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PROJECT OVERVIEW 

Small coastal watersheds are perhaps the least well understood hydrologic systems. 
The Tsitika River Sediment Budget Project was initiated in 1991 to help understand the 
processes that effect sediment production and transport in coastal watersheds and the 
way in which forest harvesting and associated activities affects those processes. In 
1991, Water Survey of Canada (WSC) installed stream gauges at Russell Creek, 
Catherine Creek and Tsitika River mainstem to monitor stage and turbidity with sampling 
to interpret the sediment load at each site. A broadly distributed manual sampling 
program was initiated to measure sediment production at various types of sediment 
source. This program met with limited success but suggested that to conduct the study 
at a smaller scale might produce better results. Thus a nested study was implemented at 
Russell Creek under FRBC funding in 1996 to construct a sediment budget of that 
watershed (Figure 1). Over the years it has evolved into an intensive and comprehensive 
study of the hydrology and geomorphology of small coastal watersheds with the 
following elements: 

1. Sediment production and transport at scales that range from individual features 
to the whole watershed. 

2. Hydrometric methods. 
3. Methods of automatic suspended sediment and turbidity monitoring. 
4. Rainfall, and rain-on-snow processes (ROS). 
5. Canopy interactions with the above. 
6. Subsurface flow mechanisms. 
7. Spatial variability of 4, 5 and 6. 
8. Effects of forest roads on streamflow. 
9. Effects of harvesting and regeneration on streamflow. 
10. Model development and integration across a range of scales to link hillslope 

processes to watershed scale effects in relation to the 9 items listed above. 
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Figure 1: Russell Creek 

_____________________________________________________________________ 

The input of water to the watershed involves a mixture of processes including rainfall, 
snowmelt and ROS. Any given event may be the result of a mixture of any of these 
processes in any proportion. The spatial variability of the meteorological parameters that 
control these processes is high. Wind speed is an example of this. It is the most site-
specific meteorological parameter that is routinely measured. Wind speed controls 
rainfall distribution by funneling rain into narrow valleys. It also controls ROS melt 
processes. Since the main sources of energy are latent and sensible heat transfer to the 
snowpack, these processes are regulated by the vapour pressure gradient over the 
snowpack. Wind disturbs that gradient by blowing away saturated air adjacent to the 
snow surface. Wind thus maintains an increased rate of energy transfer to the 
snowpack. The variability of input parameters in relation to local topography is unknown. 
It is known however, that forest harvesting alters ROS processes primarily due to the 
changes in wind distribution that occur after logging. Therefore the development of a 
spatially distributed model requires an a priori knowledge of this variability in order to 
decide how spatially complex it should be.  

So far, there have been many attempts to use paired watershed experiments to 
determine the effects of forest harvesting on peak flows in coastal watersheds. To a 
large extent these experiments have failed because of a basic deficiency in the method. 
The idea of using an un-harvested control watershed to gauge the effects of land-use 



 

changes on streamflow is viable only where the terrain is of a type that does not 
influence the topographic control over the input parameters. In other words, it works well 
in watersheds that occupy the same planar slope in a region where peak flows are 
caused by radiation snowmelt (which occurs under stable atmospheric conditions). 
However, in coastal watersheds, peak flows are generated by rainfall and ROS 
processes. As noted above, these processes are highly variable in space and strongly 
controlled by topography. Thus in the coastal environment, it is reasonable to assume 
that an un-harvested watershed adjacent to the one being subject to an experimental 
treatment is probably not sufficiently similar to the treatment unit to act as a reasonable 
control.  

Streamflow processes in active forestry watersheds are affected by both harvesting and 
road construction. Roads affect streamflow primarily by converting slow groundwater 
flow to streamflow by way of ditches. This flow conversion speeds up water velocities by 
several orders of magnitude. The prevailing mechanism for subsurface flow transfer may 
involve rapid flow in macropores and high conductivity soils veins, in varying proportions 
relative to matrix flow. It is now apparent that our understanding of how to model 
subsurface flow processes other than matrix flow under Darcy’s Law is also incomplete. 
While it is now generally accepted that preferential flow by non-laminar transfer 
processes is an important mechanism of runoff generation, we still lack a basic 
understanding of the following: 

1. the distribution  of preferential flow features,  
2. how they respond to inputs of water,  
3. how fast they move water from soil to stream channels,  
4. what proportion of subsurface flow volume they carry and  
5. a good mathematical representation of these processes. 

To put it in other words, we understand neither the variability of input of water, nor the 
rate at which the terrestrial watershed elements convert that input into the output. 
However, the extent of our lack of understanding does not stop there – to add to the list, 
we don’t even know how to properly interpret stage records for steep gradient alluvial 
channels. Given these deficiencies, it is no small wonder that we do not understand the 
effects of forest harvesting and regeneration on streamflow in coastal watersheds! 
Paired watershed experiments do not account for the variability in either the input or the 
internal routing. If we ever hope to answer the questions and resolve the decades-old 
debate in the literature, we must develop a fully distributed simulation model of 
watershed hydrology that represents the input and transfer processes at a scale 
appropriate to their spatial variability. The use of such a model would allow the treatment 
watershed to act as its own control.  

A necessary first step in the development of a physically based simulation model should 
be to gain an understanding of the processes that govern subsurface flow by 
mechanisms other than Darcy’s Law. This is the subject of ongoing work by Axel 
Anderson at Russell Creek. The following is an account of the work completed to date. 

 



 

Section 1: A study of the subsurface flow mechanisms at 
Russell Creek:  

INTRODUCTION 

The hydrology of Russell Creek is similar to other areas on the Pacific Rim, in that lateral 
preferential subsurface flow is one of the dominant processes affecting runoff 
generation, solute transport, and slope stability. Some previous experiments have 
documented the movement of tracers through similar soils (Feyen et al., 1999; 
Hetherington, 1995), or used other observation to infer the presents of lateral preferential 
flow (Fannin et al., 2000; Tsuboyama et al., 1994). Other publications have physically 
examined the features and have presented conceptual models that describe the 
movement of water through these soils (McGlynn et al., 2002; Noguchi et al., 1999; Sidle 
et al., 2001; Sidle et al., 2000). Therefore it is not surprising that a recent distributed 
modelling exercise conducted at Carnation Creek on the west coast of Vancouver Island 
required the addition of a preferential flow routine to adequately model the stream 
hydrograph and groundwater response (Beckers and Alila, 2004). Although this model 
did further our understanding about these types of watersheds, the model used in the 
study is complex and observations from experimental studies contradict the concepts 
imbedded in the model (Buttle et al., 2005). 

 

OBJECTIVES 

One main goal of the experimental work described herein is to combine hydrology and 
hydrodynamic measurements with models at the plot, hillslope, and small watershed (1 – 
4 km2) scales.  

• Fundamental to the larger scale objectives are the plot scale experiments 
designed to quantitatively and qualitatively examine the flow of water through 
several 10 m sections of soil.  At this scale there are many unanswered 
questions. What is the water moving through?  How fast is the water moving? 
How much water do preferential features carry relative to the soil matrix? Do 
these features dominate the runoff response? How are these features 
connected? 

• The hillslope scale objectives are; 1) to explore the effect of spatial detail on 
model outputs, and 2) to determine if groundwater response can be predicted by 
topography, soil type, and vegetation. 

• The watershed scale objective is to create a spatial model based on process 
understanding that can be used to investigate land use decisions. 

METHOD OVERVIEW AND PROGRESS 

Plot Scale 

Preliminary experiments during the summer of 2004 were conducted to determine if the 
conceptual model of preferential flow developed for the Hitachi Ohta watershed in Japan 
(Sidle et al., 2001) and the observations of soil pipes at Maimai in New Zealand could be 



 

transferred to Russell Creek (McGlynn et al., 2002).  We tested two new experimental 
methods that produce quantitative and qualitative data describing the water movement in 
these soils, which we hoped would be consistent with the exiting models of lateral 
preferential flow. The first test used applied tracers under artificial steady state 
conditions to produce quantitative data of the water movement through the soil. We used 
a sodium chloride solution to infer the velocity of the subsurface water and the mixing of 
the applied water with the water that is held in the soil prior to the application of the 
tracer.  These results will help us determine; 1) if preferential flow pathways are present 
at various flow rates, and 2) the amount of interaction between the preferential flow and 
the matrix flow. The second experiment uses dye to stain the soil followed by excavation 
to examine the preferential flow pathways and how they are connected.  

 

Steady state tracer tests 

One section of road cutbank was carefully cleaned to expose several macropores. Eight 
meters above the road a trench was excavated to the compacted till and an electric 
pump was used to pump a sodium chloride solution into the trench at three different 
rates; fast (10 l/min), medium (6 l/min), and slow (1.5 l/min). This provided measures of 
tracer breakthrough at the road cutbank under three different steady state conditions. 
These experiments resulted in the data shown in Figure  and 



 

Table 1. It was difficult to control the pumping rate with the equipment, which resulted in 
“rough” data and made it difficult to make quantitative calculations. However, these data 
can still shed light on the way water moves through the soil. The experiments are close 
to steady state condition so we can use the response times and the maximum relative 
concentrations (i.e. the y axis which is the outflow conductivity / applied conductivity) to 
infer the behavior of the water in the soil. The tracer breakthrough reached nearly the 
maximum level quickly for the fast and medium pumping rates (~12 min and ~30 min 
respectively) and it only required a few hours for the levels to return to the base value. 
These quick response times indicate that there was little mixing of the water and tracer 
solution in the soil. The quick recovery time indicates that small amount of the solution is 
held in the soil following the experiment. These data suggest that for the faster pumping 
rates most of the water is flowing through the preferential pathways and not mixing with 
the surrounding water. The maximum level of tracer measured is about 85 % of the 
solution concentrations for the fast and medium rates, which also indicates that little 
mixing occurs between the water that is in the soil prior to the tracer application. 
However, the slow pumping rate required 1hr 30 min to reach the peak solution 
concentration at the outflow, longer to return to the base level, and had a lower peak 
outflow concentration of only about 77 %. This indicates that there was more mixing of 
water and suggests that there was more interaction with water and solution in the soil 
matrix.  

As expected, this experiment did prove that preferential flow pathways contribute to the 
subsurface flow and that the contribution and mixing of water and tracer is affected by 
the flow rate through the soil. 

 



 

Table 1. Approximate time to peak, recovery time and peak relative concentration 
for the three steady state experiments. These data are determined from Figure 2 
and other measurements. 

Flow Rate Time to peak  
(min) 

Recovery time  
(hrs) 

Peak Relative 
concentration 
(outflow / input) 

Fast   (10 l/min) 12 1 0.85 
Medium  (6 l/min) 30 2 0.85 
Slow (1.5 l/min) 90 3 0.77 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 1 2 3 4 5 6 7
Time (hrs)

N
or

m
al

iz
e 

co
nd

uc
tiv

ity
  

Fast Rate (10 l/min)
Medium Rate (6 l/min)
Slow Rate (1.5 l/min)

 

Figure 2. Steady state tracer break through measurements for the marcopore 
cross-section for three different flow rates. 

 

Dye staining and excavation 

In the final part of the experiment, food dye was pumped into the trench to stain the soil. 
The hillslope was then excavated exposing vertical cross-sections of soil, which were 
photographed and will be digitally analyzed to determine the path of the water (see 
Figure 3 for examples of photographs). These methods are similar to methods used to 
by Weiler and Flühler (2004) to examine vertical preferential flow. These excavations 
showed that the marcopore was directly connected to a zone of highly permeable soil 
that extended at least 5 m up the hillslope (obstacles limited excavation to 5 m). 
Excavations in other locations on the Pacific Rim determined that preferential features 
are under 1 m in length (Sidle et al., 2001 and McGlynn et al., 2002). 



 

 

 

 

Figure 3.  Photographs of the subsurface flow of dyed water: a) first cross section (1 m 
from the road), b) second cross section 2 m from the road, c) close up of macropore under 
a root on the first section, d) plan view between cross section 2 and 3 (2 to 3m from the 
road).  

_____________________________________________________________________ 

Natural storm conditions 

The excavations produced unexpected and unprecedented results, so another similar 
site has been chosen to replicate the experiment this coming summer (2005). In order to 
better understand the importance of the preferential flow features, we added 
instrumentation to measure flow and plan to measure tracer transport during the spring 
rainstorms. The objectives of the flow measurements are to 1) determine the percentage 
of water contributed by the preferential features, and 2) provide data for selecting 
pumping rates that will reflect the natural flow rates. Subsurface water from the soil 
matrix and preferential flow features is collected at the road cutbank and routed to 
tipping buckets (Figure 3). Tracers experiment will use applied tracers during the same 
storms to measure subsurface velocities and determine the source of the subsurface 
water. The objective of the tracer experiments is to provide data that will show the 

a) b) 
Blue dye showing 
path of water 
through the soil 

c) d) 



 

behaviour of the subsurface flow during natural conditions, which can be compared to 
the artificial pumping tests. 

During the winter, the site was prepared to measure the flows and the first sodium 
chloride tracer test was started in April 2005. The first tracer test showed that during the 
storm the macropores produced 77.1 % of the flow and carried 98.5 % of the tracer 
recovered (Table 2). Note that the “matrix” sections of road still contain small (< 2 cm 
diameter) macropores that could not be effectively gauged.  

Table 2. Total flow (volume and percent) and sodium chloride recovered (grams 
and percent) for the first tracer test. There are three matrix sections, and three 
macropores gauged. 

 Matrix 1 Matrix 2 Matrix 3
Macropore 

1 
Macropore 

2A 
Macropore 

2B Total 
Flow (litres) 1991 495 2958 1418 14658 2247 23768 
Flow (% of total) 8.4 2.1 12.4 6.0 61.7 9.5  
NaCl (grams)1 4.4 1.4 4.1 5.9 577.9 82.2 675.9 
NaCl (% of total) 0.7 0.2 0.6 0.9 85.5 12.2  

1 The grams of NaCl were calculated using the conductivity, flow and equation [1]. 

NaClppm = -0.5296 + 0.4884(μS) + 9.0x10-6(μS)2 [1] 

where NaClppm is the ppm of NaCl and μS is the temperature correct conductivity (25 0C) 
with the base conductivity removed. 

 

Figure 4. Pictures of the flow equipment installed to measure the flow exiting the hillslope 
at the road cut: a) ABS pipes used to route the water to tipping buckets, b) an example of 
one tipping bucket. 

Figure 5 (below) shows the flow and tracer data for the same storm as Table 2. Even 
though the tracer test is not conducted under steady state conditions, these tracer 
experiments can tell us about the travel times. The peak of the tracer breakthrough 
occurred less than 4 hrs after the application, and was well before the peak of the 

a) b) 



 

outflow (Figure ). This could indicate the vertical percolation of the solute is the limiting 
factor not the lateral transport.  
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Figure 5. First application of tracer above the road cut. The flow measurements 
from the sections are on the top and the tracer breakthrough is displayed on the 
bottom as conductivity (μS). The legend shows the flows and tracer for the three 
matrix sections of road cut and the marcopores gauged. “Matrix x” are the 
conductivity for the three matrix portions of the road cut. “M P x” are the 
conductivity of the macropores. “F_Matrix x” and “F_M P x” are the flow 
measurements for the matrix sections and macropores, respectively. 

 

Water travel over larger distances 

It is expected that the section that is most resistant to flow will limit the velocity and the 
flow of subsurface water. To date it appears that most data collected (over distance 8 to 
12 m) show very fast travel times and thus are not limited by a section of soil with low 
hydraulic conductivity. Therefore it is important in being careful in interpreting the results 
before it is determined how tracers will be transported over larger distances. More tracer 
was applied about 30 m above the road cut bank, however to date, there have been no 
storms large enough to transport the tracer. 

Implications to forest management 

Even though these preliminary results only show half of the picture, it can be concluded 
that preferential flow pathways are present and that they do play an important role at 
Russell Creek. These simple conclusions will have many implications on our 
understanding of subsurface flow processes and should affect how we manage the 
hydrology, solute transport and slope stability of these types of watersheds. Two 
examples of areas of management that could be directly affected are the hydrological 



 

effect of roads and the deactivation process used to mitigate these effects. Our present 
understanding about roads is that they extract slow moving water from the hillslope and 
convert it to fast moving ditch water. This is expected to make the peak of the 
hydrograph sooner and larger. However, if the soil water is not moving slowly, but rather 
at a speed closer to ditch water, we can expect that the effect of the road will be much 
less (Beckers and Alila, 2004).  Pullback of side caste material and recontouring of roads 
are practices that are sometimes used when roads are permanently deactivated. We 
know that the water is moving through well-organized soil with many preferential flow 
pathways that have been developed over tens of thousands of years. So, we should not 
expect that returning the soil to the original position would recreate the soil structure and 
contribute to the hydrological recovery of the watershed. 

 

Hillslope scale (Model-Input data collection) 

Providing process understanding at the small hillslope or plot scale may help us 
understand the possible effects of the preferential flows at the larger hillslope and 
watershed level, however it is still speculation without larger scale experimentation and 
modelling. The focus for the final three objectives has been to data collection to facilitate 
modelling at the hillslope and watershed scale. 

One hillslope has been selected to examine the effect of input detail on model output. A 
distributed computer model will be calibrated with measurements of water residence 
time, stream flow and groundwater behavior. This model is under development and has 
been tested using data collected at Stephanie Creek, an 8 km2 tributary of Russell 
Creek. The model has a grid cell structure representing the topography and soil. Water 
is routed between the grid cells using equations that reflect the plot scale investigations 
conducted during the summer of 2004.  

Most modelers are faced with the question of how much detail to include. The following 
steps describe the procedure that will be used: 

1. The soil parameters will be sampled  
a. Spatial distribution of the parameters will be analyzed statistically 
b. Statistical and geo-statistical functions will be used to represent the parameter 

distribution in the model.  
2. The storm flow will be simulated starting with a simple representation of soil  
3. Detail will be successively added to the soil parameters.  

a. The effect of adding detail will be tested by comparing the simulated model 
outputs to data collected in an intensively instrumented area.   

b. Groundwater well responses, solute transport measurements and surface water 
measurements will be compared to.model responses.  

Inputs and outputs of water to and from the hillslope were measured in detail using 
instrumentation described below. 

 

1. Streamflow and groundwater level: 
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A total of 9 stream gauging stations were installed at the experimental catchment, a 4 
km2 sub-basin of Russell Creek (Figure 1). The smaller streams were gauged with 
plywood weirs (Figure 6) and control sections were used to gauge larger streams. Water 
levels in weirs and groundwater wells were measured by standalone Odyssey capacitive 
water level probes at single purpose sites, and by Unidata data loggers and associated 
instrumentation (including capacitive probes and pressure transducers for water level) at 
sites where multiple parameters were monitored.  The focus this winter has been to 
measure stream “high” flows for rating curves.  

 

Figure 6. Examples of three plywood weirs installed at on the smaller streams. 

 

2. Meteorological inputs: 

A full meteorological station was installed at the experimental site on M-340 including a 
PVC standpipe total precipitation gauge, tipping bucket rain gauge, a wind monitor and a 
TGH instrument. A forest floor lysimeter was also installed to help overcome difficulties 
in determining the moisture inputs during rain on snow. The lysimeter uses an innovative 
design to overcome problems of freezing that plague traditional lysimeters in ROS 
environments: the instrument is set into the forest floor.  The forest floor was peeled 
back to expose mineral soil then the lysimeter was installed and then the forest floor was 
replaced. The lysimeter is constructed out of a 1 by 2 m wood frame that is lined with 
plastic and backfilled with some gravel. Water that collects over the plastic base is 
drained through the gravel to a 1 m stand pipe buried into the ground where a pressure 
transducer measures water depth. This device has worked well and with minor 
modifications made from the lessons learned, it could be used for future studies 
designed to understand the dynamics of rain on snow events or help address issues 
such as stand hydrological recovery. 

 

Hillslope scale (Groundwater response) 

To effectively develop and test watershed scale models the processes at the hillslope 
scale have to be understood. Some models rely on the assumption that topography and 



 

proximity to the stream can be used to predict the groundwater behavior. Observations 
at Russell Creek have identified concave and convex portions of the hillslope as units 
that respond to rainfall differently. To test if groundwater behavior can be predicted by 
topography, soil type, and vegetation one hillslope was mapped and separated into 
similar units, from which some units were selected for instrumentation. Attributes 
describing groundwater response will be calculated and statistically analyzed. During the 
fall of 2004, twenty-five wells were installed and instrumented with Odyssey capacitive 
probes and pressure transducers. The wells targeted different hillslope elements. These 
data will be analyzed this coming summer (2005). 

Watershed scale 

Unlike the hillslope model that has a grid cell structure, the goal of the watershed scale 
model is to use the largest representative element possible. This requires that the 
watershed be delineated into units with the same groundwater behavior. This idea is the 
basis for some non-spatial models that lump the watershed into similar units (Seibert 
and McDonnell, 2003). However, one goal of the model is to test and forecast the effects 
of land use, which can be very difficult with a non-spatial model. The hillslope and plot 
scale experiments provide process understanding and data for model development and 
testing. Then if done correctly, the model will help validate the conceptual ideas of how 
water moves through the soil and becomes runoff. At this stage, the model platform has 
been developed and the data collection (listed above) has begun. Tracer has been 
applied to determine the behavior of certain hillslope elements. These test are similar to 
the road cut tests but the streams dilute the sodium chloride tracer too much so a 
fluorometer and Uranine and Rhodamine WT dye tracers are being used instead. The 
fluorometer has been calibrated and the tracers applied, however there have not been 
any storms large enough to transport the tracers. 

CONCLUSION 

For some practical applications using a model that contradicts observations or 
conceptual ideas may not be a major concern. However, when a model is used as a 
scientific tool equafinality or contradicting observations can discredit the conclusions. 
Investigating the dominant processes helps modelers choose an appropriate model 
structure, and helps professionals make informed management decisions. Lateral 
preferential flow is likely a dominant control in watersheds similar to Russell Creek, and 
will affect how we understand and manage the stability of slopes, runoff response and 
solute transport. 
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