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ABSTRACT

Logging roads have the ability to alter streamflow by converting subsurface flow paths to
surface flow paths. The two primary mechanisms by which this occurs are the interception of
sﬁbsurface flow at road cuts and production of infiltration excess overland flow on road surfaces.
The impact of subsurface flow interception in a snow dominated regime, at basin and sub-basin
scales, was explored in this study with the application of the hydrolo gic model, Distributed |
Hydrology-Soil-Vegetation Model (DHSVM). Sensitivities of the model to road cut depth,
ihcreased stream density and increased road density were also examined in addition to the
comparison of modelled versus observed tributary flow. Redfish Creek and two of its sub-basins
are the subject watersheds located in the Kootenay Mountains of the British Columbia interior. |
At the 26 km? scale of Redfish Creek basin, no substantial alteration in annual yield or annual
peak flow occurred resulting from the presence of 16 km of logging roads. There was also no
appreciable change due to modelled minimal stream extension to culverts connected to the
stream via surface flow or the addition of skid trails and an abandoned road both modelled in the
form of increased road density. Greater changes occurred at the sub-basin scale. Redfish Upper
Tributary, in a 1 km? sub-basin, experienced decreases of less than 5% in annual yield and
annual peak flow. The largest changes occurred for the South tributary, in a 0.8 km?* sub-basin.
The annual yield increased by 19.6% and the annual peak flow increased by 11.3%. Redfish
Creek model sensitivities to the refinements in representing logging roads and their effects are
greater at smaller scales. As compared against a roadless model, the addition of logging roads to
Redﬁsh Upper tributary did not noticeably improve the fit of modelled flows with observed

flows.
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CHAPTER 1: INTRODUCTION
1.1 Overview

The effects of forestry activities on streams are of great interest to those reseafching and
preserving stream health. Logging roads may alter streamflows in different ways than forest
harvesting. Removing the forest cover alters vertical exchange processes such as interception
loss, snowmelt and transpiration (Bosch and Hewlett, 1982; Gray and Prowse, 1993). However,
road construction more drastically affects the lateral movement of water downslope to stream
channels. Roads intercept subsurface flows at road cuts and route them more rapidly as surface
flow via ditches, culverts, and natural drainage features (Wemple, 1994, Croke and Mockler,
2001.). In addition, constructed haul roads are typically highly compacted, and the resulting low
permeability can inhibit the infiltration of rainfall on road surfaces, thereby producing Hortonian
overland flow (Gardner and Chong, 1990). In fhese ways, logging roads may affect peak flow
timing and magnitude, annual yield quantities, and low flow levels. There is currently vigorous
debate about the hydrologic effects of logging roads and their significance in relation to
downstream flooding (Jones and Grant, 1996; La Marche and Lettenmaier, 1998). This debate is
fueled, in part, by the paucity of field experiments that have focused on forest roads, in isolation
from the effects of forest removal and natural catchment processes. Given the considerable cost
involved and time required to conduct properly controlled catchment-scale experiments, it is
unlikely that this situation will be rectified in the‘near future. An alternative approach to field
experiments to assess relative impacts is the application of computer simulation models.

The general objective of this research was to apply a physically based, spatially
distributed hydrologic model to examine the effect of logging roads on streamflow at the basin
and sub-basin scales in Redfish Creek, a mountainous, snowmelt-dominated watershed located in
the West Kootenay region of British Columbia, Canada. The remainder of this chapter reviews
runoff generation in forested catchments, with attention to the effects of forest roads. It then
introduces the application of the Distributed Hydrology-Soil-Vegetation Model (DHSVM) for
predicﬁng the hydrologic effects of forest practices, then ends with the specific objectives of the

research.




1.2 Runoff Generation and the Effects of Forest Roads

Fundamental to analyzing the potential results of forest management practices on the
hydrologic regime is the understanding of physical mechanisms operatiﬁg in the geb graphic area
of interest. Many physical processes are involved in the conversion of rainfall and snowmelt to
streamflow. Most pertinent to this study is runoff generation through subsurface flow, the
dominant mechanism of temperate, forested mountainous terrain.

Research has contributed to advancing theories of watershed response to runoff. Since
the infiltration capacity for the undisturbed forest floor is typically much higher than rates of
input from snowmelt and rainfall, Hortonian overland flow is not often obsérved. Betson (1964)
suggested a partial area concept in which a relatively constant portion of the basin contributes to
direct runoff. Hewlett and Hibbert (1967) promoted the variable source area concept, in which
direct runoff is produced by rapidly draining soils which would extend the length of stream
channels and expand contributing riparian zones. Areas contributing to direct runoff are not
constant but expand and contract with the progression of rainfall events. More recently a
hydrogeomorphic concept of runoff generation has been proposed based on studies in Japan
(Sidle et al., 2000). This model suggests non-linear responses in subsurface flow and discharge
from geomorphic hollows dependent on antecedent moisture (Sidle et al., 2000, 2001;
Tsuboyama et al., 2000). For all of the modern runoff concepts, runoff delivery to forest streams
1s dominated by subsurface flow (Bonell, 1993).

Aspects of forest subsurface characteristics allow for the rapid conveyance of snowmelt
and rainfall to stream channels. It has been shown that macropores, as a preferential flow
pathway, are integral to subsurface flow of forested watersheds (Chamberlin, 1972; Mosley,
1982; Sidle et al., 2001). Macropores that form preferential flow networks in the soil matrix are
associated with live and decayed plant roots and borrowed paths of small animals. The
macropore presence contributes to an effective hydraulic conductivity higher than the hydraulic
conductivity of the soil matrix alone (Germann and Beven, 1981; Buttle and House, 1997).
Mosley (1982) showed that macropores are capable of transmittihg a large portion of subsurface
flow in forest soils in New Zealand. However, he found it difficult to characterize the temporal
and spatial contribution of macropores in transmitting stormflow. At a hillslope segment
approximately 10 m wide, Hutchinson and Moore (2000) found that macropores can shift water

flow across a slope, and dominate over the often assumed topographic controls on subsurface
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flow. Sidle et al. (2000; 2001) noted that preferential flow networks may develop and ‘self-
organize’ in response to increasing antecedeht moisture.

Preferential flow paths also influence snowmelt related throughflow. At a site in coastal .
British Columbia, Kim et al. (2003) observed unsteady state subsurface flow response to
snowmelt. The activation of preferential flow paths was suggested as the cause of the
throughflow response. Roberge and Plamondon (1987) show that pipe flow contribution can be
a significant component of snowmelt throughflow when activated over the short time periods
when the saturation level reaches the mineral-organic soil contact at a site 80 km north of Québec
City. Both studies report fluctuations in throughflow rates that mimic the diurnal patterns of
snowmelt. Kim et al. (2003) also found that the timing of hillslope throughflow peaks either
matched or preceded streamflow peaks during diurnal snowmelt cycles.

The presence of logging roads interrupts the natural basin hydrology through two primary
mechanisms: Hortonian overland flow operating on road surfaces and the interception of
subsurface flow at road cuts. Due to compaction, the infiltration capacities for road surfaces are
much less than those found on undisturbed forest soils. The reduction of hydraulic conductivity,
which controls infiltration, indicates a reduction in infiltration capacities. Ziegler and
Giambelluca (1997) measured median saturated hydraulic conductivities of 146.1 mm/h for
forested surfaces and 2.3 mm/h for road surfaces in the mountains of Thailand. For a range of
road surface textures in three western US states, Luce and Cundy (1994) estimated hydraulic
conductivities ranging from 5 x 10™ to 8.82 mm/h. The reduced infiltration capacities of roads
produce Hortonian runoff that is routed either to a ditch or the fill slope. Water carried down the
road, to the ditch and through a culvert, has the potential to travel quickly as surface flow. This
may result in shortened travel time to the stream channel and higher peak flows.

In most paired catchment experiments, forest cutting has occurred either at the same time
as or shortly following road construction. It is therefore not possible in most studies to separate:
the two effects statistically. In the few studies where there was a delay between road construction
and harvesting, the period of road-only treatment was short, typically one or two years. In a study
in the Oregon coast range, the only significant change in peak flow was in a
0.4 km® watershed in which roads occupied 12% of the total area (Harr et al., 1975). No
statistically significant change in peak flow occurred in the other study watersheds, where roads
occupied only 3-5% of the watershed areas. Ziemer (1981) did not detect a change in

streamflows resulting from the addition of logging roads that covered approximately 5% of a
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4.24 km” basin in northern California. King and Tennyson (1984) found a significant increase
(30.5%) in the 25% exceedence flow for an 83.8 ha watershed in northern Idaho where roads
occupied 3.9% of the area. However, their statistical approach placed their analysis under
question (Teti and Northway, 1986).

The hydrologic influence of flow interception depends on two factors: (1) the proportion
of downslope flow that is intercepted, and (2) the connectivity between the road drainage system
and the stream network. The proportion of intercepted flow will depend on soil depth, geology
and the depth of the road cut. Megahan (1972) found that troughs installed along road cuts in two
first-order watersheds in the Idaho batholith collected a significant amount of intercepted flow.
He also estimated that approximately 65% of the subsurface flow passed below the road possibly
by way of fractures in the bedrock. Whereas Hutchinson and Moore (2000) showed that
essentially all of the downslope flow from a hillslope segment underlain by compacted till was
intercepted at a road cut. King and Tennyson (1984) found that a midslope road was capable of
intercepting 67% of the subsurface flow from the watershed. About 61% of the road length had
cut slopes greater than 6 m in vertical height.

Several studies have estimated the increase of stream density due to stream channel
extension caused by surface flow connectivity of road systems (Montgomery, 1994; Wemple,
1994; Croke and Mockler, 2001). Ditchflow draining directly to a stream-crossing culvert and to
drainage relief culverts that flow to an incised gully creates an efficient method of ﬂowA delivery
to the stream channel. Increasing the speed of flow to the stream channel rﬁay result in‘a general
desynchronization of stream flows or shorter time to peak. In the H.J. Andrews Experimental
Forest in the western Cascades of Oregon, the estimated drainage density increase due to stream
extension in Lookout Creek was 48% and the increase in Blue River was 50% (Wemple et al.,

1996). In an examination of the effect of road drainage concentration, Montgomery (1994) found

that a 1.2 km® basin located in southern Sierra Nevada, California had an increased drainage

density from 2.8 to 4.4 k_m/km2 due to roads.




1.3 Modelling Effects of Forest Operations on Watershed Hydrology
1.3.1 Evaluation of Available Models

Modelling anthropogenic effects, such as the presence of logging roads and land use
change, on streamflow requires the application of a distributed physically based model. A
distributed model allows for spatial variation of watershed parameters such as soil and
vegetation. For example, modelling the impact of logging roads can be accomplished by
applying variables that rerouting subsurface flow in specified areas of the basin after model
calibration. Whereas variable changes in a lumped model affect the entire watershed, a
physically based, distributed model allows for a physical and spatial representation of hydrologic
mechanisms. Without a physically based approach to modelling, calibration would be based on
developing empirical or statistical relations between parameters and generated streamflow.
Empirical models may be effective in predicting streamflow given meteorold gical inputs.
However, the model would not be capablé of accurately predicting effects of land use on
streamflow since it does not rely on physically based governing equations.

The DHSVM (Wigmosta et al, 1994) is well suited for the objective of modelling the
impacts on basin hydrology due to spatial variation of logging practices in a snowmelt dominated
regime (Whitaker et al., 1998). As a distributed, physically based model, DHSVM contains the
subroutines required to meet the study objectives. The subroutines simulate vsnowmelt,
precipitation interception by Vegetatioﬁ, evapotranspiration, sublimation, subsurface percolation,
saturated subsurface flow, overland flow and channel flow. Most importantly, a road algorithm

1s contained within the model that allows for an analysis of road influences on streamflows.
1.3.2 Previous Application of DHSVM to Redfish Creek

A snowmelt dominated watershed has been modelled using DHSVM Whitaker et al.
(2002, 2003). Located in the Kootenay Mountains near Nelson, British Columbia, Redfish Creek
drains a 26 km? south facing watershed. The experimental watershed is contained in the West

Arm Demonstration Forest controlled by the Ministry of Forests, Nelson District

(Figure 1). Four climate stations are located in Redfish Creek watershed. Alpine, Burn, Cabin,




and Ross climate stations are shown in Figure 2. Stream gauge locations for Redfish Creek and a
Redfish Upper Tributary are also shown. '
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Figure 1. West Arm Demonstration Forest

(courtesy of Ministry of Forests)

The first study applied to Redfish Creek using DHSVM involved the evaluation of peak
flows changes due to harvesting within varying elevation bands (Whitaker et al., 2002). It was
found that the greatest increases to peak flows occurred for vegetation removal within the upper
80-40% of the watershed, in other words, excluding the lower 20% and upper 40% of the
watershed area. Whitaker et al. (2003) conducted a subsequent study assessing the ability of

DHSVM to model internal hydrologic processes such as tributary runoff generation and the

spatial and temporal distribution of snow accumulation and melt.

1.3.3 Incorporating Road Effects in DHSVM

The original version of DHSVM, which was applied by Whitaker et al. (2002, 2003), did

not incorporate algorithms to represent the hydrologic effects of forest roads. A more recent
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Figure 2. Locations of tributary gauge and climate stations in Redfish Creek watershed




version of DHSVM has been developed, which includes.such algorithms (Wigmosta and Perkins,
1997). Two studies focusing on the use of the road algorithm were performed in the Depaftment
of Civil Engineering at the University of Washington (Bowling and Lettenmaier, 1997,
LaMarche and Lettenmaier, 1998). The modelling objective of Bowling and Lettenmaier (1997)
was to test the ability of DHSVM’s road algorithm to simulate logging road effects on runoff
response. DHSVM was applied to the adjacent watersheds of Hard and Ware Creeks, located in
the Deschutes River basin of Western Washington. Hard Creek is a 2.31 km? watershed
contéining 11.4 km of roads. Streamflow extension caused by the road presence resulted in a
63.5% increase in stream channel density to 5.9 km/km? in Hard Creek. Ware Creek is a
2.83 km® watershed containing 10.7 km of roads. Streamflow extension caused by the road
presence resulted in a 52.3% increase in stream channel density to 5.6 km/km” in Ware Creek.
| A 2 ha contributing area was selected as the threshold for channel initiation for a 30 m
resolution DEM (Bowling and Lettenmaier, 1997). A 2-hour time step was applied. Data used
to test the model during calibration include monitored peak culvert discharge for six culverts in
each basin. The model tended to overpredict culvert discharge for the largest stormflows. The
occurrence of culvert discharge as simulated by the model tended to agree with field
observations. Following calibration, a series of scenarios were run. According to DHSVM, the
addition of the road network to the existing vegetation resulted in a 10% and 8% increase in the
10-year return period flow in Hard and Ware Creeks, respectively. Adding the existing road
network and vegetation to pristine watersheds resulted in 18% and 22% increases in the 10-year
flows in Hard and Ware Creeks, respectively.

The modelling objective of LaMarche and Lettenmaier (1998) was to simulate the effect
of logging roads and forest harvesting on peak flows. Through modelling, they also examined the
effect of vegetation and topography on road-generated runoff. The study site is the Upper
Deschutes River basin that encompasses Hard and Ware Creeks of the Bowling and Lettenmaier
(1997) study. Fourteen named and eight unnamed tributaries (totaling 15 krnz) are included in
the 149 km? drainage area of the Upper Deschutes. The road densities for the 14 named
tributaries range from 3.2 km/km? to 5.0 kmv/km?®. The drainage density due to roads in the
tributary watersheds increased from a range of 3.3 km/km? to 4.1 km/km? to a range of
3.5 km/km” to 4.4 kn/km®,

As with the Bowling and Lettenmaier (1997) study, a 2 ha contributing area was used as

the channel initiation threshold for a 30 m resolution DEM (LaMarche and Lettenmaier, 1998).
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However, a 3-hour step was used. Initial model results over-predicted culvert response. After
calibration, .percent changes in the 10-year return flow were examined by comparing simulations
of the current vegetation state with and without roads. Changes ranged from 2.5% to 10.1% for
the 14 named tributaries. Percent changes in the 10-year return flow were then examined through
simulations of a pristine vegetation state with and without roads. Changes ranged from 2.6% to
12.2% for the 14 named tributaries. In this case, the modelled road effects appeared to be
relatively independent of the vegetation state. Modelled comparisons of similar sub-basins with
differences in the percent of connected culverts showed a difference in the percentage increase in

the 2.3-year return flow.

1.4 Specific Objectives and Approach of this Study
This study presents the first application of DHSVM, including its road algorithms, in a
snowmelt-dominated watershed. The specific objectives were:
1. To éxamine the sensitivity of streamflow. to the addition of roads at the scale of the entire
Redfish Creek basin, as well as sub-catchments, including changes to peak flows and annual
yield.
To explore the sensitivity of the model to variations in road cut depth.
To examine the effect of surface flow connections from culverts to the steam network.

To examine hydrologic influence of skid trails and abandoned roads.

A

To contrast the effect of logging roads on tributary flow against observed flow



CHAPTER 2: METHODS

2.1 Redfish Creek Site Description

Redfish Creek watershed was previously glaciated. The soils overlie Jurassic, granitic
bedrock of the Nelson Batholith. The upper elevations fall within the Engleman spruce -
subalpine fir biogeoclimatic zone. The lower elevations are within the interior cedar ; hemlock
biogeoclimatic zone. '

The Burn climate station, located at an elevation of 1290 m, recorded an average annual
precipitation of 1040 mm based on data for water years 1993-1997. Approximately 15% of the

precipitation fell as snow assuming a rain-snow threshold of 0 C. The Cabin climate station,

" located at an elevation of 1735 m, recorded an average annual precipitation of 1580 mm of which

approximately 45% fell as snow. In addition to four total climate stations within the watershed
(Figure 3), an additional climate station, Seed Tree, is located approximately 1 km east of the
basin outlet. Runoff peaks are generated by snowmelt and rain on snow events.

Forest harvesting occurred during the years 1966, 1969-1974, 1987-1988, and 1990, with
road building taking place approximately a year prior to harvesting each area. By 1993,
harvested areas occupied 10% of the watershed area. Of the roads in the watershed, 16 km are

active and 3 km are unused and overgrown.

2.2 Distributed Hydrology-Soil-Vegetation Model (DHSVM)

Developed at the University of Washington, DHSVM (Wigmosta et al, 1994) explicitly
solves the water and energy balance for each grid cell specified by a digital elevation model
(DEM). Meteorological parameters from up to five base stations are adjusted by the model
according to lapse rates for application to different elevations in the basin. Precipitation
interception is simulated through use of a two layer canopy model. Snow accumulation and
ablation calculations for intercepted snow are controlled by a single layer energy balance model.
A two layer energy balance model is applied to ground snow. Shortwave and longwave radiation

budgets are utilized for each energy balance. The Penman-Monteith formula is used to calculate

evapotranspiration. Model conditions are updated according to user defined time steps.
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All throughfall and snowmelt enter the soil. Vertical movement of soil water in the
unsaturated zone is calculated using Darcy’s law. Grid cell water table is recharged by this flux.
Lateral subsurface flow (slope parallel) relies on hydraulic gradients applied to cells based on the
local ground surface slope derived from the DEM. The model assumes lateral saturated
hydraulic conductivities decrease exponentially with depth as suggested by Beven (1982).

Subsurface flow is intercepted by the stream channel for routing to the basin outlet. The
stream channel is generated by the DEM based on the number of contributing upslope cells.
Subsurface flow contribution to streamflow is determined by the water table location relative to
the channel bottom. The Muskingum-Cunge routing scheme is used to route water downstream.

The road algorithm operates similarly to the channel routing algorithm (Wigmosta and
Perkins, 1997). Roads are essentially treated as an extension of the stream network. Interception
of subsurface flow at road cuts is determined by the water table location relative to the cut depth.
Ditch flow is routed according to the Muskingum-Cunge method. Once flow enters the ditch, it
will not be allowed to reinfiltrate through ditch bottoms. Flow in ditches will either be added to
streamflow at stream crossings or reinfiltrated at cross drain culvert locations. Extending the
stream network to a cross drain location simulates flow released by culverts that directly connects
to streams via overland channels. The road surface is modelled as crowned and impermeable.

The model allows for various output options. Streamflow can be assessed at user
specified tributaries, culverts and ditch segments. Basin maps of calculated variables can be
generated. An example of map outputs include precipitation, snow water equivalent, water table
depth, and saturated subsurface flow. The model can also be run for a chosen cell in the basin to
examine internal physical processes without investing time to run the model using the entire

basin.

2.3 Hydrologic Model of Redfish Creek

2.3.1 Data Requirements

A large amount of data is required to operate DHSVM due to its high degree of physical
representation. A range of spatial and temporal data constitutes the input files. Data relating to

the distribution of elevation and parameters relating to soils, vegetation, roads and streams are
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needed. A range of meteorological data is also required to drive the model. The data required to
develop a hydrologic model of Redfish Creek was acquired through the Ministry of Forests,
Nelson District.

Meteorological input establishes quantity of inputs and the partitioning within the water
balance of the basin. Data required by the model include air temperature, wind speed, humidity
and incoming longwave and shortwave radiation. Hourly climate data for October 1992 to
December 1997 from the Burn and Cabin climate stations were utilized for the initial Redfish
Creek modelling applications (Whitaker et al., 2002, 2003). The climate data were quality
checked only for 1997. Gaps in the climate data were resolved by Whitaker and Alila (2000)
through estimations based on climate data from Nelson and Castlegar, located approximately
30 km southeast and 65 km southeast, respectively, of Redfish Creek watershed.

Additional temporal data are available for comparison against model outputs. Snow
course and hourly streamflow data were used to calibrate and test the model. Streamflow data
for the Redfish Upper Tributary are also available for the comparison of model performance on a
smaller scale. Hourly data for the 1 km? tributary spans late April through October for 1995-97.

Of the spatial data required by the model, the DEM is one of the most important
components. Information derived from the DEM is applied to a range of model routines. For
example, topography is a controlling factor in the distribution of precipitation. Lateral water
movement also depends on topography. The 25 m resolution DEM used for Redfish Creek was
derived from a 1:20,000 TRIM (Terrain Resource Information Mapping). Ninety percent of the
elevations fall within 10 m of actual elevations. The rectangular DEM consists of 100,800
pixels. The Redfish Creek drainage comprises 41,331 of these pixels for a drainage area of
25.83 km? (Whitaker and Alila, 2000).

A map containing the distribution of vegetation classes along with the attributes
associated with each class are used by the model to determine vegetative effects on
meteorological input and water movement. Modelled effects of vegetation include precipitation
interception, evapotranspiration, and the attenuation of solar radiation and wind speed. The
vegetation attributes include trunk space, constants for aerodynamic and radiation attenuation,
height of vegetation layers, summer and winter leaf area index (LAI), stomatal resistance ranges,
albedo, the percentage of roots within soil layers and the depth of soil layers, or root zones. The
forest cover map used in the original Redfish Creek modelling project was derived from a

Ministry of Forests operational forest cover map consisting of 53 vegetation classes based on
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- species, presence or absence of overstory and understory, vegetation height, stand age and crown
closure. Whitaker and Alila (2000) derived additional data required by tﬁe model, such as LAI,
from available literature. The 53 vegetation classes were merged into 14 classes to allow easier
calibration and shorter model run time. Table 1 and accompanying Figure 4 show the

distribution of the applied vegetation classes.

Table 1. Key characteristics of the fourteen vegetation types
(courtesy of Whitaker and Alila, 2000)

Veg. Description / Species Stand Age Overstory Canopy  Leaf Area
Type (years) Height (m) Closure Index
(0-1.0) (LAT)
1 Vegetation absent (tundra-rock) N/A N/A N/A N/A
2 SubAlpine (subalpine-BS) 200 12 0.2 25
3 Balsam-Spruce (BS-20-3) 180 21 0.3 3.0
4 . Balsam-Spruce (BS-20-5) 140 22 0.5 3.5
5 Balsam-Pine (BPL-20-8) ' 130 20 0.8 5.0
6 Balsam-Spruce (BS-30-6) 170 30 0.6 4.5
7 Balsam-Spruce (BS-36-4) 260 36 0.4 4.0
8 Cedar-Hemlock (CWH-30-7) 160 27 0.65 7.0
9 Cedar-Hemlock (CWH-40-7) 170 39 0.7 7.0
Douglas-fir-Larch-Pine

10 (FDLPL-30-7) 115 29 0.7 6.0
11 Clearcut-no overstory 8 0 0 0
12 Clearcut-early regeneration 10 2 0.1 2.5
13 Clearcut-shelterwood 10 15 0.1 2.5
14 Regenerated clearcut 38 15 - 0.2 3.0

Soil attributes are obtained through soil depth and soil type maps. Information provided
by these maps and their associated attributes contribute to calculations of soil moisture content,
percolation and lateral subsurface flow. Attributes required for each soil type include lateral
saturated hydraulic conductivity and its exponential decrease with depth, maximum infiltration
rate and soil surface albedo. Information pertaining to each soil layer specified by the root zones
include porosity, pore size distribution, bubbling pressure, field capacity, wilting point, bulk

density, vertical conductivity, thermal conductivity and thermal capacity. Soils and terrain

inforthation originating from Kutenai Nature Investigation Ltd. were developed to create the
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input files. Derivation of soil parameters were based on percent sand and clay content. As with
the vegetation data, the soils data were merged into seven soil types to allow easier calibration
and shorter model run time. Table 2 with accompanying Figures 5 and 6 show the distribution of
soil classes.

Table 2. Key characteristics of the seven soil types
(courtesy of Whitaker and Alila, 2000)

Soil Type Coarse Fragment Vert. Sat.
/ Genetic Soil  Texture Content >2mm  Porosity Field Capacity Hydraulic
Material Layer (% by vol.) Conductivity

(mVs)
Colluvium 1 fSL 54 045 0.24 1.1e-5
© 2 cSL 66 0.4 0.17 1.6e-5
3 LS 76 0.4 0.17 3.3e-5
Colluvial- 1 SiL 40 0.49 0.33 3.8e-6
Fluvial 2 SiL 55 0.45 0.33 3.8¢e-6
(CF) 3 SL 65 0.4 0.21 1.2e-5
Fluvial 1 fSL 23 0.45 0.24 1.1e-5
(F) 2 SL 29 0.4 0.21 1.2e-5
3 LS 36 0.4 0.17 3.3e-5
Morainal 1 L 32 0.46 0.27 7.4e-6
™M) 2 SL 48 0.4 0.21 1.2e-5
3 SL 54 0.4 0.21 1.2e-5
Weathered 1 L/SL 24 0.46 0.24 1.0e-5
Bedrock 2 cSL 29 04 : 0.17 1.6e-5
(D) 3 cSL 39 0.4 0.17 1.6e-5
Colluvium- 1 SL 61 0.45 0.21 : 1.2e-5
Bedrock 2 SL/LS 82 0.4 0.17 2.3e-5
(CR) 3 LS 92 0.4 0.17 « 3.3e-5
Organic 1 L 25 0.46 0.27 7.4e-6
(0) 2 SL/LS 38 0.4 0.17 2.3e-5
: 3 SL/LS 52 0.4 0.17 2.3e-5

Three input files are required to describe the stream network. The stream class file
provides channel routing parameters such as stream width, depth and friction coefficient. Each
stream segment 1s assigned a stream class in the stream network file. Channel routing parameters
for individual segments and stream segment orders for flow routing calculations are also
contained in this file. The stream map file locates stream segments in grid cells. Segment
location is expressed in terms of grid cell column and row number. The straight line stream
channel length in cells, stream bank height and stream channel width are also specified by the

stream map file.

16




Genetic Material

Il Bedrock
7] Colluvial

Colluvial-Fluvial
Fluvial

) Morainal

Organic

Weathered Bedrock

/\/ Sub-basin Boundaries

1 0 1 2 Kilometers
= R === ]

Figure 5. Genetic material classification used to determine soil types for Redfish Creek



1 0 1 2 Kilometers

Figure 6. Soil depth for Redfish Creek watershed
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As stated previously, the road network is treated as an extension of the stream network.
The input needed to operate the road algorithm is similar to that of the streams. The road class
file provides channel routing parameters such as ditch width, depth and friction coefficient. The
crown type may also be specified but has not been incorporated into model calculations. Each
road segment is assigned a road class in the road network file. Also included in this file are
channel routing parameters for individual segments and road segment orders for ditch flow
routing calculations. The road map file correlates road segments with cells for the quantification

of intercepted flow. Segment location is expressed in terms of grid cell column and row number.
2.3.2 Redfish Creek Model Calibration

The calibrated model used in this study is described in Whitaker et al. (2001).
Calibration of the Redfish Creek model is summarized in the following paragraph and. detailed
by Whitaker et al. (2003), who made further applications of the calibrated model, including a
slight enhancement to the calibration, using an updated version of DHSVM. Although neither
the final calibration nor updated DHSVM version was used in this study, the calibration
information of Whitaker et al. (2003) is relevant to the calibrated model used for this study.

The calibration process addressed annual streamflow yield through adeustr)nent of
precipitation input to the system; occurrence of seasonal peak flows through separation of rain
and snow using a temperature threshold, and by adjustment of albedo curves; effeéf of vegetation
on snow cover through analysis of snow water equivalence distribution; and hydrograph fit
through designating values for parameters controlling lateral hydraulic conductivity. A 4-year
period from chober 1992 to September 1996 was used for the initialization of basin conditions
and calibration. As the first six months are very sensitive to the initial conditions aipplied to the
start of the model, they were not used for calibration. The last year of available data (October
1996 to December 1997) was used to test model output response to parameter changes during
calibration. ‘

Included among the variables controlling snow accumulation are fhose involving the
partitioning of precipitation into snow and rain. The separation was set such that preéipitation
below -0.5 °C falls as snow. Above 0.5 °C precipitation occurs as rain. A combination of snow

and rain occurs between the thresholds. Due to the high elevation of the Redfish Creek, snow

19




water equivalent is not very sensitive to these thresholds since snow typically falls at
temperatures much lower than freezing (Whitaker et al., 2003). '

Hourly temperature and precipitation lapse rates were calculated to model approximate
precipitation distribution and, in turn, snow pack distribution (Whitaker and Alila, 2000).
Temperature lapse rates were determined based on the available records for a pair of four climate
stations located in the Redfish Creek watershed. In addition to the Burn and Cabin climate
stations, partial records from the Alpine station, located in the northern part of the basin at an
elevation of 2050 m, and Seed Tree station, located just south of the basin at an elevation of 850
m, were used. For those time periods in which multiple pairs of overlapping information exist,
the pair with the greatest elevétion difference was used to determine the temperature lapse rate.
Precipitation lapse rates were first defined according to a monthly time scale. The monthly rates
were then applied to hourly precipitation data to calculate hourly precipitation lapse rates. An
upward adjustment of the precipitation lapse rates corrected deficiencies in snow accumulation at
the Cabin and Burn sites based on comparisons of pixel scale simulated snow-water equivalence
with snow course data at those locations (Whitaker et al, 2001).

To adjust timing of seasonal melt, albedo curves were redefined within the DHSVM
code. Snow albedo determines the absorption of solar radiation by the snow surface. Albedo
values applied by DHSVM are based on number of days from the last snow event (Wigmosta et
al, 1994). Initially, early season melt was under predicted and late season melt was over
predicted. The albedo curves were lowered to better simulate timing of melt. Melt calibration
based on albedo curve changes were performed by contrasting modelled SWE for pixels at the
Burn and Cabin locations to available snow surveys. Maps of snow cover extent, developed
from air photos, were also compared to model generated maps of snow water equivalent
(Whitaker and Alila, 2000).

Vegetation related variables affecting snow accumulation and melt in forested areas were
determined based on available literature as referenced by Whitaker et al. (2003). Comparisons of
simulated and measured SWE for the clear-cut and forested areas of Upper Burn, located north of
the Burn climate station at an elevation of 1435 m.

The variables controlling saturated lateral hydraulic conductivity were the most sensitive
variables controlling subsurface water movement (Whitaker and Alila, 2000). Two components
involved in modelling this parameter are maximum saturated hydraulic conductivity in the top of

the soil profile and its exponential decay with depth (Beven, 1982). These components were
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assumed constant throughout the basin. The calibration process involved maximum saturated
hydraulic conductivities ranging from 2 x 10 to 2 x 10 m/s and exponential decay coefficients
from 1.0 to 2.0 (Whitaker et al, 2001). Calibration resulted in a maximum saturated hydraulic
conductivity of 5 x 10™* and an exponential decay coefficient of 2.0. Generated maps of water
table depth were examined in addition to comparisons between simulated and observed
streamflows to determine that a realistic distribution of saturated depth was attained.

A fairly good fit exists between simulated and observed streamflows at the basin mouth.
However, there are discrepancies between simulated and observed flows for the Upper Redfish
Tributary. Modelled tributary flows have a much flashier response to snowmelt and rainfall.
The flows also tend to overestimate observed flows. These differences may be attributed to less
precise delineation involved with smaller drainage areas, the sensitivity of small basins to the
spatial variability of soil properties, spatial variability of snowmelt runoff, or the presence of
roads in the tributary that where not included during calibration (Whitaker and Alila, 2000;
Whitaker et al, 2001; Whitaker et al., 2003). An additional factor could be the inability of

DHSVM to capture flow generation processes at smaller scales.
2.4 Incorporation of Roads in the Redfish Creek Model

2.4.1 Methods Overview

The research approach largely involved computer simulations of hydrological processes
and response at the basin and sub-basin scales. Model simulations of the hydrology of Redfish
Creek incorporating the road network were compared to a base simulation that did not include
the road network. Field data were collected to derive input parameters required by the road
algorithm. After collection, the data were used to create a database for application to a
geographic information system (GIS). Three input file sets were produced which relate to the
impact of logging roads and skid trails.

The first set of files represent the operational logging roads alone. The second set builds
on the first set by incorporating stream extensions to those culverts that are connected to the
stream via surface flow. The remaining set incorporates skid roads and abandoned roads with the
logging roads and stream extensions of the second set. The skid roads and the abandoned roads

were represented as logging roads. These three file sets were incorporated with the input files
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used for the original model calibration that preceded this study. Streamflow output from the
model runs were contrasted against each other and the streamflow generated from the original
pre-road Calibration‘fo measure the sensitivity of the model to its road algorithm. Streamflow
from two sub-catchments were examined in addition to the flow at the basin mouth. Observed

tributary flow was contrasted against tributary flow generated from the third input set.

2.4.2 Field Data Collection

Field data were collected during a 2-week period in July and a 1-week period in October
1999. Roads were traversed twice during the initial fieldwork. Points of interest were flagged
and labeled during the iﬁitial traverse of road branches. Flagged features, which were mapped
using a global positioning system (GPS), include points of ditch flow diversion and conversion,
culverts, cross ditches, areas where no ditch existed, seeps visible at the cut slope, and ephemeral
streams. Road surveys were performed during the second traverse. The parameters measured
include road width, ditch width, ditch depth, road cut length, vertical road cut height, road cut
slope, and vertical depth to a confining layer. Ditch roughness was qualitatively described using
a rating system of 1 (smoothest) to 4 (roughest). Values of ditch roughness ranged from 0.030 to
0.045 and were assigned based on ditch descriptions in the field notes. This range of values is
typically applied for moderately rough sandy bed characteristics to rougher cobbly channels with
boulders. These characteristics were observed at a smaller scale for the ditchlines. The crown
types noted for the road include insloped, outsloped and crowned. Survey points were
established approximately every 200.m or after a significant change appeared in one of the
parameters. ‘

Areas below culverts, cross ditches, and switch back turns were examined for surface
flow connectivity to the stream. Most drainage relief culverts carried little if any water at the
time of field data collection due to the lack of rainfall. In addition, it was often difficult to tell
whether connectivity existed due to dense vegetation that obscured views downslope.
Downslope topography in combination with erosion directly below the culvert and distance to the
stream were used to assess likelihood of connectivity noted as none, low, moderate or high.
Culverts were considered to be connected where there was substantial erosion directly below the

culvert on a continuously steep hillslope with a relatively short distance to the stream. Omitted
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from consideration were those culverts for which, in absence of detailed field descriptions, there
1s a flow length of 150 m or greater to the stream. '

Following the second traverse, a GPS was used to map the road and feature locations that
were flagged earlier. The GPS utilized was a Trimble GeoExplorer II set at a position dilution of
position (PDOP) of 6.0. The PDOP is an error assessment of position reading based on of the
triangulation between the GPS and satellites. If the PDOP exceeded 6.0, measurements cannot
be read. The resulting map of road and feature locations is the foundation of the electronic
database that is processed via GIS to generate two of the three required road input files.

Additional road surveys were performed on skid trails and an abandoned road during the
final f"leld visit. Measurements were taken upon crossing switchbacks of the abandoned road
segments as the hillslope was traversed from the operational logging road down to the main stem
of the stream. Locations of road survey points on the abandoned road were not mapped because
vegetation obstructed GPS reception of satellite signals. Skid trails located in a clearcut on the
cast side of the catchment behave hydrologically as roads without a ditch. Small road cuts present
along the trails justify their representation as roads in the model. Road surveys were also
conducted to characterize two general skid trail types: one that is wider and was likely more

heavily used and one that is narrower and was less used.
2.4.3 Application of Field Data

A series of GIS scripts developed at Battelle Memorial Institute facilitated the
development of DHSVM road input files based only on road placement relative to a DEM along
with assumed road and ditch parameters (Wigmosta and Perkins, 1997). Although field data are
not required to create road input files for DHSVM, they provide more accurate input data against
which outputs can be compared for the purposes of assessing general modelling accuracy.

Measurements of ditch width and depth, estimates of ditch friction coefficient (Manning’s
n) and crown type were direct inputs to the model. Road width and cut slope information were
used in conjunction with road locations and the DEM to calculate road cut depth and width
within the GIS. Mapped road positions were used to overlay model cells to determine which
cells are to be accessed by the road algorithm. Ditch flow directiqns were noted in the field to
correct computer generated discrepancies of the flow directions determined through GIS assisted

calculations involving road locations relative to the DEM. Inputs of accurate flow directions are
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of greater importance than detailed road parameter measurements due to model sensitivity (James
VanShaar, personal communication 1999). Culverts and cross ditches were mapped as hydraulic
sink locations for model input. Evidence of connectivity based on field observations was
represented through the inclusion of stream extensions to the original stream network input files.
Field observations were made to assess the validity of model-generated flow paths. The
model may not account for true water movement or pathways due to scale effects or model
assumptions. For example, accuracy of ridge and valley locations depends on the accuracy of the
DEM, and subtle topographic features in the field may not be well represented by a DEM due to
the pixel size. DHSVM assumes that no infiltration occurs in ditches; however, significant loss
of flow resulting from ditch infiltration was noted in the field. Additional field data collected
includes road cut depth, the depth of confining layers within the exposed road cut, location of
ephemeral streams, the presence of subsurface flow at road cuts, and presence or absence of a
ditch. The depth of a confining layer within the road cut was compared against the soil
information used in the initial model calibration. Ephemeral streams and seeps were compared
against the location of DEM-generated streams that do not appear as perennial streams in the
field. Seep locations were also compared to model-generated maps of water table depth. The
locations of ditch absence were noted since DHSVM does not model roads without at least a

minimal ditch presence.

2.4.4. Preparation of Input File Sets for the Existing Road Layout

Three input file sets, developed from the field data, modelled the current roads and their
stream channel extensions. With each model run, varying detail was added to modelling the
logging road affect on streamflows (Table 3). Input file sets include files representing the
existing logging roads, stream networks including stream channel extensions to connected
culverts, abandoned roads, and skid trails.

The road files were generated from field data through the use of ArcView and ArcINFO
GIS. These applications also enabled the alteration of the existing DEM-based stream network to
account for surface flow from selected culverts to the stream. Modified stream input files were
created as a result. ArcView GIS was applied to alter input soil maps to represent areas of

lowered infiltration rate at skid trail locations.
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Table 3. Series of Model Runs Performed

Model Runs
A Original calibrated model
Original calibrated model
+ existing loging roads
B . - Ba: shallow road cuts
Bb: observed road cuts
Bc: road cut depth = soil depth
Original calibrated model
C + existing loging roads (Bb)
+ stream extension
Original calibrated model
+ existing loging roads (Bb)
D + stream extension
+ abandoned roads ans skid trails
(modelled as logging roads)

Initial editing of raw data and creation of a road database were accomplished through
ArcView GIS. GPS data relative to the existing logging roads were imported to ArcView. Using
this applic)ation, roads located on the east side of the basin were shifted approximately 25 m
northward to improve their fit against contours of the basin and stream crossing locations. To
guide road placement, elevations of road survey points, obtained through GPS, were contrasted
. against the elevation contours derived from the DEM. Roads were then divided into segments
for which the ArcView database associates road segments with a road class. Each road class is
an integer with the associated road parameters of ditch width, ditch depth, ditch roughness
(Manning’s roughness coefficient), crown type road width and cut slope. Exporting pertinent data
from ArcView to a text file generated the road class input file. Although road width and cut
slope are not explicitly included in the road class input file, they are required to calculate
parametefs that must correspond to the DEM. The database was then applied within ArcInfo GIS
to generate the remaining road input files. The GIS scripts used to generate the road network file
utilized the DEM and the digital map of road ‘seg.ments to create an order for flow routing
computations. Segment length was also calculated as an additional parameter to the Muskingum-
Cunge routing method. The length of the operational logging roads added to the model is 15.9
km.

The remaining road input file was generated though scripts that accessed information
from the DEM, the digital map of road segments, and their associated parameters. The resulting

road map file associates road segments with their respective grid cells. The road cut depth and
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width, segment length within a cell, and its aspect within the cell were calculated using the DEM,
road width, cut slope, ditch width and depth. The parameters contained within this file help to
determine the quantity of intercepted flow for each road segment. A total of 119 sink locations,
representing culverts and other features that route flow from ditches, were specified by the map
file, 20 of which were stream crossing culverts. »

Road input files were edited prior to conducting model runs. A previous application of
the road routines resulted in overestimation of intercepted subsurface flow as a result of cut
depths specified as deeper than the soil depth (La Marche and Lettenmaier, 1998). Consequently,
the road map input file was first edited such that any road cuts deeper than the soil were changed
to equal the soil depth. The road map file was further edited to create three versions differing in
general road cut depths. The first version contained original ArcINFO gen,erated‘cut depths that
were often equal to the ditch depth, and were therefore much shallower than the road cuts
observed. The cut depths of the second version were based on the field notes. In the third
version, cut depths were defined equal to soil depths to simulate a worst-case scenario of
maximum subsurface flow interception.

The stream network was extended to culvert locations to represent surface flow extending
* below culverts to the stream. Cross ditches and switch back bends were also examined for
connectivity. The culverts were identified as connected based primarily on field note
descriptions. For example, if a culvert appeared to drain into a perennial or ephemeral stream in
the field that was not represented as a stream in the stream input files, the culvert was selected for
incorporation to the stream network via surface flow. Additional culverts were selected based on
interpretation of field notes in conjunction with stream network proximity and hillslope gradient.
Further examination of field notes led to deletion of many culverts, that were initially designated
as connected, from the stream extension process. A conservative estimate of 19 out of 99 non-
stream crossing culverts, cross ditches and switch back bends were modelled as connected to the
stream network via surface flow. An existing set of stream input files were edited to include
stream channel extensions. The total stream length increased by approximately 3% from, 64.3 to
66.4 km, resulting in a slight increase in drainage density by 3%, from 2.49 to 2.57 km/km?.

Adding further detail to modelling the existing condition involved the inclusioﬁ of skid
trails and abandoned logging roads. The éurveyed, abandoned road, eastern skid trails, and
additional abandoned, and unsurveyed roads and skid trails were modelled as logging roads. The

additional roads and skid trails were selected based on their high level of visibility on aerial
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photos. The road database developed for the operational logging roads was expanded to include
these additional roads and skid trails. The total road length increased from 15.7 to 25.7 km. This
database was run through GIS to create an extended set of road input files. The stream network

that includes stream extensions to connected culverts was also utilized in this model run.
2.4.5 Modelling Logging Road Impact

Road effects were tested through application of the three data sets corresponding to runs
B through D. Sensitivity to various modelling details was examined via the three model runs that
incorporated files associated with road and skid trail impact with the original input files for the
calibrated model developed by Whitaker et al (2060) that did not include roads. The calibrated
data set includes the stream network, vegetation parameters, soil parameter, and climate
parameter. Conclusions on road effects were based on changes in streamflows for the basin and
sub-basin scales.

Streamflows resulting from the varying road cut depths of runs Ba through Bc were
compared to the stream flows of run A, the original calibrated model without roads. Streamflow
differences between the B runs and run A were plotted for the basin mouth and two tributaries
(Figure 3,). The road input corresponding to run Bb, in which road cut depths represent field
conditions, was incorporated into the remaining simulations involving the existing logging roads.
Output and analysis for runs C and D were conducted in a similar manner to those of runs A
and B.

Results of model runs Bb and C assessed the modelled impact of existing operational
logging roads. Run C differed from run B by the inclusion of stream channel extensions to
connected culverts. A comparison of flow simulations (Bb and C) illustrated the modelled result
of incorporating stream channel extensions in the examination of road effects.

Model run D was comprised of the input to run C with skid trails, abandoned roads, and
unsurveyed roads modelled as logging roads. Simulated flows at the basin mouth in run D were
compared to those for run C in order to examine the collective effect of all roads and trails on

streamflows. versus the effect of active access roads and spurs.
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2.4.6 Comparison With Redfish Upper Observed Flows

Whitaker et al. (2001) sited the omission of logging roads to be a possible reason for the
modelled overestimate of Redfish Upper tributary flows. The remainder of this study contrasts
observed tributary flow against tributary flow generated from the third input set, which
incorporates the primary logging road, stream extensiéns, skid trails and abandoned roads. This
was done to determine whether the addition of roads decreased the overestimated flow of the

roadless scenario to provide a better approximation of the observed flows.
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CHAPTER 3: RESULTS

-3.1 Overview of Progressive Modelling Refinements

The following results are described in order of the model runs with a focus on annual and
seasonal changes to streamflow characteristics such as annual yield, snowmelt, low flows, and
peak flow. Subsequent topics include examination of specific runoff events such as snowmelt
and rainfall induced peaks.

Induced streamflow changes can be related to the differences in modelled feature extent
displayed in Table 4. The modelled road length for Run D includes skid trails, abandoned roads,
and unsufveyed roads in addition to the primary logging roads. The sinks include cross-draining
and stream-crossing culverts, switchback bends, and cross ditches. Stream network length does
not include the length of ditch contributing 1ntercepted flow to stream crossmg culverts or

culverts connected to the stream network by way of surface flow.

Table 4. Extent of modelled features

Redfish Creek Basin (25.8 km’) RunA | RunB | RunC | RunD
Modeled road length (km) 0 15.7 15.7 25.7
Road density (km/km’) 0 0.61 0.61 1.00
Number of sinks 0 150 150 187
Stream network length (km) 64.3 64.3 66.4 66.4
Stream drainage density (km/kmz) 2.49 2.49 2.57 2.57 |

- |IRedfish Upper Sub-Basin (1.15 km’)

" [Modeled road length (km) 0 1.73 1.73 1.92

Road density (km/km’) 0 1.50 1.50 1.67
Number of sinks 0 17 17 17
Stream network length (km) 3.51 3.51 3.69 3.69
Stream dramnage density (km/kmz) 3.05 3.05 -3.21 3.21
South Tributary Sub-Basin (0.75 km’) ' _
Modeled road length (km) 0 0.18 0.18 0.20
Road density (km/km’) 0 0.24 0.24 0.27
Number of sinks 0 4 4 5
Stream network length (km) 33 | 334 3.37 3.37

~ |Stream drainage density (km/km2) 4.45 4.45 4.49 4.49
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Results focus on water year 1995 so as not to overwhelm the results content. This year
was chosen based on the simple rise and fall pattern of streamflow associated with the seasonal
snow pack melt. Changes to annual yield and peak flows are respectively shown in Table 5 and
Table 6, for Redfish Creek, Redfish Upper Tributary, and South Tributary. The figures
referenced in this chapter, Figures 7 to 27, are located in Appendix A. Graphical and tabulated
results for the remaining years are located in Appendix B, shown in Figures 28 to 51 and
Tables 7 to 18. As modelled Redfish Upper tributary flows had shown discrepancies when
compared to observed flows, this chapter concludes with the presentation of modelied versus

observed Redfish Upper tributary flows.
3.2 Run B - Addition of primary logging roads and model sensitivity to cut depth

As the alteration of streamflow characteristics resulting from the addition of primary
logging roads is difficult to detect based on graphing the Run B set of streamflows against that of
Run A (the base simulation without roads), the following figures display the effect of roads as
differences between the simulated streamflows relative to the (streamﬂow of Run A, which is
shown at the bottom of the figures. Discharge differences of the three cut depth types are

displayed in an overlain fashion in order to contrast their differences relative to Run A.
3.2.1 Redfish Creek streamflows

As shown in Figure 7, the addition of primary logging roads produces little change in
Redfish Creek streamflow. Discharge increases relative to the reference run begin during the
early part of the melt season and persist through the peak of the melt season. Flow differences
then decrease through the remainder of the melt season through the low flow period, with
occasional spikes of increased flow during the period of snow accumulation. Spikes of increased
and decreased flows are scattered through the year.

The addition of logging roads with road cuts that represent the minimal road cuts, equal
to ditch depth (Figure 7.a.) increased the annual Redfish Creek yield for 1995 by less than 0.1%.
The éverage annual yield for 1994 to 1997 also increased by less than 0.1%. Water year 1993

was omitted from consideration, as the first six months of the simulation were sensitive to initial
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7.a. Run Ba - Run A, effect of minimal road cut depths approximately equal to ditch depths
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Figure 7. Discharge differences for Redfish Creek due to the varying road cut depths of Runs
Ba, Bb, and Bc during water year 1995
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N
. conditions (Whitaker et al., 2003). Annual peak flow for 1995, and similarly the average annual

peak flow for 1993 through 1997, increased by 0.1%.

The addition of logging roads with field-defined road cuts resulted in a slightly greater
impact on Redfish Creek streamflow compared to that of the Run Ba (Figure 7.b). The‘ increased
flows during the beginning of the melt season are higherA and persist further into the melt season.
The decrease in streamflow, beginning at end of the melt season, lasted approximately a month
longer than the impact resulting from Run Ba. For the scenario of Run Bb, annual yield for 1995
and the average annual yield for 1994 to 1997 decreased by 0.1% compared to that of Run A.
The 1995 peak flow increased by 0.3%. However the average annual peak flow, for 1993
through 1997, decreased by less than 0.1%.

The effects of setting cut depths equal to the soil depth are similar to those modelled in
Run Bb (Figure 7.c). The increased flows during the beginning of the melt season are higher
than that of Run Ba and lower that that of Run Bb. These increased flows continue later into the
melt season than for Runs Ba and Bb. The Run Bc annual yield for 1995 decreased by 0.1% and
the average annual yield for 1994 to 1997 decreased by 0.2% compared té that of Run A. The
1995 peak flow increased by 0.4%. However the average annual peak flow, for 1993 through
1997, decreased by 0.2%.

A closer look at the effect of the primary logging roads on the snowmelt generated annual
peak flow for 1995 shows a sinusoidal pattern of discharge difference between the road imposed
simulations and the roadless scenario (Figure 8). Run Ba yielded dominantly increased )
discharges over the 24-hour period of diurnal streamflow response to snowmelt. Decreased
discharge occurred at the midpoint in streamflow recession. Runs Bb and Bc generally increased
flows compared to Run A, with Run Bc having a slightly greater impact. The timing of the
annual peak occurrence was not affected by the presence of primary logging roads for any year of
Redfish Creek streamflows for Runs Ba, Bb, or Be.

The differences resulting from the addition of primary logging roads during a peak flow
reéulting from a rain-on-snow event is shown in Figure 9. The decreases in streamflows,
répresented in Figure 9.a., fluctuate with the rainfall intensity shown in Figure 9.b. The
magnitude of peak flow decreases are reduced with decreased cut depth representation.

Increasing cut depth, from Run Ba to Bc, was associated with a greater reduction in peak flow.
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3.2.2 Redfish Upper tributary flows

As shown in Figure 10, the addition of primary logging roads results in an overall
decrease to Redfish Upper tributary flows. The greatest decreases occur during the melt season.
As with the discharge differences for Redfish Creek, there are occasional spikes of increased
flow during the period of snow accumulation for Runs Bc and Bb.

With the addition of minimal road cut logging roads (Figure 10.a.), the annual Redfish
Upper flow yield for 1995 and the average annual yield for 1994 to 1997, decreased by 0.8% and
1.0%, respectively. Annual peak flow for 1995 and the average annual peak flow for 1993
' through 1997 decreased by 1.0% and 1.1% respectively. For the case of this tributary flow, the
annual peak flow is the rain-on-snow event of late June and not the peak flow resulting from the
snowmelt of late Mayj, as it is for the Redfish Creek streamflow. '

The addition of logging roads with field-defined road cuts produced a slightly greater
impact to Redfish Upper tributary flows compared to that of Run Ba (Figure 10.b). The
reductions in flow relative to Run Ba are greater through the melt season. The scenario
represented by Run Bb decreased annual Redfish Upper tributary yield for 1995 and the average
annual yield for 1994 to 1997 by 3.2% and 3.5%, respectively, compared to that of Run A. The
1995 peak flow decreased by 4.7%. Average annual peak flows for 1993 through 1997 decreased
by less than 3.1%.

The effects of the addition of primary logging roads with cut depths equal to the soil
depth are similar to those caused by Run Bb, although there are occasionally larger decreases to
tributary peak flows resulting from Run Bb. Run Bc annual yield for 1995 debreased by 2.6%
and the average annual yield for 1994 to 1997 decreased by 3.0% compared to that of Run A.
The 1995 peak flow decreased by 4.4%. For 1993 through 1997, the average annual peak flow
decreased by 2.9%.

The change to the snowmelt-induced streamflow peak for the Redfish Upper Tliibutary is
displayed in Figure 11. A dip in decreased streamflows is common among the three road cut
~ scenarios. Unlike the Redfish Creek streamflows, in which the greater changes were induced by
deeper road cuts, the greatest decrease for the Redfish Upper Tributary is shown for the field-
defined road cut scenario and not the scenario with the deepest road cuts. The largest decrease in

discharge occurred approximately two hours following the peak flow.
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10.a. Run Ba - Run A, effect of minimal road cut depths approximately equal to ditch depths
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Figure 10. Discharge differences for Redfish Upper Tributary due to the varying road cut
depths of Runs Ba, Bb, and Bc during water year 1995
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“The Redfish Upper 1995 annual peak flow resulted from a rain-on-snow event. As with

- the response difference to Redfish Creek streamflows, the differences to Redfish Upper Tributary
fluctuate with the fluctuating rainfall rates (Figure 12). Run Bb has a slightly greater impact of
decreased peak tributary flow than Run Bc. The timing of the annual peak occurrence was not
affected by the presence of primary logging roads for any year of Redfish Upper Tributary

streamflows for Runs Ba, Bb, or Bc.
3.2.3 South tributary flows

The addition of primary logging roads resulfs in an overall increase to the South tributary
flows, as displayed in Figure 13. The greatest increases occur during the melt season with the
15_rgest differences occurring approximately two weeks prior to the tributary peak of the
snowmelt season. For the period of increased flows during the melt season, the minimal road cut
scenario yielded a shorter duration than of increased flows than either of deeper road cut
scenarios. There are spikes of increased discharge changes for peak flows resulting from rainfall
events. | '

The addition of logging roads with minimal road cuts, results in increased flows during
the rise of tributary flows at the beginning of the melt season (Figure 13.a). The increase in
flows tapers to zero with the conclusion of seasonal melt. The annual South tributary flow yield
for 1995 and the average annual yield for 1994 to 1997 increased by 2.6% and 4.6%,
respectively. Annual peak flow for 1995 and the average annual peak flow for 1993 through
1997 decreased by 0.1% and 5.4% respectively. As with Redfish Upper Tributary, the annual
peak flow is the resulted from the rain-on-snow event of late June.

The addition of logging roads with field-defined road cuts is shown in Figure 13.b. as the
line showing greater change to tributary flows. Similarly to the irripact of the minimal road cuts,
the largest increases to flows occur during the rising limb of the seasonal snowmelt hydrograph.
The scenario represented by Run Bb increased annual south tributary yield for 1995 and the
average annual yield for 1994 to 1997 by 18.7% and 19.6%, respectively, compared to that of
Run A. The 1995 peak flow increased by 5.5%. Average annual peak flows for 1993 through
1997 increased by 11.3%.

The addition of primary logging roads with cut depths equal to the soil depth produced
slightly greater changes to streamflow than those caused by Run Bb (Figure 13.c). Run Bc
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13.a. Run Ba - Run A, effect of minimal road cut depths approximately equal to ditch depths
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annual yield for 1995 increased by 20.8% and the average annual yield for 1994 to 1997
increased by 21.3% compared to that of Run A. The 1995 peak flow increased by 6.2%. For
1993 through 1997, the average annual peak flow increased by 11.5%.

The change to the snowmelt induced streamflow peak for the South Tributary is displayed
in Figure 14. For the three runs, there is a fairly consistent change to streamflow over the 24-
hour flow period, with a nearly indiscernible dip to the increased flows corresponding to the flow
peak of Run A. Run Ba shows the least amount of change to the streamflow. The increased
changes due to roads imposed in Runs Bb and Bc are nearly identical with Run B¢ resulting in
slightly greater change.

The South Tributary annual peak flow resulting from a rain-on-snow event is displayed in
Figure 15. Changes resulting from Run Ba show little alteration to tributary flows, unlike the
changes resulting from Runs Bb and Bc, which exhibit greater sensitivity to rainfall rates. Run
Bc has a slightly greater impact on increased peak tributary flow than Run Bb. The addition of
logging roads for all B runs resulted in a 10-day advance of the South Tributary annual peak
during water year 1997.

3.3 Runs Bb, C and D — Comparison of the effect of primary logging roads, stream

network expansion, and skid trails and abandoned roads

As in the case of the contrasting streamflow changes due to varying road cut depths, the
streamflow changes resulting from expanding the stream network and adding skid trails and
abandoned roads are difficult to detect based on graphing the resultant streamflows against those
of Run A, the base simulation without roads. Therefore, the following figures are laid out
similarly to that of the previous figures. The streamflow results from Runs Bb, C, and D are
shown as differences between the simulated streamflows relative to the streamflow of Run A that
is shown at the bottom of each figure. The results from Run Bb, the scenario with road cuts
representing field-defined measurements, represent the effects of the primary logging roads,
alone, on streamflow. Discharge differences are displayed in an overlain fashion in order to

contrast their differences relative to Run A.

40




(s/.u1) dUAIIJI( AS1eYPISI( S (wrur) wopeydidaa
€ - ne)dnalg
2338388 5 s & 8§ & S K B
S © 86 & 9 <9 = : . : : .
I It A " y
1490-S661/1€/SO ~ <] , YZ0-S661/ST/90
- I N
50-5661/1€/50 [ <| B 5 “ -
5 n .-
upo-s661/1€/50 | 2| = L | 10-5661/52/90
- ; /@
WEOS661/1€/50 | & .m 5 " .
MZ0-$661/1€/50 | | R & ! 1400-5661/52/90
L o 4+
10-5661/1€/S0 S __ m i
i 5}
| 1400-5661/1€/50 m - _ z WET-$661/57/90
MHET-G661/0€/S0 | | g | g i
= )
& sl = e | =
| HECSGOLOEE0 | 318 ! | S MZZ-$661/42/90
= 2 | =
MIT-S661/0€/S0 | ' | B & m s
| e) I = i
o B 85 2B|l5 2
40Z-S661/05/S g = M
s 5| 2= &~ = | M1Z-6661/52/90
wyeI-s661/0e/50 |~ @ 2 S| | =4
I W E= B! 3 I
ugl-se61/06/50 | || EF S| 2
i S8 o m 0Z-5661/%7/90
mLi-se61/0e/50 | 1| o B« E
- < 4...m = WJ =} O -
Mo1-S661/06/50 | g| oo B S| 2 B
i d ol 61-5661/42/90
wsisesoso | E A 2| g g
i 2 = @ = — -
upi-sesl/ogso |2 B 8 Sl g =l
- 7] RN -
ye-s661/08/50 || Y A& 8 g 481-5661/v2/90
- g9 & = i
. o -
| 1MZ1-5661/08/50 m 2 @8 ]
W11-5661/0€/SO &8 B4 9 HLI-S661/v7/90
i _ < = 9 & nnur “. i
Hor-s661/0e/50 | T g B B 2
i g -
60-5661/0€/50 | & =5 3 E 9 1-S661/47/90
i 2s & O
1Y80-5661/0€/S0 o = . i
- L o o ©
MLose61/0e/50 [ 1| A = s S 1-5661/47/90
1490-5661/0€/50 < £ SS—— _ _ _ . : ;
A sE s g8 2 288 8 8 § 8 8 2 8
s&843d8g3" 5§ S 2 2 38 &% s & o & S 3 2
(s/ur) ddaeydsiq Areynqui], ynos o0 M (s7,um) 2dwaa3551q ABaeydsIq (s/u) a3.xeydsiq Areynquiy, yynos
= =

t for South Tributary due to the

1995

in
41

Ing a rain on SNoOw even

d cut depths of Runs Ba, Bb, and Bc

Figure 15. Discharge differences dur
varying roa



3.3.1 Redfish Creek streamflows

The resultihg streamflow of the three model runs exhibit a similar response pattern during
the snowmelt season (Figure 16). Discharge is slightly increased during the beginning of the
melt season through the melt water peak. During the recession of the annual melt flows, the
three modelled discharges show slightly decreased flows. Results of model Runs C and D,
however show an opposing response to rain-on-snow and rainfall events compared to Run Bb.
later during the water year. The peaks resulting from these events are generally reduced for
Run Bb but are increased for Runs C and Run D.

Extending the stream network to represent culverts connected to streams via surface flow
resulted in streamflows that are more responsive to diurnal snowmelt and rainfall events, as
shown in Figure 16.b., in comparison to flows resulting from just the addition of primary logging
roads with field defined road cut depths, shown in Figure 16.a. Incorporating stream extensions
decreased the 1995 Redfish Creek yield by less than 0.1% in comparison to the roadless scenario,
whereas the logging roads alone decreased the flows by 0.1%. The average annual yield for 1994
through 1997 is decreased by 1.5% and 1.3% for Runs Bb and C, respectively. The 1995 peak
flow increased by 0.3% and 0.7% for runs Bb and C, respectively. The average annual peak
flow, for 1993 through 1997, decreased by less than 0.1% for Run Bb and increased by 0.6% for
Run C.

Discharge changes resulting from the addition of skid trails and abandoned roads to
primary logging roads and stream extensions are shown as the overlying graph in Figure 16.c.
The rainfall induced streamflow peaks of the skid trail and abandoned road scenario show a
lesser difference than the scenario including stream extensions with primary logging roads. The
scenario represented by Run D decreased annual yield for 1995 and the average annual yield for
1994 to 1997 by 0.1% compared to that of Run A. The 1995 peak flow increased by 1.1% and
the average annual peak flow for 1993 through 1997 increased by 0.7%.

A closer look at the effect of the primary logging roads on the snowmelt generated annual
peak flow for 1995, displayed in Figure 17, shows a sinusoidal pattern of discharge difference
between the roadless scenario and Runs Bb, C, and D. The impact of Runs C and D are more
pronounced than that of Run Bb. The results of Runs C and D e;(hibit the greatest amount of
increased streamflow just prior to the peak and the greatest amount of decrease during

- streamflow decline over the 24-hour period of diurnal streamflow response to snowmelt. The

42




16.a. Run Bb - Run A, effect of field surveyed road cut depths

0.16
0.12 1
0.08
0.04
0.00 ‘ g ?““‘%‘r - o —
-0.04 4
-0.08
16.b. Overlay of Run C - Run A, effect of stream density expansion
0.16
@
L) &l
é 0.12
>
S 008
2
£ 004
2 | 1]
% 0.00 fhed - : |
<
=
2 004
a
-0.08
16.c. Overlay of Run D - Run A, effect of abandoned roads and skid trails
0.16 14
0.12
F 12
0.08
0.04 - 10
oL 1
-8
-0.04
Q
-
-0.08 1 ¢ E
@
-0.12 - il
<
S
-0.16 A F4 2
(=]
-
0.2 ]
| -
2 o
-0.24 =
=
3
-0.28 B = e e I h e B B s 0 &
2 £ £ £ £ £ £ £ = £ £ = £
(=1 o0 Nel f=3 (=] O (=3 o0 O (=3 0 b=l (=3
< T = < < n < < n 2 < by <
= < o =T wy w wy wy wy wy vy wy w
i 3 § & 5§ & & & & &8 & & ¢
= = S = S = = = = = = S S
€ & £ &8 g 8 & B &8 E B g8 2
Run Bb - Run A Run C - Run A Run D - Run A Run A

Figure 16. Discharge differences for Redfish Creek due to the varying simulation scenarios of
Runs Bb, C, and D during water year 1995
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addition of roads, as expressed through Runs Bb, C, and D, do not impact the peak to the extent
that the timing of the peak flow was altered. ’
The differences resulting from the addition of primary logging roads during a rain-on-
snow peak flow event are shown in Figure 18. The streamflow changes fluctuate with the
rainfall intensity. The addition of logging roads (Run Bb) decreases the peak flow by 1.1%, while
the stream network expansion and addition of skid trails and abandoned roads has the opposite

effect, increasing the peak flow by 1.3% and 1.2 % respectively.
3.3.2 Redfish Upper tributary flows

The addition of primary logging roads results in generally decreased flows, with slight
inqreases to rain-on-snow events during the iperiod of snow accumulation. Results from Run C
(Figure 19.b) show that increasing the stream length by 5% from 3.51 to 3.69 km results in
higher flows for rain-on-snow events than the results of Run Bb. Increasing the road length by
11% from 1.73 to 1.92 km in Run D results in a greater sensitivity to snowmelt around the
seasonal snowmelt peak. Unlike the responses to Runs Bb and C, Run D yields more variable
changes to diurnal snowmelt fluctuations, with occasional increases of streamflow during the

. seasonal snowmelt. |

As with the effect of stream network extension on Redﬁsh Creek, streamflows are more ! i
responsive to diurnal snowmelt and rainfall events when the stream network is extended ‘
(Figuré 19.b), in comparison to flows without stream network extensions and with primary -
logging roads with field-defined road cut depths (Figure 19.a). Incorporating stream extensions
decreased the 1995 Redfish Uppér Tributary yield by 3.8% in comparison to the roadless
scenario, whereas the logging roads alone decreased the flows by 3.2%. The average annual
yield for 1994 through 1997 is decreased by 3.5% and 4.2% for Runs Bb and C, respectively.

The 1995 peak flow decreased by 4.7% and 2.3% for runs Bb and C, respectively. The average
annual peak flow, for 1993 through 1997, decreased by 3.1% for Run Bb and decreased by 1.3%
for Run C.

Discharge changes resulting from the addition of skid trails aﬁd abandoned roads to
primary logging roads and stream extensions are shown as the overlying graph in Figure 19.c.

The response of Run D to rain-on-snow events during the p‘eriod of snow accumulation is nearly

identical to that of Run C. Although the snowmelt modelled by Run D shows fluctuation
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Figure 19. Discharge differences for Redfish Upper Tributary due to the varying simulation
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between positive and less negative differences as compared with Run C, the difference from
Run A annual yield is just 0.6% more than that of Run C. For the scenario represented by

Run D, annual yield for 1995 and the averége annual yield for 1994 to 1997 decreased by 3.2% )
and.3.4%, respectively, compared to that of Run A. The 1995 peak flow decreased by 2.3% and
the average annual peak flow for 1993 through 1997 decreased by 0.2%.

The change to the peak snowmelt induced streamflow for the Redfish Upper Tributary is
displayed in Figure 20. The addition of the stream extensions in Run C causes a slightly greater
sensitivity in decreased streamflow than the simulation of the fnain logging road impact of
Run Bb, although the magnitude of decrease is similar. The addition of skid trails and
abandoned roads decreased the negative difference to Run A streamflows.

As shown in Figure 21, the addition of stream extensions resulted in a reduced change in
the 1995 annual peak flow caused by a rain-on-snow event, compared to that induced by the
addition of roads alone. Including the skid trails and abandoned roads only slightly increased the
negative difference resulting from the combined effect of modelling the main roads and stream

extensions as compared with Run A streamflows.
3.3.3 South tributary flows

The streamflow responses to Runs Bb, C, and D are nearly identical. The greatest
differences between the streamflows of Run A and those of Runs Bb, C, and D occur
approximately two weeks prior to the seasonal snowmelt peak. Following the peak increase in
streamflows, it is evident that these differences are slightly reduced from Run Bb to Run D. The
increases to the rain-on-snow generated peak were also slightly r_educed with the small addition
of stream length on top of the main logging roads and further reduced with the addition of skid
trails and abandoned roads.

The expansion of the stream network contributing to South tributary flows, as shown in
Flgure 22.b, results in increases to both annual yield and annual peak flow. These increases are
less than those induced by Run Bb, the addition of logging roads alone (Figure 22.a).
Incorporating stream extensions increased the 1995 South Tributary yield by 17.1% in
comparison to the roadless scenario, whereas the logging roads alone increased the flows by
18.7%. The average annual yield for 1994 through 1997 is increased by 19.6% aﬂd 18.0% for
Runs Bb and C, respectively. The 1995 peak flow increased by 5.5% and 5.4% for runs Bb and
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22.a. Run Bb - Run A, effect of field surveyed road cut depths
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Figure 22. Discharge differences for South Tributary due to the varying simulation scenarios
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C, respectively. The average annual peak flow, for 1993 through 1997, increased by 11.3% for -
Run Bb and increased by 10.8% for Run C. The only change to peak flow timing occurred for |
- water year 1997. For the roadless scenario, peak flow occurred June 11. The peak occurred ten
days earlier on June 11 for Runs Bb and C.

The addition of skid trails and abandoned roads to primary logging roads and stream
extensions only slightly diminish the increased South Tributary response to the addition of main
logging roads and stream extensions (Figure 22.c). The scenario represented by Run D
increased annual yield for 1995 and the average annual yield for 1994 to 1997 by 16.3% and
17.0%, respectively, compared to Run A. The 1995 peak flow increased by 4.4% and the
average annual peak flow for 1993 through 1997 increased by 9.2%. As compared with the
roadless scenario, the annual peak flow date was approximately three weeks earlier, on May 17.

The change to the peak snowmelt induced streamflow for the South Tributary is displayed
in Figure 23. It appears that streamflow changes resulting from the slight expansion of the
stream network, Run C, and the further addition of road length, Run D, serve to just slightly
reduce streamflow increases.

As shown in Figure 24, the addition of stream extensions reduced the 1995 rain-on-snow
generated annual peak flow compared to the streamflow change induced by the addition of roads
alone. Including the skid trails and abandoned roads only slightly reduced the increased
difference resulting from the combined effect of modelling the main roads and stream extenéions

as compared with Run A streamflows.
3.4 Redfish Upper Tributary modelled and observed flows

As modelled Redfish Upper tributary flows had shown discrepancies when compared to
observed flows, this chapter concludes with the presentation of modelled versus observed
Redfish Upper tributary flows. The changes modelled by Run D, representing logging roads and
related features, as contrasted with observed flows are displayed in Figures 25, 26, and 27 for
water years 1995 through 1997. Although the addition of the logging roads and related features
appears to reduce flows as compared with the original Run A roadless model, the modelled flows

remain appreciably higher than the observed flows.
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CHAPTER 4: DISCUSSION
4.1 Overview

This chapter will focus on the objectives outlined in the introduction, which include the
examination of modelled streamflow response to the addition of roads, road cut depth variation,
stream network extension to culverts connected via surface flow, and the addition of skid trails
and abandoned roads. The sub-basin model with enhanced road features will also be compared
with observed streamflows. The discussion is focused primarily within the context of basin and
sub-basin scale differences with references to the average annual yield and average annual peak
changes.

\
4.2 Streamflow response to the addition of logging roads at the basin and

sub-basin scale

At the scale of Redfish Creek basin (25.8 km?), no substantial change to streamflow was
observed in terms of annual yield and annual peak flow with the addition of primary logging
roads, whereas greater changes to tributary flows were observed. The degrees to which logging
roads affect these streamflows are likely due to various factors such as logging road density,
expansion of the basin contributing area, and particularly, road location with respect to streams.

The lack of considerable alterations to Redfish Creek streamflow is consistent with
previous field studies showing insignificant change to streamflows when logging road area
occupies 5% or less of the watershed area (Ziemer, 1981; Harr et al., 1975). Based on running
width, logging roads occupy less than 1% of the Redfish Creek watershed area. )

Redfish Creek tributaries appear to be more sensitive to the effects of logging roads than
the whole Redfish Creek basin. The annual yield and annual peak changes for were greater for
the South Tributary than for Redfish Upper. Relative to the roadless case, the South Tributary
experienced increases in annual yield and annual peak, whereas Redfish Upper showed
decreases. The degrees of streamflow changes were not proportional to the percent of the sub-
basin area covered by road, suggesting that, in the case of these two sub-basins, percent roaded
area has little affect in determining streamflow impact at the sub-basin scale. The difference in

relative changes is more likely due to road location and changes in contributing area.
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The differing results for the adjacent sub-basins superficially suggest that subsurface flow
was transferred from Redfish Upper Tributary to the South Tributary by means of the logging
road, similar to the case for the DHSVM-derived model of the Carnation Creek watershed, where
water was transferred between two neighbouring sub-basins via a road (Wigmosta and Perkins,
2001). However, upon examining the topography surrounding the sub-basins and the potential
subsurfacé flow path alteration due to the logging road, it appears that subsurface flow was not
directly diverted from one sub-basin to another by the logging road and thus would not be an
explanation of the simulated tributary flow changes. The common boundary of the sub-basins is
located well above (600 m) the road location so there is no direct interception and transfer from
one sub-basin to another by way of roads. The presence of roads increased the contributing area
of the sub-basins according to road altered sub-basin boundaries. These boundaries were
determined using road and culvert locations and cell to cell flow paths based on surface
topography. The resulting South Tributary contributing area potentially increased by
approximately 20%. This may account for the increased flow of the South Tributary for the road
scenarios. The increased contributing area of the South Tributary extends out onto the hillslope
that separates it from the Redfish Upper sub-basin. The expansion of the South Tributary
contributiﬁg area does not cause a decrease in the road-altered Redfish Upper contributing area.

The slight increase in Redfish Upper contributing area is contrary to the decrease in
tributary flow. This may be an artefact of the DHSVM multiple flow path routing routine
(Wigmosta et al., 1994). As not all the water contained by a cell is transferred to the most
downslope neighbour, but may distribute amongst all adjacent downslope cells, effective
subsurface flow boundaries are larger than those based on cell to cell transfer of subsurface flow.
The complexity of the multiple flow path is compounded with the presence of the switchbacks
located on the hillslope between the two basins. The switchbacks are capable transferring flows
between subsurface and surface paths by the conversion of subsurface flow to surface flow at
road cuts and the subsequent transfer of surface flow back to subsurface flow at ditch discharge
locations, thereby returning flow to the subsurface for potential interception by a lower
switchback. Considering the increased potential for contributing area expansion given the
multiple flow paths, it is possible that a transfer of flow did occur between the sub-basins,

resulting in the decreased Redfish Upper tributary flows.

55




4.3 Model sensitivity to cut depth variations

The sensitivity of modelled annual yield and annual peak flows due to variations in
logging road cut depth was greater in the smaller catchments. The low road density associated
with Redfish Creek watershed inhibits a sensitivity analeis of cut depth because the addition of
primary logging roads results in a negligible impact on streamflow regardless of cut depth. The
greater South tributary flow changes may be influenced to some degree by the expansion of the
contributing area to the South Tributary. The larger the contributing area increase, coupled with
increasing road cut depth, the greater the potential to intercept subsurface flows.

It is intuitive that deep road cuts would intercept larger volumes of subsurface flow; such
effects were demonstrated by Wigmosta and Perkins (2001). Deeper road cuts would therefore
pose potentially greater affects to streamflow. However, such relationships were not consistent
in Redfish Creek and its tributaries. The deepest cut depth scenario did not create the greatest
impact on annual snowmelt and rain-on-snow peaks for Redfish Upper Tributary. The scenario
incorporating the field-defined road cuts generated the largest change to these tributary flows. It
may be that subsurface flow, which would have been intercepted and routed to Redfish Upper
sub-basin in the case of the road cut depth equalling the soil depth, is passing below the road
surface to either flow down the hillslope away form the Redfish Upper sub-basin or is intercepted
by lower switchback road cuts for distribution away from the sub-basin. This phenomenon may,
in part, explain the lesser decrease in annual yield and peak flow for the field-defined scenario as

compared with the deepest cut depth scenario.
4.4 Effect of surface flow connections from culverts to the stream network

The primary effect of extending the stream network to connected culverts should be an
increase in streamflow responsiveness, expressed as a shortened time to peak and iﬁcreased
magnitude of peak flows (Wemple et al., 1996). However, for all of the catchments examined in
this study, changes to either the average annual yield or peak caused by stream network
extensions were less than 2% in addition to the effect of the primary logging roads with field
specified road cuts. Further, although slight increases to annual streamflow peak did occur in '
Redfish Creek and Redfish Upper Tributary, there was no decrease in the time to peak for either

snowmelt or rain-on-snow events at both scales. A decrease in the time to peak may have
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occurred if a greater portion of downslope flow was intercepted by connected ditch-culvert
systems, whereas a conservative, but field based, approach was taken to determine the
connectivity of culverts. It is also possible that changes in timing of runoff peaks could be

detected by employing a smaller temporal resolution instead of use of hourly time steps.
4.5 Hydrologic influence of skid trails and abandoned roads

The addition of skid trails and abandoned roads produced some change in the annual
yield of Redfish Upper and South tributaries, over and above the effects of adding the channel
extension. As compared against the base scenario without roads, Redfish Upper annual yield
increased slightly from —4.2%, for the stream extension scenario, to —3.4% after the addition of
skid trails and abandoned roads. The South Tributary annual yield decreased from 18.0% for the
stream extension scenario to 17.0%. The addition of an abandoned trail on the hillslopé between
the two sub-basins may transfer subsurface flows away from the South Tributary to the Redfish
Upper Tributary.

Only minimal changes to annual'peaks were observed at the Redfish Creek basin scale,
probably because less than 1% percent watershed is covered by primary logging roads,
abandoned roads, and skid trails. Even though the low permeability of the road is not
represented in the model, it is unlikely that such an addition to the model would have changed

the results given the scale of the basin and the low proportion of roads.
4.6 Enhancement of sub-basin model with road features

The addition of logging roads did not substantially improve the modelled representation
of observed Redfish Upper tributary flows. The addition of roads reduced the streamflows that
were overestimated in the unroaded simulation, but only by a negligible amount in compared
with observed flows. The base scenario without roads had flashy peaks compared to observed
flows. The addition of roads, more notably with channel extensions, increased modelled

tributary flow responsiveness. Other sources of error that potentially contributed to the

overestimation of Redfish Upper tributary flows include high natural variability of soil

characteristics, hillslope flow paths that differ from DHSVM’s flow path algorithm and DEM




inaccuracy (Whitaker et al., 2001). It is also possible that parameters controlling precipitation,
snow accumulation, or snowmelt may have been inaccurately specified for the model.

Whereas inaccurate soil representation in the model would likely have a greater effect on
the timing of flows, the inaccurate definition of contributing area and specification of
precipitation parameters affect streamflow yield. Subsurface flow routing can be controlled by
the topography of the confining layer at the bottom of the soil profile (Hutchinson and Moore,
2000), as well as complex patterns of preferential flow (Sidle et al., 2000). DHSVM and other
models assume that subsurface flow paths conform to surface topography. Differences between
true and modelled flow paths will affect stream yield to some extent. The modelled flow path is
dependent largely on the DEM, which underscores the potential impact of DEM errors. Studies
have also shown substantial variability of hydrologic modelling results based on differing
horizontal and vertical scales (Zhang and Montgomery, 1994; Kenward et al., 2000). Lack of
sufficient topographic detail, which can only be expressed with higher resolution DEMs, can lead
to inaccurate flow path representation.

As seen with the potential to alter annual yield in the South Tributary, road placement
relative to the DEM is also an important factor for sub-basins. Two of three switchback bends,
located on an adjacent hillslope, deposit flow intercepted from the hillslope directly to the South
Tributary sub-basin. The increase in South Tributary contributing area is also dependent on the
location of roads and culverts. An error in the DEM was detected during the initial overlay of
road locations, acquired by GPS, and stream locations, digitized from aerial photos. The east
side of the Redfish Creek watershed topography appeared to be displaced northward by almost

50 m. Road placement error could have resulted from shi’ﬁing the east side logging roads

location to better align with the topography.




CHAPTER 5: CONCLUSION
5.1 Summary of main findings

For the snow dominated regime of Redfish Creek watershed, the impact of logging roads
on annual and peak streamflows was generally very minor; these minor changes varied with
basin size and topography. The low density of logging roads produced negligible chaﬁges at the
scale of Redfish Creek watershed. |

Redfish Upper Tributary experienced decreases of less than 5% in annual yield and peak
flow, while the South Tributary experienced larger changes in the form of a 19.6% increase in
annual yield and an 11.3% increase in annual peak flow following the addition of primary
logging roads with field specified road cuts. A complex interaction between the multiple flow
path subsurface flow routing routine and redistribution of subsurface flows at the switch back
bends that were located at the edge of the sub-basin boundary likely resulted in the Redfish
“Upper flow reductions. An increased contributing area of approximately 20% due to the presence
of logging roads likely caused the increased South tributary flows.

Increased sensitivity to road cut depth accompanied those scenarios in which modelled
streamflows show notable changes due to the general presence of logging roads. The greatest
sensitivity was found for annual flow from the South Tributary; increases ranged from 2.6% for
the minimal cut depth scenario to 20.8% for road cuts equal to soil depth.

The addition of culvert connectivity through stream density expansion and skid trails and
abandoned roads did not impart notable additional streamflow changes to any of the watersheds
examined. The lack of change resulting from stream density expansion may be due to a small
amount of stream length added to the existing stream network. However, all streamflows became
more responsive to the increased surface flow efficiency resulting from the increased stream
density. The addition of skid trails and abandoned roads appeared to cause the transfer of a
portion of subsurface flow from the South Tributary to Redfish Upper Tributary.

The addition of logging roads to Redfish Upper Tributary did not noticeably improve the
- simulated flows compared with observed flows. The source of tributary flow overestimation may

lie in possible errors in the DEM, precipitation inputs, and/or melt rates.
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5.2 Suggestions for further research

Although this project has generated some insights into the effects of roads on streamflow
in a snowmelt-dominated mountain-catchment, the results are specific to the current road
network in Redfish Creek, and may not be applicable to catchments with greater road densities, 1
especially at higher elevations. Some of the issues that deserve further investigation are outlined ‘
in the next paragraph.
The streamflow impact of varying road densities should be examined to explore the
relationship between road density and peak flow changes. Variations in study site characteristics,
such as a high plateau catchment with lower relief and a more synchronised snowmelt timing of
annual snowmelt, would develop further understanding of potential road impacts in snow
dominated regimes. Another avenue of continued research involves contrasting the effects of
multiple and single flow path algorithms in determining the road impacts on subsurface path and

contributing areas.
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Tabulated and Graphed Results for
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28.a. Run Ba - Run A, effect of minimal road cut depths approximately equal to ditch depths
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Figure 28. Discharge differences for Redfish Creek due to the varying road cut depths of Runs

Ba, Bb, and B¢ during water year 1993
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29.a. Run Ba - Run A, effect of minimal road cut depths approximately equal to ditch depths
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Figure 29. Discharge differences for Redfish Creek due to the varying road cut depths of Runs
Ba, Bb, and B¢ during water year 1994
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30.a. Run Ba - Run A, effect of minimal road cut depths approximately equal to ditch depths
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Figure 30. Discharge differences for Redfish Creek due to the varying road cut depths of Runs

Ba, Bb, and Bc during water year 1996
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31.a. Run Ba - Run A, effect of minimal road cut depthslapproximately equal to ditch depths
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Figure 31. Discharge differences for Redfish Creek due to the varying road cut depths of Runs
Ba, Bb, and Bc during water year 1997
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32.a. Run Ba - Run A, effect of minimal road cut depths approximately equal to ditch depths
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Figure 32. Discharge differences for Redfish Upper Tributary due to the varying road cut
depths of Runs Ba, Bb, and Bc during water year 1993
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33.a. Run Ba - Run A, effect of minimal road cut depths approximately equal to ditch depths
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Figure 33. Discharge differences for Redfish Upper Tributary due to the varying road cut
depths of Runs Ba, Bb, and Bc during water year 1994
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34.a. Run Ba - Run A, effect of minimal road cut depths approximately equal to ditch depths
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Figure 34. Discharge differences for Redfish Upper Tributary due to the varying road cut
depths of Runs Ba, Bb, and Bc during water year 1996
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Figure 35. Discharge differences for Redfish Upper Tributary due to the varying road cut
depths of Runs Ba, Bb, and B¢ during water year 1997
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36.a. Run Ba - Run A, effect of minimal road cut depths approximately equal to ditch depths
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Figure 36. Discharge differences for South Tributary due to the varying road cut depths of
Runs Ba, Bb, and Bc during water year 1993
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37.a. Run Ba - Run A, effect of minimal road cut depths approximately equal to ditch depths
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Figure 37. Discharge differences for South Tributary due to the varying road cut depths of
Runs Ba, Bb, and Bc during water year 1994
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38.a. Run Ba - Run A, effect of minimal road cut depths approximately equal to ditch depths
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Figure 38. Discharge differences for South Tributary due to the varying road cut depths of
Runs Ba, Bb, and Bc during water year 1996
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39.a. Run Ba - Run A, effect of minimal road cut depths approximately equal to ditch depths
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Figure 39. Discharge differences for South Tributary due to the varying road cut depths of

Runs Ba, Bb, and Bc during water year 1997
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40.a. Run Bb - Run A, effect of field surveyed road cut depths
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Figure 40. Discharge differences for Redfish Creek due to the varying simulation scenarios of
Runs Bb, C, and D during water year 1993
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41.a. Run Bb - Run A, effect of field surveyed road cut depths
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Figure 41. Discharge differences for Redfish Creek due to the varying simulation scenarios of
Runs Bb, C, and D during water year 1994
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42.a. Run Bb - Run A, effect of field surveyed road cut depths
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Figure 42. Discharge differences for Redfish Creek due to the varying simulation scenarios of
Runs Bb, C, and D during water year 1996
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43.a. Run Bb - Run A, effect of field surveyed road cut depths
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Figure 43. Discharge differences for Redfish Creek due to the varying simulation scenarios of
Runs Bb, C, and D during water year 1997
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Figure 44. Discharge differences for Redfish Upper Tributary due to the varying simulation
scenarios of Runs Bb, C, and D during water year 1993
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45.a. Run Bb - Run A, effect of field surveyed road cut depths
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Figure 45. Discharge differences for Redfish Upper Tributary due to the varying simulation
scenarios of Runs Bb, C, and D during water year 1994
88




0.02
0.01
0.00
-0.01
-0.02
-0.03

-0.04

0.02
0.01
0.00
-0.01
-0.02

-0.03

Discharge Difference (m3/s)

0.04

0.02
0.01
0.00
-0.01
-0.02
-0.03

-0.04

-0.05 -

-0.06
-0.07

-0.08

-0.09 -

-0.10
-0.11
-0.12

46.a. Run Bb - Run A, effect of field surveyed road cut depths

e <
46.b. Overlay of Run C - Run A, effect of stream density expansion
! * | A . ;
46.c. Overlay of Run D - Run A, effect of abandoned roads and skid trails
1.00
| - 0.90
l‘ l l Fy =
E - 0.80
} - 0.70
- 0.60
- 0.50
] - 0.40
4 - 0.30
- 0.20
M -
T e — e r— e —— T r B 0.00
£ £ £ £ £ £ ] =] = £ £ £ £
(=1 o0 Nl (=3 o0 o (=3 0 O (=3 0 =] (=3
< < ) < < n < < ~ < < i <
v wy wy wy O O O O \O O O O o
5 £ & 8§ & § § & § § & § %
S = 5§ = § § = § & s s § =8
S o 2 2 2 Q 2 a @ 2 2 Q S
(=) (=] — o — o o . & n O g o0 D
— e — — (=] (=] (=) (=] (=} (=] (=] (=] (=]
Run Bb - Run A Run C - Run A Run D - Run A Run A

Redfish Upper Tributary (m’fs)

Figure 46. Discharge differences for Redfish Upper Tributary due to the varying simulation
scenarios of Runs Bb, C, and D during water year 1996

89



47.a. Run Bb - Run A, effect of field surveyed road cut depths
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Figure 47. Discharge differences for Redfish Upper Tributary due to the varying simulation
scenarios of Runs Bb, C, and D during water year 1997
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48.a. Run Bb - Run A, effect of field surveyed road cut depths
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48.c. Overlay of Run D - Run A, effect of abandoned roads and skid trails
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Figure 48. Discharge differences for South Tributary due to the varying simulation scenarios
of Runs Bb, C, and D during 1993
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49.a. Run Bb - Run A, effect of field surveyed road cut depths
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Figure 49. Discharge differences for South Tributary due to the varying simulation scenarios
of Runs Bb, C, and D during 1994
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50.a. Run Bb - Run A, effect of field surveyed road cut depths
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Figure 50. Discharge differences for South Tributary due to the varying simulation scenarios
of Runs Bb, C, and D during 1996



51.a. Run Bb - Run A, effect of field surveyed road cut depths
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Figure 51. Discharge differences for South Tributary due to the varying simulation scenarios

of Runs Bb, C, and D during 1997

95




