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Abstract 
 
A new perspective is offered on peak flow responses to clearcutting and roads in the maritime 
regions of the Pacific Northwest by combining numerical modeling with 1972-1990 hydro-
meteorological data for Carnation Creek, British Columbia. Model results suggest increases in 
the smallest peak flows of 0% to 110% due to clearcutting 85% of the 0.12 km2 H-basin. Effects 
of clearcutting decline with increasing event size and are less than 10% at a 1 year return period 
or greater. Peak flow responses to roads weaken from a range of -20% to 60% for the smallest 
events to a range of -15% to 5% at a 1 year return period or greater. For the 9.8 km2 B-basin, 
peak flow responses to clearcutting and roads also weaken with event size. The mean B-basin cut 
level of 32% for 1976-1990 has caused peak flow changes of 0% to 40% for the smallest events. 
Impacts of roads on these events range from -10% to 20%. The lower efficiency of the forest 
canopy in intercepting rainfall for large storms compared to small storms appears to be the main 
reason for the weakening peak flow response to clearcutting while changes in soil moisture 
storage are thought to be relatively unimportant given the significance of preferential hillslope 
runoff. The weakening response of peak flows to roads with increasing event size is related to 
higher subsurface flow rates and the associated upper limit of groundwater response to 
precipitation that result from the dominance of preferential hillslope runoff for large storms.  
 
Keywords : Watershed hydrology, peak flows, rainfall interception, preferential flow,  forestry, 
DHSVM, British Columbia, Carnation Creek.  
 
Index Terms from AGU list: 1803 Anthropogenic effects, 1860 Runoff and streamflow, 1829: 
Groundwater hydrology. 
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1. Introduction 
 
In evaluating peak flow responses to clearcutting and road building in the maritime regions of 
the Pacific Northwest using three small watersheds and three pairs of large basins in Oregon’s 
western Cascades, Jones and Grant [1996] suggested that the entire population of peak 
discharges is shifted upward and that there is no reason to expect the biggest storms to behave 
differently from the rest of the population. Thomas and Megahan [1998] revisited the small-
basins dataset but used analysis of covariance instead of analysis of variance and applied an 
additional test, the maximum detectable flow increase.  They disputed conclusions drawn by 
Jones and Grant and inferred that percentage treatment effects decreased as flow event size 
increased and were not detectable for flows with 2-year return period intervals or higher. Thomas 
and Megahan did in fact detect peak flow changes for some storms up to and exceeding 10-year 
return periods but their additional test reflected uncertainty for 2-year events and greater. In 
subsequent debate, Jones and Grant [2001] contended that the maximum detectable flow 
increase test required results to be significant to p < 0.0001. According to Thomas and Megahan 
[2001] this is a manifest of the inherent difficulty of assessing peak flow changes due to large 
data variability. In an assessment focused on geomorphologically important events with return 
periods greater than 1 year, Beschta et al. [2000] also concluded that peak flow increases 
following treatment depend upon peak flow magnitude. 
 
Statistical tests can be used to accept or reject hypotheses regarding peak flow responses to 
clearcutting and roads but provide no insight into watershed processes and other factors leading 
to their outcome. Furthermore, statistical analyses of peak flow responses to forestry activities 
are confounded by the many factors that may contribute to management effects on watershed 
hydrology. These factors include decreased evapotranspiration losses, soil compaction, forest 
road construction and differences in snow accumulation and melt [Harr, 1979], as well as issues 
such as shortness of streamflow records and climate variability. Hydrologic models can alleviate 
some of these problems by acting as a control to filter out effects of climate variability [Bowling 
et al., 2000] and are useful for linking forest management effects to controlling physical 
processes [Whitaker et al., 2002].  Models can also be used to assess how the ability of roads to 
affect catchment scale storm response is related to the arrangement of road segments relative to 
hillslopes and stream network [Bowling and Lettenmaier, 2001; Tague and Band, 2001; Wemple 
and Jones, 2003]. Based on these premises, a new perspective is offered in the debate regarding 
peak flow responses to clearcutting and road building in the maritime regions of the Pacific 
Northwest by combining numerical modeling with high-quality hydro-meteorological data 
collected at Carnation Creek on the west coast of Vancouver Island, British Columbia (BC).  
 
Carnation Creek is a 10 km2 temperate rainforest watershed and the site of an ongoing multi-
disciplinary study regarding the impact of forestry activities on small stream salmonid 
ecosystems since 1971 [Hartman and Scrivener, 1990]. The long-term hydro-meteorological 
database for the watershed, which includes precipitation data for several locations in the basin 
and nested gauging stations covering drainage areas between 0.12-9.8 km2 offers an opportunity 
to evaluate the worth of numerical modeling as a means to assess peak flow responses to 
clearcutting and roads in the maritime regions of the Pacific Northwest. As such, the Carnation 
Creek model study is part of a larger project aimed at testing the performance of the Distributed 
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Hydrology Soil Vegetation Model (DHSVM) [Wigmosta et al., 1994] in simulating hydrological 
processes of forested watersheds across biogeoclimatic zones in BC [Alila and Beckers, 2001; 
Whitaker et al., 2003; Thyer et al., in press]. One component of the Carnation Creek model study 
has focused on modifying the DHSVM to account for rapid preferential hillslope runoff 
contributions to peak flow generation [Beckers and Alila, under review]. The second component, 
detailed herein, focused on two objectives: (1) To test the performance of the modified DHSVM 
in simulating changes in the Carnation Creek streamflow regime due to forestry activities at 
gauged locations in the watershed. (2) To use the model to assess peak flow responses to forestry 
activities and to link these responses to the governing physical processes, with an emphasis on 
investigating the role of preferential hillslope runoff.  
 
In Section 2, an overview of the DHSVM is given. Carnation Creek data and model input used 
for simulating watershed responses to forestry activities are described in Section 3. Section 4 is 
focussed on model testing while model predictions regarding the impact of forestry activities on 
peak flows are the focus of Section 5. Linkages between peak flow responses to forestry 
activities and the governing physical processes are discussed in Section 6. The main findings of 
this study are summarised in Section 7. 

2. Distributed Hydrology Soil Vegetation Model (DHSVM) 
 
In DHSVM, the spatial distribution of soil moisture, snow cover, evapotranspiration, and runoff 
production is simulated at hourly time steps [Wigmosta et al., 1994]. The model uses a two-layer 
canopy representation for interception and evapotranspiration, a two- layer energy balance model 
for snow accumulation and melt, a multi- layer unsaturated soil model and a saturated subsurface 
flow model. Given the focus of this study, the description given below is limited to 
evapotranspiration, hillslope runoff and the interception and re-direction of runoff by roads. 

2.1 Evapotranspiration 
 
DHSVM assumes the forest canopy to completely intercept rainfall until interception storage 
capacities of overstory (Ico) and understory (Icu) are reached, as determined from projected leaf 
area index (LAI) and the maximum depth of intercepted water on leaf surfaces (Imult): 
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in which F is the fraction of the ground surface (model pixel) covered by the overstory (tree 
canopy) and where o and u represent overstory and understory, respectively. In the model, if an 
understory (shrubs, grasses) is present it is assumed to completely cover the ground surface. 
Changes in interception storage S are given by: 
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Any excess rainfall passes through the canopy with no attenuation (throughfall). 
Evapotranspiration Ei over the time period ∆t is calculated using a Penman-Monteith approach: 
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where ∆ is the slope of the saturated vapor pressure-temperature curve, Rni is the net radiation 
flux density, ρ is the density of moist air, cp is the specific heat of air, es is the saturated vapor 
pressure, e is the vapor pressure, rai is the aerodynamic resistance to vapor transport, λv is the 
latent heat of vaporization, γ is the psychrometric constant and rci is the canopy resistance to 
vapor transport. This canopy resistance depends on LAI and adopted model values for minimum 
and maximum stomatal resistances to vapor transport rsmin and rsmax for each vegetation layer and 
four limiting factors: air temperature, vapor pressure deficit, soil moisture conditions and the 
photosynthetically radiation flux (Rp). Transpiration from dry vegetative surfaces is calculated 
directly from (3) while evaporation of intercepted rainfall from the surface of wet vegetation is 
assumed to occur at the potential rate by setting rci equal to zero. Wigmosta et al. [1994] provide 
details on the evapotranspiration and energy budget calculations. 

2.2 Hillslope Runoff 
 
A separate one-dimensional water balance is calculated for each grid cell. In the original model 
formulation, all throughfall (rainfall minus rain interception by the forest canopy) and snowmelt 
is assumed to enter the soil column [Wigmosta et al., 1994]. Vertical unsaturated water 
movement (percolation, P) through each soil layer l is calculated using the one-dimensional form 
of Darcy's law assuming a unit hydraulic gradient :  
 

))(()( lKlP v θ=         (4) 
 
in which Kv(θ) is the soil vertical unsaturated hydraulic conductivity which is calculated from the 
soil moisture content θ using the Brooks-Corey equation: 
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where m is the pore size distribution (PSD) index, φ is the local effective soil porosity and θr is 
the residual water content, which for simplicity is taken to be zero such that the saturated water 
content θs is equal to φ. P(0) equals the sum of infiltrated throughfall and snowmelt.  
 
Evapotranspiration losses calculated from (3) are abstracted from each root soil layer based on 
specified root fractions for overstory and understory. Direct soil evaporation is also accounted 
for using a physics-based approach [Wigmosta et al., 1994]. The number of soil layers in the 
model equals the number of root zones plus one. Properties of the bottom layer, which extends 
from the root zone to bedrock, are identical to that of the deepest root zone layer, but 
evapotranspiration cannot abstract water from this bottom layer.  
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The downward moisture flux from the deepest root zone layer recharges the grid cell water table. 
Lateral flow is limited to the saturated zone and is calculated using the quasi three-dimensional 
model of Wigmosta and Lettenmaier [1999]. The rate of saturated subsurface flow q through the 
soil matrix at time t from cell i,j to each of its 8 neighbors (k = 0-7) is calculated as: 
 

),,,(),,,(tan),,(),,,( tkjiwtkjitjiTtkjiq β−=   β(i,j,k,t) < 0  
0       β(i,j,k,t) = 0  (6) 

 
in which T(i,j,t) is the transmissivity at cell i,j, β(i,j,k,t ) is the water table slope in the k direction 
and w(i,j,k,t)  is the width of flow, which depends on the size of the square cells (∆x = ∆y) and 
the aspect of the water table. Soil transmissivity is calculated based on a power- law relationship:  
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where Kh is the lateral component of soil hydraulic conductivity and f is a parameter relating the 
decline of this conductivity with depth, and where z(i,j,t) and D(i,j) are the depth below ground 
surface (positive downward) of the water table and impermeable bedrock surface, respectively.  
 
The change in saturated zone water volume (∆S) over the time step is given by: 
 

[ ] tjiAjiPjiQjiQjiS outin ∆+−=∆ ),(),(),(),(),(     (8) 
 
in which P(i,j) is the percolation from the deepest root zone layer, where A(i,j) is the grid cell 
area (horizontal projection), and where Qin(i,j) and Qout(i,j) are total inflow and outflow 
exchanges with neighbouring grid cells calculated from (6). 
 
Beckers and Alila [under review] modified the DHSVM to account for preferential flow 
contributions to hillslope runoff, as outlined below. A wide variety of mechanisms may be 
responsible for rapid hillslope runoff and old versus new water contributions to stormflow in 
humid forested watersheds [e.g., deVries and Chow, 1978; Mosley, 1979; Cheng, 1988; 
McDonnell, 1990; Sidle et al., 2001; Uchida et al., 2001; Zehe and Flüher, 2001; Buttle and 
McDonald, 2002; McGlynn et al., 2002 and references therein]. However, a common theme is 
that during the initial phase of a rainstorm the subsurface system converts from matrix-
dominated runoff to preferential flow dominated runoff. This concept of a transition triggered by 
a threshold rainfall depth and/or intensity formed the basis for the model formulation. The 
Green-Ampt matrix infiltration equation [e.g., Rawls et al., 1993] was added to the model to 
simulate surface ponding conditions that lead to by-pass infiltration through macropores: 
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This equation accounts for the effects of moisture content θi in the uppermost soil layer at the  
start of a precipitation event and cumulative matrix infiltration since the start of the event (Icum) 
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on the infiltration capacity Imax of the soil. The wetting front suction (Sf) can be estimated from 
the Brooks-Corey parameters [Rawls et al., 1993]. K* is the effective hydraulic conductivity of 
the surface soil. Individual events for resetting θi and Icum  are defined as being separated by 8 
hours with no rainfall (throughfall). Snowmelt is not considered in the event definition as typical 
melt rates are well below the infiltration capacity of forest soils. Hence, in the absence of rainfall 
all snowmelt will infiltrate into the soil matrix. For rainfall and rain-on-snow events, matrix 
infiltration and by-pass infiltration (Pm) are calculated as: 
 

P(0) = R Pm = 0     R = Imax  (10a) 
P(0) = Imax Pm = R-Imax    R > Imax   (10b) 

 
where R is the sum of throughfall and snowmelt. By-pass infiltration is assumed to 
instantaneously reach the bedrock surface. During the initial phase of a storm, the preferential 
flow network is assumed to be laterally disconnected such that by-pass flow arriving at the 
bedrock surface is routed downslope at a velocity v1 limited by soil matrix properties. As a result, 
by-pass flow will arrive at the bedrock surface faster than it can drain downslope causing a rapid 
water table rise. Faster preferential flow at a velocity v2 >> v1 unlimited by these matrix 
properties is initiated once the rainfall depth since the start of the event (Rcum) exceeds a 
threshold value R*, halting the rapid water table rise. To simulate the transition in preferential 
flow velocity, total storage in the preferential flow network (M) is partitioned into components 
M1 and M2 (where M = M1 + M2) according to: 
 

M1(t) = M1(t-∆t)+Pm(t)    Rcum  = R*  (11a) 
M2(t) = M2(t-∆t)+Pm(t)    Rcum  > R*  (11b) 

 
Both stores drain at all time but no water enters M2 storage prior to R* being exceeded while no 
water replenishes M1 storage after this threshold is exceeded. R* is reset to zero using the same 
event definition as used for the Green-Ampt equation (9). Evapotranspiration has no influence on 
preferential flow network storage. Preferential flow velocities v1 and v2 are assumed to vary 
spatially according to a Darcy’s Law type relationship driven by slope gradients: 
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where ε(i,j) is the local ground surface slope and where *

1v  and *
2v  are measured subsurface flow 

rates at a site with slope ε*.  The change in storage ∆M(i,j) over a model time step is given by: 
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where Q1

in(i,j), Q2
in(i,j), Q1

out(i,j) and Q2
out(i,j) are total exchanges of slow and fast preferential 

flow with neighbouring grid cells calculated in a manner analogous to (6) but replacing 
T(i,j,t)tanβ(i,j,k,t) by (12).  
 
There is no mixing of water between the matrix and preferential flow domains in the unsaturated 
and saturated zones. The only feedback between the two domains is through the water table 
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depth calculation, which is the same for the matrix and preferential flow domains. Assuming that 
storage in the preferential flow network is small compared to the effective porosity of the soil 
matrix, the change in water table depth in the modified DHSVM is calculated as: 
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Return flow and saturation overland flow are generated in locations where grid cell water table 
intersects the ground surface, as indicated by a negative value of z(i,j). Overland flow can re-
infiltrate into neighboring model pixels or be intercepted by a road or stream if present in the 
grid cell. Road and channel networks also intercept precipitation and subsurface flow. Runoff is 
routed through these networks using a linear reservoir scheme and explicit information on the 
location of roads and stream channels [Wigmosta and Perkins, 1997; 2001]. 

2.3 Road Drainage Diversion 

In DHSVM, when the depth to the water table below land surface is less than the height of the 
road cut (zR), matrix flow interception QR by a road segment in grid cell i,j is given by [Wigmosta 
and Perkins, 1997; 2001]: 
 

),,(),(tan),(),,( , tjiTjijiwtjiQ
RzzRR β=      (15) 

 
where wR(i,j) is the length of road in the grid cell orthogonal to the grid cell aspect α(i,j) and 
Tz,zR(i,j) is the transmissivity of the saturated zone above the road cut, obtained by substituting zR 
for D in (7). Matrix flow passing beneath the road is obtained by using zR instead of z in (7) 
[Wigmosta and Perkins, 2001]. When the water table remains below the road cut (z = zR), QR = 0 
and all subsurface flow passes beneath the road. If surface water is available from overland flow 
in the cell, it is contributed completely to the road segment in the same time interval.  
 
In the modified DHSVM, preferential flow interception QMR by a road segment in grid cell i,j is 
given by the amount of preferential flow storage present in that cell (M) and the fraction of the 
saturated soil column situated above the road cut: 
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with the remaining part of preferential flow (M – QMR) passing below the road. In (16), it is 
assumed that preferential flow storage is uniformly distributed over the saturated portion of the 
soil column. When z = zR, QMR = 0 and all preferential flow passes below the road cut. Total 
water interception by a road segment equals QR + QMR.  
 
Road drainage flow directions are calculated in ARC/INFO using information on the road 
network layout and the watershed Digital Elevation Map (DEM). Outflow from a road segment 
may be routed to another downslope segment, drain to a stream segment if one is present in the 
same grid cell (road/stream crossing), exit the watershed, or it may be input back into the grid 
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cell. This last option occurs in areas of convergent flow at low spots in the road network where 
water may overtop the road, or at designated outflow points (surveyed ditch relief culverts). In 
both instances, outflow from the road segment is added to the surface water of the cell, making it 
available for re- infiltration or overland flow in the same manner as rainfall is treated.  

3. Carnation Creek Data and Model  
 
The 10 km2 Carnation Creek watershed is located on the west coast of Vancouver Island, BC, 
Canada (Figure 1). Elevation ranges from sea level to 900 m and basin slopes are steep, up to 
80%, although the lower 3 km of stream runs through a 50-200 m wide flood plain. Precipitation 
and streamflow have been continuously monitored since 1972 at several locations in the basin 
[Hetherington, 1982]. Data collected up to 1990 have been extensively quality checked and will 
be utilized here. Stream gauges are located on the main channel near the mouth (B weir, drainage  
area 9.8 km2) and in the upper watershed (E weir, 2.7 km2) and on three tributary streams: C (1.4 
km2), H (0.12 km2) and J (0.24 km2, since 1975 only). Peak flows for J-basin were found to be 
anomalously low compared to other gauged locations, possibly due to problems with the adopted 
stage-discharge relationship and J-basin data are not used. Data records for control basins C and 
E were used by Beckers and Alila [under review] to assess the 1972-1990 performance of the 
modified DHSVM (matrix + preferentia l flow model) in simulating streamflow under relatively 
constant land use conditions. Data for the managed basins B and H are used here to test the 
model’s ability to simulate changes in streamflow regime due to clearcutting and roads.  
  
Vegetation characteristics, logging history, canopy rainfall interception, evapotranspiration, 
meteorology, hillslope runoff mechanisms, stream and road network information and associated 
model input are described below.  

3.1 Vegetation Characteristics and Logging History 
 
Carnation Creek is located in the Coastal Western Hemlock (CWH) biogeoclimatic zone. Pre-
management forest cover was primarily western hemlock (Tsuga heterophylla), western red 
cedar (Thuja plicata), amabilis fir (Abies amabilis), Douglas fir (Pseudotsuga menziesii), sitka 
spruce (Picea sitchensis) and red alder (Alnus rubra). Mapping by Oswald [1982] formed the 
basis for a categorization of the pre-management vegetation cover into four classes: channel 
communities, lower slopes forest, middle slopes forest and upper slopes forest (Figure 2).  
 
About 41% of Carnation Creek was clearcut logged between 1976 and 1981 (Figure 3, Table 1). 
Basins H and J were about 85% and 93% clearcut, respectively, while C and E were left 
undisturbed to serve as hydrological controls. No logging took place during post-treatment 
monitoring between 1982 and 1985. Logging in E basin was initiated at the end of the main 
experiment in 1986 and approximately 31% of this sub-basin was harvested by 1990. About 16% 
of basin C was logged prior to the watershed experiment in 1969. Also not part of the planned 
experiment is that the remaining 15% of H-basin was logged in Winter 1984/85. These issues 
surfaced only recently. Hence, logging in C-basin and additional 15% logging in H-basin is not 
yet taken into account in the model (Table 1).  
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Forest cover maps for the region surrounding Carnation Creek were used to derive plots of 
canopy closure and stand height (Y-axis) versus stand age (X-axis) classified by site index 
(Figure 4a, b). The site index associates each map polygon with the potential for either “good”, 
“medium” or “poor” forest recovery. Chapman-Richards [Richards, 1959] equations of the form: 
 

cbXaY ))exp(1( −−=         (17) 
 
were fit by eye to the data by adjusting the coefficients a, b and c. Information on leaf area index 
(LAI) recovery (Figure 4c) was based on LAI-2000 measurements for chronosequences in the 
CWH very wet maritime biogeoclimatic zone [Frazer et al., 2000]. A modified Chapman-
Richards equation was fit to these measurements:  
 

))50(1())exp(1( −−−−= XdbXaY c       (18) 
 
The added term distinguishing (18) from (17) accounts for smaller canopy density in old-growth 
stands as compared to young forest stands, where the measurements suggest that LAI is at a 
maximum near a stand age of 50 years. Understory recovery (Figure 4d) was based on at-site 
data fitted by (17) while understory height is taken to be a constant 0.6 m. Understory LAI for 
use in the model was calculated based on time since logging by multiplying the percent cover 
curve with a value of 3 m2/m2 [Running et al., 1986]. 
 
Soil development is important for forest recovery potential. Mapping by Oswald [1982] suggests 
that pre-management forest classes 1 and 2 (Figure 2) largely correspond to areas of moderately 
deep soils. In the model, these two classes are assigned site index “good”. Class 3 corresponds to 
areas of shallow to moderately deep soils (assigned “medium” recovery potential) while class 4 
is predominantly associated with areas or shallow soil or exposed bedrock (site index “poor”). 
Understory and overstory LAI recovery had to be assumed identical for all forest classes. 
Physical characteristics of the pre-management old-growth forest (Table 2) were determined 
using the above methodology and assuming a stand age of 200 years.   

3.2 Rainfall Interception and Evapotranspiration 
 
Approximately two-thirds of annual precipitation leaves the watershed as runoff with the 
remaining one-third accounted for by evapotranspiration losses based on precipitation-
streamflow differences [Hetherington et al., 1995]. Evapotranspiration is high in both summer 
(mostly tree transpiration) and winter (mostly intercepted rain evaporation). Spittlehouse [1998] 
determined rainfall interception losses for a mature western hemlock forest stand (F = 0.85) as 
the difference between rainfall in a nearby clearcut and the sum of throughfall and stemflow. 
Five throughfall troughs and five stemflow collectors were continuously monitored starting 
March 1995. Measured stemflow was small compared to throughfall. Data were summarized on 
a storm basis and used to generate an asymptotic relationship between interception and storm 
size I = 30*(1-exp(-0.017*(R-0.5))) with R and I in mm (Figure 5a). Rainfall amounts less than 
0.5 mm were assumed to be completely intercepted.  
 
Given the different measurement period, model-predicted rainfall interception was only 
compared to the data-derived asymptotic relationship (Figure 5a). Storms between October 1972 
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and October 1975 were used to determine a representative value for Imult. DHSVM parameters 
controlling the canopy energy budget and evapotranspiration rates were taken from the literature 
(Table 3). According to (1), with Imult set to 1.5 mm, the rain interception capacity Ico of a forest 
stand with F = 0.85 and LAI = 6.4 m2/m2  equals 8.2 mm. However, model-predicted total 
interception for a rainfall event reaches values up to about 40 mm due to evaporation from wet 
vegetation surfaces. The considerable scatter in simulated rainfall interception is caused by 
precipitation characteristics, the influence of weather conditions during storms affecting 
evaporation rates and antecedent conditions determined by the extent to which the canopy can 
dry out between storms. Spittlehouse [1998] observed a similar scatter in measured rainfall 
interception. Measured and simulated rainfall interception averages about 50% of rainfall for 
events less than 30 mm but tapers off to only 10% for the largest (~300 mm) storms. Throughfall 
therefore constitutes on average 50% of small storms and 90% of large storms (Figure 5b).  

3.3 Meteorology and Snow 
 
Annual precipitation has ranged from 2100 mm to over 5000 mm with 90%-95% occurring as 
rain [Hetherington, 1987]. Approximately 75% of precipitation occurs during the winter period 
from October to March. Hourly precipitation data for 6 stations (A, C, D, EH, F, L) are used in 
the model (Figure 1). Stations E and H (EH) cover consecutive measurements for nearby 
locations to accommodate logging operations. Precipitation is distributed over the basin using an 
elevation gradient approach, with monthly-average gradients calculated from precipitation totals 
at each station. Air temperature and relative humidity have been measured at four sites (A, C, D, 
E) while solar radiation and wind speed have only been measured at station A. Temperature 
thresholds used to determine the fraction of precipitation falling as rain or snow were set to 
achieve an average 10% snow contribution to annual precipitation for 1972-1990. Albedo curves 
of Laramie and Schaake [1974] are used in snowmelt calculations while the canopy snow 
interception parameterization (Table 3) is based on Storck [2000] and Storck et al. [2002]. 

3.4 Hillslope Runoff  
 
Beckers and Alila [under review] calibrated and tested the runoff component of the modified 
DHSVM (matrix + preferential flow model). Pertinent results are reiterated in this section. A 
single root zone layer with a depth of 0.5 m (Table 3) and spatially uniform soil properties was 
assumed. Soil depth is represented by a cross-correlated random field with variations between 
0.5 m and 2.2 m. Uniform soil properties (Table 4) suffice from the perspective of streamflow 
simulation while the random soil depth field is important for simulated water table responses.  
 
Subsurface parameters were calibrated to February 1-9, 1974 streamflow recorded at B, C, E and 
H weirs (Figure 6). Lateral conductivity for a fully saturated soil column Kh/f = 2.5x10-4 m/s 
(equation (7), Table 4) in the model is slightly lower than the range of values (3x10-4-2.6x10-3 
m/s) estimated from grain size curves [Fannin et al., 2000]. Porosity (43%) is lower than 
measured at-site (51% - 82%), accounting for the large coarse fraction of the soil (~30%) 
reducing effective porosity. Downslope preferential flow velocities were based on three tracer 
experiments conducted at road-cut locations in H-basin and on a nearby lower watershed slope 
[Hetherington, 1995] with measured values ranging between 1.2x10-3 and 6.2x10-3 for a non-
seepage site and between 9.2x10-3 and 4.7x10-2 m/s for two obvious seepage sites. The February 
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2-3, rainfall event considered in the calibration is a sizeable winter storm with a peak flow return 
period of approximately 1-2 years. Storm runoff for this event is almost entirely generated 
through preferential flow mechanisms while the matrix flow contribution is negligible (Figure 6). 
During the initial phase of the storm only slow preferential flow is generated, while fast 
preferential flow is initiated once the threshold rainfall throughfall depth R* is exceeded. 
 
Fannin et al. [2000] analyzed data from 12 continuously recording piezometers that provide a 
1975-1982 series of groundwater levels across H-basin for its pre- and post-logging period 
(Figure 7a). The largest value of pore pressure head Dw normalized by soil depth was extracted 
for each month. Using Weibull’s plotting method, the monthly maxima for each piezometer were 
ranked from smallest (i = 1) to largest (i = N) and a return period Rt was determined from: 

1
1

1
+

=−
N

i
Rt          (19) 

 
Simulated October 1975 – October 1982 water table responses for 12 H-basin test locations with 
similar physiographic characteristics (soil depth, areas logged in Winter 1977/78 versus 
unlogged areas and location in the basin relative to roads and stream channel) as the 12 
piezometer locations were also analyzed as a monthly maximum series. Consistent with general 
trends evident in the pore pressure response curves (Figure 7a), the model correctly simulates the 
existence of an upper limit of water table response to storm events, with water levels increasing 
only gradually beyond a return period of approximately 2 months (Figure 7b). The groundwater 
response curves reflect that for small storms, when matrix flow is dominant and subsurface flow 
rates are relatively modest (Table 4), the water table must continuously rise with increasing 
storm size to transmit the water supplied by rainfall. However, once preferential flow is the 
dominant runoff mechanism, subsurface flow rates are much higher, precipitation becomes the 
limiting factor in determining storm runoff and the water table stops rising with increasing storm 
size. The groundwater response analysis suggests that the model reasonably represents the 
transition from matrix-dominated runoff to preferential flow dominated runoff with increasing 
storm size. The return period for this transition of about 2 months is consistent with simulated 
matrix and preferential flow contributions to streamflow generation. These suggest that fast 
preferential runoff contributes greater than 50% to streamflow for unit area discharge values in 
excess of 2.8 mm/hr, corresponding to a peak flow return period of about 2-3 months [Beckers 
and Alila, under review]. 

3.5 Stream and Road Network  
 
The stream network (Figure 1) was derived from the 10 m resolution DEM. Channel geometric 
parameters (depth, width) were based on field estimates while Manning roughness values for 
channel routing were taken from the literature [Shen and Julien, 1993]. The forest road network 
is extensive but most roads are located away from the main stream channel (Figure 8). 
Construction of the timber hauling roads was begun in January 1975 and the greatest length of 
road was built in winter 1975-1976. Access to a cut block was usually built one year prior to 
logging [Hartman and Scrivener, 1990]. Total road length built in Carnation Creek is 
approximately 34 km and road network dens ity is about 0.02 km2/km2 (dominant road width is 5 
m).  For H-basin, total road length is about 500 m and road density is 0.02 km2/km2.  
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Road slopes and cutbank heights, derived from ARC/INFO analysis of the road coverage and the 
DEM were compared to independent information from a MacMillan Bloedel Ltd. (now part of 
Weyerhaeuser Company Ltd.) field survey. This comparison (Figure 9) suggests that the GIS 
analysis yields a reasonable representation of actual road parameters. The total number of 
culverts in the model is 254 (Figure 8), of which 104 are stream crossings, the remainder being 
relief culverts. A total of 137 culverts were surveyed and 117 were imposed through the GIS 
analysis at road/stream crossings and areas of topographic convergence where water may overtop 
the road (labeled “other”). Field verification of these latter locations was hampered due to 
degradation of the road network and invasion of new vegetation. There are 4 culverts in H-basin 
with only 1 culvert providing a direct connection to the tributary stream. The road segment 
contributing runoff to this culvert is about 200 m long. 
 
The Carnation Creek road network layout is typical of the Pacific Northwest. In this layout, road 
effects on catchment storm response are largely determined by the runoff they capture that is 
routed directly to small midslope tributary streams [Jones et al., 2000; Wemple and Jones, 2003]. 
Rapid connections to the stream network may also be provided by relief culverts that drain into 
steep hillslope gullies. The DEM derived stream network does not incorporate these gullies. As a 
result, road/stream connectivity may be somewhat underestimated given that outflow from relief 
culvert is made available for re-infiltration into the soil matrix and the preferential flow network. 

3.6 Simulation Experiment 
 
Three continuous simulations spanning Water Years (WY) 1976-1990 form the basis for the 
analyses presented in the next sections: The “harvesting + roads” simulation considers the actual 
management history of the watershed. In this simulation, the entire road network (Figure 8) is 
introduced in the model on October 1, 1975 while cut blocks (Figure 3) are introduced at the start 
of the water year (October 1) that corresponds to the winter of logging (Table 1). Parameters for 
recovering cutblocks are also updated at the start of each water year. The other two simulations 
are hypothetical. In the “roads” simulation, the road network is introduced on October 1, 1975 
while the pre-management forest cover (Figure 2, Table 2) is retained throughout the entire 
simulation period. The “control” simulation considers the case where no logging and road 
construction would have taken place during WY 1976-1990. In assessing the cumulative impacts 
of clearcutting and roads, the “harvesting + roads” simulation is compared to the “control” 
simulation. The effects of clearcutting alone are isolated by comparing the “harvesting + roads” 
and “roads” simulations while the effects of roads are determined from comparison of the 
“roads” and “control” simulations. For the pre-management water years (1972-1975), all 
simulations are identical. All simulations utilize the same observed meteorological time series.  
 
The strategy taken towards testing the ability of the model to simulate the impacts of clearcut 
logging and road construction on the streamflow regime (Section 4) follows the split sample 
approach of Kuczera et al. [1993]. They argued that a strong test of model structure is to force 
the model to extrapolate beyond the range of conditions encountered during the calibration 
period, which can be achieved by selecting a catchment that undergoes a major land use change 
during the independent verification period. To this extent, the model’s ability to simulate the 
modified streamflow regime under managed conditions was tested while preserving subsurface 
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parameters obtained from model calibration under unmanaged conditions. Thus, forest 
management effects considered herein are decreased evapotranspiration losses due to 
clearcutting and drainage diversion by forest roads. Forest harvesting effects on snow 
accumulation and melt are also included in the model. However, with the exception of rare rain-
on-snow events, these effects are generally of little concern at Carnation Creek.  
 
Any effect of soil compaction on watershed hydrology is ignored in the simulations. Yarding 
operations have disturbed the soil surface but soils are very coarse and not subject to much 
compaction. Nevertheless, surface soil disturbances most likely have resulted in closure of some 
entrances to macropores rendering them inoperative as pathways of subsurface flow. The 
resulting reduced rate of stormflow may cause an increase in the time to peak and reduced flow 
magnitudes [deVries and Chow, 1978; Cheng, 1988]. On the other hand, the prevalence of 
macropores may increase a few years after timber harvest due to an increase in decayed roots, 
potentially leading to greater preferential flow network connectivity. The net influence of the 
above complicating factors on subsurface flow velocities, pore pressure responses to 
precipitation and water delivery to streams remains to be determined. 

4. Model Testing 
 
The model’s ability to simulate changes in streamflow regime due to clearcutting and roads was 
tested for basins B and H. Recorded streamflow for WY 1972-1990 was compared to the 
“harvesting + roads” simulation reflecting the management history (Figure 10). Three 
performance measures were used in the evaluation: volume error δV/V between observed and 
simulated flows, model efficiency E! [Nash and Sutcliffe, 1970] relating how well calculated and 
observed flows compare in both volume and shape, and the coefficient of determination D! 
which depends only on the timing of flows. For a sucessful model, δV/V should be close to zero 
while E! and D! should be close to unity. D! and E! were calculated at the hourly model time 
step.  
 
Student t-tests were used to assess whether the model performance in reproducing streamflow 
characteristics for H-weir and B-weir under managed conditions differed from that under 
unmanaged conditions. For H-basin, this assessment was based on t-tests evaluating differences 
in the mean of the three model performance statistics between pre-management (1973-1975) and 
post-harvesting (1978-1990) water years (means are given by horizontal lines in Figure 10). Null 
hypotheses that the population means of δV/V, E! and D! are identical for the pre-management 
and post-harvesting periods are all accepted at the 5% level of significance (Table 5). Student t-
tests for B-basin (not shown) also resulted in a positive outcome, which is not surprising given 
the lower level of management intensity in Carnation Creek as a whole compared to H-basin. 
The t-tests therefore suggest that the model performance in simulating the annual streamflow 
regime for B-basin and H-basin can be assumed identical for managed and unmanaged 
conditions at p = 0.05.  
 
A peak flow analysis was conducted for B-basin and H-basin, identical to that performed by 
Beckers and Alila [under review] for basins C and E. Monthly maximum flows for the pre-
management period tend to fall in the lower range of recorded peak flow magnitudes for both B-
basin and H-basin while the largest events all correspond to managed conditions  (Figure 11a, b). 
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This is not a consequence of forestry activities, but instead a result of the tendency for rainstorms 
to be less frequent and more severe during the main phase of the experiment (1976-1981) than 
during the pre-management period [Hetherington and Scrivener, unpublished precipitation 
summary report, 1992]. There appears to be a tendency for the model to underestimate the  
largest peak flows. To assess whether this bias is significant, a 17 sample moving central-average 
with associated 95% upper (UC) and lower (LC) confidence intervals was calculated for the 
simulation error. The number of samples used for calculating error statistics was chosen 
somewhat arbitrarily based on the fact that there are 17 events with return periods greater than 1 
year (derived from Weibull’s plotting method) such that UC and LC for the largest peak flow 
events are only based on other large events.  
 
Comparison of actual simulation errors with the upper and lower confidence intervals indicates 
that the perceived bias of the model in simulating the largest peaks is not significant at the 5% 
level (Figure 11c, d). The model thus performs well in simulating small and large peak flows for 
B-basin and H-basin during the entire 1972-1990 period. For H-basin, monthly maximum flows 
that fall most clearly outside the confidence intervals are pre-management events (Figure 11d), 
but a similar pattern is not apparent for B-basin (Figure 11c). Except for the smallest events, 
variability in peak flow simulation errors for H-basin (Figure 11d) is smaller than variability in 
simulation errors for basin B (Figure 11c). This likely reflects a better control on rainfall spatial 
and temporal distribution for H-basin due to the proximity of meteorological station EH and the 
small size and limited elevation range of the tributary (Figure 1).  
 
The January 1982 storm serves as an example of how model predictions compare with observed 
peak flows for rare rain-on-snow events.  This storm resulted in the second largest measured 
peak flow for B-basin and the third largest recorded event for H-basin (Figure 11a, b) while other 
large events are rainfall only. During the January 1982 storm about 30 cm of snow fell at sea 
level near station A (Figure 1) before increased temperatures resulted in rainfall. The model 
performs well in simulating this event at H-weir but considerably poorer at B-weir. This poorer 
model performance at B-weir is not surprising because presumably more snow fell at higher 
elevation, particularly in the upper reaches of E-basin (Figure 1) and because the snow 
component of the model was not calibrated. In the remainder of this paper, discussions are 
therefore limited to rainfall dominated conditions although it should be noted that rare rain-on-
snow events are inherently part of the analysis results. 
 
Tests conducted for basins B and H give no reason to believe that the model performs differently 
in simulating the annual streamflow regime and monthly maximum flows under managed 
conditions versus under unmanaged conditions. Despite this positive outcome, it should be 
emphasized that testing the model’s ability to simulate watershed responses to clearcutting and 
roads against hydrograph data is not all that powerful given the small three year pre-management 
sample size and year-to-year variability in model performance in simulating streamflow. As 
suggested by the peak flow analysis, this variability reflects the overriding role of rainfall spatial 
and temporal distribution in affecting model performance, a dominant role that is unrelated to 
(and therefore not informative about) the model’s ability to simulate watershed responses to 
forestry activities. Rigorous statistical testing for any difference in model performance in 
simulating small and large return period peak flows for basins B and H between managed and 
unmanaged conditions was further hampered by the shift in rainfall and peak flow regimes 
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during the watershed experiment. Similar issues hamper the clear identification of peak flow 
responses to clearcutting and roads in traditional paired-basin analyses of streamflow records. 
 
The above noted complicating factors highlight the need for data that provide stronger tests of 
the model performance in simulating forest management effects on watershed processes.  This 
underscores the value of the canopy rainfall interception measurements and observed pore 
pressure responses, with the latter measurements providing an indication of the proportion of 
hillslope runoff that may be intercepted by the road network for small versus large storms. The 
fact that rainfall interception and groundwater dynamics are well simulated for both small and 
large storms (Figures 5, 7) is encouraging from the perspective of using the model to evaluate the 
effects of clearcutting and roads on small versus large return period peak flows.  

5. Peak Flow Responses to Clearcutting and Roads 
 
The model was used to evaluate B-basin and H-basin peak flow responses to clearcutting and 
roads for WY 1976-1990. The significance of simulated forest management effects on peak 
flows was evaluated using the analysis of covariance model (ANCOVA) of Thomas and 
Megahan [1998].  Contrary to the analysis of variance approach (ANOVA) of Jones and Grant 
[1996], this approach has been the traditional model of choice for assessing the effects of forest 
management on peak flows. Unlike Thomas and Megahan, who divided their post-treatment data 
set into distinct 5-year time categories to allow for hydrologic recovery, management effects are 
analyzed here by lumping all WY 1976 - 1990 peak flows together. For H-basin, this simplifying 
approach is based on the fact that despite substantial forest regrowth in the 12 years following 
logging (Figure 4), no signature of hydrologic recovery was detectable in the simulated post-
treatment maximum flows when using time as an additional regression variable compared to the 
analysis presented below. Absence of a clear signature of hydrologic recovery in the simulated 
peak flows likely reflects the overriding role of shifts in rainfall regime during the analysis 
period. For B-basin, the adopted approach of lumping WY 1976 - 1990 flows is guided by the 
complicating factor that active logging took place during most of the analysis period making it 
difficult to isolate treatment effects corresponding to a particular cut level or recovery period. 
The ANCOVA model for the peak flow analysis is expressed as: 

eXbaY ++= loglog         (20) 
 
where Y and X represent the logarithms of peak discharges under managed and unmanaged 
conditions (“roads + harvesting” and “control” simulations, respectively), a and b are the 
intercept and slope of the regression line and e is random error. Regressions were developed for 
the 1976-1990 period on basins B and H (Table 6; Figure 12). The fits were good with R2 values 
of 0.99 and 0.90, respectively. The pre-management regression is based on the “control” 
simulation, represented by the 1:1 line. In the analysis, each managed basin is therefore 
compared to itself under hypothetical unmanaged conditions.  
 
Following Thomas and Megahan [1998], significance of forest management effects is 
determined by slopes for the management regression being different from 1 and/or intercepts 
being different from 0. For B-basin, student t-tests examining this significance resulted in a 
positive outcome for both intercept and slope while for H-basin only the slope test was 



 17 

significant (Table 6). Bonferroni’s technique [Miller, 1980] was used to adjust for multiple 
testing for an overall level of significance of p = 0.05. Simulated forest management effects are 
therefore significant at the 5% level for both B-basin and H-basin. Thomas and Megahan [1998] 
further defined a maximum detectible flow increase (MDFI) as the highest flow determined from 
the post-treatment regression line that exceeded the 95% prediction level for the pre-management 
regression. Here, the 95% prediction levels for the pre-management regression coincide with the 
1:1 line because of the use of a control simulation. In a more detailed analysis, 95% confidence 
levels for the control simulation could perhaps be based on a Monte Carlo parameter sensitivity 
analysis of simulated peak flows but this has not yet been pursued. 
 
The magnitude of cumulative peak flow changes due to clearcutting and roads was determined in 
two manners. The first follows the approach of Thomas and Megahan [1998] in determining 
mean peak flow changes as the percentage increase between the management regression line and 
the pre-management (1:1) regression line. The second approach was to determine percent peak 
flow changes on an event-by-event basis by directly comparing the “harvesting and roads” and 
“control” monthly maximum flows. This event-by-event analysis is only possible in a modeling 
context and cannot be taken in traditional paired watershed analyses. A return period for the 
monthly maximum events was based on peak discharges for the “control” simulation and using 
Weibull’s plotting method (19). Comparison of the two approaches (Figure 13) reveals that while 
predicted percentage treatment effects agree well for small flow events, peak flow changes 
determined from the management and pre-management regression lines overestimate treatment 
effects for large events determined directly from the simulated monthly maximum flows. This 
problem is illustrative of the difficulty of predicting peak flow changes for large return period 
events based on extrapolation of statistical analysis results that are dominated by small peak flow 
events. Below, percentage treatment effects are therefore based on the second approach.  
 
For the smallest events, cumulative peak flow changes between about -20% and 140% are 
predicted as a result of clearcutting and road construction in H-basin (Figure 13b). However, for 
an event return period of 1 year or above most peak flow changes range between only -10% and 
10%. Peak flow responses to clearcutting and roads were also analyzed separately. For the 
smallest events, peak flow increases between about 0% and 110% are predicted as a result of 
clearcutting 85% of H-basin (Figure 14b). Maximum impacts decline with increasing event size 
and most peak flow increases range between 0% and 10% for a flow event return period of 1 
year or higher. Model-predicted peak flow changes due to road construction in H-basin are 
smaller than those due to harvesting, weakening from a range of -20% to 60% for the smallest 
events to about -15% to 5% for 1 year return period events or greater (Figure 14d). Model-
predicted B-basin peak flow responses to logging (mostly from 0% up to 40% for smallest 
events, Figure 14a) and road construction (about -10% to 20% for smallest events; Figure 14c) 
are smaller than those for H-basin, while also weakening with flow event size. Cumulative B-
basin peak flow responses to clearcutting and roads range between -15% and 60% for the 
smallest events and between about -5% and 10% at a 1 year return period or higher (Figure 13a).  
 
The event-by-event analysis highlights that peak flow changes due to clearcutting and roads are 
quite variable at any given return period. For B-basin, this variability is in part caused by the 
changing management regime over time. However, variability in simulated peak flow changes 
largely reflects the importance of antecedent conditions and storm characteristics, as also evident 



 18 

in the rainfall interception simulations (Figure 5a). Model results suggest that road drainage 
diversion may lead to negative peak flow changes for some events. While Carnation Creek data 
are insufficient to determine whether or not this is an artefact of the model, roads have been 
shown to increase, decrease or not affect peak discharges in observation-based watershed studies 
in the Pacific Northwest [Harr et al., 1975; Ziemer, 1981; Wright et al., 1990]. The general trend 
of a weakening response of peak flows to road construction with increasing event size is 
consistent with an analysis of H-basin pore pressure data by Dhakal and Sidle [in press]. They 
inferred that pressure head changes following road construction in H-basin were only substantial 
for moderate storms while peak pore pressures for large storms were hardly affected. Below, 
Carnation Creek model results are put in the broader context of the debate regarding peak flow 
responses to clearcutting and road building in the maritime regions of the Pacific Northwest. 

6. Discussion 
 
It has been put forward that the most common cause of increased peak flows after timber harvest 
is wetter, more hydrologically responsive soils in the fall caused by decreased evapotranspiration 
losses [Harr, 1979; Thomas and Megahan, 1998]. Less rainfall would be needed to recharge 
soils following harvest, resulting in large percentage increases in peak flows.  However, by-pass 
infiltration and lateral preferential flow are prevalent on forested hillslopes causing soils to be 
highly responsive under both wet and dry antecedent conditions. For Carnation Creek, the 
importance of preferential flow pathways is illustrated by similarity in subsurface flow rates 
under wet versus supposed dry antecedent conditions [Hetherington, 1995] and by rapid 
groundwater and streamflow responses to precipitation under a range of antecedent conditions 
[Fannin et al., 2000; Beckers and Alila, under review]. The soil-moisture augmentation 
mechanism is therefore only expected to be important for peak flow events with return periods 
less than about 2-3 months for which matrix flow is the dominant runoff mechanisms. At larger 
return periods, increases in soil moisture levels following logging may not satisfactorily explain 
the declining response of peak flows to clearcutting with increasing flow event size (Figure 14).  
 
Canopy rainfall interception has long been recognized as the most important factor in 
determining changes in evapotranspiration following logging given that dormant season 
transpiration by trees and shrubs/grasses is not substantive. Because fall storms in the Pacific 
Northwest are generally smaller and spaced further apart than winter storms, allowing vegetation 
to better dry out between storms, the forest canopy will be more efficient in intercepting rainfall 
for fall storms than for winter storms. Air temperatures and length of rainstorms play a 
complicating role as it is the continuing evaporation of intercepted rainfall that is also a factor. 
Temperatures are cooler during the winter than in fall resulting in lower evaporation rates but 
bigger longer lasting storms will allow more evaporation to occur. Nevertheless, at least at 
Carnation Creek is seems likely that it is the decreasing effective rainfall interception efficiency 
of a forest canopy with increasing storm size (Figure 5) that is directly responsible for the 
response pattern of peak flows to clearcutting (Figure 14).  
 
Three main paradigms underlie current understanding of peak flow responses to roads. The first 
paradigm is that cutbanks of roads collect water flowing slowly down a hillslope below the 
surface. Some segments of the drainage ditches alongside the roads then carry water rapidly and 
directly to streams or to culverts that concentrate water flow and carve gullies down hillslopes to 
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streams [Jones et al., 2000]. It is believed that these road segments draining directly to stream 
channels are most likely to speed catchment scale response time, contribute to the rising limb of 
storm hydrographs and increase peak discharge magnitude [e.g., Wemple and Jones, 2003 and 
references therein]. The second paradigm is that road cutbanks may intercept more subsurface 
flow for larger storms while the third paradigm is that integration of the road network with the 
pre-existing stream network is potentially more efficient for larger storm events [Thomas and 
Megahan, 1998]. While this model study does not provide insights regarding the third paradigm, 
it does offer perspective on the first two paradigms.  
 
Carnation Creek model analys is has highlighted that subsurface flow velocities for peak flow 
events with return periods in excess of 2-3 months, when fast preferential flow is dominant, are 
substantially higher (~10-2 m/s) than subsurface flow velocities for the smallest events for which 
matrix flow and slow preferential flow are important (~10-4 - 10-3 m/s). At-site data regarding 
water flow velocities in road ditches are absent but a representative range of values can be 
estimated from culvert discharge measurements by Wemple and Jones [2003] at H.J Andrew’s. 
Assuming a ditch width of about 1 m and a water depth on the order of 10-2 m, their measured 
discharge values of 30 to 23,000 mL/s suggest ditch water flow velocities ~ 10-3 - 100 m/s, with 
higher velocities corresponding to larger storm events.  Manning’s equation suggests water flow 
velocities for a road ditch with a hydraulic radius on the order of 10-2 – 10-1 m, a slope of 10% 
(Figure 9) and a roughness coefficient of 0.03 (used in model) to be ~ 10-1 – 100 m/s.  
 
The above order of magnitude assessment suggests that hillslope flow velocities may indeed be 
considered slow compared to road ditch velocities for both small and large storms. 
Corresponding order of magnitude hillslope/road response times were calculated for a 300 m 
travel distance (based on typical hillslope flow path lengths and culvert spacing), ignoring 
unsaturated zone response times for simplicity.  These calculations illustrate that short-circuiting 
of hillslope runoff by road ditches may be expected to have a large impact on watershed response 
times only for the smallest storms when matrix flow is dominant and modest subsurface flow 
rates result in catchment response times without roads that are on the order of hundreds of hours 
(Figure 15). The impact of forest roads on catchment response times (and by extrapolation on 
peak flow magnitudes) will be much smaller for storms with return periods greater than 2-3 
months when high subsurface flow rates associated with preferential hillslope runoff result in a 
rapid catchment response on the order of several hours, even in the absence of roads.  
 
High subsurface flow velocities associated with preferential flow have another important 
consequence. Groundwater responses to precipitation (Figure 7) suggest that the fraction of 
subsurface flow being intercepted by road cutbanks (versus that passing below the road cut; 
equation 16) will increase with increasing event size only for storms with return periods up to 
about 2 months but will then remain relatively constant at larger return periods. The extent to 
which this mechanism is important depends on soil depth. The shallow soil mantle at Carnation 
Creek will likely cause most road cuts to intercept close to 100% of runoff from upslope areas 
for events of all magnitude. Nevertheless, the characteristic groundwater response pattern 
(Figure 7) in not limited to Carnation Creek. Field observations reported by Montgomery and 
Dietrich [1995] also suggest that drainage through macropores provides a ceiling to pressure 
heads response to rain event s. It is therefore suggested that under such conditions, higher 
subsurface flow rates associated with larger storms and the corresponding upper limit of 
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groundwater response to precipitation will result in a declining response of peak flows to roads 
with increasing event size (Figure 14). 
 
There are thus  good reasons why runoff from larger storms  should behave differently from 
runoff from small storms in response to forest management activities. Despite the fact that 
additional field studies, experimental work and modeling are needed, particula rly with regard to 
understanding the hydrology of steep hillslopes in catchments with roads [Wemple and Jones, 
2003], inferences made with regard to the role of preferential flow in affecting peak flow 
responses to roads appear to be well grounded in Carnation Creek tracer-test and piezometer 
data. It is also clear that inferences with regard to peak flow responses to clearcutting and roads 
are linked to the scope of watershed processes considered in the model and do not preclude the 
possibility that significant peak flow changes due to forest management may occur for large 
storms. However, given the evidence presented by Thomas and Megahan [1998] and Beschta et 
al. [2000], it is suggested that significant forest management effects might occur for some but 
not for the majority of large storms.  
 
Assuming that significant management effects for some large peak flow events are indeed real, 
factors must be sought out that were not considered in the model to explain this occurrence. One 
possib ility is that the integration of the road network with the pre-existing stream network is 
more efficient for larger storms due to greater expansion of the ephemeral stream network [e.g., 
Cheng, 1988].  However, this likely is a systematic effect that would play a role in all large 
events. As an alternative explanation, it has also been suggested that flood flows in the Pacific 
Northwest may be affected by landslides that reach streams and become debris flows. Such 
disturbances occur mainly during extreme floods [e.g., Jones et al., 2000 and references therein]. 
Peak flow magnitudes generated during these events may be 2 to 200 times higher than values 
determined through typical precipitation and runoff analysis [Jakob and Jordan, 2001].  
 
A historical air photograph inventory for Carnation Creek suggests that forestry activities have 
resulted in roughly a four-fold increase in landslide activity, with 7 out of 9 observed landslides 
per km2 being forestry related and 2 landslides per km2 presumably having a natural cause 
[Dhakal and Alila, 2003]. Landslides were found to be highly connected to the stream network 
with about 60% of those occurring in harvested areas reaching stream channels.  The largest 
recorded event at weirs B and H, the rainstorm of January 2-4, 1984, resulted in a small tributary 
debris flow that temporarily plugged the main channel in the canyon just above the floodplain 
(Figure 1). This caused a brief surge in water level in the canyon which blew out a few debris 
jams. This may have affected the peak flow that occurred during this storm, although the model 
performance in simulating this event does no t appear to be anomalous (Figure 11). Nevertheless, 
if there is indeed a propensity for forestry activities to increase the occurrence of landslides that 
enter streams, then it is likely that increased debris flow frequency in managed watersheds plays 
a role in explaining the possibility that significant peak flow changes due to forest management 
occur for certain large storms. 

7. Summary and Conclusions 
 
This study has offered a new perspective on peak flow responses to clearcutting and roads in the 
maritime regions of the Pacific Northwest by combining numerical modeling with 1972-1990 
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hydro-meteorological data for the 10 km2 Carnation Creek watershed on Vancouver Island, 
British Columbia, Canada. The model used herein was developed in a companion study [Beckers 
and Alila, under review] and combines the matrix flow algorithm of the Distributed Hydrology 
Soil Vegetation Model with a Green-Ampt formulation for calculating matrix and by-pass 
infiltration, preferential hillslope runoff initiation controlled by rainfall depth and downslope 
subsurface flow rates prescribed based on at-site tracer tests. The current study focused on two 
objectives: (1) To test the performance of the modified DHSVM in simulating changes in the 
Carnation Creek streamflow regime due to forestry activities at two gauged locations in the 
watershed, (2) To use the model to assess peak flow responses to forestry activities and to link 
these responses to governing physical processes. 
 
Monthly maximum flow analyses for the managed basins B (9.8 km2) and H (0.12 km2) gave no 
reason to believe that the model performs differently in simulating peak flows under managed 
conditions versus under unmanaged conditions. Despite this positive outcome, testing the 
model’s ability to simulate watershed responses to clearcutting and roads against hydrograph 
data was not all that powerful given the overriding role of rainfall characteristics in affecting 
streamflow model performance. However, the fact that simulated canopy rainfall interception 
and groundwater dynamics for both small and large storms compare well to observations was 
found to be encouraging from the perspective of using the model to evaluate the effects of 
clearcutting and roads on small versus large return period peak flows. 
 
Model results suggested peak flow increases between about 0% and 110% for the smallest events 
as a result of clearcutting 85% of H-basin. Maximum impacts were found to decline with 
increasing event size and most peak flow increases ranged between 0% and 10% for a flow event 
return period of 1 year or higher. Peak flow changes due to road construction in H-basin were 
found to be smaller than those due to clearcutting, diminishing from a range of -20% to 60% for 
the smallest events to about -15% to 5% for 2 year return period events. Model-predicted B-basin 
peak flow responses to clearcutting (mostly up to 40% for smallest events, corresponding to an 
average 32% cut level for the analysis period) and road construction (about -10% to 20% for 
smallest events) were found to be smaller than those for H-basin, while also diminishing with 
increasing flow event size. These findings challenge Jones and Grant [1996] who claimed that 
from a statistical analysis perspective there is no reason to expect the biggest storms in the 
maritime regions of the Pacific Northwest to behave differently from the rest of the population.  
 
It has been proposed in the literature that changes in fall soil moisture conditions following forest 
removal are the main cause for the decreasing response of peak flows to harvesting with 
increasing flow event size. However, for Carnation Creek and similar humid watersheds this is 
not necessarily a satisfactory explanation given the importance of preferential runoff on forested 
hillslopes causing soils to be highly responsive under dry and wet antecedent conditions. Instead, 
the diminishing peak flow response to harvesting appears to be directly linked to the lower 
effective rainfall interception efficiency of a forest canopy for large storms. The weakening 
response of peak flows to roads with increasing event size appears to be driven by the higher 
subsurface flow rates and the associated upper limit of groundwater response to precipitation that 
result from the greater importance of preferential hillslope runoff for large storms. Despite the 
fact that additional studies are needed in particular with regard to understanding the hydrology of 
steep hillslopes in catchments with roads, inferences made with regard to the role of preferential 
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flow in affecting peak flow responses to roads appear to be well grounded in Carnation Creek 
tracer-test and piezometer data. Numerical modeling has thus helped clarify some of the first-
order controls of hydrologic processes on responses of peak flows to clearcutting and roads. This 
provides an advance over statistical analysis work that cannot highlight these linkages.   
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Table 1. Logging history of Carnation Creek with cut block locations given in Figure 3. 
Cumulative % Cut  Class  Cut Block 

Name 
Winter 
Logged B E H J 

5 RR-10 1975-1976 1 0 0 0 
6 640-5 1976-1977 4 0 0 0 
7 RR-8 1976-1977 11 0 0 65 
8 RR-810 1977-1978 12 0 0 93 
9 864-4 1977-1978 17 0 85 93 

10 640-4 1978-1979 19 0 85 93 
11 640-6 1978-1979 21 0 85 93 
12 RR-7 1978-1979 27 0 85 93 
13 700-18 1979-1980 32 0 85 93 
14 740-1 1979-1980 33 0 85 93 
15 RR-9 1980-1981 34 0 85 93 
16 700-17 1980-1981 39 1 85 93 
17 Area A 1980-1981 41 6 85 93 
 18 ? 1986-1987 42 6 85 93 
 19 513 1987-1988 45 18 85 93 
20 ? 1987-1988 47 23 85 93 
21  Areas B+C 1988-1989 49 31 85 93 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2. Pre-management physical characteristics for forest classes in Figure 2. 
 Class Description Height 

(m) 
Crown 
Closure 

LAI 
(m2/m2) 

1 Channel Communities (Western Hemlock/Cedar/Spruce) 43 0.75 6.4 
2 Lower Slopes (primarily Western Hemlock) 43 0.75 6.4 
3 Middle Slopes (Western Hemlock//Douglas Fir) 37 0.6 6.4 
4 Upper Slopes (Western Hemlock/Douglas Fir) 25 0.5 6.4 
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Table 3. Constant vegetation parameters. 

Parameter Overstory Understory  Origin 

Fractional trunk space height (-) 0.2 N/A Estimate 

Snow interception efficiency (-) 0.6 N/A L1 

Max. snow interception capacity (m SWE) 0.04 N/A L1 

Min. melt needed for mass release (m SWE) 0.002 N/A L1 

Snow mass release/drip ratio (-) 0.4 N/A L1 

LAI multiplier for rain Imult (m) 0.0015 0.0015 Section 3.2 

Aerodynamic attenuation coefficient (-) 3.0 N/A L2 

Albedo (-) 0.10 0.15 L2 

Radiation attenuation coefficient  (-) 1.7  N/A L3 

Max. stomatal resistance rsmax (s/m) 5000. 5000. L4 

Min. stomatal resistance rsmin (s/m) 400. 70. L5 

Soil moisture level restricting transpiration (-) 0.10 0.10 L3 

Vapour pressure deficit for stomatal closure (Pa) 4000. 4000. L2 

Critical light level Rpc limiting ET (W/m2) 30. 30. L2 

Root fraction in soil layer 1 1.0 1.0 N/A 

Depth of root zone layer (m) 0.5 0.5 Estimate 
Literature values: L1 = Storck [2000]; L2 = Campbell and Norman [1998]; L3 = Thyer et al., [in 
press]; L4 = Wigmosta et al. [1994] and references therein. L5 = Waring and Franklin [1979]; 
Wu et al. [2000]. 
 
 
 
 
 



 29 

Table 4.  Model parameters regarding soil properties. 
 
Parameter Symbol Value Origin 
Porosity  (-) φ 0.43 Calibrated 
Field capacity (-) Fc 0.29 Calibrated 
Lateral conductivity (m/s) Kh 8.0x10-4 Calibrated 
Vertical conductivity (m/s) Kv 1.9x10-6 Calibrated 
Power law exponent (-) f 3.2 Calibrated 
Effective surface soil conductivity (m/s) K* 2.5x10-7 Calibrated 
Threshold rainfall depth (m) R* 0.05 Calibrated 
Slow preferential flow velocity (m/s) *

1v  6.0x10-3 1 
Fast preferential flow velocity (m/s) *

2v  6.0x10-2 1 
Pore size distribution index (-) m 0.38 2 
Air bubbling pressure (m) hb 0.15 2 
Wilting point N/A 0.14 2 
1. Inferred from Hetherington [1995] tracer test data. 
2. Based on grain size curves [Fannin et al., 2000] and empirical relationships of 

Rawls et al. [1993]. 
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Table 5. Two-tailed t-tests at significance level p = 0.05 and assuming unequal variances 
evaluating difference in mean of model performance statistics for H-basin between managed and 
unmanaged conditions (Figure 10). 

 Sample 1 Sample 2 

 Pre-management Post-Harvesting 

 n1 = 3 (1973-1975) n2 = 13 (1978-1990) 

H0: µ1 = µ2 

H1: µ1 ?  µ2 

 

δV/V 
µ1 = -0.053 
s12 = 0.002 

µ2 = -0.117 
s22 = 0.002 

t     = 2.10 
tcrit = 3.18 

p (t < tcrit) = 0.127 
Accept H0 

D! 
µ1 = 0.702 
s12 = 0.001 

µ2 = 0.771 
s22 = 0.005 

t     = 2.40 
tcrit = 2.45 

p (t < tcrit) = 0.053 
Accept H0 

E! 
µ1 = 0.852 
s12 = 0.001 

µ2 = 0.896 
s22 = 0.001 

t     = 2.49 
tcrit = 2.78 

p (t < tcrit) = 0.067 
Accept H0 

n = ?sample size, µ = mean, s = standard deviation of sample.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 6. Statistics for regression of peak flows under managed conditions (“harvesting + roads” 
simulation) versus those under unmanaged (“control”) conditions (Figure 12) together with t-
tests for slopes of the regression being different from 1 and intercepts being different from 0.  
 Value Standard Error t-value p-value 
Basin Intercept Slope Intercept Slope Intercept Slope Intercept Slope 
B 0.097 0.985 0.004 0.005 22.8 -3.09 0.0000* 0.0023* 
H 0.071 0.918 0.038 0.023 1.88 -3.58 0.0615 0.0004* 
Asterisks denote significant differences (p < 0.025) after Bonferroni’s adjustment for multiple 
testing with overall p < 0.05. 
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Figure 1. Carnation Creek study area. The insert shows the location of the study area on the west 
coast of Vancouver Island, British Columbia, Canada. 
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Figure 2. Pre-management forest cover, based on vegetation mapping by Oswald [1982], with 
physical characteristics of the forest classes listed in Table 2. 
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Figure 3. Cut-block locations based on mapping by MacMillan Bloedel Ltd. The Carnation 
Creek logging history is detailed in Table 1. 
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Figure 4. Recovery curves for (a) overstory cover, (b) stand height, (c) overstory LAI and (d) 
understory cover. Site recovery index “good” corresponds to vegetation classes 1 and 2 (Figure 
2), while indices “medium” and “poor” correspond to classes 3 and 4, respectively. 
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Figure 5. Simulated (a) rainfall interception and (b) throughfall for a forest stand with F = 0.85 
for storms in water years 1973-1975 together with asymptotic relationship derived by 
Spittlehouse [1998] from stand- level measurements. 
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Figure 6. (a) Model-predicted basin-average precipitation for February 2-3, 1974 storm used in 
model calibration. (b) Contribution of matrix flow and preferential flow to simulated streamflow 
at H-weir. (c)-(f) Recorded and simulated streamflow at four weirs used in model calibration. 
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Figure 7. (a) Monthly maximum series for pore pressure Dw normalized by local soil depth D, 
reproduced from Fannin et al. [2000]. (b) Normalized model-predicted monthly maximum series 
for water table rise above bedrock surface (D-z)/D.  
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Figure 8. Forest road network and culvert locations. Main roads were largely constructed in 
Winter 1975/76 while access to a cut block was usually built one year prior to logging. 
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Figure 9. Comparison of (a) road slope and (b) cutbank heights determined from GIS analysis 
with data from a field survey. 
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Figure 10. Performance of the “harvesting + roads” simulation for (a) B-basin and (b) H-basin. 
Horizontal lines are average values for the performance measures over the periods of analysis. 
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Figure 11. Comparison of recorded and simulated Qp for basins B (left panels) and H (right 
panels). A moving central-average with associated 95% upper (UC) and lower (LC) confidence 
intervals was calculated for the simulation error, as discussed in text. 
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Figure 12. Regression of WY 1976-1990 “roads + harvesting” versus “control” monthly 
maximum hourly flows, together with 1:1 line representing pre-management cont rol regression 
for (a) B-basin and (b) H-basin.  
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Figure 13. Cumulative peak flow changes due to clearcutting and roads for (a) B-basin and (b) 
H-basin. Peak flow changes were determined using the approach of Thomas and Megahan 
[1998] as the percentage increase between the management regression and pre-management (1:1) 
lines in Figure 12 and as percent peak flow changes on an event-by-event basis. 
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Figure 14. Model-predicted changes in monthly maximum hourly flows due to clearcutting and 
roads for B-basin (left panels) and H-basin (right panels). 
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Figure 15. Hillslope and road response times corresponding to a 300 m travel distance and 
typical velocity ranges for subsurface flow at Carnation Creek and water flow in road ditches. 
Arrows indicate that higher velocities correspond to larger storm events.  
 


