records from the nearest hydromet-
and Hovius (2001) argued that the landslide distribution wasric station, Chatham Point (Fig. 2), they would suggest that
better predicted using the double Pareto model. We use@vhile a storm came through, it did not even exceed the an-
maximum likelihood estimation to plot the landslides on the nual maximum. Church and Miles (1987) and Jakob and
double Pareto curve (Fig. 7). The bulk of the data plots well, Weatherly (2003) have argued that intensities alone are not
Stark and Hovius (2001) determined a rollover function indicative of landslide potential, but must be considered with
which is equivalent to 8882 frin Loughborough. However, antecedent moisture conditions. Once again, however, at this
Guthrie and Evans (2004) pointed out that Wald confidencesite a preliminary look at the antecedent conditions suggests
limits show tremendous variability in the value o&nd we  that the area was not particularly “wet”.
argue that 10 000 fis equally acceptable. Compounding the difficulties of applying rainfall intensi-
We looked in detail at the ability of the double Pareto ties thresholds to coastal British Columbia is the fact that

model to accurately predict the range of landslides occur-British Columbia’s hydrometric network is inadequate to re-
ring by examining quantile probability plots on the data from alistically represent the spatial variation in precipitation pat-
Loughborough Inlet, as well as for Brooks Peninsula andterns. In addition, most stations are at sea level so that the
Clayoquot. The results in Fig. 8 indicate that the doubleorographic effect ubiquitous across the landscape is poorly
Pareto model predicts the majority of the landslide data well,modelled. We argue that for this storm, the nearest precipita-
however, less well at both tails. For landslides less thantion records are essentially useless in terms of prediction of
about 6301 (area log 10=2.8) in the historical data sets, the landslides recorded in the Loughborough Inlet area.
and less than about 100¢rim Loughborough there appears  Antecedent conditions not withstanding, we argue that in-
to be fewer small landslides than predicted by the doubletensity remains a critical factor and that the conditions for
Pareto curve. Once again we are faced with the possibillandslide initiation tend to be complicated by local intense
ity of sampling error at these sizes. We note that 630 m storm convective storm cells within regional events that are
is similar to the value given by Brardinoni et al. (2003) of unlikely to be recorded by the nearest hydrometric station.
650 n? for minimum consistently resolvable size in coastal Guthrie and Evans (2004) argued that this was the case with
British Columbia watersheds from air photograph. We alsohistorical landslides on Brooks Peninsula on Vancouver Is-
note, however, in the Loughborough case, that the air photand. To whit, Fig. 9 shows the landslides that occurred be-
tographs were 1:10000 and suggest that it may be only @aveen 1980 and 1995 in the Brooks Peninsula study area.
case of the landslide sample size. More disconcerting is théandslides are strongly clustered to two areas, and heights
fact that, for landslides larger than about 60 060 the dou-  of land appear to define at least some of the boundaries af-
ble Pareto curve appears to predict more than the number dected by the landslide clusters. We consider the landslide
observed events. It is possible that this is a data biasing errawithin Loughborough Inlet to be strong corroborating evi-
in the other direction; that is to say that large landslides occuidence for the existence of high intensity storm cells within
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Landslides in Brooks Peninsula
1980-1996

Landslide
Density

Highest

Lowest

Slide Location ® Slide Location
Fig. 9. Fifty five landslides contoured (using fixed kernel methods)

for Brooks Peninsula between 1980 and 1996. The clustering of
data strongly resembles tracks and Guthrie and Evans (2004) pro-
posed high intensity storm cells as the cause (adapted from Guthrie
and Evans, 2004).

Phillips Arm

regional storm events. Figure 10 shows the contoured distri-
bution of landslides within the study area following the 2001
storm. We note the landslides are tightly clustered, similar

to the historical Brooks Peninsula data set. Adjacent and A
nearby watersheds, physiographically similar and with evi-

dence of past instability, showed little or no sign of distur- Fig. 10. Landslide clustering following the November 2001 storm

bance. We expect that antecedent conditions are probabl; the | oughborough Inlet study area using the same method of
not sufficiently different within the study area to account for contouring as in Fig. 9. Note the similarity between the contours in

the clustering, and argue that it was a coupling of those conFig. 9.

ditions with high intensity storm cells that caused the land-

slides to occur. This would agree with Jakob and Wetherly’s

(2002) general model of landslide initiation. 5.2 Landscape denudation

4 0 4 8 Kilometers
e ]

Logg|ng is also often related to landslide initiation on the The total area eroded by landslides related to the 18 Novem-

coast in much the way that antecedent moisture condition§€r storm was about 2070006m The average landslide
are considered. That is to say that logging activities set théize was 20498 fand recorded landslides ranged from
stage to increase the vulnerability of the landscape (Howed124nf to 409000m. About half the landslides hit a
and Sondheim, 1988: Rollerson, 1992; Rollerson et al., 1998stream and the largest landslide buried about 3 km of stream
Jakob, 2000; Guthrie, 2002; among others). In Loughbor-length.

ough Inlet approximately 60% of the landslides were either Remote estimation of volumes for shallow debris slides
road or logging related (25 and 36 of 101 events, respecand debris flows in Coastal British Columbia is problem-
tively). Further analysis of the density statistics, such as thetic for several reasons including frequent removal of deposi-
relative contribution of each, however, is complicated by thetional material by a stream, indistinct initiation zone bound-
clustering of the events themselves. Because of the narrofies and entrainment of debris along the landslide track.
distribution of landslides, events per unit area, stratified byMartin etal. (2002), attempted to estimate landslide volumes
those either logging related or not, become highly dependenffom air photographs using a weighted formula to address the
on the rather arbitrary selection of study area boundaries. Wéhitiation and entrainment zones separately, however, their
offer instead only these qualitative observations related tgesults were variable. Guthrie and Evans (2004) applied de-
forest cover. Many landslides not related to logging activitiestailed surveys of 124 landslides in the Queen Charlotte Is-
were nevertheless associated with thinning or absent forest@nds where physiological conditions are similar to derive an
related to snow avalanching. Several natural landslides exeémpirical formula based on the total disturbed area of a shal-
panded substantially in size around the logged boundary antpw debris slide or flow. The advantage to this method is
had a much higher consequent impact on the landscape. THaimarily that total disturbed area may be accurately charac-
latter observation is important in terms of impacts, but it is tefized on air photographs.

rarely addressed in the literature.



482 R. H. Guthrie and S. G. Evans: Magnitude and frequency of landslides triggered by a storm event

V=0.154941.0905 where V=landslide volume in fiand 6 Conclusions
A=total area in rA. The formula does not assume constant
depth down a landslide track, but that a landslide track isOne hundred and one landslides ranging in size from
likely to contain areas of erosion, entrainment and deposi1124nf to 409000 were recorded and analyzed in
tion. Loughborough Inlet following a rainstorm that swept across
Applied to 101 landslides in Loughborough Inlet, the for- coastal British Columbia on 18 November 2001. Based on
mula yields approximately 720 000*nof sediment eroded the analysis of this data and comparative analysis of historic
by landslides, with individual values ranging from about data for coastal British Columbia, we draw the following
280n? to 172000mM. The mean landslide contribution conclusions.
was approximately 7100¥nhowever, this was skewed con- . , o
siderably by a single large (409 008)revent that yielded 1. '!'he rollover effect in magnltude—frequenpy distribu-
172000 i of sediment. Not including that event, the mean tions are not merely an artefact of censoring, but rep-
landslide volume was still large at about 5508 m resent a physical m_anlfestanon of the conditions un-
The storm contributed substantially to overall landscape ~ d€r which the landslides occur. In the case of coastal
denudation. While not representative of the actual spatial dis- ~ BC Watersheds, the rollover seems to occur at or near

tribution of the landslides, the equivalent of 194%km—2 10 009’?*’ nearly 1.5 orders of magnitude larger than
was eroded from the landscape, or an average downwasting ~Our minimum recorded landslide suze@.) We note that for
of approximately 2 mm in the study area. This is substan-  total disturbed areas below about 630there may re-

tially more than the annual rates reported by Guthrie and ~ M&in @ censoring effect. We also note that for larger
Evans (2004) and Martin et al. (2002) for Brooks Peninsula ~ 'andslides £60 000 nf), the double Pareto curve may
and the Queen Charlotte Islands respectively by at least an I fact over predict landslide probability.

order of magnitude (0.06 myr ! and 0.1 mmy—1, respec- 5
tively).

Despite the high denudation value relative to other coastal
British Columbia examples, this event is not remarkable
world-wide. In another comparison, landscape denudation
that resulted from the November 2001 storm in the Lough-
borough Inlet area is about 10 times less than reported by
Page et al. (1994) following a New Zealand cyclone in 1988.
Page et al. (1999) reported considerable spatial variability
of landslides, related in part to the inherent vulnerability of
landslide prone physiographic units. Based on their pho-
tographs and data, however, the general picture that a New
Zealand cyclone caused landslides an order of magnitude
greater than experienced in the Loughborough Inlet study
area is reasonable. This probably relates to bedrock and 3. Landscape denudation based on the single storm, aver-
surficial geology as well as New Zealand’s tectonic regime aged over about 370 kof land delineated as the study

. The spatial distribution of landslides suggests that there
are high intensity storm cells within regional precipita-
tion events. These cells are generally expected to be too
small to be picked up on the hydrometric network ex-
cept by remarkable chance. This makes it difficult to
estimate accurately the return periods of rainstorm in-
tensities that cause numerous failures. It nevertheless
has bearing on the general nature of landslide predic-
tion, particularly related to climate change where, for
coastal British Columbia, the general scenarios predict
increased storm frequencies and intensities. These find-
ings corroborate evidence for the same behaviour from
historical records on Vancouver Island.

which includes uplift rates of about 7 mmym! (Hovius et area was 2 mm. This was more than an order of magni-
al., 1997). tude higher than other reported annual denudation rates
Locally, the large contribution to denudation from the for coastal BC, but an order of magnitude less than those

November 2001 rainstorm suggests several things. First, it  reported for a major cyclone in New Zealand.

confirms the periodicity of landslide forcing factors (earth-

quakes, high intensity storm cells) such that the absence ofcknowledgementsM. Jaboyedoff and one anonymous reviewer
additional similar storms over time would lower the denuda- critically read the manuscript and provided valuable suggestions.
tion rate. Second, it alludes to the difficulties related to study®: SChWarz assisted with the statistical analysis of data and R. Petit
scale (the concentration or dilution of the landslide effect de—anOI S: Lindsay provided digitizing and GIS-related assistance.
pending on the size of the study area). Third, it imp_lies thate yiteq by: J. B. Crosta

landscapes need not be equally vulnerable to erosion whakeyiewed by: M. Jaboyedoff and another referee

ever the forcing mechanism. Lastly, with 60% of the land-

slides being logging related, there is also continued evidence

for the anthropogenic contribution to landscape erosion.
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