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ABSTRACT: More than 300 landslides and debris flows were trig- 
gered by an October 1993 storm on Prince of Wales Island, south- 
east Alaska. Initiation, runout, and deposition patterns of 
landslides that occurred within clearcuts, second-growth, and old- 
growth forests were examined. Blowdown and snags, associated 
with cedar decline and "normal" rates of mortality, were found adja- 
cent to at least 75 percent of all failures regardless of land use. 
Nearly 50 percent of the landslides within clearcuts occurred with- 
in one year following timber harvest; more than 70 percent of these 
sites had hydrophytic vegetation directly above failures. In follow- 
ing the runout paths of failures, significantly more erosion per unit 
area occurred within clearcuts than in old-growth forests on slopes 
with gradients from 9 to 28" (16 to 54 percent). Runout length, con- 
trolled by hillslope position within deglaciated valleys, was typical- 
ly longer in old-growth forests than in second growth and clearcuts 
(median values were 334, 201, and 153 m, respectively). Most land- 
slides and debris flows deposited in first- and second-order chan- 
nels before reaching the main stem channels used by anadromous 
fish. Slide deposits in old-growth forests were composed of a higher 
proportion of woody debris than deposits derived from slides in sec- 
ond growth or clearcuts. 
(KEY TERMS: landslides; debris flows; land use planning; erosion 
and deposition; woody debris; deglaciated valleys; Alaska; anadro- 
mous fish.) 

I N T R O D U C T I O N  

T h e  l i n k  b e t w e e n  m a s s - w a s t i n g  a n d  v a l u a b l e  
d o w n s t r e a m  resources ,  inc luding sa lmonid  hab i t a t s ,  
suggests  a need to assess both the  t r igger ing  mecha-  
n i sms  and  r u n o u t  p a t h s  of these  l ands l ide  events .  
Landsl ides  typical ly  occur in conjunction with major  
s to rms  in m o u n t a i n o u s  t e r r a in  of the  Pacific Nor th-  
west  of the  Uni ted  States.  These  events  are  exacer-  
ba ted  by na tu r a l  factors  such as fire (Krammer ,  1965; 
Rice, 1973; Swanson ,  1981; Benda  and Dunne,  1997; 

B e n d a  et al., 1998), wind  (Swans ton ,  1979; Har r i s ,  
1989; Kramer ,  1997; Nowacki  and Kramer,  1997), nat-  
ural  declines in forest  species (Johnson and Wilcock, 
1997), or by h u m a n  factors  such as c learcut t ing  and  
road bui lding (Bishop and Stevens,  1964; Wu et al., 
1979; Sidle, 1985; Swans ton ,  1991). Previous s tudies  
conducted in the  glaciated t e r r a in  of sou theas t  Alaska  
h a v e  i n d i c a t e d  t h a t  t h e r e  is a t w o -  to f o u r - f o l d  
increase  in landsl ide  f requency  associated wi th  t im- 
ber  h a r v e s t  (Bishop  and  S tevens ,  1964; S w a n s t o n ,  
1974, 1979; Sidle 1985; S w a n s t o n ,  1991; S w a n s t o n  
a n d  M a r i o n ,  1 9 9 1 )  a n d  d e c l i n e  o f  y e l l o w - c e d a r  
(Chamaecyparis  nootkatensis)  (Johnson,  1993, 1997). 

In this  study, charac ter is t ics  of landslide ini t ia t ion 
a r e  p r e s e n t e d ,  i n c l u d i n g  an  a s s e s s m e n t  of  f o r e s t  
hea l th  and  hydro logy  as indicated  by vegeta t ion.  In  
addition, the  volume of mate r ia l  eroded or deposi ted 
along landslide flow pa ths  is examined.  These factors  
are  assessed  for lands l ides  in i t ia ted  du r ing  a single 
s torm event  wi th in  var ious  land use types  inc luding 
o l d - g r o w t h ,  s e c o n d - g r o w t h ,  a n d  c l e a r c u t  f o r e s t s .  
From these  analyses ,  the  under ly ing  factors t h a t  m a y  
exacerbate  the  effects of l and  use on landsl ide occur- 
rence and r u n o u t  are  evaluated.  

STUDY AREA 

Prince of Wales I s land  is about  40 ki lometers  west  
of  K e t c h i k a n ,  A l a s k a  a n d  a t  578 ,000  h e c t a r e s  is 
the largest  is land of the Alexander  Archipelago. The 
l ands l ides  s a m p l e d  occur red  d u r i n g  a s ingle  s t o r m  
on Oc tober  26-27, 1993. More  t h a n  300 i n d i v i d u a l  

1Paper No. 98140 of the Journal of the American Water Resources Association. Discussions are open until October 1, 2000. 
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landslides occurred primarily in the central and east- 
ern central portions of the island at approximately 
55°30"N,133°E (Figure 1). 

The island is dominated by rocks of the Alexander 
Terrain, a large accretionary fragment, consisting of 

granodiorites, greywackes, conglomerates, limestones, 
and s a n d s t o n e s •  M e t a s e d i m e n t a r y  m u d s t o n e s ,  
greywackes, shales, slates, metavolcanic diorites and 
granodiorite dominate the study area. Most of the 
bedrock below 1000 m elevation is covered by till 
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Figure 1. The Two Regions of High Landslide Frequency Associated 

with the October 1993 Storm on Prince of Wales Island. 
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associated with the late Wisconsinan glacial advance 
(Swanston, 1969). 

Lands l ides  were  in i t i a ted  in soils der ived from 
glacial till classified as Spodosols (87 percent), and 
regions of exposed rock where soils include Inceptisols 
(10 percent) and Entisols (3 percent). The spodisols 
are sandy with an internal angle of friction of 35 ° and 
an effective cohesion of 8 kPa (Shroeder, 1983). They 
are classified primari ly as typic humicryods,  which 
are moderate ly-wel l  to wel l-drained soils, typically 
greater  than 60 cm in depth. 

Precipitation was recorded in Hollis, central Prince 
of Wales Island. Precipi tat ion for eight consecutive 
days preceding the storm event  ini t iat ing the land- 
s l ides to ta led  approx ima te ly  160 mm. Dur ing  the 
s torm tha t  ini t iated these landslides, an additional 
209 mm of ra in  fell. Weather  s ta t ions  at  sea level 
recorded near freezing conditions, so some wet snow- 
fall and associa ted rapid  snowmel t  also may  have 
occurred. In addition, a 2 percent increase in rainfall 
for every 30 m rise in elevation near Hollis has been 
d o c u m e n t e d  in p r e v i o u s  s t o r m s  ( W a l k o t t e n  and 
Patric, 1967). Personal accounts indicate local periods 
of high intensity rainfall and wind. Storm cells were 
d o c u m e n t e d  in severa l  a reas  nea r  high lands l ide  
activity. The closest wea ther  stat ion that  measured  
wind speeds was located 128 km NE in Petersburg,  
Alaska, where wind speeds of 18.4 m/s were reported. 

The forests on Prince of Wales Island are dominat- 
ed by stands of western hemlock (Tsuga heterophylla), 
Si tka  spruce  (Picea sitchensis), red cedar  (Thuja 
plicata), A l a s k a  y e l l o w - c e d a r  (Chamaecyparis 
nootkatensis), and shore pine (Pinus contorta). Yellow- 
ceda r  decl ine ,  a n a t u r a l  m o r t a l i t y  of o ld -growth  
forests exists in some of the areas. The decline has 
been  assoc ia ted  wi th  change  in soil t e m p e r a t u r e ,  
chemistry, and/or change in hydrology as opposed to 
an association with pests or pathogens (Hennon et 
al., 1990; H e n n o n  and  Shaw,  1997). U n d e r s t o r y  
species include red huckleber ry  (Vaccinium parvi- 
floium), Alaska  b lueber ry  (Vaccinium alaskaense), 
rus ty  menzies ia  (Menziesia ferruginea), and devil's 
club (Opopanax horridus). Skunk cabbage (Lysichit- 
om americanus), and  f a l s e  h e l b o r e  (Veratrum 
eschscholtzii) grow in the wet tes t  areas. Windthrow is 
the dominant forest disturbance (Harris et al., 1974; 
Harris,  1989; Nowacki and Kramer, 1997). Clearcut- 
ring of the old-growth forests has occurred since the 
1950s r e s u l t i n g  in a mosa ic  of c l ea rcu t s ,  second 
growth, and old growth patches. In this study, forests 
are  iden t i f i ed  as old g rowth  if  no h a r v e s t i n g  has  
occurred, second growth if harvested before 1985, and 
clearcut if harvested after 1985. 

METHODS 

A total of 45 landslides were labeled and randomly 
se lec ted  us ing  a r a n d o m  n u m b e r  g e n e r a t o r  f rom 
inventories conducted by the Ketchikan area  of the 
Tongass National  Forest  (Johnson, 1993; Landwehr,  
1993). These inventories were developed through low- 
elevation (less than 300 m) aerial reconnaissance sur- 
veys  and  road  s u r v e y s .  F i f t e e n  l a n d s l i d e s  w e r e  
randomly selected from clearcuts, second-growth, and 
old-growth forests, respectively. We use landslides as 
a descriptive term for all rapid soil failures. Debris 
flows are specified if it was apparent  that  the initial 
fai lure mass  became liquefied as indicated by flow 
deposits. 

Each landslide and debris flow was examined from 
the point  of ini t ia t ion to the point of deposi t ion to 
evaluate initiation, runout, and deposition character- 
istics. Characteristics of the initiation zones included 
land use, indicators of hydrology, plant  disturbance,  
and terrain configuration controlling slope stability. 
Initiation zones were defined as the locations where 
groundwater  seepage converged in subsurface depres- 
sions or "hollows." Head scarps of failures may  have 
migrated upslope following failure, but  for the most 
part ,  init iat ion zones were character ized by a clear 
headwall  and rapid downslope channeling into pre- 
existing gullies, which t ranspor ted  resul t ing debris 
downslope.  Ind ica tor  vege ta t ion  condi t ions  at  the  
immediate vicinity of landslide initiation included the 
presence of blowdown, decayed stumps, standing dead 
trees, cedar decline, split trees, leaning or "pistol but- 
ted" trees (tree t runks bending in downhill direction 
at ground level), logging disturbance, and presence of 
hydrophytic vegetation such as skunk cabbage. Indi- 
cator terrain conditions analyzed included elevation 
at the landslide initiation zone, distance to the ridge- 
line, slope, mean soil depth of failure mass  within the 
failure zone, width of failed soil mass, and eroded vol- 
ume. 

The r u n o u t  of l ands l ides  and debr i s  f lows was  
defined as the affected region between the initiation 
zone and the final deposition zone. Analysis of runout  
inc luded a descr ip t ion  of the  changes  in l and  use  
encountered along the landslide or debris flow path, 
measurements  of runout  widths and lengths, and ero- 
sional and deposi t ional  t rends.  These  t r ends  were  
described for runou t  segments ,  divided and sor ted 
according to slope gradient category. Segment length 
ranged from 3 to 100 m, averaging 28 m with 4 to 21 
segments per landslide. The fraction of total runout  
length occurring per slope gradient  category is pre- 
sented in conjunction with the range of volumes of 
erosion or deposition per unit runout  area. Analysis of 
variance and t-tests were used to statistically analyze 

JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION 1 9 JAWRA 



Johnson, Swanston, and McGee 

differences in erosion or deposition per slope gradient 
category. Differences were judged to be statistically 
significant at P = 90 percent (p = 0.10). 

Final, or terminal  deposits at the end of the land- 
slide runout  tracks were characterized by depositional 
slope, composition, volume, and location. For deposits 
in streams, order and stream type were determined. 
Stream type was defined as Class I if the stream sup- 
ported anadromous fish populations, Class II if sup- 
por t ing  res ident  fish such as cu t th roa t  t rout ,  and 
Class III and IV if without fish populations (USDA, 
1997). Size and number of logs were counted at some 
of the landslide deposits. 

A comparison of woody debris to soil volume ratios 
for clearcuts and old-growth forests was es t imated 
using the following equation: 

A (Tr) Vtr : A (d) 

where, A = area of landslide; Tr = average number of 
trees per area; d = average depth of soil; and Vtr = 
average tree volume. 

From this ratio, comparisons were made between 
old-growth and clearcut forests. Tree densities used in 
this calculation were 255 trees per ha with an average 
volume of 2.2 m 3 per tree, values typical for a produc- 
tive, well drained forest in southeast  Alaska (Rogers 
and van Hees, 1992). Within clearcuts, stump volume 
was assumed to be 1/20 the size of an entire tree, or 
0.11 m 3. Woody debris on the forest  floor was not 
included in this calculation because it varied consider- 
ably across sites. 

RESULTS 

Initiation 

The areas of initiation (head scars) for 40 of the 45 
landsl ides  and debris flows in the  random sample 
were greater than  200 m 2 (volumes greater than 77 
m 3) except one slope failure within clearcut forests, 
and two failures within old-growth and second-growth 
forests. This has been the minimum size consistently 
observed under the old-growth forest canopy of south- 
eas t  Alaska  at  the photographic  scale of 1:12,000 
( S w a n s t o n  and  Mar ion ,  1991). O t h e r  s tud i e s  in 
coastal  regions of Oregon (Oregon D e p a r t m e n t  of 
Forestry, 1998) have found that  the minimum observ- 
able size of landsl ide ini t ia t ion zones under  forest 
canopy was 418 m 2 (roughly 15 by 27 m) using 1:6,000 
and 1:12,000 scale aerial photographs. Although we 
believe our sample is unbiased, we acknowledge that  
some bias toward larger landslides within old-growth 

forests may have occurred. As a result, failure rates 
and volumes per area per landuse were not calculat- 
ed. 

Initiation of landslides was closely associated with 
landforms. At least 40 out of 45 (89 percent) of the 
failures initiated in bedrock hollows (bedrock depres- 
sions where colluvium, woody debris and water  col- 
lect), a phenomenon common in the Pacific Northwest 
(Dietrich and Dunne, 1978). The remainder occurred 
on planar slopes. Till was the primary failure materi- 
al in at least 75 percent of the sites. Slope and soil 
depth at landslide initiation sites were similar for all 
land use types (Table 1). Initiation aspects differed. 
Nine out of 15 of landslides in old growth trended to 
the northeast  and southeast, 11 out of 15 landslides in 
clearcuts occurred on west  and southwest  aspects, 
and 10 out  of 15 of the  l ands l ides  w i th in  second 
growth occurred on south-facing slopes. 

Springs and seepage were found at  most  of the 
landsl ide  scarps at  the soil/till (bedrock) contacts  
(Table 2). Approximately 90 percent of the sites had 
two or three seeps that  converged at the base of the 
bedrock/till hollow. Hydrophytic vegetation was more 
common at clearcut sites (7 out of 15) than  in old- 
growth (3 out of 15) or second-growth (2 out of 15) 
sites. Five of the seven sites within clearcuts having 
hydrophyt ic  vegetat ion were harves ted  less than  a 
year  before the landslides occurred. Root deteriora- 
tion was apparent at 10 but of 15 sites within each of 
the land use types. 

Residual logging disturbance was apparent in 7 out 
of 15 second-growth sites and in 5 out of 15 sites in 
clearcuts, typically in the form of corridors where logs 
were dragged along and across the failure scarp. In 
addition, at several of the sites above the headwall,  
rotten logs directed water to the hollow where failure 
occurred. 

Runout  

At least one-third of the sampled landslides trav- 
eled from one land use type into another  land use 
type, and were thereby affected by road crossings, 
change in woody debris loading, and change in the 
size of standing timber (Figure 2). In lieu of this com- 
plexity, details  of runout  were described solely for 
the landslides tha t  remained consistently within the 
forest type in which they initiated (nine within each 
landuse type). 

The major i ty  of fa i lures  (5 out of 9) wi th in  old 
growth split jus t  below the zone of initiation. These 
landslides split when standing trees (greater than 0.3 
m in diameter) impeded the flow path of the failure 
mass and forced it to shift into several channels. Two 
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TABLE 1. Summary of Landslide Initiation Site Characteristics (n = 15 for each land use type). 

Landuse  Type Mean Value Max imum Min imum 
Standard 
Dev ia t ion  

OLD GROWTH 
Soil Depth (m) 1.2 2.0 0.5 0.5 
Width (m) 19 32 10 6 
Slope (degrees) 38 55 31 7 
Elevation (m) 370 608 172 115 
Distance to Ridgeline (m) 234 701 50 198 
Eroded Volume (m3) 382 855 25 274 

SECOND Growth 
Soil Depth (m) 1.1 2.2 0.4 0.7 
Width (m) 17 49 7 13 
Slope (degrees) 34 45 27 5 
Elevation (m) 256 396 183 85 
Distance to Ridgeline (m) 282 1037 46 296 
Eroded Volume (m3) 633 3952 20 1037 

CLEARCUTS 
Soil Depth (m) 1.2 2.0 0.6 0.4 
Width (m) 13 35 5 9 
Slope (degrees) 36 47 25 6 
Elevation (m) . 391 500 195 83 
Distance to Ridgeline (m) 165 671 61 157 
Eroded Volume (m3) 347 1332 104 322 

TABLE 2. Conditions at Sites of Landslide Initiation (n = 15 per condition per land use type). 

Site  Condi t ion  Clearcuts  Second  Growth  Old Growth  

Blowdown 3 3 8 

Pistol Butted Trees 6 6 7 

Split Trees 1 0 3 

Leaning Trees 2 0 3 

Decayed Stumps and Decayed Snags 9 11 9 

Cedar Decline (CD) 3 0 2 

Standing Dead (other than CD) 1 0 4 

Yarding Disturbance 5 7 0 

Groundwater Seepage 15 13 13 

Hydrophytic Vegetation 7 2 3 

of  t h o s e  f ive  l a n d s l i d e s  t u r n e d  i n to  c h a n n e l i z e d  d e b r i s  
f lows  a n d  f o l l o w e d  p r e - e x i s t i n g  g u l l i e s .  A n o t h e r  t w o  
l a n d s l i d e s  f l o w e d  o u t  o n t o  p l a n a r  s l o p e s  a n d  u p o n  
s p l i t t i n g ,  a p p e a r e d  to  u n d e r c u t  t h e  a d j a c e n t  s l o p e s  
c a u s i n g  a d d i t i o n a l  s l i de s .  O n e  l a n d s l i d e  s p l i t  i n i t i a l l y  
a n d  t h e n  r e t u r n e d  to  t h e  o t h e r  f low p a t h  l e a v i n g  a n  
i s l a n d  of  t r e e s .  O n l y  one  of  t h e  f ive  l a n d s l i d e s  i n v e n t o -  
r i e d  h a d  a m a j o r i t y  of  d e p o s i t i o n  in a s t e e p  c h a n n e l .  
A t  t h i s  s i t e ,  t h e  f low p a t h  c r o s s e d  a s t e e p  (21 °, 37 pe r -  

c e n t )  c h a n n e l  w i t h  a j u n c t i o n  a n g l e  o f  70 °, a n d  t h e  
m a j o r i t y  o f  t h e  f low s t o p p e d  i n  t h e  c h a n n e l .  O f  t h e  
r e m a i n i n g  f o u r  l a n d s l i d e s  t h a t  d i d  n o t  s p l i t ,  t w o  
f l o w e d  i n t o  c h a n n e l s  a n d  t w o  r e m a i n e d  w i d e  a n d  
u n c h a n n e l i z e d .  

U n l i k e  l a n d s l i d e s  in  o l d - g r o w t h  f o r e s t s ,  t h o s e  i n  
s e c o n d  g r o w t h  a n d  c l e a r c u t s  d i d  n o t  sp l i t .  F o u r  o u t  of  
n i n e  l a n d s l i d e s  a n d  d e b r i s  f l o w s  i n  s e c o n d  g r o w t h  
f l owed  i n t o  s t e e p  c h a n n e l s  (> 20 °, 36 p e r c e n t ) ,  t h e  r e s t  
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Figure 2. The Initiation and Runout of Landslides on Prince of Wales Island with Changes in Land Use Indicated. 
Note that  for at least one-third of the landslides, runout passed into a different land use. 

were wide and unchannelized.  All of the landslides 
and debris flows in clearcuts flowed into steep first- 
order through third-  order channels  (>20", 36 per- 
cent). 

The longest runout  segments occurred within old- 
growth forests followed by those in clearcuts and sec- 
ond growth. Five out of nine of the fai lures in old 
growth had large widths (> 20 m) for the first 75 m 
w h e r e a s  on ly  two l a r g e - w i d t h  l a n d s l i d e  w i t h i n  
clearcuts t raveled 25 m before decreasing in width 
( F i g u r e  3d). The  m a j o r i t y  of l a n d s l i d e s  w i t h i n  
clearcuts  had  runou t s  t h a t  in i t ia l ly  were medium 
widths (10-19 m) and did not travel distances exceed- 
ing 400 m (Figure 3c). Small-width landslides within 
second growth, clearcuts, and old growth traveled < 
200, < 300, and < 600 m, respectively (Figure 3b). Two 
failures in second growth star ted with large widths 
and an addi t ional  two lands l ides  became large in 
width. Five runout  segments  from these four land- 
slides had runout  distances exceeding 101 m (Figure 
3d). 

Deposition within the runout  of debris flows and 
landslides occurred on slopes as steep as 38" (78 per- 
cent) in old growth and second growth (Figure 4a). 
Deposition occurred as berms along the flow path and 
piles of soil and woody debris that  had been backed- 
up behind standing trees. For old-growth forests, the 
amount  of erosion was nearly equal to the amount of 

deposition on slopes from 19 to 28" (34 to 54 percent). 
These slopes accounted for thirty-three percent of the 
total runout  distance occurring in old-growth forests 
(from Figure 4d). 

Although landslides and debris flows in old growth 
were generally larger in size than  landslides in sec- 
ond growth and clearcuts, there was more erosion per 
area  in clearcuts than  in old growth. Erosion was 
dominant,  as indicated by median, upper and lower 
quartile values, on slope gradients greater than 29" 
(56 percent) in old growth (Figure 4a) and second 
growth (Figure 4c), and greater than  19" in clearcuts 
(Figure 4b). These slope gradients  accounted for 38 
percent, 29 percent, and 55 percent of the total runout 
lengths ,  respect ively  (Figure 4d). In other  words, 
there was a tendency for more erosion to occur along 
the majority of the runout  lengths within clearcuts. 
Slope gradients from 19 to 23" (34 to 42 percent) had 
significantly more erosion per unit  area in clearcuts 
than  in old growth (t-tests; p = 0.02). On these slope 
gradients, mean erosion was 0.28 m3/m 2 (volume per 
area) in clearcuts (n = 12) while in old-growth (n = 
16), deposition was dominant with a mean volume of 
0.16 m3/m 2. A significant difference was also found on 
9 to 28" (16 to 54 percent) slope gradients (p = 0.08). 
Here, 0.03 m3/m 2 was eroded in clearcuts (n = 50), 
and in old growth (n = 57), 0.15 m3/m 2 was deposited. 
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Figure 3. Landslide Runout Width and Length for: (a) All Landslides Together, (b) Small Width 
Landslides, (c) Medium Width Landslides, and (d) Large Width Landslides. 

Deposition 

Final, or terminal  deposits were located at the end 
of the runout tracks. Maximum and mean deposit vol- 
umes  were l a rge s t  in o ld-growth fores t s  and  the  
smallest in clearcuts (Table 3). The slope upon which 
the final deposits were located ranged from 2.5 to 19" 
(5 to 34 percent). Depositional processes appeared to 
be enhanced by large standing trees (> 0.3 m diame- 
ter), a lack of channelization, and runout  onto road 
surfaces on slopes less than 15" (27 percent). Four of 
the nine landsl ides  and debris flows t h a t  t raveled  
through second growth and clearcuts ended at or near 
roads (Figure 2). 

Twenty  out of 27 t e rmina l  deposits  occurred in 
first-order and second-order stream channels on 4 to 
19' slopes (7 to 34 percent) with a mean of 10" (16 per- 
cent) (Table 4). Two sites (in a clearcut and second 
growth) did not deposit in channels. The remaining 
five slides deposited in third- and fourth-order chan- 
nels on slopes ranging from 2.5 to 9" (5 to 16 percent) 
slopes with a mean slope of 6 ° (10 percent). Two land- 
slides/debris flows in old growth deposited in a fourth- 
order, Class I, or anadromous fish bearing channel. 
Only one of these failures had a major impact on the 
channel by introducing over 100 m 3 of sediment and 
woody debris, while the other slide deposited approxi- 
mately 10 m 3 of sediment and wood. Two debris flows 

deposited in muskeg ponds (wetland bogs or fens) that  
are classified as Class II due to use by resident fish. 
The remainder of the debris flows deposited in Class 
III and Class IV channels without fish. In contrast, all 
of the  l a n d s l i d e s  in c l ea rcu t  and  second-g rowth  
forests deposited in Class III and Class IV channels, 
excep t  for one l a n d s l i d e  in second  g r o w t h  t h a t  
deposited in a Class II stream (Table 4). 

The relative proportion of woody debris to sediment 
in the landslide deposits was greater  in old growth 
than clearcuts. Deposits in clearcuts consisted of sedi- 
ment, woody debris fragments and stumps with root- 
wads, as compared to slides in old growth which were 
composed of sediment, entire trees and woody debris 
fragments.  Slide deposits in old growth often had a 
snout of woody debris on the downward side. Deposits 
in second growth deposits were similar to those in 
clearcuts if the second growth was relatively young, 
and more similar in composition to old growth with 
increasing age. Deposits in old-growth forests had 
from 98 to 300 logs (with diameters from 0.2 to 2.0 m). 
When a large snout of wood existed within a single 
deposit, smaller woody debris and sediment was often 
backed-up behind it. Lacking a large woody debris 
snout, the unimpeded sediment freely moved greater 
distances in the downstream or downslope direction. 

The estimated percentage of woody debris derived 
from 0.25, 0.5, and 1.0 ha landslides and debris flows 
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TABLE 3.Characteristics of Landslide Terminal Deposits (n = 9 for each land use type). 

L a n d u s e  T y p e  M e a n  Value M a x i m u m  M i n i m u m  
S t a n d a r d  
D e v i a t i o n  

OLD GROWTH 

Slope (degrees) 10 19 2.5 5 

Width (m) 26 72 5 24 

Volume (m 3) 756 2649 10 958 

SECOND GROWTH 

Slope (degrees) 13 17 4 10 

Width (m) 21 53 7 14 

Volume (m 3) 514 2268 100 692 

CLEARCUTS 

Slope (degrees) 7 12 3 3 

Width (m) 11 20 5 5 

Volume (m 3) 187 724 13 197 

TABLE 4. Number of Landslide Terminal Deposits Per Stream Order and Stream Class 
[Class I, anadromous fish; Class II, resident fish; Class III and IV, without resident fish 

populations (U.S.D.A., 1997)] with Average Slope Indicated in Parentheses (total n = 27). 

Firs t  O r d e r  S e c o n d  O r d e r  T h i r d  O r d e r  F o u r t h  O r d e r  
L a n d u s e  C las s  IV Class  III C l a s s  II C las s  I 

Old Growth 2 (14", 25%) 3 (8", 12%) 2 (7 °, 12%) 

Second Growth 5 (15", 27%) 2 (6 °, 10%) 1 (7 °, 12%) 

Clearcuts 4 (12", 21%) 4 (10", 18%) 0 

Tota ls  11 9 3 

2 (2.5", 5%) 

0 

0 

2 

with average soil depths of 0.1, 0.2 and 0.5 m indi- 
cates tha t  the proportion of woody debris in a deposit 
was greatest  when landslides derived from clearcuts 
and old growth were large and soils were shallow 
(Figure 5). Landsl ide deposits in old-growth forest 
typically had ten times the woody debris volume of 
deposits originating in clearcuts. 

DISCUSSION 

While our selection of landslides was random, the 
pat tern of land use distribution was not. In southeast 
Alaska, clearcuts are often located in mid-slope and 
upper-slope regions of wide, U-shaped glacial valleys 
whereas areas of remaining old growth typically occur 
in steep V-shaped valleys above clearcuts or in steep 
canyons. In addition, old growth is common on valley 
side-slopes due to economic and regulatory reasons. 
Second-growth sites are generally lower in elevation 

than clearcut or old-growth sites, due mainly to earli- 
er removal  of easily reachable,  h igh value timber. 
These land use pattern differences not only relate to 
d i f ferences  in fores t  hydro logy  and fores t  h e a l t h  
which may be associated with the initiation of land- 
slides, but also affect runout  length. Although it is dif- 
f icu l t  to d i r ec t l y  compare  l a n d s l i d e s  w i t h i n  the  
different landuse types because of differences in hills- 
lope location, some trends are apparent. 

Initiation 

Seven of 15 landslides occurred within one year of 
forest harvest  on clearcut sites, in contrast to the gen- 
eral  2-5 yea r  de lay  found by o thers  (Zeimer  and  
Swanston,1977; Zeimer, 1981; O'Loughlin and Zeimer, 
1982). This difference could be due to the magnitude 
of the storm and site conditions, including the condi- 
tion of roots and preponderance of site sa tura t ion.  
Lands l i de s  in c learcu ts  may  have  been i n i t i a t e d  
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regardless of storm and harvest  t iming due to prehar- 
vest  hydrologic and root conditions predisposing some 
si tes  to failure.  Five out  of seven landsl ide scarps 
within clearcuts having failures within one year  of 
forest  ha rves t  had  a preponderance  of rot ted roots 
tha t  pre-dated harvest  activities and hydrophytic veg- 
etation, specifically skunk cabbage. Skunk cabbage is 
indicative of a high water  table (Minore, 1969) and is 
also wel l -corre la ted  wi th  topographic  convergence 
(area where ground water  concentrates). 

Topographic models such as TOPOG (O'Loughlin, 
1986) and T O P M O D E L  (Beven and Kirkby, 1979) 
quantify the degree to which ground saturation due to 
rising ground water  is possible. These models have 
been l inked to s tab i l i ty  models  (Montgomery  and 
Dietrich, 1994), but  are dependent  on detailed topo- 
graphic scale. Lacking the appropr ia te  topographic 
data, we suggest that  the prevalence of wetland vege- 
ta t ion in conjunction with steep slopes, convergent  
topography,  and bedrock hollows, are indicat ive of 
high landslide potential. These indicators of landslide 
hazard, when combined with a decrease in overstory 
canopy, may markedly alter the magnitude and tim- 
ing of peak pore pressures in convergent topography 
following major rainstorms. For example, in southeast  
Alaska, as much as 22 percent of the rainfall (where 
rainfall for one storm was 203 mm) is intercepted by 
hemlock and spruce forests (Patric, 1966). Loss of for- 
est not only results in a decrease in root strength, but  
also increases  the  amount  of precipi tat ion directly 
reaching the ground, decreases evapotranspirat ion,  
and may decrease the time it takes for the groundwa- 
ter table to rise to the soil surface. 

A reduct ion of root s t rength  as well as a lack of 
overstory vegetat ion may have played a key role in 
triggering some landslides as blowdown, rotted roots, 
or cedar decline occurred on 93 percent of old-growth 
locations, 73 percent of clearcut sites, and 80 percent 
of second-growth forests. Within clearcuts, skunk cab- 
bage was present  on a minority of the landslide sites 
tha t  occurred 2-6 years  post  ha rves t  (13 percent).  
Skunk cabbage was found in 20 percent of old-growth 
sites and in 13 percent of second-growth sites. Fac- 
tors besides topographic control on hydrology, perhaps 
including yarding d is turbance  and changes in root 
strength, may  have triggered these landslides. If all 
other variables are similar, roots have a greater rela- 
tive role in the stability of hillslopes when soil depths 
are shallow (Johnson and Wilcock, 1997). 

Runout and Deposition 

Wide valleys and trellis drainage systems of Prince 
of Wales Island, characteristic of glaciated systems, 
con t ro l l ed  p a t t e r n s  of r u n o u t  and depos i t ion .  In 
this recently deglaciated landscape, channel develop- 
ment  is relatively young (generally less than 10,000 
ybp), compared to older, nonglaciated landscapes in 
Oregon and California where drainage systems are 
dendritic. A comparison of measured  and predicted 
runout  lengths with corresponding change in eleva- 
tion for both of these  landscapes  (Benda, personal  
communica t ion ;  Mon tgomery  and Dietr ich,  1994) 
indicates tha t  in nonglaciated systems the average 
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runout  slope is approximately 14 ° (25 percent) where- 
as it is approximately  23 ° (42 percent) in glaciated 
systems. Linear relationships for change in elevation 
and r u n o u t  length  ind ica te  d i f fe rences  in r u n o u t  
t rends  for landsl ide occurring within different geo- 
morphic regions (Figure 6). 

Channel  g rad ien ts  at  landsl ide  deposi ts  ranged 
from 3 to 19 ° (5 to 34 percent); a higher range than 
tha t  found in Oregon, California, and J apan  where  
depositional slopes range from 1 to 10 ° (2 to 18 per- 
cent) (Ikeya, 1981; Benda and Cundy, 1989). Benda 
and Cundy  (1989) found t ha t  deposi t ion typical ly  
occurs on 8 ° (14 percent)  slope gradients  in third- 
order channels and 1 ° slope gradients  in fifth-order 
channels .  In Alaska,  deposi t ion occurred on slopes 
averaging 10 ° (18 percent) in first-order and second- 
order channels. Differences in deposition location may 
be due to the lack of channel confinement in Alaska 
as compared to other regions. The rapid decrease in 
low-order s t ream gradients found in Alaska as com- 
pared a gradual decrease in channel gradients else- 
w h e r e ,  m a y  a lso  c o n t r i b u t e  to h i g h e r  s lopes  of 
deposition. In both areas, higher depositional slopes 
may  be a t t r ibuted to lower water  content (Johnson, 
1984), increased woody debris content, higher angle 
t r ibutary junctions, and/or smaller basin area (Ikeya, 
1981; Benda and Cundy, 1990). 

Because  the  locat ion of lands l ide  occurrence is 
associated with landscape form, the location of any 
par t icular  land use within a landform affects both 
occurrence and deposition of landslides. Slides in old- 
growth forest tend to deposit within a range of s tream 

orders whereas slides in second growth and clearcuts 
tended to deposit in lower order (higher class) chan- 
nels within the valley floor. Slides in second growth 
and clearcuts tended to flow from the slopes of wide 
U-shaped valleys and deposit in valley floors, likely 
because they lacked the momentum to reach the high- 
er order, lower gradient mainstem channels. All of the 
lands l ides  t ha t  moved into h igher  order  channels  
occurred in s teeper  portions of the  landscape more 
dendritic in form. The difference in erosion and depo- 
sition processes within runouts was largely due to the 
effect of large s tanding trees in old-growth and sec- 
ond-growth forests that  blocked the flow of oncoming 
debris. In addition, sediment and woody debris were 
b a c k e d - u p  beh ind  large  fa l len  logs in o ld-growth  
derived deposits. 

The size and pat tern  of deposits of fine sediment 
and large woody debris can impact  fisheries habi tat  
(Swanson  and L ienkaemper ,  1978; Bisson et al., 
1992). While the  major i ty  of l ands l ide /debr i s  flow 
deposits do not reach higher order, main stem chan- 
nels (habitat for many anadromous fish populations), 
the composit ion of deposi ts  has  impor tan t  implica- 
tions for fisheries habitats.  First, large woody debris 
retained temporarily in deposits and released during 
subsequent  storms is an impor tant  source of woody 
debr is  r e c r u i t m e n t  to s t r e a m  channels .  Secondly, 
steep tr ibutaries that  are contiguous with main stem 
channels  provide debris  and sed iment  rec ru i tment  
conduits.  Third, main  and t r i bu t a ry  channels  may  
be par t icular ly  sensit ive to inputs  of fine sediment  
introduced from channels flowing across and through 
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landslide deposits - particularly if the sediment is not 
backed-up behind woody debris. This lack of back-up 
is the  typical  case for lands l ides  occurr ing wi th in  
c learcuts .  These  impl ica t ions  sugges t  t ha t  under-  
standing the recruitment and storage of sediment and 
large woody debris in time and space at a landscape 
scale is essent ia l  to in te rp re t ing  the var iabi l i ty  of 
landslide impacts within a watershed context (Benda 
et al., 1998). 

CONCLUSIONS 

E x a m i n a t i o n  of a r a n d o m  sample  of l ands l ides  
within a deglaciated landscape in southeast  Alaska 
indicated  tha t  na tu ra l  si te conditions,  ev idence  of 
pas t  blowdown, and hillslope position largely deter- 
mined locations of landslide initiation and position of 
final deposition. We found that  89 percent of initia- 
tion sites had rot ted roots,  convergent  topography, 
evidence of blowdown, and wetland vegetation which 
predated any human-related disturbances. Runout of 
landslides appeared to be affected by drainage pat- 
tern.  A trellis form, typical  of glaciated te r ra in  in 
southeast  Alaska, tended to induce deposition in first- 
or second-order channels  in wide U-shaped valleys 
with slopes averaging 9" (18 percent), leaving main 
stem channels unaffected. Less typically, debris flows 
crossed mainstem channels at 90" angles. In contrast, 
the uppermost regions of glaciated systems, as well as 
the  d e n d r i t i c  d r a i n a g e  s y s t e m s  c h a r a c t e r i s t i c  of  
nonglaciated systems,  typical ly had longer runouts  
and a lower average depositional slope. This feature 
was due to the existence of acute angles at  s t ream 
junct ions and gradual  slope change encountered as 
the  debris  flows moved into higher order channels  
from lower order channels. 

When effects of clearcutting were superimposed on 
na tura l  site conditions, several  factors appeared to 
contribute to the enhancement  or suppression of land- 
slide and debris flow impacts. These factors included 
an increase in triggering mechanisms associated with 
loss of forest canopy and loss of soil strength due to 
root cohesion. In addition, there was a significant dif- 
ference in erosion and deposit ion characteris t ics  of 
runout  due to loss of the roughness effects provided 
by s tanding  trees.  For example,  on slopes ranging 
from 19 to 23" (34 to 42 percent), erosion (with a mean 
of 0.28 m3/m 2) was  d o m i n a n t  in r u n o u t  pa th s  of 
debris  flows in clearcuts while deposition (mean of 
0.16 m3/m 2) was dominant  in old growth. Different 
pat terns  of erosion and deposition may have affected 
co m p os i t i on  of f ina l  d e p o s i t s  in old g rowth  and 
clearcut stands. To illustrate, we estimated that  the 
composition of deposits originating from old-growth 

forests  had five t imes the woody debris  volumes of 
deposi t s  or iginat ing from clearcuts .  Lacking large 
woody debris volumes, fine sediment  from clearcuts 
tended to migrate further down tr ibutary channels to 
the  receiving main  s tem channels ,  possibly to the 
detr iment of anadromous fish habitats.  

Before an understanding of the effects of land man- 
agement  on landsl ide ini t iat ion and runout  can be 
developed, the  under lying rout ing of sediment  and 
large woody debris need to be understood in a land- 
scape context. In the glaciated sys tems of Prince of 
Wales Island, most deposits from landslides or debris 
flows do not immediately reach main stem channels 
t ha t  are  impor t an t  h a b i t a t s  for a n a d r o m o u s  fish. 
Hence, management  of this habitat  will benefit from 
an u n d e r s t a n d i n g  t h a t  des i r ab l e  levels  of woody 
debris may occur as a result  of recruitment from nat- 
ural  hillslope fai lure routed through the few steep 
reaches  cont iguous to the  main  stern channels.  In 
addit ion to these inputs,  woody debris  recrui tment  
occurs as a result of direct inputs from riparian forest 
adjacent  to the main s tem channel and as a result  
f rom r e c r u i t m e n t  f rom t r i bu t a r i e s .  I n p u t  mecha-  
nisms, in addition to landslides, include blowdown, 
bank erosion, and inputs due to forest mortality; nat- 
ural  processes largely controlled by topography and 
c l imate .  Final ly,  m a n a g e m e n t  p lans  m a y  benef i t  
through the acknowledgement and integration of his- 
torical correlations between these natural ly occurring 
disturbance processes and the habitats  they create. 
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