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ABSTRACT: The Klanawa pilot project utilizes categorical and scale data from terrain and landslide inventories to 
produce semi-quantitative landside hazard maps for forest management purposes.  This project is part of a larger 
study that includes watersheds in the Vancouver Island Ranges and southern Coast Mountains of British Columbia.  
The spatial landslide density values developed by this approach are considered an “index” of landslide hazard.  They 
provide an objective way to rank landslide hazards.  These indices represent mean values for different categories of 
terrain.  The landslide rate that occurs within a specific map unit can vary from the mean value for that category of 
terrain. 

Introduction 

Weyerhaeuser Company Ltd is involved in a long-term program of upgrading the terrain and terrain stability 
mapping used within its coastal operations.  The Klanawa project is part of a larger initiative that includes several 
watersheds on Vancouver Island and in the southern Coast Mountains. 

This paper discusses the methodology and results of this work in the Klanawa and surrounding watersheds on 
southern Vancouver Island.  The objectives of the project were to carry out detailed terrain mapping and an 
inventory of historical landslide activity and then to integrate this information to produce empirical landslide hazard 
maps for road construction and harvesting. 

Study Area 

The 32,000 ha project area includes the Klanawa River, the Darling River and parts of the Sarita, Pachena, and 
Hitchie watersheds that lie southeast of Alberni Inlet and Barkley Sound on southern Vancouver Island. 

The study area has an extensive logging history.  Consequently, much of the productive forestland is of varying ages 
of immature, and second-growth timber, particularly along the main valleys and on coastal lowlands.  Large areas of 
contiguous mature timber also occur throughout the map area.  

The terrain is typical of the South Vancouver Island Ranges that are part of the Vancouver Island Range of 
mountains defined by Mathews (1986).  The Vancouver Island Range is a major northwest-southeast trending 
physiographic unit that forms the core of Vancouver Island.  It is mainly characterized by deeply dissected, rugged 
surfaces, although lower-relief, hummocky to subdued coastal lowlands and broad valley floors also occur.  
Elevations range from sea level to over 1000 m. 

Regional bedrock mostly originates from Jurassic-Triassic time and consists mainly of volcanic lavas in fault contact 
with granitic plutonics, metavolcanics, metasediments, and limestone that occur as narrow contact-zone bands 
(Roddick et al., 1976).  

The regional landscape is a product of geological events that occurred through the Tertiary and Quaternary Periods, 
initiated by uplift of the Vancouver Island Mountains.  With recurrent glacial erosion and deposition during the 
Pleistocene Epoch, the major valleys were further modified.  Thick accumulations of pre-glacial, glacial, and/or 
post-glacial sediments occur along valley floors.  Deeply incised stream or river canyons (gorges), gullies and high 
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river escarpments are common sites of landslide activity.  Upper-elevation slopes are also sites of higher landslide 
activity and may experience limited snow avalanching. 

Most of the project area falls within the windward (wetter) side of the Vancouver Island Ranges, mainly in the 
Coastal Western Hemlock (CWH) Biogeoclimatic Zone originally described by Krajina (1973).  Nuszdorfer (1994) 
provides details on these regional ecosystems.  The Coastal Western Hemlock zone (CWH) is divided into two 
subzones, primarily based on elevation.  The Submontane Very Wet Maritime subzone variant occurs approximately 
below 650 m elevation with the Montane Very Wet Maritime subzone variant at higher elevations up to about 
1000 m a.s.l.  Localized high elevation ridge crests (above 1000 metres) are classified as the Mountain Hemlock 
(MH) Zone (Windward Moist Maritime zone variant). 

Seasonal precipitation patterns are typical of coastal British Columbia.  Most precipitation occurs mainly as rain 
between October and March, but transient snow accumulations may also occur down to sea-level, mainly between 
December and March.  Total snowfall is highest and snow packs persistent throughout the winter in the Mountain 
Hemlock Zone, but snow may persist in the Montane Very Wet Maritime CWH subzone for extended periods 
throughout the winter. 

Long-term climatic records from coastal weather stations (Pachena Point, Bamfield, and Carmanah Point) a few 
kilometres southwest and southeast of the Klanawa have recorded total mean annual precipitation ranging from 2876 
to 3102 mm, of which up to 99% is rainfall. Extreme daily rainfalls measured at Carmanah Point range from 65.2 
mm (June 1990) to 193 mm (July 1972).  Minimum daily mean temperatures at Pachena Point range from 2.2° C in 
January to 16.9° C in August.   

The orographic effect of the Vancouver Island Mountains results in higher extremes in inland areas.  For example, 
the Nitinat River Hatchery a short distance northeast of the Klanawa, and which is about 25 kilometers inland from 
the coast, records an average annual precipitation of 3555 mm for 18 years of record. 

Terrain Mapping 

Methods 
 
The terrain mapping program involved inventorying existing features, conditions, and processes of the landscape by 
map and air photo analysis augmented with site data from field observations and followed standard provincial 
methods (Guidelines and Standards for Terrain Mapping in British Columbia, Resources Inventory Committee, 
1996; Mapping and Assessing Terrain Stability Guidebook, Second Edition, Forest Practices Code of BC; Province 
of BC, 1999).  Terrain mapping was done according to the Terrain Classification System for British Columbia: 
Version 2, 1997 (Howes and Kenk, 1997); data on slope gradient and soil drainage were noted according to The 
Canadian System of Soil Classification (Agriculture Canada Expert Committee on Soil Survey, 1987). Additional 
terrain-attribute criteria previously identified as being statistically significant with-respect-to post-logging landslide 
activity on western Vancouver Island (Rollerson et al, 1997 and 2002) were also recorded for use in the landslide 
hazard analysis. 

Terrain units were stereoscopically delimited on 1994, 1:20,000-scale colour air photos.  These units subdivide the 
land surface according to the origin and texture of surficial materials, landforms and the presence of geomorphic 
processes that modify the landscape.  Drainage classes are based on landscape characteristics and vegetation 
patterns; slope gradients were determined by a combination of field and contour-map measurements and air photo 
interpretation. 
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Chartwell Consultants Ltd. of North Vancouver, BC, created the spatial data by transferring terrain polygon 
boundaries and symbols from the typed air photos to a map base and entered the polygon data into a GIS database.  
The base mapping used was BCGS TRIM (1:20,000). 

The terrain polygons were digitized directly from the typed air photos using a process called Monorestitution.  This 
MAPS-3D program, called MONO-3D, runs simultaneously with Microstation and enables you to digitize map 
features directly from the air photos.  Ground control picked from the air photos is tied to the TRIM planimetric 
base.  This orientation is then draped over a three dimensional Triangulated Irregular Network (TIN) surface and a 
photogrammetric mathematical model is formed to transform photo locations into X,Y and Z coordinates in real 
time.  This technique solves for the vertical displacement that occurs on a single photo.  

Attribute data for the terrain polygons, including morphologic terrain attributes commonly related to landslide 
activity, were entered into a database and linked with the numbered map polygons.  The database files, digital map 
layers, and map legends were transferred into ArcInfo format according to specifications described in Standards for 
Digital Terrain Data Capture in British Columbia; Terrain Technical Standard and Database Manual, Version 1, 
June/98 (Resources Inventory Committee, 1998).  

The terrain mapping relied heavily on thorough and detailed interpretation of the air photos, using relevant site data 
described in the various terrain stability field assessments that have been carried out in the map area in recent years 
and on field data from a research study carried out in the map area by the Ministry of Forests, Vancouver Forest 
Region, Research Section (Rollerson et al., 2002), and on the considerable local experience of the terrain mapper; no 
significant fieldwork was done specifically for this project. 

Although the purpose of the pilot study was to generate a landslide hazard rating based on empirical analysis of 
terrain and landslide data, it was also felt that assigning a qualitative terrain stability rating for each map polygon 
would provide an interesting means of comparing the two methods, and hopefully, help to validate the results of 
both. The standard 5-class terrain stability rating system (Province of BC, 1999) was used to independently assess 
each polygon as to the landslide likelihood following forest harvesting and road construction.  

Terrain Geology 

Although major valleys in and around the study area became established in early or middle Tertiary time during 
uplift of the Vancouver Island Mountains, it was the recurrent glacial erosion and deposition of the Pleistocene 
Epoch that modified the area, creating its present-day form.  Little is known of early glacial events because the 
sedimentary record has been buried or removed; however, the sediments and landforms generated during the last 
major (Fraser) glaciation and deglaciation are well preserved in the study area.  In addition, erosion and deposition 
occurring in Holocene (post-glacial) time have further modified the landscape. 

Bedrock outcrops are ubiquitous throughout the map area, occurring as hummocks and ridges or as steep cliff faces, 
usually with discontinuous colluvial or morainal veneers.  Many canyons or gorges and gullies have a high 
proportion of exposed bedrock.  Colluvium forms thin, continuous to discontinuous mantles on many of the mid to 
upper slopes and thicker, more continuous aprons and blankets on lower slopes below bedrock-dominated hillsides.  

Two types of till (moraine) have been recognized in the region (Alley and Chatwin, 1979).  Basal till, is usually 
characterized by a well consolidated, sandy-silty matrix and sub-rounded to sub-angular clasts of the more typical 
Vancouver Island rocks (volcanics and granitics predominate).  Tills presumed to be associated with late-stage ice 
resurgence occur as upper- valley mantles and morainal ridges are dominated by bedrock from the bordering valley 
walls; larger clasts are commonly angular with a coarse sandy matrix. 
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Morainal deposits are usually thickest along valley floors and lower slopes and, to a lesser extent, on mid-slope 
areas.  In some areas, high stream escarpments and road cuts expose sequences of till in excess of five to ten meters 
thick; however, rarely are these thick deposits continuous over long distances.  Till mantles usually are thin and 
discontinuous on steep mid to upper slopes, ridge crests and on hummocky, low relief, bedrock-controlled surfaces.  
On the steeper, upper elevation slopes, till is usually subordinate to rock and colluvium. Most till deposits conform 
to the underlying bedrock topography and rarely mantle slopes with gradients exceeding 70%.  Steep morainal 
landforms that do occur are mainly erosional surfaces (scarp faces, gully walls and inner gorge escarpments) formed 
by fluvial downcutting through thick valley-fill deposits.  

Glaciofluvial sands and gravels occur in most of the major valleys with the thickest and most continuous deposits at, 
and downstream of, main valley-tributary valley confluences.  In places, high terrace scarps bordering streams and 
rivers form prominent, steep slopes.  Other valley-floor deposits consist mainly of post-glacial fluvial sands and 
gravels with limited occurrences of glaciolacustrine silts in the vicinity of the confluence of the Klanawa and West 
Fork Klanawa Rivers. 

Geomorphic processes of weathering, mass movement, surface erosion and deposition have contributed significantly 
to post-glacial modification of the landscape. 

Large, individual gullies and intensely gullied slopes are important landscape features because they represent sites of 
previous or recurrent erosion and/or landslide activity.  They also have the potential to transport eroded debris long 
distances from mid and upper slopes to the valley floors.  Landslides occurring in the study area include small 
rockslides and rockfalls, debris slides and debris flows, and occasional debris flood and debris avalanche events.  
Most of these occur within two main landscape types, in both natural and logged settings: 

1. Landslides on steep, mid to upper, shallow-to-bedrock slopes and bedrock canyon and gully walls are most 
common.  Here landslides typically originate within the weathered or fractured surface of the rock mass or at 
the contact with overlying thin colluvial and/or till mantles.  Headwall failures trigger fast-moving, shallow 
landslides that incorporate the downslope surficial mantle. 

2. Debris slides on erosional scarps and gullies in thick surficial materials usually accompany lateral channel 
erosion or undermining scour.  These events can range from dry debris slides and ravel in granular sediment, to 
slump-flow features in finer-textured sediment or saturated tills.  They are most common where on-going 
erosion has created oversteepened slopes and exposed stratigraphic discontinuities and/or subsurface seepage. 

Landslide Hazard Analysis 

This part of the project utilized categorical and some scale data from terrain maps and landslide location data to 
produce semi-quantitative landslide hazard maps.  The term “semi-quantitative” is used to describe these maps 
because although statistical methods are used to generate landslide density values, the terrain map and landslide 
inventories used to generate the basic data are qualitative products based on air photo interpretation, limited field 
validation and professional judgement. 

This empirical landslide hazard mapping approach depends on statistical inference based on landslide frequencies 
(densities) determined over relatively large geographical areas (i.e., a watershed).  The process involves five steps: 

1. Map and database creation, involving terrain mapping and landslide inventories in a series of logged and 
unlogged areas viewed as representative of the entire watershed. 
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2. Overlay of landform, landslide and other geographic data (e.g., geology, slope angle, geomorphic process) using 
a geographic information system (GIS). 

3. Analysis of the data using univariate and multi-variate statistics to identify relationships between predictor 
variables (terrain attributes) and landslide frequency. 

4. Developing simple algorithms or queries based on the statistical analysis to generate road and harvest area 
landslide hazard maps that portray expected hazard as landslide density rates or ranges for the project area. 

5. Quality assurance and quality control based on professional judgement and review. 

We assume that most landslides related to forest harvesting and forest road construction occur in the first 5 to 15 
years after harvest.  Consequently, if data collection is focused on areas of “recent” logging (i.e., in the range of 5 to 
50 years after harvest) then most if not all of the shallow landslides related to harvesting or road building will have 
occurred.  We also make the assumption that relationships developed in “recently” logged areas can be extrapolated 
to “geologically” similar natural forests or areas of older second-growth timber in the same geographic area.   What 
is not known is if the landslides rates that followed the first-cycle harvest will reflect those that may occur following 
second-growth harvesting.  It may be that some sites that experienced landslide activity following first-cycle harvest 
will not experience similar activity following the second-cycle harvest. 

The landslide density values developed by this approach are considered an “index” of landslide hazard.  That is, they 
provide an objective and defensible way to rank landslide hazards.  These studies provide only a snapshot-in-time; 
smaller landslides will not be detected; the natural landscape is highly variable and storms may miss parts of an area, 
so the results of these studies do not necessarily represent absolute long-term landslide rates.  The term “rate” is 
used because the data reflect landslide densities or frequencies generated by landslides occurring over a 5 to 50-year 
period following logging.  Similarly, the landslide rates developed by the analysis are mean values for different 
categories of terrain.  The landslide rate that occurs within a specific terrain polygon within a generalized terrain 
category will likely vary from the mean value reported for that category of terrain. 

General Methodology 

Terrain mapping is carried out as described above. Air photos that show extensive, recently logged areas facilitate 
more precise terrain mapping.  Extensive forest cover on older air photos can mask terrain conditions and so limit to 
some degree the accuracy of the map product.   

Shallow landslide inventories are carried out or updated using sequenced historical air photos to provide a clear 
picture of landslide occurrence in logged areas over time.  As noted above, most harvest-related landslides are 
believed to occur in the first 5 to 15 years after harvest.  Consequently, inspecting a series of air photos, going back 
25 to 30 years, generally provides a sufficiently large sample of logged areas and different terrain types as well as an 
adequate sample (number) of landslides for data analysis purposes.  In this particular case, historical air photos 
dating from 1972 through 2001 were used to generate the landslide inventory.  Albers projection x and y coordinates 
for landslide initiation points were derived from a year 2001, 1:30,000 scale digital orthophoto image using MrSid 
Geoviewer software. 

Forest cover maps currently in the Weyerhaeuser GIS were used to define logged areas and age of logging. 

Recently logged areas not yet plotted on the current GIS forest cover layer were excluded from the study, as well as 
areas logged between 1996 and 2001.  This was done because landslide frequencies in areas of very recent logging 
tend to underestimate longer-term landslide rates because there may not have been sufficient opportunity for intense, 
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long-duration rainstorms to affect the area.  This area was subject to one or more intense rainstorms during the 1996-
97 winter and possibly again during the 1997-98 winter, so it is reasonable to assume that most areas of 1995 or 
earlier logging will have experienced one or more large rainstorms.  Obviously, if an area has not been exposed to 
heavy rain or severe rain-on-snow events, it is less likely to exhibit landslide activity. 

Data Requirements 

The main data elements (GIS products or derived data) consisted of: 

• An air photo based 1:20,000 scale terrain map developed from 1994 air photos. 
• A terrain database. 
• A landslide inventory map (landslide initiation locations and land use at the initiation point). 
• Maximum, minimum and average slopes estimated for each landform from the air photos. 
• A forest cover polygon map and linked database. 
• A road location map. 
• A bedrock geology map. 

The terrain database contained the following information: 

• Primary and secondary surficial material types. 
• Polygon area (meters and hectares). 
• Cumulative road lengths (meters) in each polygon. 
• Geomorphic process including presence or absence of natural landslide activity. 
• Surface morphology. 
• Lateral slope curvature. 
• Estimated maximum, minimum slopes and an average slopes class. 
• Soil drainage class estimates. 
• Gully depths and escarpment heights (<6 m and >6 m). 

GIS Analysis 
Terrain, forest cover, bedrock geology, roads and landslide locations were the data layers used to create and 
populate resultant “child” polygon and landslide layers.  Data was combined and modified using ArcGIS and 
Microsoft Access and all data were converted to coverages and projected to a common MSRM NAD83 Albers 
projection.  The terrain and forest cover data were overlaid to produce the child polygons and then bedrock geology 
attributes were added.  These attributes were populated by overlaying the geology layer with the child layer.  The 
database from this overlay was then joined back to the original child polygon database and populated based on the 
largest polygon. 

Landslide data was then intersected with the child polygon data.  The landslide locations that were within twenty 
metres of a terrain polygon boundary were identified and compared with the typed aerial photos to ensure the 
landslides were in the correct polygon.  If the landslide was in the wrong polygon, it was moved to the correct 
polygon and the original polygon was noted in the landslide database.  After summarising the resultant 
landslide/terrain/forest cover database, the summary was joined back to the child polygon database and the total 
number of landslides for each landslide type in every child polygon were added to the landslide type fields.  

In order to obtain the total length of road within each child polygon, the road data was intersected with the child 
polygon data to create a resultant database. The lengths of roads for each child were summed in the resultant 
database and then joined back to the child polygon layer to populate the road length attribute.  
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The revised landslide locations and the updated child polygon database were exported to Microsoft Excel in 
preparation for statistical analysis. After the analysis was completed, a spreadsheet containing colour-themed child 
polygons was returned and used to create the final harvest and road landslide hazard maps. 

Data Analysis Approach 

Data analysis included tabular and graphical univariate analysis as appropriate to investigate one-on-one 
relationships between potential predictor variables and landslide rate (density).  These techniques were also used to 
screen for data entry errors.  Based on some of the preliminary graphical analysis, secondary variables or terrain 
attributes were generated from the primary variables.  For example, primary and secondary surficial material code 
fields were combined to create composite surficial material categories.  Decision-tree analysis was used to identify 
relationships among the various combinations of potential predictor variables and landslide activity.  The results of 
the decision-tree analysis were then used, by way of a series of database queries to generate summary data files.  
These data files contain each unique child polygon number and the mean harvest and road-related landslide density 
values for each terrain category.  As noted above, these data files were returned to the GIS to generate the final 
harvest and road landslide hazard maps. 

The sample element for this analysis was based on the landform/terrain child polygons created when the primary 
terrain polygons were intersected with geologic unit and forest cover layer polygons and then overlaid with the 
landslide location data.  These child polygons have a wide range of sizes but are considered to be 
geologic/ecological (biophysical) entities that should not be split in an arbitrary fashion.  Because each child 
polygon is treated as a single sample, smaller polygons and larger polygons can weigh equally in the analysis.  To 
offset this factor the polygon samples were weighted in the statistical analysis using an area-based weighting factor 
generated by dividing each polygon area by a nominal minimum polygon area (0.1 ha) and then incrementing the 
number of records for each sample (polygon) by the quotient value.  A length-based weighting factor was used to 
weight the road segment sample data. 

Landslide density distributions tend to be highly skewed, that is, a substantial number of map polygons have either 
zero or very low landslide density values.  Smaller polygons will influence the mean value to the same degree as 
larger polygons, even though larger polygons frequently have lower landslide density values.  Consequently, mean 
landslide density values calculated by decision tree analysis or any other statistical procedure using un-weighted 
individual sample data will tend to overestimate the central tendency of the population.  Weighting the sample 
population acts to correct this problem. 

Map Products 

The map products from this analysis include:  (1) a landslide hazard map for harvesting related landslides (ls/ha); 
and, (2) a landslide hazard map for road-related landslides (ls/100 m of road) based on the period of record for the 
study.  To ensure the most effective use of the data collected for this project, the landslide initiation points for road-
related, harvest-related and natural landslides are also displayed on the hazard maps.  Road-related landslides 
generally initiate in road fills but even though a few start in road cuts all are coded as road landslides.  All landslides 
that initiated below roads were tabulated as harvest-related even though some are likely linked to road drainage.  
These generalizations are necessary because the majority of the data are based on air photo analysis and, 
consequently, exact determination of precise landslide initiation locations and relationships is difficult. 

Results and Discussion 

A series of plots that represent the results of the graphical analysis and the decision tree analysis are presented at the 
end of the paper.  The analysis is restricted to areas where the date of plantation establishment was recorded as 
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occurring between 1950 and 1995.  There are some areas in the data set that were logged prior to 1950 but we felt 
that landslides that had occurred on areas harvested prior to 1950 would have been vegetated to the point that they 
would not have been visible on the earliest set of air photos used for the landslide inventory (i.e., 1972).  The period 
of record for landslide occurrence includes landslides visible on the 1972 air photos to landslides visible on the 2001 
air photos, so is assumed to be in the range of 40 of 50 years. 

This approach results in a slight underestimate of management associated landslide rates as there may be a few 
smaller landslides in plantations or along roads that occurred in the 1950’s or early 1960’s that were vegetated to the 
point were they not visible on the 1972 air photos and some landslides may not yet have occurred in some of the 
younger plantations. 

Harvest-related landslide densities 
A number of relationships between potential predictor variables and harvest landslide rates are revealed by 
inspection of the plots at the end of the paper. 

There is a general increase in harvest-related landslide rates as slope angle increases (Figure 1).  The rate of increase 
is steeper above slope angles of about 30° and decreases noticeably for slope angles steeper than 45°.   This abrupt 
decrease in landslide density values is likely due to the dominance of exposed, irregular bedrock surfaces on these 
steeper slopes.  

The presence of natural landslides is strongly related to post-harvest landslide rates (Figure 2).  Post-harvest 
landslide densities are relatively high in areas where natural debris slide and debris flow activity was identified or 
inferred during the landslide inventory and terrain mapping process.  The landslide inventory is restricted to visible 
evidence of relatively recent landslide activity, but the terrain map records evidence of probable, but not necessary 
recent landslide activity.  Moderate to high post-harvest landslide rates occur in areas where a mixture of natural 
debris slide and rockslide or rockfall activity was identified.  Post-harvest landslide rates are lowest in areas 
dominated by natural rockslide or rockfall activity.  Landslide rates for terrain with no visible pre-harvest natural 
landslide activity are generally low. 

Harvest-related landslide rates vary noticeably with changes in slope morphology (Figure 3) or what might be 
termed “morphologic” landform categories.  Irregular (often bedrock dominated) slopes tend to have very low 
landslide rates.  Landslide rates are relatively low on uniform slopes (generally smooth and often planar slopes).  
Moderate landslide rates are associated with dissected slopes; these are slopes with shallow (generally <3 m deep) 
gullies spaced intermittently or frequently across the slope.  Landslide rates are highest in larger, single gullies 
(gullies large enough to be mapped as distinct terrain units) and in concave headwater basins and along steep lower 
valley side escarpments or valley floor inner gorge escarpments.  Gently sloping (≤20°) terrain units where there is 
no differentiation of slope morphology or surficial materials have the lowest landslide rates. 

Similar and likely linked relationships are shown between post-harvest landslide rates and the lateral curvature of 
the slope (Figure 5).  Laterally concave (convergent) slopes have the highest landslide rates and complex slopes 
(mixed concave and convex curvatures) have moderate landslide rates.  Lower post-harvest landslide rates are 
associated with planar slopes and the lowest landslide rates are associated with convex (divergent) slopes and gently 
sloping areas where no differentiation was made for slope curvature. 

There appears to be some correspondence among the primary or dominant surficial materials mapped in the study 
area and post-harvest landslide rates (Figure 4).  Landslide rates are highest for terrain units dominated by colluvial 
and glaciofluvial materials, and low to moderate rates are associated with morainal materials.  The rates for fluvial, 
organic, and undifferentiated terrain units are substantially lower.  The post-harvest landslide rates for bedrock-
dominated slopes appear high, but are quite variable.  It is important to note that the undifferentiated surficial 
material designation is applied to slopes that are generally less than 20°.  Occasional instances of landslide activity 
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on these slopes are likely associated with small inclusions of steeper terrain or glaciolacustrine materials that were 
not large enough to map as distinct terrain units. 

There is little differentiation among the mapped soil drainage classes (Figure 6).  The notable exception is the higher 
landslide rate associated with rapidly drained slopes.  Typically, rapidly drained areas are associated with thin soils 
on steeper slopes, so this particular relationship likely co-varies with slope gradient and possibly the depth of 
surficial materials 

There are only minor differences in post-harvest landslide densities between the two dominant bedrock types (Figure 7).  
When these relationships are compared with slope class (Figure 8), the differences appear very slight and tend to 
overlap.  The small sample number for sedimentary rocks negates any opportunity to detect significant differences 
associated with these rock types.  Previous field observations by the authors have suggested that landslide 
frequencies may vary among the intrusive rock units (Island Intrusions and the West Coast Complex); but the 
available digital geologic coverage did not distinguish among these intrusive units, so we were not able to test our 
earlier field observations. 

There is a fairly clear relationship associated with the presence or absence of gullies and lower valley slope 
escarpments and post-harvest landslide rates.  These relationships tend to vary with gully depth and escarpment 
height (Figure 9).  The lowest landslide rates are associated with terrain where these features are not present.  
Escarpments higher than six meters and gullies deeper than six meters have significantly higher landslide rates than 
escarpments less than six meters and gullies less than six meters deep. 

The relationships among these various variables and post-harvest landslide rates are further defined and explored by 
the decision-tree analysis (Figure 19).  The primary predictor variable used to define post-harvest landslide rates is 
the presence or absence of pre-existing natural landslide activity.  The second level predictor variables used in the 
decision-tree analysis are slope morphology or dominant surficial material.  Tertiary splits in the decision tree are 
made using gully depth or lateral curvature.  The fourth level splits in the tree are generated by the variables: 
average slope class, gully depth/scarp height and slope morphology.  Fifth level splits in some branches of the tree 
are made on the basis of minimum estimated polygon slope angle, maximum estimated polygon slope angle and 
average slope class. 

Road-related landslide densities 
As with post-harvest landslides there are a number of apparent relationships among the various terrain attributes and 
road-related landslide activity. 

Not surprisingly road-related landslide rates increase with increasing slope angle (Figure 10).  These rates increase 
dramatically beyond slope gradients of about 30 degrees.  

Road landslide frequencies do not seem to have as strong a linkage to natural landslide activity as do post-harvest 
landslides.  Nonetheless, there does appear to be a significant increase in the rate of road-related landslide activity 
on slopes where there is evidence of natural debris slide or debris flow initiation (Figure 11).  Areas dominated by 
bedrock-related natural landslide activity do not appear to respond to the same degree as those dominated by natural 
landslides in unconsolidated materials. 

The relationships among morphologic categories and road-related landslide rates follow a pattern similar in some 
respects to that for harvest-related landslides (Figures 12 and 3).  Single gullies and headwater basins exhibit the 
highest rates of landslide activity, while escarpments are intermediate and uniform (smooth) and dissected slopes 
have lower landslide rates.  Irregular slopes have very low road-related landslide rates.  The one exception occurs 
with dissected slopes.  This slope category exhibits relatively low road-related landslide rates but moderately high 
harvest-related landslide rates. 
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There is again a similar association between road and harvest-related landslide rates for dominant (primary) surficial 
materials (Figures 13 and 4).  Colluvial and glaciofluvial are associated with higher road-related landslide rates in a 
pattern similar to that found for harvest-related landslides.  Morainal materials experience intermediate to low 
landslide rates.  All other surficial material types tend to be associated with very low road-related landslide rates.  
The pattern for road-related landslide rates and lateral slope curvature also parallels that found for harvest-related 
landslide rates (Figures 14 and 5).  Laterally concave slopes have the highest landslide rates with complex and 
planar slopes are a distant second.  Convex slopes exhibit relatively low landslide rates. 

Both well-drained and rapidly drained slopes (Figure 15) have relatively high landslide rates and moderately well 
drained slopes have lower landslide rates.  We suspect that these relationships co-vary with slope steepness as 
moderately well drained sites tend to be found on moderately sloping areas.  Similarly the low rates associated with 
the undifferentiated drainage class are likely linked to the gentle to moderately sloping areas (slopes <20°) 
associated with these areas. 

The relationship between bedrock lithology appears to be stronger for road-related landslides than it is for harvest-
related landslides (Figures 16 and 17).  The highest road-related landslide rates are associated with alkaline volcanic 
rocks with average slope classes ranging between 35° and 45°.  The intrusive rocks have intermediate rates.  The 
lowest road-related landslide rates are associated with sedimentary rock (Quatsino limestones), but this relationship 
is suspect because there are very few samples of this particular unit. 

The relationships among gully depth and escarpment height (Figure 18) are similar to those found for harvest-related 
landslides.  Shallow gullies (<6 m deep) tend to have slightly lower landslide rates that the surrounding un-gullied 
terrain, but gullies deeper than six meters are associated with the highest road-related landslide rates.  The rates on 
escarpments are intermediate with slightly higher rates on scarps greater than six metres high. 

The decision-tree analysis (Figure 20) identifies differences in the dominant surficial material type as the primary 
predictor for splitting the population of road-related landslide densities unlike harvest-associated landslides where 
the presence or absence of natural landslides is the primary predictor.  A secondary split is made on the basis of 
gully depth and scarp height.  Following this split, tertiary splits are made on the basis of slope morphology for 
morainal materials and minimum estimated polygon slope for glaciofluvial and colluvial materials.  Subsequent 
splits are made on the basis of maximum estimated slope for areas dominated by colluvial and glaciofluvial 
materials.  The fourth level splits for morainal materials are made on the basis of minimum estimated polygon slope 
and finally on the basis of average polygon slope, and one fifth level split is made on the basis of average slope 
class. 

Summary 

The univariate-multivariate approach has successfully defined a series of air photo and terrain map-based variables 
or attributes that can be used to generate semi-quantitative landslide hazard maps.  The terrain variables identified 
and the landslide density values developed from the analysis are quite similar to those that have been identified by 
earlier, more intensive field-based terrain attribute studies (e.g., Rollerson et al., 2002) and by work elsewhere on the 
West Coast (e.g., Koler, 2002).  These similarities give us reasonable confidence that air photo and terrain map-
based and statistically derived landslide hazard maps are a reasonable alternative that may eventually replace the 
qualitative, judgment-based terrain stability maps that are the current standard for landslide hazard mapping across 
British Columbia. 



 

11 

Error Bars show 95.0% Cl of Mean

<20 20-25 25-30 30-33 33-35 35-40 40-45 >45

Average slope class

0.00

0.05

0.10

0.15

H
ar

ve
st

 la
nd

sl
id

e 
de

ns
ity

 (l
s/

ha
)

 

Figure 1. Harvest landslide densities for average slope classes. 
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Figure 2. Harvest landslide densities for presence of natural landslides. 
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Figure 3. Harvest landslide densities for slope morphology. 

Error Bars show 95.0% Cl of Mean
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Figure 4. Harvest landslide densities for primary surficial materials. 
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Figure 5. Harvest landslide densities for lateral curvature categories. 

Error Bars show 95.0% Cl of Mean
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Figure 6. Harvest landslide densities for primary soil drainage classes. 
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Figure 7. Harvest landslide densities for bedrock lithology. 
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Figure 8. Harvest landslide densities for lithology and average slope class. 
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Figure 9. Harvest landslide densities for gully depth and scarp height. 
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Figure 10. Road landslide densities for average slope classes. 
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Figure 11. Road landslide densities for presence of natural landslides. 

Error Bars show 95.0% Cl of Mean
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Figure 12. Road landslide densities for slope morphology. 
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Figure 13. Road landslide densities for primary surficial material. 

Error Bars show 95.0% Cl of Mean
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Figure 14. Road landslide densities for lateral curvature. 
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Figure 15. Road landslide densities for primary soil drainage classes. 

Error Bars show 95.0% Cl of Mean

calc-alkaline volcanic rocks
granodioritic intrusive rocks

undivided sedimentary rocks

Lithology

0.00

0.01

0.02

0.03

R
oa

d 
la

nd
sl

id
e 

de
ns

ity
 (l

s/
10

0m
)

 

Figure 16. Road landslide densities for bedrock lithology. 
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Figure 17. Road landslide densities for lithology and average slope class. 
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Figure 18. Road landslide densities for gully depth and scarp height. 
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Figure 19. Harvest area landslide density decision tree Klanawa map area. 
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Figure 20. Road landslide density decision tree Klanawa map area. 
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