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Abstract 
 
A hazard classification scheme for identifying hydrogeomorphic hazards for forest 
management on fans was developed over the period 2000 - 2003 in west central British 
Columbia.  The scheme involves predictive hazard models, aerial photographic features, 
site features, and management recommendations.  The scheme was based on the sampling 
of 65 fans, 10 in a natural state and 55 with some degree of forest management on the fan 
(the associated watersheds did not have forestry activity).  The objective during 2003-
2004 was to verify the predictive models for the study area, begin monitoring of fans with 
special management prescriptions, and to undertake reconnaissance sampling in other 
areas of the province to determine the applicability of the scheme.  For the study area, 51 
fans were randomly selected and classified in the field.  Hydrogeomorphic activity was 
observed on 42 fans, indicating that 82% of the fans presented hazards for forest 
management.  On the 42 fans, the predictive models were totally correct with regards to 
hydrogeomorphic process, power, and disturbance extent in 24 cases (57%).  While this 
is a rather low value, the predictions for power were correct in 36 cases (86%) and the 
disturbance extent was correctly predicted on 22 (73%) of the 30 fans with high power 
processes.  Power and disturbance extent are considered to be the most important aspects 
to consider when developing management prescriptions.  Management prescriptions 
based on results from this project were developed for 20 fans.  Adaptive management 
records were initiated to track the success of the prescriptions.  Field descriptions of fans 
in other areas of the province indicated the applicability of site and aerial photographic 
features, however the predictive models will require regional sampling to modify the 
variables. 
 
 
Introduction 
 
A fan is a cone-shaped deposit of sediment formed where a stream emerges from the 
confines of a mountain (Bull 1977).  Sediment originates in a source-area watersheds and 
is transported to a fan by hydrogeomorphic processes (floods, debris floods and debris 
flows [Hungr et al 2001]).  In some cases, the deposition of sediment is linked to 
paraglacial episodes unrelated to modern conditions (Ryder 1971a, 1971b; Church and 
Ryder 1972; Ritter et al. 1993).  In other situations, it is apparent that fans are actively 
growing (Beatty 1970).  In mountainous terrain, it is not uncommon for contemporary 
hydrogeomorphic processes (Innes 1985; Jakob and Jordan 2001) to be actively 
influencing at least a portion of the fan surface.  The zone of activity is characteristically, 
but not always, limited to the stream channel area. 
 



Hydrogeomorphic hazards on fans have been described (VanDine 1985; Kellerhals and 
Church 1990) and studies of specific fans have led to hazard zonation (Thurber 
Consultants 1983).  However, these hazards are not commonly identified during forest 
management.  The result is that forest management activities commonly aggravate natural 
hydrogeomorphic processes leading to increased erosion and destabilization of fan 
surfaces and stream channels (Wilford et al. 2003).  To address this situation, a hazard 
classification scheme for forest management on fans was developed (Wilford 2003). 
 
The scheme was developed based on field sampling in west central British Columbia 
during the period 2000 to 2003 (Wilford 2003).  The scheme is based on site and aerial 
photographic features, predictive models, and recommended forest management 
prescriptions (Wilford and Sakals 2003).  The scheme recognizes floods, debris floods 
and debris flows (Hungr et al. 2001).  The power of these hydrogeomorphic processes is 
based upon the ability of an event to clear the forest stand.  High power events clear a 
forest stand while low power events spread sediment under a forest canopy.  High power 
events have two disturbance extent classes: stand level events clear a swath 20 m or 
wider, and are visible on aerial photographs; site level events clear a swath less than 20 m 
wide.  This report outlines results from verification sampling of the scheme in the study 
area and other locations in British Columbia, and outlines the steps taken to ensure that 
fans with special management prescriptions are adequately monitored. 
 
Methods 
 
The study area is in west central British Columbia, Canada, within the Western and 
Interior Systems of the Canadian Cordillera (Holland 1964).  The fans sampled to 
develop the hazard scheme lie across the broad geographic area, between 53° 46′ and 55° 
43′ north latitude and 126° 00′ and 129° 10′ west longitude (Figure 1).  The Kitimat 
Ranges are within the Coast Mountains of the Western System and consist of granitic 
mountains, characteristically round-topped and domed, because they were overridden by 
large Pleistocene ice sheets. Within the study area, the Interior System includes the 
Skeena Mountains, Nass Basin, Hazelton Mountains and the Nechako Plateau. This 
system is underlain chiefly by volcanic and sedimentary rocks and overall is less rocky 
and rugged than the Western System. 
 
The study area was glaciated during the Fraser glaciation with ice retreat completed 
between 10,700 and 9,300 years BP (Alley and Young 1978, Clague 1984).  The legacy 
of the glaciation is extensive morainal and glaciofluvial deposits that dominate the 
landscape, masking much of the underlying bedrock (Runka 1972).  Fans are a post-
glacial feature in the study area reflecting paraglacial (Ryder 1971a, 1971b; Church and 
Ryder 1972) and contemporary conditions. 
 
Floods, debris floods and debris flows occur throughout the study area (Septer and 
Schwab 1995).  These hydrogeomorphic processes are differentiated based on the 
characteristics of flow and deposits (Costa 1984, 1988; VanDine 1985; Smith 1986; 
Wells and Harvey 1987; Pierson and Costa 1987; Hungr et al. 2001).  Debris flows have 
non-Newtonian flow, sediment concentrations between 70 and 90% by weight, and result 
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in the formation of marginal levees and terminal lobes.  Debris flows are relatively 
common in the smaller watersheds in the western portion of the study area but also occur 
in the eastern portion.  Debris floods have Newtonian to non-Newtonian flow, sediment 
concentrations between 40 and 90% by weight, and sediment deposits are bars, fans, 
sheets and splays.  Debris floods occur throughout the study area.  Floods have 
Newtonian flow, sediment concentrations between 1 and 40% by weight, and sediment 
deposits are bars, fans, sheets and splays (characteristically not as extensive or thick as 
debris floods).  Floods are dominant hydrogeomorphic processes in the larger watersheds, 
but also occur on an annually in debris flood and debris flow watersheds. 
 
We stratified the study area into three broad forest types of similar climate and vegetation 
using British Columbia's ecological classification system: coastal rainforests, northern 
temperate, and sub-boreal forests (Pojar et al. 1987, Banner et al. 1993, Mah et al. 1996). 
The three zones reflect a gradient from maritime to continental climates. All study fans 
were forested, although some have been logged to varying degrees. Logging operations 
have not been conducted in most watersheds above the fans, and where present only to a 
very limited extent.   
 
For the purpose of the 2003-2004 sampling, we focused on the Bulkley Timber Supply 
Area (TSA).  This area combines features of the whole study area and allowed for 
economical verification sampling.  An algorithm was used to generate random latitude 
and longitude values for the TSA, and the closest fan was selected for each set of random 
values.  Fans were identified using soil association maps (Runka 1972) and landform 
maps.  Watershed morphometrics were determined using GIS and these values were 
applied to the predictive models (Wilford 2003).  The objective was to identify a 
representative cross section of the eight different categories of the hazard scheme.  Field 
work was undertaken to classify the contemporary hydrogeomorphic activity present on 
each fan (e.g., based on the characteristics of flow and deposits (Costa 1984, 1988; 
VanDine 1985; Smith 1986; Wells and Harvey 1987; Pierson and Costa 1987; Hungr et 
al. 2001) and impacts to the forest stand (Wilford 2003)). 
 
Fans were identified in other forest regions with the assistance of MOF regional research 
staff.  Where possible, the predictive models were applied (GIS data were not always 
available). 
 
 
Results 
 
Table 1 presents results from the sampling of 51 fans in the Bulkley TSA.  Table 2 
presents results from the sampling of 15 fans in other areas of the province.  Table 3 
presents a summary of the 20 fans that had special prescriptions developed based on 
results from this project. 
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Table 1.  Summary of results from the study area. 
 

 Predicted  Field Verified  Predictive Success  
Name Power Dist_Ext Process Power Dist_ Ext Process All Proc Pow Dist 

Ext 
Hankin Low N/A D_Flood Low N/A Flood   Y n/a 
Telkwa2 Low N/A D_Flood Low N/A Flood   Y n/a 
Bulkley4 Low N/A Flood Low N/A Flood Y Y Y n/a 
Blunt4 Low N/A D_Flood Low N/A Flood   Y n/a 
Coal2 Low N/A D_Flood Low N/A Flood   Y n/a 

        
Pine High Site Flood High Site Flood Y Y Y Y 
Blunt2 High Site Flood High Site Flood Y Y Y Y 
Kits6 High Site Flood High Site Flood Y Y Y Y 
Blunt3 High Site D_Flood High Site Flood   Y Y 
Cronin High Stand Flood High Site Flood  Y     
Kwun High Site D_Flood High Site Flood   Y Y 

        
Tsai High Site Flood High Stand Flood  Y Y  
Howson High Stand Flood High Stand Flood Y Y Y Y 
Corya High Stand Flood High Stand Flood Y Y Y Y 
Elliot High Stand Flood High Stand Flood Y Y Y Y 
Telkwa3 High Stand Flood High Stand Flood Y Y Y Y 
Serb High Stand Flood High Stand Flood Y Y Y Y 

        
Telkwa32 High Stand D-Flow Low N/A D_Flood    n/a 
HPrice1 Low N/A D_Flood Low N/A D_Flood Y Y Y n/a 
Msjohny1 Low N/A D_Flood Low N/A D_Flood Y Y Y n/a 
Scalln1 High Stand D_Flow Low N/A D_Flood      n/a 
RCanyon2 High Site D_Flow Low N/A D_Flood    n/a 
RCanyon1 High Stand D_Flow Low N/A D_Flood    n/a 
Coffin4 Low N/A D-Flood Low N/A D_Flood Y Y Y n/a 

        
Kits5 High Stand D_Flood High Site D_Flood  Y Y  
Shummi High Site D_Flood High Site D_Flood Y Y Y Y 
47chapmn High Site D_Flood High Site D_Flood Y Y Y Y 
Nlktkwa3 Low N/A D_Flood High Site D_Flood  Y   
Nlktkwa2 High Site D_Flood High Site D_Flood Y Y Y Y 
Elliot1 High Site D_Flood High Site D_Flood Y Y Y Y 
Telkwa5 High Site D_Flood High Site D_Flood Y Y Y Y 
Telkwa33 High Stand D_Flow High Site D_Flood   Y  
Zymtz11 High Stand D_Flood High Site D_Flood  Y Y  
Milk1 High Stand D_Flow High Site D_Flood   Y  

        
Silvern High Stand D_Flood High Stand D_Flood Y Y Y Y 
Telkwa4 High Stand D_Flood High Stand D_Flood Y Y Y Y 
Fubar2 High Stand D_Flood High Stand D_Flood Y Y Y Y 
Glacier High Stand D_Flood High Stand D_Flood Y Y Y Y 
Toboggan High Stand D_Flood High Stand D_Flood Y Y Y Y 
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Table 1. (Continued) 
 

 Predicted  Field Verified  Predictive Success  
Name Power Dist_Ext Process Power Dist_Ext Process All Proc Pow Dist 

Ext 
Corya3 High Site D_Flow High Site D_Flow Y Y Y Y 
Scalln2 High Stand D_Flow High Site D_Flow  Y Y  

           
Telkwa1 High Stand D_Flow High Stand D_Flow Y Y Y Y 

        
Zymtz12 High Site D_Flood Nil Nil Nil n/a  n/a  n/a n/a 
Zymoetz2 High Stand D_Flow Nil Nil Nil n/a  n/a n/a n/a 
Tenas1 Low N/A D_Flood Nil Nil Nil n/a  n/a n/a n/a 
Hankin2 Low N/A Flood Nil Nil Nil n/a n/a n/a n/a 
Coal1 High Site D_Flow Nil Nil Nil n/a n/a n/a n/a 
Bulkley2 Low N/A D_Flood Nil Nil Nil n/a n/a n/a n/a 
Bulkley1 Low N/A Flood Nil Nil Nil n/a n/a n/a n/a 
Astlais1 Low N/A D_Flood Nil Nil Nil n/a n/a n/a n/a 
9mcdnll High Site D_Flow Nil Nil Nil n/a n/a n/a n/a 

        
Totals   24/42 30/42 36/42 22/30 

       57% 71% 86% 73% 

 
 
Table 2.  Summary of data from provincial fans.  "*" indicates that the fan was used for a 

the field trip of a 1-day workshop.  Category refers to the eight categories of the 
stand-based classification scheme (Wilford 2003).  Site features refer to features 
of the hydrogeomorphic riparian zone (including buried trees, scars, 
adventitious roots, sedimentary evidence of hydrogeomorphic processes) 
(Wilford 2003). 

 
Fan Category Features 

 Predicted Observed Site Aerial Photos 
George Creek* 
(Prince George) 

Stand Flood Stand Flood All features (4 
people died on this 
fan as a result of a 
bridge failure!) 

Landslides, 
multiple channels 

Chilli 1* 
(Chilliwack) 

Site Debris Flow Site Debris Flood All  

Chilli 2* 
(Chilliwack) 

Stand debris flood Stand debris flow All Landslides 

Yard Creek 
(Salmon Arm) 

Stand Flood Debris Flow All Some landslides 

Hummingbird Cr. 
(Salmon Arm) 

Debris flood Debris Flow All Recent landslide 
from a road 

Palmer Cr.* 
(Salmon Arm) 

Debris flood Debris Flow All Some landslides 

Fowler Cr.* 
(Salmon Arm) 

Flood Debris Flood All  

Norns* (Castlegar)   All Landslides 
19 Ladybird* 
(Castlegar) 

Debris flood Debris flow Ancient levees, 
limited activity in 
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riparian zone 
14 Ladybird* 
(Castlegar) 

Debris flood Debris flow Upper fan logged, 
paleosols, lobes, 
splays, debris flow 
levees. 

Landslides from 
logged area 

Woss 1 No watershed data Site Debris flood All Multiple channels 
Woss 2 No watershed data Site flood All Multiple channels 
Woss 3 No watershed data Low-power flood All Too small 
Cosmoskey* 
(Horsefly) 

Site debris flood Site debris flood All Landslides 

Sky's Fire* 
(Horsefly) 

Site flood Site flood All  

 
 
Table 3.  Summary of information from fans with operational prescriptions. 
 
Fan  Location - Licensee Management issue 
Tszakwa Babine Lake - Babine 

Lake First Nation 
Stand level flood fan.  Broadcast flooding inundating and 
eroding the main access road.  Aggradation in channel.  
Recommended to improve drainage on road and elevate road 
(2002).  Did not recommend dykes.  Monitoring opportunity. 

39 Upper 
Kitimat 

Kalum - Skeena 
Sawmills 

Stand level debris flood fan with 14 events in past 130 years.  
Bridge too small for site so raised and protected with rip rap 
(2001).  Bridge to be in for at least 15 years, so at least one 
event is expected.  Monitoring opportunity. 

Whitebottom Kalum - Skeena 
Cellulose Inc. 
(Terrace) 

Stand level debris flood fan.  Constant maintenance required 
for drainage structure.  Stream diverted down road.  Fish 
habitat downstream.  Dyke was redesigned by an engineer and 
rebuilt under supervision (2002).  Zone of aggradation just 
above and at bridge.  Dyke should maintain flow to reduce 
aggradation.  Monitoring opportunity. 

Kits 1 Bulkley - Pacific 
Inland Resources 

Stand level debris flow fan.  Access road across lower fan and 
retention of reserve in hydrogeomorphic riparian zone (2000). 
(This site is used for training sessions).  This site used in the 
case study (Wilford et al 2004).  Monitoring opportunity. 

Rico Kalum - Bell Pole Stand level debris flow fan.  Provided guidance with regards to 
an access road and riparian reserve (2000).  Block has not yet 
been approved by MOF (south facing fan with coarse textured 
soils has raised issues regarding regeneration success).   

Wan Bulkley - Pacific 
Inland Resources 

Stand level debris flow fan.  Provided guidance with regards to 
riparian retention along upper left fan (licensee was very 
conservative with their prescription) (1999).  Lower right fan 
was logged by REPAP (Smithers) with limited to no riparian 
reserve.  Limited opportunity for monitoring prescription. 

Luno Kispiox - BC Timber 
Sales - Silvicon 
Services Inc. 

Site level debris flood fan.  Provided guidance with regards to 
riparian retention along fan left (2001).  Logging will be on 
upper fan surface, removed from active hydrogeomorphic 
riparian zone.  Limited opportunity for monitoring 

0 McDonnell Bulkley - BC Land 
and Water Corp. 

Site level debris flood fan. Requested input for location of a 
gravel pit (2002).  Although guidance was provided it is not 
likely that the pit will be developed in the near future.  

Mill Kispiox - 
Hobenshields - SCI 
Carnaby 

Site level debris flood fan.  Provided input with regards to road 
and logging (1998).  Proposed block became a reserve due to 
the rare nature of the forest ecosystem.  
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22 Shedin Kispiox - SCI Carnaby Site level debris flood.  Provided input with regards to a 
riparian reserve (2002).  Inadequate drainage structure resulted 
in 200m of road being eroded to a depth of 2 m.  Monitoring 
opportunity. 

Gosnell 4 Morice - Canfor Site level debris flood.  Provided input with regards to drainage 
structures (1999).  Monitoring opportunity. 

Carrigan 1 Kispiox - SCI Carnaby Site level debris flow.  Provided input with regards to drainage 
structures, riparian reserve, and deactivation (1998).  
Monitoring opportunity. 

Legate Kalum - SCI Terrace Site level debris flow.  Provided input with regards to riparian 
reserve (2000).  Licensee took a very conservative approach 
(because Highway 16 crosses the lower fan).  Limited 
monitoring opportunity.  Site used for field workshops. 

Trapline Kalum - SCI Terrace Site level debris flow.  Provided input with regards to riparian 
reserve, road location, and deactivation (1999).  Site used for 
field workshops.  Monitoring opportunity. 

3 D Creek Kalum - BC Timber 
Sales 

Low power flood fan.  Provided input with regards to partial 
cutting (1999).  Monitoring opportunity. 

Spruce Camp Bulkley - MOF 
Engineering 

Low power debris flood.  Provided input with regards to 
replacement of drainage structure (2002).  Structure not yet 
installed. 

Miller Bulkley - MOF 
Engineering 

Site level debris flood.  Provided input with regards to 
replacement of drainage structure (2002).  Structure not yet 
installed. 

Many Bear Kalum - SCI Terrace Stand level debris flood.  Provided input with regards to road 
location and riparian reserve (2002).  Plans on hold due to SCI 
shutdown. 

Shandilla  Kispiox - SCI Carnaby 
- Silvicon Services 
Inc. 

Stand level debris flood.  Provided input with regards to 
riparian reserve (2002).  Monitoring opportunity.  Site used for 
field workshops. 

Winyik Morice - Houston 
Forest Products 

Low power debris flood.  Provided input with regards to gravel 
pit development (2003).  Pit not yet developed. 

 
 
Discussion 
 
A random selection process was used to select fans for the 2003 field season.  The result 
was 51 fans, of which 42 had hydrogeomorphic activity.  Thus, we conclude that 
approximately 82% of the fans in the study area present some degree of hazard to forestry 
activities.  This was a key finding and addresses a fundamental question raised during the 
publishing of Wilford et al. 2003.  The original study undertaken by Wilford (2003) 
focused on fans that presented hazards to forestry, either through past problems or as 
identified during the planning phase of forestry operations.  The hazard classification 
scheme for forestry operations could not, however, answer the question regarding the 
degree of hydrogeomorphic hazard present on fans. 
 
The field sampling in the study area found that where hydrogeomorphic activity was 
present, the predictive models were totally correct only 57% of the time.  In most cases 
the errors were due to incorrectly predicting low power categories.  Only 4 of the 13 low 
power categories were correctly predicted (31%), while 27 of the 31 high power 
categories were correctly predicted (87%).  The errors in the low power categories were 
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primarily the result of predicting debris floods instead of floods.  From an operational 
standpoint this error could be considered insignificant because site features would lead to 
the development of appropriate riparian and drainage structure prescriptions.  It is 
significant that 87% of the high power processes were correctly identified.  These are the 
events that pose serious hazards to forestry operations, and the hydrogeomorphic 
processes are key to the development of appropriate prescriptions.  For example, debris 
flows can have a peak discharge of up to 40 times greater than a peak flood discharge, 
and debris floods can have a peak discharge twice as great as a flood peak discharge 
(Hungr et al. 2001). 
 
No hydrogeomorphic activity was found on nine fans.  The models predicted a wide 
range of processes in the associated watersheds, from stand level debris flows to low 
power floods.  While some of the watersheds did not have any erosional activity present, 
several did.  In some of these cases the sediment sources were disconnected from the 
stream channel due to a wide valley flat.  In other cases the size of the sediment was too 
large to be transported by the stream.  Several of the watersheds were not graded; the 
majority of the watershed was on a plateau that dropped near the outlet.  This type of 
watershed is not appropriate for the application of the Melton ratio.  In addition, due to 
low relief in the upper watersheds there is a disconnection with regards to sediment 
transport to the fan.  Thus, for a series of reasons, some watersheds do not produce 
hydrogeomorphic events.  Given the wide range in watershed conditions, it is unlikely 
that a simple, robust predictive model can be developed for these types of watersheds. 
 
Reconnaissance sampling of "provincial" fans was instructive.  Characteristic site 
features of the hydrogeomorphic riparian zone were found throughout the province.  This 
zone is a key feature in the storage of sediment from hydrogeomorphic events and in the 
maintenance of stream channel location.  The resistance to surface flows provided by 
downed woody debris, trees, and tree roots, reduces the opportunity for the stream to 
create new channels (channel avulsions).  Logging of the hydrogeomorphic riparian zone 
is strongly linked to destabilization of fan surfaces (Wilford et al. 2003).  The regulations 
of the new BC Forest and Range Practices Act identify fan destabilization as an offence 
on the coast.  The regulations do not specifically note fan destabilization in the interior, 
however it is an offence to impact fish habitat and forest soils, so there is an indirect link 
to fans.   
 
Applying the predictive models for the hazard classification scheme to the provincial fans 
was not overly successful.  This was expected due to differences in ecology, climate, and 
geology.  One feature that was highlighted in the Salmon Arm watersheds was 
physiography.  Those watershed were primarily in plateau terrain, and the Melton ratio 
was developed for watersheds that are graded, rather than stepped, as is found in plateau 
terrain.  Chilli 2 was predicted to be a debris flood watershed, however a large landslide 
area close to the mouth led to debris flows issuing onto the fan.  This is a feature that is 
visible on the aerial photographs and is identified a specific hazard feature in the 
classification scheme. 
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In the review of provincial fans it was apparent that the forest practices identified as 
inappropriate on fans are occurring beyond the study area (Wilford et al. 2003).  It was 
also apparent that the recommend practices are appropriate province wide (Wilford and 
Sakals 2003).  This information was essential in judging the applicability of the workshop 
handout by Wilford and Sakals (2003) for province-wide distribution as an MOF Land 
Management Handbook.  The manuscript will be updated slightly for a provincial 
audience and published early in the 2004/05 fiscal year. 
 
Monitoring of fans that have received operational prescriptions based on this project is 
considered to be an essential ongoing component of the project.  Only through feedback 
can adaptive management occur.  The list of fans in Table 3 is significant, however not 
all prescriptions have been implemented (due primarily to the current downturn in the 
forest sector).  Files have been created on the fans and operational staff are aware that if 
natural hydrogeomorphic events occur, it is necessary to contact us for evaluation of the 
robustness and effectiveness of the prescriptions.  This work will be ongoing and will 
lead to improvements in identification of the risk associated with hydrogeomorphic 
processes on fans (Wilford et al. 2004). 
 
 
Conclusions 
 
Over the past 4 years this project has identified hydrogeomorphic processes as hazards to 
forestry operations on fans.  The project has developed and tested a hazard classification 
scheme.  This scheme uses basic watershed, site, and aerial photograph features, and is 
designed to be used by operational foresters.  Verification sampling during 2003-04 led to 
the important observation that over 80% of forested fans in the study area pose hazards to 
forestry operations.  It is necessary to modify conventional practices to meet the results-
based expectations of the BC Forest and Range Practices Act.  Field sampling in other 
areas of the province identified that site and aerial photograph features are applicable 
beyond the original study area.  Extension of the project results to the broader, provincial 
forestry community will continue in an aggressive manner to ensure that forest practices 
on fans are sustainable. 
 
 
Acknowledgements 
 
We are grateful to the BC Ministry of Forests, Forest Renewal BC, the Forest Research 
Program of Forestry Innovation Investment Ltd., and the University of British Columbia 
Faculty of Forestry for providing financial support.  Assistance in undertaking the 
provincial reconnaissance sampling was provided by: Tom Millard (Coast Forest 
Region); Patrick Teti, Rita Winkler, Tim Giles, Dave Gluns, and Peter Jordan (Southern 
Interior Forest Region); David Maloney and Marten Geertsema (Northern Interior Forest 
Region); Marion Oden (Madronne Consulting, Duncan); and Bill Grainger (Grainger and 
Associates, Salmon Arm). 
 
 

 9 



 
Literature Cited 
 
Alley, N.F. and G.K. Young.  1978.  Environmental significance of geomorphic 

processes in the northern Skeena Mountains and southern Stikine Plateau.  BC 
Min. Env., Res. Analysis Br.  Bulletin 3. 83p. 

Banner, A., W.MacKenzie, S. Haeussler, S. Thomson, J. Pojar, and R. Trowbridge.  
1993.  A field guide to site identification and interpretation for the Prince Rupert 
Forest Region.  Land Management Handbook 26.  BC Min. Forests.  

Beaty, C.B.  1970.  Age and estimated rate of accumulation of an alluvial fan.  White 
Mountains, California.  Amer. Journ. of Sci.  268: 50-77. 

Bull, W.B.  1977.  The alluvial-fan environment.  Progress in Physical Geography.  1: 
222-270. 

Church, M. and J.M. Ryder. 1972. Paraglacial sedimentation: A consideration of fluvial 
processes conditioned by glaciation. Geol. Soc. Amer. Bull. 83: 3059-3072. 

Clague, J.J.  1984.  Quaternary geology and geomorphology, Smithers-Terrace-Prince 
Rupert area, British Columbia.  Geol. Survey of Can.  Memoir 413.  71p. 

Costa, J.E.  1984.  Physical geomorphology of debris flows.  In: Costa, J.E. and Fleisher, 
J.P. (eds.).  Developments and applications of geomorphology.  Springer-Verlag.  
New York.  pp. 268-317. 

Costa, J.E.  1988.  Rheologic, geomorphic, and sedimentologic differentiation of water 
floods, hyperconcentrated flows, and debris flows.  In: Baker, V.R, R.C. Kochel 
and P.C. Patton. (eds.)  Flood Geomorphology.  John Wiley.  New York.  pp. 113-
122. 

Holland, S.S.  1964.  Landforms of British Columbia, A Physiographic Outline.  Bulletin 
No. 48.  BC Dept. of Mines and Petroleum Resources.  138p. 

Hungr, O., Evans, S.G., Bovis, M.J., and Hutchinson, J.N. (2001) A review of the 
classification of landslides of the flow type. Environmental and Engineering 
Geoscience. 7(3): 221-238. 

Innes, J.L.  1985.  Magnitude-frequency relations of debris flows in northwest Europe.  
Geograf. Ann.  67 A: 23-32. 

Jakob, M. and P. Jordan.  2001.  Design flood estimates in mountain streams – the need 
for a geomorphic approach.  Can. J. Civ. Eng.  28: 425-239. 

Kellerhals, R. and M. Church.  1990.  Hazard management on fans, with examples from 
British Columbia.  In:  Rachochi, A.H. and M. Church. (eds.).  Alluvial fans: a 
field approach.  John Wiley and Sons.  New York.  pp. 335-354. 

Mah, S., S. Thomson. and D. Demarchi. 1996. An ecological framework for resource 
management in British Columbia. Environmental Monitoring and Assessment 39: 
119-125. 

Pierson, T.C. and Costa, J.E.  1987.  A rheologic classification of subaerial sediment-
water flows.  In: Costa, J.E. and Wieczorek, G.F. (eds.).  Debris flows/avalanches: 
process, recognition, and mitigation.  Geol. Soc. Amer.  Reviews in Engineering 
Geology.  Vol. VII.  pp.1-12. 

Pojar, J., Klinka, K., and Meidinger, D.V. 1987. Biogeoclimatic ecosystem classification 
in British Columbia. For. Ecol. Manage. 22:119-154. 

Ritter, J.B., Miller, J.R., Enzel, Y., Howes, S.D., Nadon, G., Grubb, M.D., Hoover, K.A., 

 10 



Olsen, T., Reneau, S.L., Sack, D., Summa, C.L., Taylor, I., Touysinhthiphonexay, 
K.C.N., Yodis, E.G., Schneider, N.P., Ritter, D.F., and Wells, S.G.  1993.  
Quaternary evolution of Cedar Creek alluvial fan, Montana.  Geomorphology.  8: 
287-304. 

Runka, G.G.  1972.  Soil resources of the Smithers-Hazelton area.  BC Dept. Agr., Soil 
Survey Division.  Kelowna. BC.  234p. 

Ryder, J.M.  1971a.  The stratigraphy and morphology of paraglacial alluvial fans in 
south-central British Columbia.  Can. J. Earth Sci.  8: 279-98. 

Ryder, J.M.  1971b.  Some aspects of the morphometry of paraglacial alluvial fans in 
south-central British Columbia.  Can. J. Earth Sci. 8: 1252-1264. 

Septer, D. and Schwab. J.W.  1995.  Rainstorm and flood damage: northwest British 
Columbia 1891-1991.  BC Min. For. Land Man. Handbook 31.  196pp. 

Smith, G.A.  1986.  Coarse-grained nonmarine volcaniclastic sediment: terminology and 
depositional process.  Geol. Soc. of Amer. Bulletin.  97: 1-10. 

Thurber Consultants.  1983.  Debris Torrent and Flooding hazards, Highway 99, Howe 
Sound.  Report to the BC Min. of Trans. and Highways.  25p. 

VanDine, D.F.  1985.  Debris flows and debris torrents in the southern Canadian 
Cordillera.  Can. Geotechnical J.  22: 44-68. 

Wells, S.G. and A.M. Harvey.  1987.  Sedimentologic and geomorphic variations in 
storm-generated alluvial fans, Howgill Fells, northwest England.  Geol. Soc. 
Amer. Bulletin.  98: 182-198. 

Wilford, D.J.  2003.  Forest stand characteristics as indicators of hydrogeomorphic 
activity on fans.  PhD thesis.  UBC Faculty of Forestry.  244pp. 

Wilford, D.J. and M.E. Sakals.  2003.  Forest management on fans: recognition of 
hydrogeomorphic hazards and general prescriptions. Unpublished manuscript. 
24pp. 

Wilford, D.J., Sakals, M.E., and Innes, J.L.  2003. Forestry on fans: a problem analysis.  
Forestry Chronicle. 79(2): 291-295. 

Wilford, D.J., Sakals, M.E., Innes, J.L., Sidle, R.C., and Bergerud, W.A.  2004. 
Recognition of debris flow, debris flood and flood hazard through watershed 
morphometrics.  Landslides (in press) 

 
 
 
 
 
 
 
 
 
 
 
 

 11 


