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ABSTRACT

An on-going sediment research project has been underway in
the Tsitika River watershed on northeastern Vancouver Island,
British Columbia since the early 1990s. Part of  the program
studied sediment production during storms in two sub-basins,
Catherine Creek and Russell Creek, which are two typical Coastal
British Columbia streams. However, the two creek basins differ
in terms of  bedrock lithology, basin morphology, and harvest-
ing history. This report presents a comparative analysis of  the
sediment-production characteristics of  the two sub-basins from
November 1991 to December 1998. Results of  this analysis
provide some insight into the roles of  various factors, includ-
ing forestry-related activities, in controlling the production and
transport of  suspended sediment. The results of  the study pro-
vide important insights into watershed management, how to
interpret Coastal Watershed Assessment Procedure (CWAP)
data, and forest management implications regarding construc-
tion and use of  forestry roads on highly erodible bedrock types.
With further development, this research could lead to a regional
approach to characterizing sediment yields from specific mor-
phological/lithological terrain types.

KEYWORDS

forestry, forest management, hydrology, streams, sediment, sedi-
ment budget, sediment production, sediment yield, forestry
roads, Vancouver Forest Region, British Columbia

ACKNOWLEDGEMENTS
This research has been funded in part by Forest Renewal BC,
and in part by base funding from the Operations Division of
the BC Ministry of  Forests. FRBC paid for publication of  this
report. The Tsitika River Sediment Monitoring Program was
originally implemented by Dan Hogan and Bruno Tassone. The
stream-gauging sites were installed by Don Burns and Ed Mayert
(Water Survey of  Canada). David Paul and Scott Ferguson also
contributed hydrometric work. Several people contributed to the
installation and monitoring of  instrumentation, including Scott
Davidson, Craig Nistor, John Tyler, Karen Paulig, John Fraser, and
Ryan Hanson. John Fraser also assisted with data reduction and
interpretation. Thanks to Scott Cosman and Randall Dayton
for supplying information. Ken Rood and Craig Nistor reviewed
the manuscript. Tom Millard provided many useful comments
and discussion. Kathi Hagan did the editing and layout.

2



  Technical Report      TR-010      March 2001                                    Research Section, Vancouver Forest Region, BCMOF

Research Disciplines:   Ecology  ~  Geology  ~  Geomorphology  ~  Hydrology  ~  Pedology  ~  Silviculture  ~  Wildlife

INTRODUCTION

Sediment production in creeks and rivers in Coastal British
Columbia is a natural process, and the subject of  ongoing re-
search in the Vancouver Forest Region and elsewhere in the
province. One of  the most important issues related to this re-
search is the effect of  forest harvesting and related activities on
the sediment budget of  creeks.

In an effort to understand sediment-production processes, the
Tsitika River Sediment Monitoring Program was initiated in
1991. Part of  the program studied sediment production during
storms in two sub-basins, Catherine Creek and Russell Creek, which
are two typical Coastal British Columbia streams. This report pre-
sents a comparative analysis of  the sediment-production charac-
teristics of  the two sub-basins from November 1991 to December
1998. Results of  this analysis provide some insight into the roles
of  various factors, including forestry-related activities, in con-
trolling production and transport of  suspended sediment.

In support of  that research, stream gauging sites were estab-
lished on Russell and Catherine Creeks in November 1991,
where streamflow, turbidity, and suspended sediment concen-
tration (SSC) are measured. Starting in 1994, the stream gauge
network in Russell Creek was expanded to eventually include
four additional gauges at sites upstream of  the original gauge.
This network in Russell Creek has supported the development
of  a sediment-budget model that has been used to determine
the relative contribution of  different types of  sediment sources
to the sediment yield of  that watershed (Hudson 2001b). The
ongoing monitoring of  Catherine Creek before and after de-
velopment will be used to infer the extent of  any changes in
sediment production attributable to forest harvesting.

Prior Research in the Tsitika River Watershed

Prior studies in the Tsitika River watershed include a compari-
son of  storm-based sediment yields from Catherine Creek and
Russell Creeks (Hudson and Sterling 1998). Bedrock lithology
was identified as the primary factor influencing sediment pro-
duction. Catherine Creek was found to yield over 5.5 times as
much sediment as Russell Creek, in spite of  the fact that at the
time, Catherine Creek was unharvested while Russell Creek was
roaded and harvested over 25% of  its area. The difference was
attributed to the predominant basaltic lithology of  Catherine
Creek compared to the more resistant granitic bedrock that
underlies the lower portion of  Russell Creek. Based on a his-
toric survey of  debris flow fans, Sterling (1997) found that ba-
saltic bedrock areas in the Tsitika River watershed produced
over 6 times more debris torrents per unit area than did the
granitic bedrock areas. This ratio agrees with that of  storm-
based sediment yields, suggesting that debris flow deposits might
be the primary sediment source in Catherine Creek.

Using a detailed sediment-budget approach, Hudson (2001b)
found that roads contributed between 0 and 23% of  the sedi-
ment production during storms at Russell Creek, depending on
storm size (e.g., 15% for a 50-mm storm). The sediment was
derived from erosion of  road surfaces, cut-and-fill slopes, and

ditches. The relative contribution from roads increases with storm
size, but is reduced overall by the buffering effect of  the valley flat.
On the average, the yield of  sediment produced by roads as mea-
sured at the source is 3.4 times the yield as delivered to the main
channel. In other words, only 30% of  the sediment produced from
road sources makes it to the main channel during a storm; 70% of
the sediment is absorbed by the valley flat.

Background Literature
The literature has reported that, during periods of  heavy road
use, sediment yield from forestry roads can increase by one
order of  magnitude. Reid (1981) and Reid and Dunne (1984)
report that sediment production from forestry road surfaces
during periods of  heavy use is one order of  magnitude higher
than during periods of  moderate use or temporary non-use,
which is in turn one order of  magnitude higher than light-use
roads. Thus, sediment yields from road surfaces span two or-
ders of  magnitude, depending on log-truck traffic volumes. The
increased sediment yield consists mostly of fine material (silt
and clay) that is forced to the road surface by compaction due
to the weight of  the log-hauling trucks, and may also include
some sandy binder material (Reid 1981). Coker et al. (1993)
observed sediment pulses generated from road surfaces due to
the passage of  individual trucks during simulated rainfall. Peak
sediment concentration after a truck pass was 7 to 15 times
background levels depending on the parent material on which
the road was constructed. They projected an annual yield of
sediment from road surfaces during periods of  heavy use of
5.6 times the level during non-use periods. Nistor and Rood
(1999) observed that road segments with a steep gradient (15%)
generated about 10 times as much fine sediment as low-gradi-
ent (4%) road segments. Sediment production from road sur-
faces was also affected by road-maintenance activities. After
fine material from ditches was spread on the road surface, high
SSC levels persisted for at least six weeks until fine material was
gradually eroded away by successive rainfall events.

Order of  magnitude increases in sediment generation are also
widely reported to occur as a result of  road construction. The
increase in sediment yield due to road construction is longer-
lived than that due to truck traffic because the level of  distur-
bance is greater. Anderson and Potts (1988) measured a 10-fold
increase in sediment yield from a 0.7 km2 section of  watershed
on hard meta-sedimentary bedrock after the construction of
2.5 km of road, compared to the yield from the same area prior
to the construction activity. The elevated yield persisted for the
whole season during which the construction activity took place,
and returned to near-background levels the following year. Note
that the increased yield applied to the whole watershed area as
opposed to the road alone. Megahan et al. (1986) observed
greatly accelerated erosion rates from newly constructed roads
on granitic terrain. For the year in which the construction was
done, annual sediment yield from three study creeks increased
an average of  7.5 times compared to pre-construction levels
and to a control creek, as measured at the basin outlet. Road
density was about 1.9 km/km2, and road gradients ranged from
2.0 to 10.7% with a mean gradient of  about 7%.
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Beschta (1978) noted watershed scale increases in suspended
sediment yield in the year following road construction that de-
pended on road location. At Alsea Watershed in the Oregon
Coast Range, a 150% increase in yield occurred in Deer Creek
as a result of  mid-slope roads over 4% of  the watershed. Ridge-
top roads amounting to 5% of  the watershed area of  Needle
Branch caused a 100% increase in yield in the year following
construction. Subsequent to that, there was a 5-fold increase in
sediment yield from Needle Branch due to clearcut harvesting
of  83% of  the watershed area followed by slash burning. Five
years later, increased sediment yields persisted, but those in-
creases were attributed to increased streamflow rather than to
increased SSC, because sediment yield is the product of
streamflow and SSC. In 1970�71, the average yield increased
120% in response to a 26% increase in streamflow, with no
significant increase in SSC.

STUDY AREA

General Background, Tsitika River Watershed

The 400 km2-Tsitika watershed is located on the northeast coast
of  Vancouver Island (Figure 1). The Tsitika watershed has a moist,
cool climate with abundant rainfall and snowfall, and mild win-
ter temperatures. Most of  the precipitation over the study area

falls during winter and is associated with the passage of  frontal
rainstorms embedded in the generally south-westerly circulation;
over 70% of  the annual precipitation falls from October to March.
A large batholith of  granitic Island Intrusives underlies the upper
49.2% of  the watershed. The lower 50.8% of  the watershed is
underlain by the extrusive or basaltic Karmutsen Formation
(Figure 1). These basaltic rocks are typically weak and easily
eroded, and the igneous rocks are typically hard and resistant.

In the Tsitika River watershed, surficial materials consist pri-
marily of  glacial till, colluvium, and alluvium among large areas
of  exposed bedrock. Extensive mantles of  glacial till cover
middle and lower slopes in the whole watershed. Texture of
surficial materials in the Tsitika watershed varies with underly-
ing bedrock type. Upper landscapes of  the Karmutsen areas
are dominated by shallow sandy/clayey textured colluvium and
glacial till. Mid-slope positions of  the Karmutsen areas gener-
ally contain either shallow rubbly textured colluvium or shal-
low to moderately deep clayey glacial till; deeper till deposits
dominate lower landscape positions (Jungen and Lewis 1978).
The colluvial matrix is more silty on slopes derived from volca-
nic bedrock (Roemer 1972). Upper landscapes of  the Intrusive
areas of  the watershed are dominated by shallow, sandy-tex-
tured colluvium and glacial till. Mid-slope landscapes in the In-
trusive areas are usually occupied by shallow sandy till deposits.
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Figure 1. Map of the Tsitika River watershed.
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In the Intrusive areas, residue from prolonged physical and
chemical weathering provides a coarse-textured, acid parent
material (Jungen and Lewis 1978).

The grain-size distribution of  stream sediments can be expected
to reflect the nature of  the parent material as well as the hy-
draulic characteristics of  the streams. Stream channels in the
Tsitika River Watershed are generally too steep for fines to be
deposited in the channel beds. Thus, while the soils on the
Karmutsen formation tend to be finer textured that those on
the Island Intrusive formation, this is not reflected in the grain-
size distribution of  channel sediments. Instead, the grain-size
distribution of  channel sediments appears to be related to the
erodibility of the parent material, with the result that there is a
higher sand content in channels on Karmutsen terrain. Streams
on basaltic terrain tend to have higher gradients than those on
granitic terrain, allowing the former to transport a larger pro-
portion of  sand. Duncan and Ward (1985) report similar find-
ings in comparing streams on basaltic terrain with those on
terrain with siltstone bedrock.

Catherine Creek: Morphology, Monitoring,
and Forest Harvesting History

Catherine Creek (Figure 2) is dominated entirely by the basaltic
Karmutsen formation. Valley sides are steep, and hillside tribu-
taries are mostly first- and second-order gullies. A few of  the
larger tributaries are third order. An upper bowl contains three
third-order tributaries that converge to form the main fourth-
order channel. Debris flows, both recent and re-vegetated were
found along the length of  the watershed, as well as slope fail-
ures, both natural and harvesting related (Figure 3). Because
there is no valley flat adjacent to the stream, these features are
directly connected to the main channel. Introduced sediments
are stored directly in the channel system. Mean channel gradi-
ent is 6% (Table 1).

Forest harvesting began in Catherine Creek in 1992. By the end
of  1996, harvested area totaled 215 ha, or 4.6% of  the water-
shed area. Road length was 19.3 km. In 1997 and 1998, 89.3 ha
and 40.3 ha of  land were harvested, bringing the proportion of
the harvested watershed to 7.5% at the end of  1998, with ap-
proximately 27 km of  road (Horel 1997). By the end of  the year
2000, an additional 135.7 ha were harvested for a final proportion
of 10.4% with 34.1 km of roads (Figure 2).

Monitoring of  streamflow began in November 1991. Turbidity
and suspended sediment concentration (SSC) were monitored
continuously from November 1991 until November 1992, pro-
viding data on a total of  28 storm events. After that, turbidity
and SSC monitoring became sporadic, such that only four events
were effectively monitored in 1993-94. Continuous turbidity and
SSC monitoring resumed again in January 1997. Thus, the har-
vesting history and the discontinuous nature of  the monitoring
result in two distinct periods in the data record at Catherine
Creek: a pre-harvesting period (Period 1) from 1991-92, and a
post-development period (Period 2) from 1997-99 during which
sediment production during storms was monitored in conjunc-
tion with ongoing development.

Russell Creek and its Sub-Basins: Morphology,
Monitoring, and Forest Harvesting History

In contrast to Catherine Creek, Russell Creek (Figure 4) is un-
derlain by the Island Intrusive formation over the lower half  of
its area, with the upper slopes underlain by the Karmutsen for-
mation. On steep slopes between the Karmutsen and Island
Intrusive formations there is also a narrow transition zone where
basaltic surficial material covers the granitic bedrock. A broad
valley flat in the middle of  the main valley buffers the channel
from coarse sediments generated by debris flows and landslides
(Figure 5). Thus, the largest sediment sources tend to be dis-
connected from the main channel. Russell Creek is a fourth-
order channel with two third-order tributaries: Stephanie Creek
and Russell Creek above Stephanie Confluence. A third sub-
basin can be defined as lower Russell, the residual area below
the Confluence (Table 1). The three sub-basins have different
morphological characteristics, which serve as a basis for com-
paring sediment yields to provide insight on how morphologi-
cal factors govern suspended sediment production and trans-
port. Similarity ratios were calculated following the method given
by Hogan (1991, Table 1b). In particular, note that Stephanie
Creek is morphologically similar to Catherine Creek. About 65%
of  the sediment production in Russell Creek is derived from
Stephanie Creek (Hudson 2001).

As of  1998, a total of  978 ha, or 31%, of  the Russell Creek area
had been harvested with a total road length of  53.6 km (Figure
4). Russell Creek remained relatively unchanged from 1991 to
1998 in terms of  harvesting development. Harvesting proceeded
at a fairly constant rate from 1980 to 1991, after which there
was a break in development until 1995, with the exception of
one 9.5-ha block that was harvested in 1993.

Because older blocks regenerate concurrently with ongoing
harvesting, equivalent clearcut area (ECA) is less than the cu-
mulative area harvested. ECA over time was calculated using a
method described by Hudson (2000), based on measurements
of  stand heights in regenerating openings. As a result of  the
break in harvesting, peak ECA occurred in 1992 at about 20%,
and declined to less than 16% by 1999 (Figure 6, upper graph).
This recovery caused a reduction in peak flows in relation to
storm rainfall. The rainfall parameter that correlated best with
peak flow was R

12
 (Figure 6, lower graph).

There was also a gap in suspended sediment monitoring from
December 1992 to April 1996, with the exception of  a single
event that was monitored in October 1994. As a result, Periods
1 and 2, as defined above for Catherine Creek, also correspond
to two distinct phases in the development and subsequent re-
covery of  Russell Creek, except that the trend from Period 1 to
Period 2 is opposite.

METHODS

Stream and Rain Gauging

Streamflow, turbidity, and SSC were monitored at four gauging
sites (Table 2). The main stream-gauging sites at Russell and
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Figure 2. Map of Catherine Creek.
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Catherine Creeks were installed in November 1991, and oper-
ated by Water Survey of  Canada (WSC) to their standards (Fig-
ure 1). Additional gauging sites were established at Stephanie
Creek in the summer of  1994, and at Russell Creek above
Stephanie Confluence in the fall of  1996, and these were oper-
ated by the Research Section of  the Vancouver Forest Region,
BC Ministry of  Forests (BCMOF). Streamflow was rated using
a combination of  current metering and salt dilution. Both meth-
ods produced comparable results. In the summer of  1997, the
operation of  Russell Main and Catherine Creek gauging sites
was split between WSC and the BCMOF whereby the hydro-
metric work was done by WSC, and the sediment/turbidity moni-
toring and data logger maintenance was handled by the BCMOF.

At this time, the data collection system was changed (Table 2).
The high-resolution data logger was found to be a more suit-
able match for the OBS sensors, since the poor resolution of
the original data loggers was found to result in a general lack of
precision in the turbidity measurements (Hudson and Sterling 1998).

Figure 4. Map of Russell Creek.
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Samples were recovered from the automatic sampler and ana-
lyzed for total suspended sediment concentration and, if pos-
sible, for grain-size distribution. From 1991-97, samples were
analyzed at labs operated by WSC. In the fall of  1998, the analysis
was done by the field crew, using the same methods, with por-
table lab equipment set up at the temporary home of  the lead
contractor. The purpose of  the automatic sample collection
was to field calibrate the turbidity readings, and to verify whether
the turbidity readings represented actual sediment production,
and thereby assist in interpretation of  the data.

Rainfall was measured near each of  the stream gauging sites,
using a tipping bucket rain gauge with a 1-mm resolution con-
nected to a data logger. Total rainfall was recorded every five
minutes at Catherine Creek and Russell Main. At upper Stephanie
Creek, rainfall and total precipitation were measured by a com-
bination of  a tipping bucket gauge and a standpipe gauge with
a log interval of  15 minutes.

Data Interpretation

Continuous records of  SSC were derived from turbidity read-
ings, using calibration equations derived from suspended-sedi-
ment samples and corresponding in-stream turbidity readings.
A set of  calibration equations was developed for each gauging
site. The interpretation of  turbidity and SSC data followed the
methods described by Hudson (2001a) that were developed from
data collected at Russell and Stephanie Creeks. A summary of

0 20 40 60
12-hour M ax im um  R a infa ll In tensity R 12 (m m )

0

10

20

30

40

P
ea

k 
F

lo
w

 Q
P
 (

m
3 /

s)

1 980 1984 1988 1992 1996 2000
Y ear

0

10

20

30

P
ro

p
or

tio
n

 o
f 

A
re

a 
(%

)

P eriod 1: 1991-92
P eriod 2: 1994-98

C um ulative  A rea Logged
E C A

Figure 6. The effect of forest harvesting and subsequent
hydrologic recovery on peak flows at Russell Creek.
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Table 2. Monitoring systems used by time period.
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mum (R
24

) rainfall intensity. Q
p
 and R

24
 were well correlated at

Russell Creek, (r = 0.92 for Period 1) but only weakly corre-
lated at Catherine Creek (r = 0.73). The logarithm of  the peak
SSC correlates best with R

12
 at Russell Creek and with Q

p
 at

Catherine Creek, although the correlation in both cases is weak (r
= 0.80 and 0.66 respectively).

As a preliminary step in identifying a predictive model of  sedi-
ment yield during storms, a combination of  stepwise regres-
sion and best-subsets regression was used (Minitab Inc. 1995).
The stepwise regression gave a preliminary idea of  the best set
of  variables to enter into a model of  suspended sediment yield
at a given site, and the best-subsets regression was used to se-
lect models that were similar from site to site, wherever pos-
sible.

Best-subsets regression was also used in some instances to se-
lect models that made sense from a physical standpoint, as op-
posed to purely statistical. The resulting relationships were used
to investigate differences in the creeks� sediment-production
characteristics. Regression-comparison analysis (Kozak 1970)
was used to investigate similarity of  regression relationships
between sites and between different time periods at the same
site. Using these methods, patterns of  spatial and temporal vari-
ability in sediment-production characteristics were investigated
relative to watershed morphology, lithology, and harvesting ac-
tivity.

RESULTS

Temporal changes in sediment yield at Catherine Creek were
investigated by comparing the sediment-yield model from Pe-
riod 1 to that of  Period 2, to examine the potential effects of
forest development activities on sediment yield and to investi-
gate reasons for any apparent changes in yield. A similar analy-
sis was conducted for Russell Creek. This analysis was followed
by comparison between Catherine Creek and sub-basins of
Russell Creek to investigate the role of  basin lithology and
morphology in controlling sediment yield.

Temporal Patterns in Sediment Yield

Catherine Creek, Pre-  and Post-Harvesting

Sediment production during storms at Catherine Creek was
found to correlate best with peak streamflow (Q

P
) and either

the 12-h or the 24-h maximum storm rainfall intensity (R
12

 or
R

24
).

For Period 1, results of  the model identification process indi-
cated that ln(Y

S
) was related to Q

P
 and R

24
. The regression equa-

tion was plotted with a 95% prediction interval (Figure 7).  (The
regression line incorporates R

24
 in the form of  a linear relation-

ship between R
24

 and Q
p
). When storm sediment yields from

Period 2 are plotted on the same graph, it is apparent that two
distinct classes of  events occurred in Period 2. There was a
group of  events in the fall of  1997 that had elevated sediment
yields compared to those of  Period 1. That is, the yields fell
above the upper prediction limit, indicating that their sediment

that method and its application to Catherine Creek is given in
Appendix A.

For each storm, total suspended sediment yield was calculated
for each site that was monitored. A storm is defined as a
period of  continuous rainfall and the associated runoff  that it
produces. An individual storm starts at the initial rise of  the
hydrograph at the onset of  rainfall, and ends when the
hydrograph begins to rise again in response to the next rainfall
or snowmelt event. Suspended sediment yield (Ys) is calcu-
lated as the product of the suspended sediment concentra-
tion (SSC) and the mean streamflow or discharge (Q), as fol-
lows:

1000

IQSSC
Ys

××
= (1)

where

Ys is in units of kg,

SSC is in mg/L,

Q is in m3/s, and

I is the interval in seconds.

This gives the total mass of  suspended sediment transported
over a single interval. The interval is either 5 or 15 minutes,
depending on the data logger program. Summing the interval
yields over the duration of  a storm gives the total sediment
yield for that storm.

The rainfall data were processed to give maximum intensi-
ties at 1- , 3- , 6- , 12- , and 24-h durations, and total daily
rainfall. A running total representing each duration was calcu-
lated from the continuous data, and the maximum intensity of
each duration was selected for each storm. Total daily rainfall
was calculated as the total rainfall for each discrete 24-h period.

Data Analysis

A total of  98 storms with measured sediment yield, rainfall,
and streamflow have been identified between November 1991
and January 1999, although sediment yield was not measured at
every site during every storm (Table 3).

Hudson and Sterling (1998) characterized suspended sediment
production and transport during storms according to two pa-
rameters: total suspended sediment yield, and peak SSC. They
found linear relationships between the logarithms of  both sedi-
ment yield and peak SSC and either peak flow or rainfall inten-
sity for Russell and Catherine Creeks. Therefore, the sediment
yield and peak SSC for each storm  were log transformed and
correlated with hydrological parameters including peak flow and
antecedent base flow in m3/s; total rainfall; and maximum 1- ,
3- , 6- , 12- , and 24-h rainfall intensities for the storm in mm.

Results of  this analysis revealed a minimum Pearson correla-
tion coefficient between the log-transformed sediment yield
(ln(Y

S
)) and peak streamflow(Q

P
) of  0.817; ln(Y

S
) was best cor-

related with either the 12-h maximum (R
12

) or the 24-h maxi-
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Table 3a. Storm characteristics and suspended sediment yields for Russell and Catherine Creeks.

continued

niaMllessuR keerCenirehtaC

etaD 21R
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wolfkaeP
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dleiySS
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)mm(

42R
)mm(

wolfkaeP
m( 3 )s/

dleiySS
)gk(

doirePdleiY

19/7/11 32 13 003.11 3877 1

19/11/11 62 63 002.31 8209 1

19/51/11 24 85 007.12 76972 44 26 059.92 968121 1

19/91/11 85 08 005.23 053491 16 68 002.53 049836 1

19/42/11 52 53 009.31 0414 72 73 004.62 75491 1

19/82/11 8 01 072.4 011.7 4626 1

19/1/21 8 9 012.4 95 013.9 505 1

19/3/21 61 12 005.21 7821 71 02 001.71 3208 1

19/5/21 03 24 004.81 1985 92 24 007.52 66153 1

19/8/21 62 13 001.12 00421 02 42 008.52 21551 1

19/01/21 71 82 81 03 007.01 6793 1

19/12/21 12 52 087.2 1

19/52/21 44 56 001.42 44612 54 26 005.43 30398 1

19/13/21 55 37 004.03 36056 65 47 642.74 658382 1

29/9/1 84 17 000.82 21823 94 27 005.34 503264 1

29/41/1 23 14 006.61 7245 33 24 005.42 78403 1

29/22/1 63 15 006.02 1244 73 25 009.51 7081 1

29/52/1 11 02 009.51 1

29/72/1 11 02 006.31 2311 1

29/92/1 05 75 006.33 60576 15 85 005.35 848474 1

29/13/1 32 63 000.22 7485 32 73 000.51 1235 1

29/2/2 25 57 002.03 00434 35 77 001.82 958431 1

29/31/2 8 11 076.3 1

29/12/2 33 63 008.21 3165 92 43 061.6 4252 1

29/42/2 6 7 054.8 411 1

29/5/3 5 6 026.2 1

29/21/3 1 1 017.2 74 1

29/2/4 2 2 031.2 81 1

29/61/4 32 82 004.01 6135 33 04 002.71 73513 1

29/71/4 8 41 083.7 55971 1

29/62/4 02 42 001.01 7252 7 9 029.4 4121 1

29/92/4 61 42 043.8 5003 81 52 018.5 1693 1

29/9/6 62 73 032.9 0452 1

29/32/9 52 92 001.31 5589 1

29/62/9 32 52 059.9 241 1

29/13/01 13 45 009.81 98441 1

29/3/11 32 23 008.31 494 52 83 004.61 40352 1

29/6/11 73 45 002.02 5257 1

29/62/11 13 93 007.81 79742 1

29/92/11 62 43 008.21 2873 a2

39/2/11 34 55 006.13 85379 a2

49/82/2 73 24 083.14 218431 a2

49/1/3 43 24 016.14 28538 a2

49/2/3 04 45 006.64 738273 a2

49/42/01 35 07 005.22 303011 a2

69/4/4 06 711 231.43 632792 06 811 a2

69/7/4 72 92 311.31 89022 72 82 a2
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Table 3a, continued.

niaMllessuR keerCenirehtaC
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79/92/1 73 05 367.9 54 55 041.64 844344 a2

79/61/2 51 71 21 21 a2

79/91/3 82 53 914.7 92 83 002.61 72172 a2

79/52/3 21 31 192.4 9 21 053.01 4548 a2

79/92/3 000.11 69962 a2

79/41/4 12 13 295.7 22 53 a2

79/22/4 6 6 988.2 3 3 a2

79/52/4 51 32 288.7 91 72 a2

79/4/5 63 34 191.9 58811 24 05 a2

79/92/5 7 9 953.6 6371 11 21 a2

79/3/6 6 01 287.4 5 8 a2

79/01/6 91 72 557.4 02 82 a2

79/61/6 52 92 433.6 32 72 a2

79/61/9 41 03 983.4 9 42 a2

79/71/9 71 82 094.7 2511 51 32 848.8 21111 a2

79/62/9 03 94 601.8 8772 92 74 270.71 664741 b2

79/82/9 11 02 329.5 179 71 91 511.61 87268 b2

79/03/9 83 54 012.61 88761 63 24 356.02 690343 b2

79/1/01 72 34 469.21 39211 53 84 267.32 843475 b2

79/3/01 12 92 220.8 9671 71 52 044.12 47778 b2

79/8/01 42 42 668.5 776 22 22 020.8 62135 b2

79/51/01 23 85 249.01 05321 05 47 549.44 2930462 b2

79/62/01 72 43 093.7 9973 42 82 919.32 65001 a2

79/82/01 02 52 332.7 8631 62 74 478.53 933025 b2

79/03/01 53 74 066.21 98271 62 74 b2

79/2/11 13 25 280.31 71661 63 75 423.14 964517 b2

79/5/11 23 25 556.41 58131 82 94 471.33 888753 b2

79/22/11 12 53 790.8 3653 72 94 b2

79/62/11 92 54 667.8 0425 72 74 905.42 63021 a2

79/41/21 03 04 087.01 93 66 537.03 788622 b2

79/61/21 059.62 85423 a2

89/81/1 81 52 331.9 9322 a2

89/21/2 03 84 058.01 1913 23 15 002.51 6044 a2

89/91/2 83 94 735.31 1596 04 25 428.61 6476 a2

89/21/3 81 52 557.8 8601 91 72 071.81 80712 a2

89/12/3 502.5 803 645.01 8283 a2

89/8/01 81 82 612.5 586 91 03 297.31 8387 a2

89/21/01 43 54 577.41 71781 74 37 228.33 772254 a2

89/61/01 42 14 099.6 836 04 35 a2

89/71/01 82 13 136.41 8207 73 34 018.93 240931 a2

89/21/11 84 86 601.71 43481 55 37 820.93 402913 a2

89/41/11 51 72 416.8 4762 71 43 538.91 2835 a2

89/02/11 72 14 491.11 3684 33 65 419.12 68373 a2

89/52/11 03 75 834.01 967 a2

89/01/21 23 34 720.41 8572 65 46 297.63 06718 a2

89/21/21 93 75 417.81 59172 84 46 007.64 308077 a2

89/51/21 81 22 302.11 9242 71 81 888.41 94221 a2

89/92/21 71 92 520.6 435 a2

89/13/21 61 71 318.01 0131 a2

99/01/1 93 05 928.51 2868 43 34 842.63 335772 a2

99/41/1 64 47 05 17 023.62 04092 a2
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Table 3b. Storm characteristics and suspended sediment yields for sub-basins of Russell Creek.
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69/4/4 06 711 45 101 900.6 082171 513.11 09362 496.2 39869

69/7/4 72 92 32 42 199.5 45393

79/92/1 73 05 24 55 712.5 49281 612.9 7687

79/61/2 51 71 51 71 003.3 3034

79/91/3 82 53 04 36 314.4 41161

79/52/3 21 31 9 51 039.1 026

79/41/4 12 13 82 14 629.4 77751

79/22/4 6 6 0.9 0.01 919.1 458

79/52/4 51 32 41 32 752.5 29644

79/4/5 63 34 85 76 366.5 52761 422.9 8023

79/92/5 7 9 61 42 972.4 4557 548.4 763

79/3/6 6 01 21 31 249.3 2031

79/01/6 91 72 51 12 336.3 7594

79/61/6 52 92 42 82 882.4 9965

79/62/9 03 94 13 34 405.2 289 138.5 915 266.0 7721

79/82/9 11 02 24 34 521.2 364 412.4 852 451.0 152

79/03/9 83 54 83 55 364.3 45721 971.9 5552 275.0 9741

79/1/01 72 34 41 12 522.3 5278 984.8 6681 002.0 207

79/3/01 12 92 22 33 535.2 1501 688.5 464 672.0 452

79/8/01 42 42 52 62 425.1 861 782.4 702 402.0 203

79/51/01 23 85 72 05 851.3 3155 252.8 3541 788.0 3835

79/62/01 72 43 02 72 321.2 7822 502.4 744 071.0 5601

79/82/01 02 52 82 93 982.2 129 688.3 881 071.0 952

79/03/01 53 74 73 46 471.3 34521 817.6 6582 444.0 1981

79/2/11 13 25 12 24 151.3 54321 561.7 2033 344.0 079

79/5/11 23 25 72 44 891.3 74001 570.7 7991 207.0 2411

79/22/11 12 53 72 14 822.2 6561 678.4 617 951.0 1911

79/62/11 92 54 72 14 327.2 5052 573.5 849 275.0 8871

79/41/21 03 04 42 82 697.2 0293

79/82/21 93 86 83 55 689.2 37942

89/81/1 81 52 82 04 493.1 5501 926.6 476 871.0 905

89/32/1 92 84 84 88 584.2 30221 180.7 7011 836.0

89/82/1 42 43 164.2 06411 123.7 8531 753.0

89/21/2 03 84 91 12 743.1 045 540.5 476 417.0 8791

89/91/2 83 94 74 35 423.2 9233 712.6 587 108.0 7382

89/21/3 81 52 31 91 657.1 7911 719.4 793 433.0

89/12/3 41 61 722.1 923 503.3 181 801.0

89/8/01 81 82 41 62 152.1 87 337.2 862

89/21/01 43 54 73 75 781.4 16631 269.7 4313 124.0 2291

89/71/01 82 13 42 72 757.4 7835 335.7 298

89/21/11 45 86 85 95 037.5 88821 414.8 1262 671.1 4292

89/41/11 51 72 71 52 519.1 619 261.5 8421 642.0 015

89/02/11 72 14 24 65 744.3 2482 329.5 299 884.0 0301

89/01/21 34 34 54 45 483.4 2721 824.6 392 515.0 4911

89/21/21 93 75 93 26 164.4 75281 967.8 8574 978.0 9714

89/51/21 81 22 01 41 174.2 6411 010.6 416 634.0 966

89/92/21 71 92 33 83 155.1 301 413.3 471 681.0 652

89/13/21 61 71 22 42 737.1 416 087.5 055 121.0 741

13



Research Disciplines:   Ecology  ~  Geology  ~  Geomorphology  ~  Hydrology  ~  Pedology  ~  Silviculture  ~  Wildlife

  Technical Report      TR-010      March 2001                                     Research Section, Vancouver Forest Region, BCMOF

yields are significantly higher than expected, based on the pre-
development model. These events were separated from the rest
of  the Period 2 events and designated as Period 2b. The rest of
the Period 2 events were designated as Period 2a.

Regression comparison analysis revealed that regression of
ln(Y

S
) vs. Q

P
 for Period 2b was significantly different from that

of  Periods 1 and 2a, but that the regressions for Periods 1 and
2a were colinear. Therefore, a single regression equation was
used to characterize Periods 1 and 2a (Figure 7). Sediment yield
during storms for Periods 1 and 2a )( 2,1 aYs is related to peak
streamflow (Q

P
) and the 24-h maximum rainfall intensity (R

24
)

as follows:

242,1 0265.00902.007.7]ln[ RQYs Pa ++=

s.e. = 0.6463, R2 = 86.5% (2)

The data points that fall above the regression line represent
events that involve normal to coarse regime transitions, and the
points that fall below the line represent events where the tran-
sitions do not occur (see Appendix A, and Figure 7). The latter
group of  events can be considered supply limited relative to
the former group.

For Period 2b, sediment yield during storms )( 2bYs is related
to peak streamflow (Q

P
) and the 12-h maximum rainfall inten-

sity (R
12

) as follows:
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Figure 7. A predictive relationship for sediment yield at
Catherine Creek as a function of peak flow and rainfall
intensity for different periods.

122 0524.00563.046.9]ln[ RQYs Pb ++=

s.e. = 0.4350, R2 = 85.3% (3)

All except one of  the measured storm yields for Period 2b fell
outside the prediction interval associated with Equation 2 (Fig-
ure 7). The Period 2a events were all similar to the supply-lim-
ited group from Period 1 in that they fell below the regression
line defined by Equation 2.

Assuming that increases in suspended sediment yield during
Period 2 at Catherine Creek are a consequence of  forest-har-
vesting activity, it is then reasonable to calculate the increase in
sediment yield for the storms in that period relative to those in
Period 1. This is done by subtracting the yield as predicted by
Equation 2 from the observed yield for each Period 2 storm to
give the expected portion of  yield attributed to forest develop-
ment activity in units of  Mg (Y

f
, Table 4). A confidence interval

can be calculated for Yf  : the minimum and maximum excess
yields are equal to the observed yield minus the upper and lower
95% prediction intervals of  Equation 2, respectively. Thus the
total expected excess yield attributable to forest harvesting ac-
tivities in Period 2b is 4038 Mg, but could vary from 1160 to
5095 Mg.  The increase in yield can also be expressed as a per-
centage difference between observed yield and yield as predicted
by Equation 2 (Table 4).

Both quantities are related to storm size (Figure 8). Y
f
 increases

with increasing storm intensity (lower graph), while the per-
cent increase in yield during Period 2 is generally greater for
small than large storms (upper graph). For storms with R

24 
less

than 50 mm, the average increase in sediment yield was 900%;
for storms of  R

24 
greater than 50 mm, the increase was 590%.

If  the percentage increases in yield are weighted according to
the magnitude of  the observed yields, then the weighted aver-
age increase in yield is 770%.

Cause of Increased Sediment Yield at Catherine Creek

Two possible causes for the increased yield during Period 2 are
discussed here: contributions from episodic mass-wasting events,
and contributions from forest harvesting activity.

Episodic mass-wasting events that entered the channel.
At Catherine Creek, at least one event is known to have in-
volved a landslide. On or about 15 October 1997, a landslide
occurred directly below the upper Mudge Main haul road that
entered Catherine Creek (inset in Figure 2). The landslide was
caused by �a concentrated flow of  surface water that was di-
verted from the upper roadway into the area of  the slide�
(Cosman 1997). The effect of  the landslide appears as a spike
in suspended sediment that reached a maximum of  more than
4100 mg/L of suspended sediment (Figure 9).

As with total suspended sediment yield, peak SSC is apparently
affected by harvesting. For Periods 1 & 2a, and Period 2b, peak
SSC is related to peak flow by Equations 7 and 8 respectively, as
follows:
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79/92/1 844344 090272 171 .a.n .a.n 0.36 55

79/91/3 72172 77261 11 .a.n .a.n 7.66 83

79/52/3 4548 6753 5 .a.n .a.n 4.631 21

79/92/3 69962 17164 91- .a.n .a.n 5.14- 77

79/71/9 21111 0754 7 .a.n .a.n 1.341 32

79/62/9 664741 16171 031 1.341 0.701 3.957 a 74

79/82/9 87268 9218 87 4.28 5.05 3.169 a 91

79/03/9 690343 03223 113 8.641 5.19 5.469 a 24

79/1/01 843475 47173 735 5.465 2.584 0.5441 a 84

79/3/01 47778 00411 67 1.08 7.71 0.076 a 52

79/8/01 62135 8846 74 8.15 2.04 9.817 a 22

79/51/01 2930462 217533 308 3.739 0.0 5.686 a 47

79/62/01 65001 36991 01- .a.n .a.n 6.94- 82

79/82/01 933025 02874 374 7.774 8.721 1.889 a 74

79/2/11 964517 367911 695 8.736 0.0 4.794 a 75

79/5/11 888753 86154 313 7.723 3.28 3.296 a 94

79/62/11 63021 44542 31- .a.n .a.n 0.15- 74

79/41/21 788622 36727 451 7.302 4.51 8.112 a 66

79/61/21 85423 07171 51 .a.n .a.n 0.98 92

89/21/2 6044 70971 41- .a.n .a.n 4.57- 15

89/91/2 6476 53223 52- .a.n .a.n 1.97- 25

89/21/3 80712 15401 11 .a.n .a.n 7.701 72

89/12/3 8283 4612 2 .a.n .a.n 9.67

89/8/01 8387 4197 0 .a.n .a.n 0.1- 03

89/21/01 772254 935931 313 4.814 2.241 1.422 37

89/71/01 240931 091511 42 7.17 0.0 7.02 34

89/21/11 402913 009603 21 1.952 0.0 0.4 37

89/41/11 2835 12301 5- .a.n .a.n 9.74- 43

89/02/11 68373 58933 3 0.72 0.0 0.01 65

89/01/21 06718 259182 002- 9.33 0.0 0.17- 46

89/21/21 308077 027433 634 2.326 0.0 3.031 46

89/51/21 94221 9357 5 8.8 0.0 5.26 81

99/01/1 335772 48377 002 .a.n .a.n 6.852 34

99/41/1 04092 088201 47- .a.n .a.n 8.17- 17
a .b2doireP

Table 4. Changes in sediment yield on Catherine Creek during Period 2 relative to Period 1 prediction.
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pQ
ap eSSC

079.0
)2,1( 7.10=

R2 = 66.6% (4)

pQ
bp eSSC

042.0
)2( 7.108=

R2 = 42.0% (5)

Although the effect of  forest development activities on peak
SSC is less clear than that of sediment yield, nonetheless the
effect of  known landslides is to increase the peak SSC by 5�10
times (Figure 10). Because of  the greater variability in the peak
SSC vs. Qp relationship, a 90% prediction interval was used to
distinguish unusual events. The peak SSC of  the 15 October
event lies well above the upper prediction limit of  Equation 5.
Similarly, the event of  30 September 1997 (Figure 11) may also
have involved episodic mass wasting because peak SSC for that
event is amplified by a similar factor (Figure 10). For both these
events, the yield from the landslide was estimated by recon-
structing hypothetical SSC hydrographs using relationships be-
tween SSC and Q for similar events, and by using different rela-
tionships for rising and falling streamflow. The resulting peak
SSC was found to fall within the confidence limits of  Equation
5, suggesting that these estimated SSC hydrographs are reason-
able estimates of  sediment production and transport due to
prevailing conditions, assuming that the landslide had not oc-
curred. In each case, the landslide more than doubled the sus-
pended sediment yield (Table 5). In comparison, events of  30
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Figure 8. The percentage increase in sediment yield during
storms at Catherine Creek during periods of activity relative
to storm size.

Figure 9. Catherine Creek streamflow and SSC, 15 October
1997 storm.
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Figure 10. Relationships between peak SSC and peak flow
at Catherine Creek.
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January 1997 and 20 November 1998 from Period 2a (Figures
12, 13) have peak flows comparable to those of  the 15 October
and 30 September 1997 events, but SSC levels are much lower.

By the same reasoning described above, some events from Pe-
riod 1 also appear to have involved mass wasting. One such
event occurred on 19 November 1991 (Figure 14). The peak
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Figure 13. Catherine Creek streamflow and SSC, 20
November 1998 storm.

Figure 11. Catherine Creek streamflow and SSC, 30
September – 01 October 1997 storms.

Figure 12. Catherine Creek streamflow and SSC, 30 January
1997 storm.

SSC was well above the upper 90% prediction limit of  Equa-
tion 4 (Figure 10). Even though the effect of  the apparent mass-
wasting event was superimposed over natural background SSC
levels instead of  levels that are apparently affected by harvest-
ing development (as in the above events), the effect of  the land-
slides on sediment production is comparable (Table 5).

Road construction and use. Several lines of  evidence suggest
that the large increases in suspended sediment observed in the
fall of  1997 are in part road related:

1. The change in the normal regime to a finer grain-size dis-
tribution (see Appendix A, Figure A2) suggests a contribu-
tion from roads in 1997�1998, where no such contribution
existed in 1991�92. Roads are well known to be a major
source of  fine sediment (Reid and Dunne 1984).
2. Increased sediment yield on a watershed scale is consis-
tent with road construction.
3. Sediment production returned to pre-harvesting levels in
mid December 1997, and remained there for the duration

Figure 14. Catherine Creek streamflow and SSC, 19
November 1991 storm.
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of  the season. At that time, harvesting operations were shut
down in the watershed and did not resume again until the
summer of  1998. This suggested that the level of  road use
might be responsible for the large yields, as opposed to the
actual presence of  the roads.

4. There was more harvesting activity in Catherine Creek in
1997 than 1998, which could explain the high sediment yields
in that year. Increased sediment yields are also indicated for
the fall of  1998 at a lower level than the excess yields in
1997, which is consistent with lighter road use, or with con-
struction of  shorter sections of  road.

In order to investigate this, activity reports were obtained from
Weyerhaeuser (the company doing the harvesting) for 1997 and
1998, which summarized monthly road construction and tim-
ber production from Catherine Creek and other sub-basins of
the Tsitika River1. Timber production can be used as a direct
indicator of  road use, as it represents the total volume of  tim-
ber that was loaded onto trucks and removed from a given site
in a given month. Using data in Table 4, the total expected and
the total minimum monthly excess sediment yields were calcu-
lated for each month in Period 2 with a more-or-less complete
record of  storm sediment yields. For the events that occurred
on 30 September and 15 October 1997, the yields were ad-
justed to remove the apparent contribution from episodic events.
These monthly excess yields were summarized along with
monthly timber production and road construction in Catherine
Creek (Table 6). Even though the sediment source inventory is
incomplete, if  we assume for the time being that the excess
yield is derived mostly from road construction and use, then
the activity data can be used to analyze potential causes of  the
increased sediment yield.

Road use was weighted according to the length of  road along
which the logs were hauled to transport them from the setting
to a point outside the watershed. The variable T

t
 was used to

represent truck traffic (truck-km/month), calculated as the vol-
ume of  timber produced in a given month, divided by an aver-
age of  40 m3/truck and multiplied by the hauling distance. In
all cases, this involved hauling along Catherine Main, since this
is the only way out of  the watershed. Unlike road construction,
the effects of  heavy road use on sediment yield are much more
immediate. For example, Reid and Dunne (1984) found that
sediment yield from heavily used road surfaces dropped off  by
an order of  magnitude on weekends because no hauling takes
place on weekends. Thus, the effects of  road use lasted much
less than one month, so there should be a direct correspon-
dence between excess yield and road use without any treatment
of  the data. The excess sediment yield was correlated with road
use on some but not all roads. This is because in many cases,
hauling occurred at times when there was either no storm ac-
tivity, or storms were not monitored for sediment production.
The percentage increase in sediment yield correlated best with
hauling of  timber from Blocks 208 and 209 (Figure 2); these
blocks involved the longest hauling distance (8.4 and 8.8 km
respectively).

According to the literature, road construction is more likely than
road use to result in the large yield increases observed at
Catherine Creek. Increases in sediment yield, as measured at
the watershed outlet, in the order of  5�10 times that of  back-
ground levels, and lasting for several months after construc-
tion, have been reported. Intuitively, the magnitude of  the in-
creased yield should be related in part to the length of  road
constructed, or to the increase in road density. Nistor and Rood
(1999) have suggested that sediment created by road disturbance
gradually winnows away over a period of  months due to suc-
cessive rainfall events. This suggests that the effect of  road con-
struction on sediment yield can be represented by a decay func-
tion, as follows:

Table 5. Summary of the effects of landslides on sediment production.

1  R. Dayton, Forest Engineer, North Island Division, Weyerhaeuser, Campbell
River, BC; personal communication, March 2001.
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Table 6. Summary of monthly truck traffic and associated changes in sediment yield.
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79-naJ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 0.0 0.0 0.64 4.171 .a.n

79-beF 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 0.0 0.0 0.24 .m.n .a.n

79-raM 7.9 1.85 0.0 0.0 0.0 0.0 0.0 0 0.0 0.0 6.931 7.51 .a.n

79-rpA 0.1 0.72 0.06 0.0 0.0 0.0 3.946 0 0.0 0.0 1.26 .m.n .a.n

79-yaM 0.0 0.0 8.79 0.0 0.0 0.0 3.607 0 0.0 0.0 5.801 .m.n .a.n

79-nuJ 0.0 0.0 5.06 0.0 7.9 0.0 8.992 0 0.0 3.97 3.05 .m.n .a.n

79-luJ 0.0 0.0 3.02 0.0 9.79 0.0 0.663 314 0.314 6.208 .a.n .m.n .a.n

79-guA 0.0 0.0 5.8 0.0 9.24 0.0 3.922 0 7.181 6.153 .a.n .m.n .a.n

79-peS 0.0 0.0 1.5 5.9 7.85 0.0 0.61 9641 0.9451 9.065 5.851 3.633 0.942

79-tcO 0.0 0.0 0.0 2.76 0.0 0.0 0.0 05 5.137 1.465 1.783 4.2581 9.076

79-voN 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 9.123 0.0 6.562 4.809 3.28

79-ceD 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 6.141 0.0 6.301 4.961 4.51

89-naJ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 3.26 0.0 7.521 0.0 0.0

89-beF 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 4.72 0.0 2.52 0.0 .a.n

89-raM 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 1.21 0.0 .a.n 9.21 .a.n

89-rpA 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 3.5 0.0 .a.n .m.n .a.n

89-yaM 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 3.2 0.0 .a.n .m.n .a.n

89-nuJ 0.0 0.0 0.0 6.9 3.3 0.0 0.0 384 0.484 7.701 .a.n .m.n .a.n

89-luJ 0.0 0.0 0.0 3.5 6.37 4.79 0.0 0 0.312 0.846 .a.n .m.n .a.n

89-guA 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 7.39 0.0 9.802 .m.n .a.n

89-peS 0.0 0.0 0.0 0.78 0.0 0.0 0.0 054 2.194 8.037 6.491 .m.n .a.n

89-tcO 0.0 0.0 0.0 8.61 0.0 0.0 0.0 011 1.623 3.141 5.081 6.633 0.241

89-voN 0.0 0.0 0.0 3.1 0.0 0.0 0.0 0 5.341 9.01 5.241 7.51 0.0

89-ceD 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 1.36 0.0 0.411 8.044 0.0

99-naJ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 8.72 0.0 0.59 3.621 0.0

.tnemerusaemon=.m.n.elbacilppaton=.a.n
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where

ERL
t
 is the effective road length for month t,

ERL
t-1

 is the effective road length for the previous month,

C is a recession constant, and

RL
t
 is the length of  new road constructed in month t.

A recession constant of  0.44 was found to give the best corre-
lation between effective road length and the excess yield.

Because a relationship exists between excess sediment yield and
storm rainfall (Figure 8), that variable was included in the analy-
sis. Therefore, the variables that were considered for modeling
the excess sediment yield due to road construction and use (Ys

R
)

included storm rainfall for all monitored storms in a given month
(R

St
), R

24
, T

t
, ERL

t
 and interactions between variables. The analy-

sis identified the following regression equation:

StttStttSttR RTERLRTERLRERLYs ××-×+-×= 000011.000065.030.10154.0

(s.e. = 167.2 Mg, R2 = 94.7%) (7)

where

Ys
R
 is in Mg,2

ERL
t
 is in metres,

R
St
 is in mm, and

T
t
 is in truck-km/month.

The total expected excess yield from Period 2��derived by sub-
tracting values predicted by Equation 2 from measured values�
�is 4386 Mg. Equation 7 predicts 3652 Mg of  excess yield, or
83% of  the former value. Since neither value is measured di-
rectly, both numbers are equally valid.

The relative contribution from road use to the excess post-de-
velopment yield can be estimated from the third term of  Equa-
tion 7 alone, as follows:

MgRTYs SttUseRoad 3.21700065.0 =×=-     (8)

This suggests that an average of  about 6% of  the excess yield is
due to road use, about 89% is due to road construction, and
about 5% is due to background variability. A total of  1.975 km
of  new road was built during Period 2 for a new-road density
of 0.065 km/km2.

If  the analysis is re-done using the minimum excess yields, de-
rived from subtracting the predicted yields plus the 95% pre-
diction limit from the observed yields, the regression analysis
results in the following equation:

StttSttSttR RTERLRERLRTYs ××-×+×+= 000002.0000978.000337.05.21min,

(s.e. = 12.69 Mg, R2 = 99.7%) (9)

This equation predicts a minimum of  1225 Mg of  excess sedi-
ment yield compared to the 1160 Mg for Period 2 derived by
subtraction as stated above. According to this scenario, 92% is
derived from road use.

The total monthly mass yield of  excess harvesting-related sus-
pended sediment is primarily related to the interaction between
the effective length of  newly constructed road and rainfall (Fig-
ure 15, lower graph). It was difficult to find a predictive rela-
tionship in which the sediment contribution from truck traffic
was non-negative. Because the contribution from road use is
much less than that of  road construction, the road-use contri-
bution is hidden within the variability of  the road-construction
relationship. The ratio of  observed yield over yield predicted
by Equation 2 can be used in place of  the mass of  excess sedi-
ment as an indicator of  the effects of  road activity on sediment
yield (Figure 15, upper graph).  The optimum regression equa-
tion to predict that ratio uses only the interaction terms be-
tween ERL

t
 and T

t
, and R

St 
and has an R2 of  97.4%, but the

coefficient of  the road-use term in that equation is negative.

The total expected excess yield generated over a 3-month pe-
riod from mid September to mid December 1997 was 3266.6
Mg, of  which about 196 Mg is attributed to road use. To haul

2 Mg = megagram. 1 megagram = 1 metric tonne, or 1000 kg.

Figure 15. The Period 2 yield attributed to harvesting activity
in relation to road construction (triangles) or road use (stars).
The lower graph depicts the actual mass yield, while the
upper graph depicts ratios of observed yield over yield
predicted by Period 1 relationship.
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timber from blocks 208 and 209 involves a mean haul distance
of  8.6 km, thus the excess yield is 22.8 Mg/km of  road. The
mean gradient of  the Catherine Main road is about 5%. To
compare this to published values, the yield needs to be pro-
rated to an annual estimate. Using the entire record of  storm
sediment yields at Catherine and Russell Creeks (Table 3a), it
was determined that 56% of  the storm-based sediment yield
from 1991�1998 was derived from the period between mid Sep-
tember and mid December. Therefore, the sediment yield from
road use derived from the expected excess yield in the fall of
1997 was about 40.7 Mg/km/y. If  the minimum excess yields
are used instead of  the expected values, the excess yield is domi-
nated by the road use term, resulting in 194.4 Mg/km/y of
sediment derived from road use.

Log-truck traffic levels during that period were at a maximum
of  about 560 truck-km/month, or an average of  3.5 trips/day,
which is at the upper end of  the moderate-use category ac-
cording to Reid and Dunne (1984). For moderate-use roads of
gradient similar to Catherine Main, Reid and Dunne report sedi-
ment yields of  36 Mg/km/y. Heavily used roads produce 440
Mg/km/y. Thus, a range of  41 to 195 Mg/km/y due to road
use in Catherine Creek is reasonable compared to the published
values. Thus, road use amounts to between 6 and 25% of  the
expected excess yield.

Since this range of  possible values of  road-use yield seems ac-
curate, then a minimum of  98 Mg and an expected value of
3577 Mg of  sediment are derived from other sources, including
erosion or mass wasting from newly built road segments, some
of  which were built to access the ongoing harvesting. This
amounts to a potential  7.5-fold increase in sediment yield at an
effective length of  new road of  1.55 km, or a 2.8-fold increase,
averaged over the period of  active road construction, in re-
sponse to a total of  3 km of  newly constructed road (Table 7a).

To compare these results with published results, the mean ratio
of  the observed over background yield is calculated for the fall
of 1997, and the fall of 1998, and compared to the results of
Anderson and Potts (1987) and Megahan et al. (1986) in rela-
tion to the density of  newly constructed road (Table 7b). The
mean yield ratio for the fall of  1997 forms a straight line rela-
tionship with the other study results (Figure 16, upper graph).
However, when a log scale is used on the X-axis, an interaction
between road density and basin lithology is suggested (Figure
16, lower graph). The expected annual yield per km of  new
road based on pro-rating the yields during the fall of 1997 is
3.31 Mg/km/y. The upper end of  the range is comparable to
the results of  Megahan et al. (1986). Therefore, at new-road
densities comparable to those reported by Anderson and Potts
(1987) or Megahan et al. (1986), the sediment yield due to road
construction on basaltic terrain could be substantially higher
than what was observed.

The above analysis is based on the assumption that the entire
excess sediment yield from Period 2b was derived from roads.
The recession constant for use in Equation 6 was based on this
assumption; there is no a-priori estimate of what constitutes a

reasonable recession constant. There are no published values
in the literature. However, since the sediment source inventory
for Catherine Creek is incomplete, other potential sources of
sediment that could have contributed to the increased sediment
yield in Period 2b are not known. Without this information,
there is no basis for determining if  the approach is correct or if
the recession constant is reasonable. Calculated values for sedi-
ment yield attributed to road construction and use compare
favourably with published values, but a conclusive statement
of  the sediment yield from road construction cannot be made
at this time.

Table 7b. Comparison to other results. Total yield from new
roads in Catherine Creek is based on expected excess
yields, assuming no other source of forest-harvesting-
related sediment.

Table 7a. Summary of suspended sediment yields attributed
to road construction and other sources (YRCS), based on
expected excess yield minus the mean yield attributed to
road use.
YRCS = (Yobs – Yp)*0.82.  Yield Ratio = (YRCS + Yp )/ Yp.
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Russell Creek: Temporal Changes in
Sediment-Production Characteristics

Sediment yield during storms at Russell Creek correlates well
with both peak flow and R

12
; a relationship can be developed to

predict yield as a function of  either variable, but unlike Catherine
Creek, not of  both. Regression comparison analysis revealed
that there was no significant difference between Periods 1 and
2 in the relationship between sediment yield and R

12
, but that

for Periods 1 and 2 there were parallel relationships between
sediment yield and peak flow on Russell Creek (Figure 17). Thus,
one equation can be used to describe the relationship between
sediment yield and R

12
, however there is a break in the relation-

ship that occurs at R
12 

of  38 mm (Figure 17, upper graph). This
is likely due to the duration of  storms of  different sizes; the
bigger, more intense storms are likely to last longer than the
smaller ones. A classification variable D was defined such that
if  R

12 
was less than 38 mm, the value of  D is 1; otherwise, D =

0. Similarly, because there were parallel relationships between
yield and peak flow for Periods 1 and 2 (Figure 17, lower graph),
another classification variable, P, was used to distinguish the
two time periods, such that P = 0 for Period 1, and P = 1 for
Period 2. As a result, two equations emerge; storm sediment
yield can be expressed as a function of  either R

12 
or peak flow,

as follows:

2
121212 00296.0114.0144.068.3]ln[ RDRDRYS ×-×++=

s.e. = 0.8280, R2 = 80.3% (9)

20559.0425.023.118.3]ln[ PPS QQPY -++=

s.e. = 0.8406, R2 = 80.0% (10)

Note that there has been no change in the relationship between
storm sediment yield and R

12 
during the period from 1991 to

1998 at Russell Creek. However, peak flows have decreased rela-
tive to R

12
 (Figure 6), hence sediment yield has increased rela-

tive to peak flow. On the other hand, because flow has declined
from Period 1 to Period 2, sediment yield would also be ex-
pected to decline since yield is calculated as the product of SSC
and streamflow, in the absence of  any additional sediment
sources. Therefore, if  yield has really remained unchanged de-
spite a decrease in flow, there must have been new sediment
sources created between Periods 1 and 2. Some new roads were
built during that interval; in addition, debris flows have occurred
in Russell Creek that have most likely altered the sediment budget.

On 24 October 1994 a sidewall failed in a gully in Russell Creek
above Stephanie that resulted in a debris flow in that gully. The
resultant sediment production followed a pattern similar to that
described above for Catherine Creek. At Russell Creek, peak
SSC correlates best with R

12
, for the following relationship:

12077.073.1 R
p eSSC =

R2 = 64.1% (11)

As with Catherine Creek, the peak SSC of  the 24 October event
lies well above the 90% prediction limit of  Equation 9 (Figure 18).
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This event produced the highest measured SSC in Russell Creek
to date. The probable sediment hydrograph that would have
occurred in the absence of  the debris flow (Figure 19) was re-
constructed using the same method as that described for
Catherine Creek. Using a relationship between SSC and
streamflow, an abrupt discontinuity in the relationship on the
rising limb identifies when the sediment from the debris flow
began to affect the main gauging site. Other events had similar

characteristics (e.g., 7 April 1996, Figure 20), leading to the sup-
position that they also involved some kind of  episodic sedi-
ment input. For these two events, the ratio of  observed sedi-
ment yield over the simulated yield with the landslide effect
removed is 1.75 (Table 5). This is consistent with the mass-
wasting effect for Catherine Creek, since buffering by the valley
flat is a mitigating factor at Russell Creek.

Comparison of Temporal Variability Between Russell
and Catherine Creeks

Another way to look at changes in sediment yield at Russell
Creek is in relation to Catherine Creek. Because Periods 1 and
2a on Catherine Creek are not significantly different, Catherine
Creek can be used as a pseudo-control to assess changes in
sediment yield on Russell Creek from Period 1 to 2, by exclud-
ing data from Period 2b (Figure 21). For this analysis, paired
events on Russell and Catherine Creeks were used. A regres-
sion equation for Period 1 was developed, as follows:

896.07342.0 CathRuss YY ×=

s.e. = 2705, R2 = 86.7% (12)

As in the above analysis, a 95% prediction interval was also
calculated. Six of  the 17 paired events in Period 2a fall below
the lower prediction limit, indicating a significant decrease in
sediment yield from Russell Creek between Periods 1 and 2. An
additional four events fall just above the lower prediction limit.
This suggests that overall, there has been a decrease in sedi-
ment yield at Russell Creek from Period 1 to Period 2. That
decrease is marginally significant relative to sediment yields for
paired events on Catherine Creek, based on the assumption
that sediment yields for Period 2a on Catherine Creek are not
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significantly different from those of  Period 1. For Period 2a,
the average decrease in sediment yields from Russell Creek rela-
tive to those from Period 1 is about 54%, depending on whether
the percent change is weighted according to the mean yield or
not.

During Period 1, the ratio of  sediment yield from Catherine vs.
Russell Creek is 4.7 (Table 8). If  Period 1 sediment yields from
Russell Creek are adjusted to account for the change in yield as
described above, then the ratio of  sediment yields from

Catherine Creek over Russell Creek for Period 1 becomes 10.6.
For Period 2b, that ratio jumps to 71. This indicates a 670%
increase in sediment yield from Catherine Creek during Period
2b, relative to adjusted yields from Russell Creek. For Period
2a, the ratio is 18.9, which is consistent with slightly elevated
yields due to lighter road activity during the fall of  1998 com-
pared with the fall of 1997.

As a comparison to the above examples, streamflow and SSC
hydrographs for the 30 September to 3 October 1997 at Russell
and Stephanie Creeks are presented (Figures 22 and 23). These
are directly comparable to the same event as it occurred at
Catherine Creek (Figure 11). Note the differences in the scale
of  the axes depicting SSC. Russell and Stephanie Creeks expe-
rienced higher peak flows in the 30 September event, contrary
to the event sequence at Catherine Creek. Despite similar li-
thology, Catherine Creek experienced SSC levels far in excess
of  those measured at Stephanie Creek due to the road con-
struction and use effect at Catherine Creek. SSC levels at
Stephanie compare better to those that occurred on 20 No-
vember 1998 at Catherine Creek (Figure 13), after road con-
struction and use had stopped for the season. SSC levels at
Russell Creek are greatly reduced compared to Stephanie Creek,
due to a combination of  valley flat buffering from Russell above
Stephanie and the dilution of  sediment-laden flows from
Stephanie Creek. However, SSC levels at Russell Creek on 30
September 1997 are comparable to the SSC levels for the 24
October 1994 event, simulated to remove the effect of  the de-
bris flow (Figure 19).

Sub-Basins of Russell Creek vs. Catherine Creek:
Relative Roles of Lithology and Harvesting on
Sediment Production

The roles of  lithology, basin morphology, and harvesting de-
velopment on sediment production can be investigated by com-

Table 8. Total storm sediment yields at Russell and Catherine Creeks for paired events, Periods 1 and 2.
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paring storm-based sediment yields at the various stream gauge
sites. In order to compare these sediment yields, both the yields
and the peak flows were expressed on a unit area basis. As in
the above analyses, a combination of  regression comparison,
stepwise regression, and best-subsets regression analysis was
used to generate final regression equations to describe suspended
sediment yield as a function of  peak flow and rainfall variables;
in all cases, the best rainfall variable was R

24
. The analysis was

done for Stephanie Creek, Russell Creek above Stephanie
Confluence, lower Russell Creek (below the Confluence), and
Catherine Creek (Figures 24, 25, upper graphs).

Sediment-yield relationships may be affected by lithology, chan-
nel gradient, and sediment source connectivity. Catherine Creek
is underlain entirely by basaltic bedrock, and sediment sources
are directly connected to the channel network. The basaltic
bedrock type dominates Stephanie Creek and Russell Creek
above Stephanie, whereas lower Russell is underlain by the gra-
nitic lithology. Sediment sources at Stephanie and lower Russell
Creek are directly connected to the channel network, whereas
Russell Creek above Stephanie is buffered from hillside sedi-
ment sources by a valley flat that absorbs a proportion of  the
sediment before it reaches the main channel (Hudson 2001).
The effect of  channel gradient on storm sediment yield was
also tested by dividing yields at each site by the mean gradient
of  the lower channel reach immediately above each gauge. Sedi-
ment yields and yields normalized by gradient were analyzed
separately. Visually, this normalization has a small effect on the
relationship between specific yield and either R

24
 or specific

peak flow. Yields at Stephanie Creek appear to be slightly higher
than at Catherine Creek for a given specific peak flow, but when
divided by the channel gradient they appear to be the same.

Regression comparison revealed that regression equations for
Stephanie and Catherine Creeks are colinear. Therefore, data
from those sites can be combined to form a single equation.
Regression equations for this combined data set were found to
be parallel to those of  Russell Creek above Stephanie for both
the specific yields, and the gradient-normalized specific yields.
Therefore, a single regression equation for yield can be used to
represent all three sites, using a dummy variable to account for
the site, as follows:

SiteqRRqy pps 90.10484.0000445.025.72.1)ln( 24
2

24 +-++=

(R2 = 84.3%, s.e. = 0.7274) (13)

where

y
s
 is the specific sediment yield (kg/km2),

q
p
 is the specific peak flow (m3/s/km2), and

Site is a classification variable that is equal to 1 for Stephanie
and Catherine Creeks, or 0 for Russell Creek above Stephanie
Confluence.

The thing that all these sites have in common is dominance by
the basaltic Karmutsen formation; the regression equation for
lower Russell is significantly different from the equations for
the other sites, as follows:

DRqy ps 662.00210.068.305.2)ln( 24 +++=

(R2 = 83.6%, s.e. = 0.7514) (14)

where
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Figure 22. Russell Creek streamflow and SSC, 30
September and 01 October 1997 events.
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where

y
s
/G is the normalized yield, that is, the storm suspended-

sediment yield divided by the mean gradient of  the channel
above the gauge.

The rainfall and peak flow coefficients are similar to those of
Equations 13 and 14, but the intercepts are not significant and
the classification variable coefficients are different, suggesting
that channel gradient has an effect on the mean sediment yields.

To detect significant differences among the sediment yields at
the different sites, an ANOVA approach was used. Events were
divided into two classes: small and large, based on the criterion
already established for Russell Creek. That is, a small event is
one in which the R

24
 is less than 50 mm, a large event has R

24
 of

greater than or equal to 50 mm. The treatments consist of:

� Stephanie and Catherine Creeks, representing the basaltic
bedrock with directly connected sediment sources. The yields
from Period 2b at Catherine Creek are not included in order
to exclude the effects of  road activity.

� Russell Creek above Stephanie, representing basaltic bed-
rock with the sediment sources disconnected from the chan-
nel due to the valley flat.

Figure 24. Specific yield vs. peak flow for Catherine Creek
and Russell sub-basins
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Figure 25. Specific yield vs. rainfall intensity for Catherine
Creek and Russell sub-basins.

D is a dummy variable that represents event size,

D = 1 for small events (q
p
 <0.6), and

0 for large events.

Note that this is essentially the same dummy variable used pre-
viously to account for the break in the relationship between
yield and R

12
 for Russell Creek (Equation 9). If  R

12
 = 38 mm,

then R
24

 ~ 49 mm, which equates to a peak flow of  around 0.6
m3/s/km2.

If  the same analysis is done with the sediment yields normal-
ized for channel gradient (Figures 24, 25, lower graphs), the
regression equations for Stephanie, Catherine and Russell above
Stephanie, and for lower Russell are as follows (Equations 15
and 16 respectively):

SiteqRRqGy pps 07.10429.0000407.031.7)/ln( 24
2

24 +-+=

(R2 = 97.3%, s.e. = 0.7154) (15)

DRqGy ps 965.00197.025.4)/ln( 24 ++=

(R2 = 99.1%, s.e. = 0.3848) (16)
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� Lower Russell, representing igneous bedrock with directly
connected sediment sources, and a negligible road effect.

The ANOVA model tested the effects of  treatment, storm size,
and the interaction between the effects. Because the design is
unbalanced (unequal number of  observations per cell), GLM
was used (Minitab Inc. 1995). Not surprisingly, the storm size
and treatment effects were both significant, although the inter-
action between effects was not, suggesting that the differences
between treatments were consistent from small to large events.
In other words, if  yield at Site A is less than yield at Site B for
small events, the same is true for large events. To detect where
the significant differences lie, two-sample t-tests were used.
Comparisons were made between sites by event size. Results
of  these comparisons are summarized (Table 9).

Using Equations 13 and 14, the relative roles of  bedrock lithol-
ogy and sediment source connectivity can be reconstructed. To
do this, the storm data from all sites (Table 3a, 3b) were lumped
together. As before, the storms were classified as large or small,
and yields were calculated. Average storm sediment yield was
calculated by storm size for each morphological type (Table
10). To assess the effect of  channel gradient on sediment yield,
normalized yields were calculated, and converted to actual yields
by multiplying the normalized yields by the channel gradient at
each site. For this analysis, Stephanie Creek and Catherine Creek
data were separated, and the calculations were performed sepa-
rately on data that pertained to each site. Then, the per-cent
difference between the yields calculated by Equations 13/14
and Equations 15/16 were determined (Table 11). These dif-
ferences represent the effect of  channel gradient on the sedi-
ment yield during storms.

DISCUSSION

Using the results presented above, the relative importance of
watershed lithology, morphology, and forestry-related develop-
ment can be quantified (Table 12).

The role of  lithology can be assessed by comparing the basal-
tic-connected type to the igneous-connected type (Table 10).
For small and large events, the ratios of  the average sediment
yields (in kg/km2/storm) are 3.4 and 7.1 respectively, with an
average ratio for all storms regardless of  size of  5.9. This is
consistent with earlier findings (Hudson and Sterling 1998).
Thus, the sediment yield from the basaltic bedrock type per
unit area is about six times (or 600%) that of  the granitic bed-
rock type, and is also positively related to storm size. Stephanie
Creek contains 70% basaltic bedrock or basaltic surficial mate-
rial over granite compared to Catherine Creek with 100% ba-
saltic lithology. However, there was no significant difference
between Stephanie and Catherine Creeks in terms of  yield rela-
tionships due to the dominance of  the basaltic lithology over
the granitic lithology. It has been noted that two large features
within the basaltic lithology dominate the sediment budget of
Stephanie Creek (Hudson 2001).

The role of  sediment source connectivity can be assessed by
comparing the basaltic-connected to the basaltic-buffered types.
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citlasaB
dereffub

suoengI
detcennoc

llamS 1.155 4.28 1.361

egraL 0.8475 7.958 6.318

egarevA 1.4602 7.803 5.253

Table 10. Average storm sediment yield (kg/km2/storm) by
lithological/morphological type, excluding Period 2b at
Catherine Creek.
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Table 9. Results of t-tests comparing lithological/
morphological types. The body of the table lists the t-score,
the associated probability, and the significance (S =
significantly different means, N = means not significantly
different).

Table 11. The effect of channel gradient on sediment yield.
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In this case the ratio of  average sediment yield from the con-
nected relative to the buffered type is 6.7, regardless of  storm
size. Russell Creek above Stephanie is dominated by the basal-
tic lithology at 73% of  its area. Therefore, if  it was not buff-
ered by a valley flat, it would be expected to possess sediment
yield characteristics similar to Stephanie Creek. Thus, the valley
flat that buffers the channel of  Russell Creek above Stephanie has
a slightly stronger control on sediment yields than lithology.

Established roads in Catherine Creek, when not used for active
hauling, do not have a significant effect on sediment produc-
tion. The contribution of  roads to the sediment budget of
Russell Creek has been described by Hudson (2001). The rela-
tionships between storm-sediment yield and peak flow and rain-
fall intensity for Catherine Creek are somewhat more �noisy�
than those of  Russell Creek. The noise in those relationships
and the fact that sediment yield during storms at Catherine Creek
is about five times that of  Russell Creek masks any contribu-
tion from roads during non-use periods. The large increase in
sediment yield at Catherine Creek that occurred in the fall of
1997 and again to a lesser extent in the fall of  1998 corresponds
to periods of  activity in the watershed, and is therefore most

likely related to forest harvesting. It is likely that road construc-
tion and use contributed to this increased yield, but there is
uncertainty regarding the exact source of  the sediment. Be-
cause the sediment source inventory for Catherine Creek is in-
complete, it is not possible to determine the cause of  the in-
creased yield at this time. Some possible causes include land-
slides associated with new roads, destabilization of  debris flow
scars, and stream bank erosion in the upper watershed.

The apparent effects of  forest harvesting activity in Catherine
Creek increased yield up to 7.7 times higher than background
levels. This order-of-magnitude increase in sediment yield is the
largest influence on sediment yield among the factors tested,
and is more likely related to the inherently unstable nature of
the basaltic terrain.

The effect of  episodic mass-wasting events on sediment pro-
duction was less than expected. At Catherine Creek, landslides
into the creek increased the sediment yield an average of  2.5
times higher than background levels, while at Russell Creek the
increase due to connected mass wasting was 1.75 times higher
than background levels. Two of  the events are known to have
involved mass wasting; both were harvesting related. The other
events that were analyzed were assumed to involve mass wast-
ing because they had characteristics consistent with the known
events. Harvesting related landslides are normally smaller than
naturally occurring events; however, the event of  19 Novem-
ber 1991 at Catherine Creek most likely involved a naturally
occurring landslide. None of  the evidence suggests that the
effects of  individual landslides directly into the channel last
beyond the event in which they occur. However, at Catherine
Creek the high background sediment production reflects the
cumulative effect of  sediment added to the channel system by
many such events over time.

Because sediment yields from Catherine Creek during periods
of  non-activity are not significantly different from those of  the
pre-treatment period, it is clear that the presence of clearcut
blocks in a watershed does not directly affect sediment produc-
tion. This has been corroborated by others (e.g., Megahan et.
al. 1995). However, an indirect relationship exists between clear-
cut harvesting and sediment yield in that harvesting increases
streamflow, which in turn results in higher sediment yields. This
was shown by Beschta (1978), and results presented here sug-
gest that this may also be the case at Russell Creek. However,
this was not shown conclusively. A reduction in ECA from 21%
in 1992 to 15% in 1998 resulted in a reduction in sediment yield
of  55% relative to Catherine Creek. Conversely, sediment yields
were 110% higher in 1992 than in 1998 due to increased
streamflow based on a relationship with Catherine Creek. On
the other hand, based on a relationship of  yield vs. rainfall in-
tensity at Russell Creek, there was no difference between Pe-
riod 1 and Period 2 yields. Because there were additional sedi-
ment sources added to the watershed in the intervening period,
this may account for the apparent discrepancy between the re-
sults of  the two different methods. The effect of  further re-
duction in ECA as regeneration continues cannot be assessed
at this time.

Table 12. Summary of the effects of various factors on storm
sediment yield. The ratios represent the average sediment
yield during storms for the first situation over that of the
second situation described under the comparison. Thus,
the factors presented are ranked in order of importance in
their control over sediment production.
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The effect of  channel gradient on sediment production is a
relatively minor factor controlling sediment production. The
channel gradients represented by the gauging sites are in the
range of  3�8.5%. In that range, the average difference in sedi-
ment yield��depending on whether or not channel gradient was
taken into account��was 11.6%.

Implications for Forest Management

The results of  this study provide some important insights into
watershed assessment and how to interpret Coastal Watershed
Assessment Procedure (CWAP) data (BCMOF and BCMOE
1999), as well as some important forest-management implica-
tions regarding roads on highly erodibe bedrock types.

We expected to find that episodic mass-wasting events that en-
tered the channels would be the largest sources of  sediment
measured at the gauging sites. However, this turned out not to
be the case. Other factors related to forest-harvesting activity
on the basaltic Karmutsen lithology, in the absence of  a valley
flat to buffer the channel, had by far the largest effect on sedi-
ment production. Order-of-magnitude increases in sediment
yield as a result of  road construction have been observed else-
where (Anderson and Potts 1987; Megahan et al. 1986). Be-
cause the increase in yield over background levels is correlated
with the effective length of  new road, this implies that road
construction and use is at least partly responsible for the in-
creased yield. Future research at Catherine Creek is required in
order to determine additional factors which may be responsible
for the observed effect of  forest harvesting on sediment yield.

Horel (1997) interpreted the risk of  surface erosion from roads
at Catherine Creek as low and at Russell Creek as moderate,
based on measured road densities. This was a correct interpre-
tation of  the data, based on the state of  knowledge at that time.
The erosion risk from roads in Russell Creek should probably
be rated as low due to the buffering effect of  the valley flat. An
interaction occurs between the road density and the lithology
and connectivity of  the terrain where the roads are located.
Correct interpretation of  CWAP hazard indices should include
an assessment of  these factors, since they are clearly more im-
portant factors than forest development alone. Results show
that while the risk of sedimentation from established roads in
Catherine Creek may indeed be low, it is clear that something
happened in the course of  normal forest-harvesting activities
that resulted in a dramatic increase in sediment yield. While the
cause of  the increase is unclear at this time, these results sug-
gest that the effects of  proposed activity in a watershed with
inherently unstable terrain may be quite different from the ef-
fects of  past development. If  this proves to be the case, then
this would imply that a different set of  hazard indices should
be developed to assess the probable effects of  future develop-
ment on sediment budgets.

The interaction between ECA and peak streamflow and its sub-
sequent effect on sediment yield should be noted, although this
was not shown conclusively. Study results suggest that a reduc-
tion in ECA of  only about 4% may have resulted in a reduction

in sediment yield of 55%, an effect that is comparable to the
effect of  episodic mass-wasting events on sediment produc-
tion. It should be noted that the ECA effect applies to all sedi-
ment-production events, whereas the mass-wasting effect ap-
plies only to rare events. Future research in Russell Creek will
attempt to resolve the ECA effect more conclusively.

CONCLUSIONS

Since the early 1990s, the Vancouver Forest Region of  the BC
Ministry of  Forests has conducted research on the sediment
budgets of  forest streams in the Tsitika River watershed, on
northeastern Vancouver Island in Coastal British Columbia. One
aspect of  the research involved a comparative analysis of  the
sediment-production characteristics of  two sub-basins�
Catherine Creek and Russell Creek�from November 1991 to
December 1998.

The analysis found that the main factors affecting sediment
production in Catherine and Russell Creeks, Tsitika River wa-
tershed include (in order of  importance): forest-harvesting ac-
tivity on basaltic bedrock, connectivity of  sediment sources to
the channel system, bedrock lithology, changes in streamflow
as a result of  changing ECA, and episodic mass wasting. Re-
sults of  the analysis provide some insight into the roles of  vari-
ous factors, including forestry-related activities, in controlling
production and transport of  suspended sediment in forest
streams.
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APPENDIX A:

INTERPRETATION OF TURBIDITY AND SSC DATA

The process of  sediment production in high-energy Coastal
streams is extremely complex. Consequently, interpretation of
suspended sediment and turbidity data is also very complex,
and has been described in detail by Hudson (2001a). Relation-
ships between turbidity and suspended sediment depend on
grain-size distribution. The grain-size distribution of  the sus-
pended sediment in streams in turn depends on sediment sup-
ply and hydrologic conditions. Therefore, at any given site, more
than one relationship exists between turbidity and suspended
sediment. This results in various suspended sediment regimes.

A sediment-production regime is defined as a specific range of
conditions that control the relationship between suspended sedi-
ment concentration (SSC) and turbidity at a point on a stream.
The relationship that is usually in effect is called the normal
regime (Figure A!). The relationships are curves because as in-
stream flow conditions and turbidity change, the grain-size dis-
tribution of  the suspended sediment also changes. At low tur-
bidity the normal regime consists entirely of  fines (i.e., silt and
clay). At higher flows (and hence, at higher turbidity) the stream
is capable of  carrying sand as well as fines, and the proportion
of sand in the suspended load increases with increasing turbid-
ity. During a large storm, sediment production will switch to a
coarser regime. Under the coarse regime, the stream carries ei-
ther a coarser grade or a higher proportion of  sand for a given
turbidity, resulting in a steeper SSC vs. turbidity curve. After
large storms, the sediment production switches to a finer re-
gime. This transition occurs because the supply of  transport-
able sand is more limited than the supply of  fines, and large
storms have a tendency to flush most of  the available sand
from the watershed. Subsequent to this, the finer regime will
remain in effect until erosional processes have made available a
fresh supply of  transportable sand, and until storms occur that
are capable of  transporting it.

The grain-size distribution of  the suspended load was deter-
mined by calibrating the OBS probes in a calibration column
using graded stream channel sediment, and comparing the re-
sultant calibrations to the field calibration curves (Hudson
2001a). At Russell Creek, the normal regime consists entirely
of  fines at turbidities below 40 NTU, whereas Catherine Creek
carries a proportion of  sand in suspension at all turbidity levels

under the normal regime. The fact that the SSC vs. turbidity
relationship for the normal regime at Catherine Creek has a
steeper slope than that of  Russell Creek reflects the fact that
Catherine Creek not only carries a greater proportion of  sand
than Russell Creek, but that the sand is also of  a coarser grade
(Figure A1). While Russell Creek carries sediment in the clay to
very fine sand range, the very coarse regime at Catherine Creek
is dominated by medium sand. This is a direct result of  the fact
that Catherine Creek has a steeper gradient than Russell Creek,
and also has substantially more sand stored in the channel. This
is consistent with the findings of  Duncan and Ward (1985),
and reflects the fact that basaltic rock is more easily broken
down by mechanical weathering processes than granitic rock.

A closer examination of  the SSC vs. turbidity relationship the
normal regime at Catherine Creek reveals that a change has
occurred in the normal regime between the 1991�1992 calibra-
tion and the 1997�1998 calibration, indicating that there has
been a change in grain-size distribution of  suspended sediment
(Figure A2). These two periods represent pre-harvesting and
post-harvesting (or ongoing development) periods. In compari-
son with the lab calibration line for fines (i.e., silt and clay), it is
clear that the post-harvesting normal regime suspended-sediment
load contains more fines than the pre-harvesting condition.

Regime transitions at Russell Creek occur in response to rain-
fall intensity threshold at a proportion of  the peak flow (Hudson
2001a). At Catherine Creek, the transition from normal to coarse
and very coarse regimes occurred during monthly peak flow
events during the fall. Because the sediment is mostly stored in
the channel system at Catherine Creek, that sediment is en-
trained by the flow as the stage rises. Thus, the largest flow that
occurs in any month tends to remove most of  the available
sand. Subsequent events within a month of  each monthly peak
flow do not attain a stage high enough to reach transportable
sand higher up on the channel banks, and consequently the
transition from normal to coarse regime does not occur. Ap-
parently, about a month is needed for the supply of  transport-
able sand to be replenished by erosional processes. Like Russell
Creek, the transition from normal to coarse regime occurs at
about 80% of  the peak flow. Early season events prior to the
first big peak flow also tended to involve regime transitions,
because at that time the supply of  transportable sand is still
plentiful. In contrast, flow events from January to March tended
to be supply limited. This is most likely due to snow conditions,
which tend to suppress sediment production.
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Figure A1. Relationships between SSC and turbidity for
different sediment production regimes, Catherine and
Russell Creeks.

Figure A2. Changes in the normal regime SSC vs. turbidity
relationship at Catherine Creek.
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