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Abstract
Measurements of saturated hydraulic conductivity (Ks) and diagnostic model simulations
show that all types of logging road/trail in the 14·4 ha Bukit Tarek Experimental Catchment
3 (BTEC3) generate substantial Horton overland flow (HOF) during most storms, regardless
of design and level of trafficking. Near-surface Ks(0–0·05 m) on the main logging road, skid
trails and newly constructed logging terraces was less than 1, 2 and 34 mm h−−−−−1, respectively.
Near-surface Ks on an abandoned skid trail in an adjacent basin was higher (62 mm h−−−−−1),
owing to the development of a thin organic-rich layer on the running surface over the past
40 years. Saturated hydraulic conductivity measured at 0·25 m below the surface of all roads
was not different (all <<<<<6 mm h−−−−−1) and corresponded to the Ks of the adjacent hillslope subsoil, as
most roads were excavated into the regolith more than 0·5–1 m. After 40 years, only limited
recovery in near-surface Ks occurred on the abandoned skid trail. This road generated HOF
after the storage capacity of the upper near-surface layer was exceeded during events larger
than about 20 mm. Thus, excavation into low-Ks substrate had a greater influence on the
persistence of surface runoff production than did surface compaction by machinery during
construction and subsequent use during logging operations. Overland flow on BTEC3 roads
was also augmented by the interception of shallow subsurface flow traveling along the soil–
saprolite/bedrock interface and return flow emerging from the cutbank through shallow
biogenic pipes. The most feasible strategy for reducing long-term road-related impacts in
BTEC3 is limiting the depth of excavation and designing a more efficient road network,
including minimizing the length and connectivity of roads and skid trails. Copyright © 2007
John Wiley & Sons, Ltd.
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Introduction

Logging roads play a key role in water quality degradation, disruption of stream ecological processes and sedimentation
in downstream water systems and impoundments (see, e.g., Hafley, 1975; Cederholm et al., 1981; Megahan, 1988; Fahey
and Coker, 1992; Grayson et al., 1993; MacDonald et al., 2001; Forman and Alexander, 1998; Jones et al., 2000; Lane
and Sheridan, 2002; Sidle et al., 2006). Various hydrologic impacts of logging roads are now recognized (Bruijnzeel,
1990; Gucinski et al., 2000; Sidle and Ochiai, 2006). For example, roads and skid trails have a high propensity for
generating runoff by the Hortonian overland flow mechanism (HOF) and by intercepting subsurface flow (ISSF) at the
cutbank (Megahan, 1972; Burroughs et al., 1972; Van der Plas and Bruijnzeel, 1993; Ziegler and Giambelluca, 1997).
Because roads can affect the efficiency with which hillslope water is delivered to the stream system (Wemple et al.,
1996), they potentially alter stormflow hydrographs. The extent to which such alterations occur remains in question, as
noted in both field and modeling studies during the last few decades (cf. Reinhart, 1964; Harr et al., 1975; Ziemer,
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1981; Megahan, 1983; King and Tennyson, 1984; Bren and Leitch, 1985; Keppeler and Ziemer, 1990; Storck et al.,
1997; Thomas and Megahan, 1998; Jones, 2000; La Marche and Lettenmaier, 2001; Guillemette et al., 2005).

An inherent linkage exists between the alteration of stormflow pathways by roads and road-related geomorphological
impacts. For example, concentrated road runoff is not only a principal agent of erosion and sediment production on
unpaved surfaces, but when diverted onto adjacent hillslopes it may initiate gully erosion, channel headcutting and
mass wasting, especially in poorly consolidated fill materials (Swift, 1984; Reid and Dunne, 1984; Montgomery,
1994; Luce and Black, 1999; Jones et al., 2000; Ziegler et al., 2000; MacDonald et al., 2001; Wemple et al., 2001;
Croke et al., 2006; Sidle and Ochiai, 2006). The extent to which roads affect catchment geomorphic processes is
related in part to the total extent of the road network, degree of traffic, type of excavation (e.g. scraping versus deep
excavation), road location and connectivity of the road network with the stream channel.

Few studies provide direct insight regarding the amount of time hydro-geomorphological processes will be dis-
rupted following initial road building. In one study, Megahan (1974) reported that, while most of the accelerated
surface erosion on roads in Idaho (USA) occurred in the first year following building, elevated rates could persist for
decades (cf. Beschta, 1978). Sidle et al. (2004) reported that nearly 80% of the soil loss from a logging road system in
a managed forest in Peninsular Malaysia was delivered to the stream in the first 16 months. Other works suggest
sediment generation from the road prism persists even after abandonment because unstable cutbanks and fillslopes are
prone to failure, particularly during large storms (Douglas et al., 1999; Wemple et al., 2001; Chappell et al., 2004).

Surface compaction studies provide indirect evidence that roads/tracks can accelerate HOF generation for several
decades following abandonment (Dickerson, 1976; Froehlich, 1979; Greacen and Sands, 1980; Jakobsen, 1983; Incerti
et al., 1987; Croke et al., 2001; Rab, 2004; Webb, 2002). Kamaruzaman (1996) estimated 50 years was needed for
the recovery of saturated hydraulic conductivity (Ks) on skid trails in Peninsular Malaysia. Perry (1964) noted that
40 years was a conservative estimate of the amount of time for infiltration to recover on abandoned logging roads
at a Southeast USA site; he further indicated that recovery time was site specific.

Clearly, more research is needed to advance our understanding of the long-term impacts of roads, and the appropri-
ate means for rehabilitation (Luce, 2002; Allison et al., 2004). Herein, we address this issue through field measure-
ments of Ks and simulations of HOF on several types of logging road at the Bukit Tarek Experimental Catchments
(BTEC) research site in Peninsular Malaysia. In particular, we investigate two questions: (1) how does hydrological
response vary among roads differing in manner of construction and usage and (2) what effect does natural vegetation
recovery have on hydrological response on abandoned skid trails?

Study Area

Bukit Tarek Experimental Catchment
The study was conducted in catchment 3 (BTEC 3) of the Bukit Tarek Experimental Watershed site located within
compartment 41 of Bukit Tarek Tambahan Forest Reserve in Selangor Darul Ehsan, approximately 60 km NW of
Kuala Lumpur, Peninsular Malaysia (3° 31′ 30″ N, 101° 35′ E) (Saifuddin et al., 1991) (Figure 1(b)). The catchment
area is 14·4 ha; the length of the main channel is 340 m and the length of perennial tributary streams is 145 m (Gomi
et al., 2006). Additional ephemeral tributary streams increase the total length of the channel network to about 650 m.
Elevation ranges from 40 to 140 m asl. Annual rainfall is approximately 2400 mm (Noguchi et al., 1996), falling
during two principal monsoon seasons: April–May and October–November. The average annual rain day total is 150
days (Saifuddin et al., 1991). During the period 1992–1994, Noguchi et al. (1996) found that November was the
wettest month (350 mm) and January the driest (<110 mm).

Vegetation resembles the Kelat-Kendondong forest type described by Wyatt-Smith (1963). Two principal soil series
are the Kuala Brang (Orthoxic Tropudult) and Bungor (Typic Paleudult). The former occupies 90% of the area; the
latter 10% typically occurs at lower elevations (cf. Saifuddin et al., 1991; Zulkifli et al., 2000). These soils are derived
from arenaceous rocks and argillaceaous sediments that were deposited during the Triassic period (Roe, 1951; Saifuddin
et al., 1991). A low-grade metamorphism converted the arenaceous deposits into quartzite, quartz mica schist and
schistose grit; the argillaceous sediments were changed to mica schist and indurated shale. Soil properties from a 2 m
profile examined along a road cut in BTEC3 are presented in Table I.

Measurement locations
Most of our measurements were conducted in the 14·4 ha BTEC3 (Figure 1(c)). This catchment was initially logged
during the early 1960s. During a 1999 logging campaign, high-value trees were removed. Crawler tractors transported
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Figure 1. (a) Location of Bukit Tarek Experimental Catchment (BTEC) research site in Peninsular Malaysia; (b) locations of BTEC
experimental catchments 1 and 3 (BTEC1, BTEC3); (c) locations of various types of road in BTEC3; skid trails were created for
logging activities in 1999; terraces were created during the 2004 logging; the main logging road dates to the 1960s. R1 and R2 refer
to the initial and supplementary rain gauge locations, respectively. The locations of monitored road sections in BTEC1 and BTEC3
are shown in (b) and (c). This figure is available in colour online at www.interscience.wiley.com/journal/espl

cut logs from hillslopes to landings via a dense network of skid trails – about 2300 m in length or 16 km km−2 for
BTEC3 (Figures 1(b), 2(e) and 3(d)). The remaining unmerchantable forest was clear-cut from December 2003 to
January 2004. The primary felling method in the upper catchment was uprooting or felling trees with a backhoe arm
and scoop (Figure 2(d)). This method of removal required the creation of an additional 1806 m of skid trails – referred
to as ‘terraces’ because of their ostensibly low impacts and because they served as locations for tree replanting
following logging.

Table I. Depth-specific soil physical properties in BTEC3 (Ziegler et al., 2006)

Horizona A Bt1 Bt2 Bt3 Bt4 Bw5 Cr

Extent (cm) 0–3 3–32 32–57 57–71 71–90 90–110 110–130+++++

K s (mm h−1)b ≥189 189 33 16 8 4 ≤4
ρd (g cm−3)c 0·77 0·87 1·20 1·38 1·59 1·63 —
Sand (%) 40 39 40 41 47 60 56
Silt (%) 22 19 10 15 17 22 19
Clay (%) 38 43 49 44 36 18 24
Rock content (%)d <1 <1 <1 30–50 40–60 >50 saprolite
Color (dry) 10YR5/3 10YR7/4 10YR8/6 10YR7/6 7·5YR7/6 7·5YR6/8 10YR8/4

a Subscripts of Bt and Bw refer to clay-rich and weathered B horizons, respectively; Cr is saprolite.
b Saturated hydraulic conductivity, determined via well permeameter.
c Bulk density determined from a 90 cm3 core.
d All rock material was highly weathered; gravel and pebbles were predominately quartz; fragments resembled the underlying bedrock.

www.interscience.wiley.com/journal/espl
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Figure 2. (a) Exposed saprolite and bedrock on the main road in BTEC3; (b) pedestal erosion features (3–6 cm) on exposed
side-cast material on road and trail surfaces in BTEC3; (c) overland flow resulting from HOF and ISSF at a monitored section
on the main logging road in BTEC3; (d) backhoe situated on a skid trail in BTEC3 during logging in December 2004; (e) east
hillslope of BTEC3 approximately 9 months following logging; despite the emergence of ferns (Dicranopteris curranii) and other
pioneering shrubs, the extensive network of skid trails and terraces can be seen. This figure is available in colour online at
www.interscience.wiley.com/journal/espl

In February 2004 we measured Ks at 58 locations on the following four types of road and skid trail (Figure 1).

1. Main logging road: the principal 690 m road linking skid trails and logging landings in BTEC3 catchment (Figure
3(c)). This is the largest and most heavily traveled road in BTEC, with a median width of 3·49 m (Table II).

2. Skid trails: 2300 m of roads in BTEC3 constructed by bulldozers in 1999, then later reopened in 2003/2004 to
facilitate hillslope logging operations (Sidle et al., 2004) (Figure 3(a)).

3. Terraces: more than 1800 m of relatively low-use skid trails that were constructed in BTEC3 in 2003/2004,
generally along contours, to allow backhoe access to hillslope logging areas (Figure 3(d)).

4. Abandoned skid trail: a skid trail used for logging operations in nearby BTEC1 catchment (Figure 1) roughly 40
years ago (Figure 3(b)). At the time of this study, dense understory vegetation and medium-sized trees were
growing on this recovered surface, which had not been used since abandonment (Noguchi et al., 2005).

In general, no type of road was designed to mitigate potential runoff or erosion impacts. For example, inboard
ditches were not used to prevent surface runoff from flowing onto unprotected hillslopes; and road/trail surfaces were
not treated with rock/gravel surfaces to reduce erosion.

At the height of operations the main logging road probably received about 10–20 passes per day from lorries for
roughly two months. Trafficking on most skid trails by backhoes was generally limited to 2–5 days. Some trails were

www.interscience.wiley.com/journal/espl
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Figure 3. Examples of the four following road/trail types considered herein are shown: (a) an active skid trail, joining the main
road from the upper left; (b) a former skid trail abandoned 40 years ago following logging; (c) the main logging road; (d) a newly
constructed terrace (foreground), which is characterized by relatively shallow excavation into the hillslope. In (e), coauthor JNN is
performing a Ks experiment (0·25 m depth) on the main road with the compact constant head permeameter. This figure is available
in colour online at www.interscience.wiley.com/journal/espl

Table II. Road/trail surface properties and dimensions for four types of road investigated

Road type

Variable Units Main logging road Skid trails Terraces Abandoned skid trail

K s_0·0m mm h−1 0·8 ± 0·2 a 2·0 ± 1·2 a 34·0 ± 32·6 b 61·9 ± 47·9 b
K s_0·25m mm h−1 1·7 ± 1·2 a 2·5 ± 1·9 a 2·7 ± 2·1 a 5·5 ± 4·9 a
ρb Mg m−3 1·48 ± 0·06 c 1·28 ± 0·14 b 1·17 ± 0·14 b 0·80 ± 0·13 a
Slope m m−1 0·10 ± 0·05 a 0·17 ± 0·08 b 0·19 ± 0·10 b 0·16 ± 0·08 b
w m 3·49 ± 0·36 b 3·18 ± 0·12 b 3·35 ± 0·30 b 2·70 ± 0·22 a
dL m 1·08 ± 0·20 c 0·76 ± 0·32 ab 0·46 ± 0·27a 0·66 ± 0·11 ab
dCB m 3·00 ± 0·65 b 1·55 ± 0·60 a 1·03 ± 0·22 a 1·25 ± 0·35 a
n – 10 23 11 14
Length (BTEC3)† M 690 2300 1806 –

K s is saturated hydraulic conductivity in the near surface (0·0–0·05 m) or at 0·25 m; ρb is bulk density in the upper 5 cm (90 cm3 cores); slope is for the
running surface; w is the width of the running surface; dL is the average depth of lowering of the road into the soil profile; dCB is the depth of the cutbank
and n is the sample number. The abandoned skid trail length is not listed because it is in a different catchment (BTEC1). Values are medians ± median
absolute deviation (MAD). Treatments in the same row with the same letters are not considered significantly different (based on Kruskal–Wallace test,
followed by comparison of box plots).
† Negishi et al. (2006).

www.interscience.wiley.com/journal/espl
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more heavily used because they were arteries linking trails built along the hillslope contour. Trafficking on the terraces
was at the low end of that for skid trails. Following the cessation of logging operations in January 2004, no vehicular
traffic occurred on either skid trails or terraces. At the time of measurement, the main logging road received two or
fewer four-wheel drive vehicle passes per day. We have no information on the level of use of the abandoned skid trail
during prior logging efforts; we assume it was comparable to that of the most recent operations.

Methods

Rainfall
Rainfall was measured from November 2002 to December 2004 with an Onset (Pocasset, MA) 20·3 cm diameter
tipping bucket rain gauge and Hobo logger. The initial location of the rain gauge was an open area in BTEC3, but it
was moved in December 2003 to a nearby location to avoid logging operations (Figure 1(c)). Storms were defined as
events if rainfall was 5 mm or more with no rain-free periods for more than 1 h (Negishi et al., 2006; Ziegler et al.,
2006).

Road dimensions and other properties
All roads and skid trails in BTEC3 were mapped with GPS (10 m accuracy), and road lengths were calculated from
the GPS coordinates. For each road type considered, measurements were made at ten or more locations. These sites
were chosen arbitrarily, without consideration to slope or total length of a particular road type, to capture the spatial
variability throughout the basin and provide enough data for inter-comparison (i.e. at least 10 measurements per road
type).

The following physical variables were determined: bulk density (ρb) of the upper 5 cm surface soil; slope gradient
of the road running surface (S), width of the running surface (w), vertical depth of the cutbank (dCB) and depth of
surface lowering (dL). Lowering refers to the depth to which the roads were excavated vertically into the hillslope
profile, which was determined by identifying the depth on the road cut face that corresponded with the center of the
road (based on hillslope geometry and slope). The maximum depth of lowering occurred at the base of the cutbank
(i.e. dCB). Slope was determined with a hand-held clinometer over a 10 m distance. Bulk density was determined from
90 cm3 cores taken in the upper 5 cm near the centerline of the road, where Ks was also measured.

Ks measurements
Two methods were used to measure Ks with a field-based, constant-head permeameter (Amoozimeter; Amoozegar,
1992). The procedure used for measuring Ks at the 0·25 m depth (Ks_0·25m) is referred to as the constant-head well
permeameter technique, shallow well pump-in technique or borehole permeameter method (Amoozegar and Warrick,
1986). Water flowing from the Amoozimeter was monitored as it infiltrated into the soil within an augered column.
Measurements were conducted until steady-state flow (Q) was observed. Saturated hydraulic conductivity was calcu-
lated using the Glover solution (Amoozegar, 1989):

K Q
h H r r H r H
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sin ( / )  (( / )   )   / ).
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where H is the depth of water (i.e. the hydraulic head) in the augered hole with a radius r. During the experiments
conducted in February and October of 2004, H ranged from 14 to 15 cm; r was 2·65 cm. Stream water was used in all
measurements; water temperature varied from 24 to 27 °C.

Saturated hydraulic conductivity for the upper 0·05 m near-surface soil profile (Ks_0·0m) was determined via Darcy’s
law from experiments monitoring flow (Q) through 90 cm3 soil cores under a constant input head:

K
QL

hA
s   =

Δ
(2)

where L is the length that water flows through the core (5 cm), A is the surface area of the core (18 cm2) and Δh is the
difference between the input head and the head on the outflow side of the core. A constant input head (20–25 cm) was
maintained using the Amoozimeter.
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Statistical analysis
Preliminary analyses with the Shapiro–Wilks test suggested that the Ks data did not follow a normal distribution. We
therefore used the nonparametric Kruskal–Wallace (KW) test to explore differences in Ks and other physical variables,
such bulk density. When significant differences were identified, we grouped treatments by considering the following:
(1) detailed box plots as the data summary; (2) the median as the estimator of central tendency; (3) the median
absolute deviation (MAD) as the estimator of scale; (4) 95% confidence intervals about the median.

Alteration index
An alteration index (ΔP) was calculated for both bulk density and Ks to show percentage change in values on road/
skid trail surfaces relative to undisturbed control surfaces:

ΔP
P P

P
  

  
  %=

−
×disturbed control

control

100 (3)

where Pdisturbed is the property value on the road and Pcontrol is the value on undisturbed surfaces, which were located in
the adjacent BTEC1 (Ziegler et al., 2006).

Monitoring of road HOF during storms
We installed two v-notch weirs (0·6 m × 0·6 m × 0·9 m) on one section on the main logging road where flow
discharged into hillslope gullies (Figures 1(c) and 2(c)). Slope of this section was 0·11 m m−1. Galvanized zinc sheeting
was cemented to exposed bedrock to direct flow from the road into the weirs (Figure 2(c); a detailed diagram is
presented by Negishi et al., 2006). Flow rates were monitored continuously at 2–3 min intervals using WT-HR water
level sensors (TruTrack, NZ) situated in the drop box weirs. At a runoff node draining one 30 m section of the abandoned
skid trail in BTEC1 we use galvanized zinc sheeting to channel flow from the road into a tipping bucket measurement
apparatus (Figure 1(b)). Flow rate was determined from tip rates that were recorded with a Hobo data logger.

To distinguish between HOF and ISSF we assumed that any road runoff occurring 20 min after the cessation of pre-
cipitation was ISSF. This conservative 20 min criterion for stormflow separation was determined by measuring the time
following rainfall cessation until runoff cessation for several events that generated HOF only (Negishi et al., 2006). Addi-
tionally, ISSF inputs were easily detected by sudden increases of specific conductance (from <15 to >30 μS cm−1).
Flow rates measured separately at both weirs on the main logging road were combined to obtain a single storm flow
hydrograph because the two road sections were hydrologically connected. HOF was expressed as a depth by dividing
by road running surface area: 183 m2 for the main logging road; 81 m2 for the abandoned skid trail (Negishi, 2005).

KINEROS2
To ascertain the propensity of each road type to generate Hortonian overland flow, we conducted diagnostic computer
simulations using the KINEROS2 runoff model (Smith et al., 1995, 1999). Overland flow in KINEROS2 is treated as
a one-dimensional flow process, in which discharge per unit width (Q) is expressed in terms of water storage per unit
area through the kinematic approximation:

Q = αhm (4)

where α and m are parameters related to slope, surface roughness and flow condition (laminar or turbulent) and h is
water storage per unit area. Equation (4) is used in conjunction with the continuity equation:

∂
∂

∂
∂

h

t

Q

x
q x t    ( , )+ = (5)

where x is distance downslope, t is time and q(x, t) is net lateral inflow rate per unit length of channel. Solution of
Equation (5) requires estimates of time- and space-dependent rainfall r(x, t) and infiltration f(x, t) rates:

q(x,t) = r(x,t) − f(x,t) (6)

Infiltrability is defined as the limiting rate at which water can enter the soil surface (Hillel, 1971). Modeling of this
process utilizes several input parameters that describe the soil profile: e.g., Ks, integral capillary drive or matric
potential (G), porosity and pore size distribution index. The general infiltrability (fc) equation is a function of cumula-
tive infiltrated depth (I) (following Parlange et al., 1982):
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where a is a constant related to soil type (assumed to be 0·85 unless otherwise specified) and B = (G + hw)(θs − θi), for
which hw is surface water depth (computed internally) and the second term, unit storage capacity, is the difference of
saturated (θs) and initial (θi) volumetric moisture contents (i.e. Δθi = θs − θi). The expression (θs − θ i) is calculated as
φ(Smax − Si), where φ is porosity and Smax and Si are respectively the maximum and initial values of ‘relative satura-
tion’, defined as S = θ/φ, or the fraction of the pore space filled with water. Antecedent soil moisture is parameterized
by assigning event-dependent values of relative saturation. Infiltration can be modeled in as many as two soil layers
(e.g. to incorporate the effects of a flow-restricting layer).

HOF Simulations
One purpose of the diagnostic simulations using KINEROS2 was to explore plausible differences in the propensity of
each of the four types of road to generate HOF. We first calibrated the model to simulate HOF on the 183 m2 section
of the main logging road during five monitored storms (discussed below). We tested the model using data from five
different storms. We then selected 17 other monitored rainfall events for simulation of HOF on all roads (Table III). To
ensure a large range in application, we initially chose storms with either the highest or lowest values of the total
precipitation, duration and maximum sustained rainfall intensity (1, 10, 30, 60 min). Five additional storms were
selected to complete the range from small to large events in terms of total rainfall depth.

Table III. Characteristics of five calibration (c), five evaluation (e) and 17 HOF simulation storms

Start End RF Duration I1_MAX I10_MAX I30_MAX I60_MAX

Storm m/d/y h:min m/d/y h:min mm min mm h−−−−−1 mm h−−−−−1 mm h−−−−−1 mm h−−−−−1

Calibration–evaluation storms
c-1 12/2/2002 17:22 12/2/2002 18:16 7·3 54 40 20 13 na
c-2 12/3/2002 15:07 12/3/2002 15:54 24·2 47 100 84 44 na
c-3 7/8/2003 3:07 7/8/2003 3:32 8·4 25 90 38 na na
c-4 9/7/2003 14:56 9/7/2003 15:43 5·6 46 40 24 9 na
c-5 9/19/2003 5:54 9/19/2003 10:07 5·7 253 20 4 4 3
e-1 12/4/2002 15:59 12/4/2002 17:07 10·6 68 40 26 15 10
e-2 2/9/2003 17:11 2/9/2003 17:29 17·1 18 120 84 na na
e-3 6/22/2003 0:22 6/22/2003 2:13 5·5 111 30 6 5 3
e-4 6/22/2003 16:34 6/22/2003 19:29 8·5 175 30 16 7 4
e-5 10/6/2003 18:54 10/6/2003 21:00  5·6 126 20 6 5 4
Simulated storms
1 5/2/03 15:48 5/2/03 22:17 127 389 180 144 109 71
2 9/25/03 3:23 9/25/03 7:25 91 242 80 66 59 52
3 3/18/03 16:31 3/18/03 17:20 84 49 160 146 130 na
4 4/29/04 14:43 4/29/04 16:43 81 120 200 142 104 74
5 11/5/04 16:03 11/5/04 18:10 79 127 160 102 77 56
6 1/28/04 15:45 1/28/04 23:01 70 437 90 66 57 41
7 5/6/03 17:43 5/6/03 18:51 64 68 160 104 78 63
8 11/28/04 16:00 11/28/04 21:58 57 358 100 64 53 42
9 12/19/04 16:18 12/19/04 20:52 45 274 100 72 48 34

10 8/29/03 7:25 8/29/03 8:23 32 58 80 70 56 32
11 11/23/03 19:00 11/23/03 20:37 25 97 80 38 31 23
12 7/21/03 10:04 7/21/03 13:09 20 186 60 45 30 17
13 4/12/03 14:08 4/12/03 15:21 16 73 80 52 25 15
14 10/20/03 3:48 10/20/03 5:11 13 83 40 28 18 11
15 12/13/02 15:50 12/13/02 15:58 7 8 100 na na na
16 11/30/03 16:45 11/30/03 17:57 6 72 20 16 11 6
17 10/6/03 16:12 10/6/03 20:06 5 234 20 4 3 2

RF is total rainfall depth; I1_MAX, I10_MAX, I30_MAX and I60_MAX refer to maximum 1, 10, 30 and 60 min rainfall intensities; ‘na’ indicates the event was too short
to have a sustained intensity of the specified length.
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Simulations for the other three road types were performed by replacing parameters for the main logging road with
those associated with skid trails, terraces and the abandoned skid trail (Table IV). Saturated hydraulic conductivity
was determined from field measurements, and other key parameters, such as porosity and Manning’s n, were based on
published data for sandy clay loam soils (Rawls et al., 1982; Woolhiser et al., 1990; Morgan, 1995). We estimated
capillary drive (G) via back-calculation using the following equation involving sorptivity (S) and Ks (Smith et al., 2002):

G
S

K
  

.
=

0 5 2

s

(8)

where the constant 0·5 is based on the assumption that the advancing water front moves as a square pulse of constant
water content (cf. White and Sully, 1987). We used our measured near-surface Ks and ρb data and the ρb-versus-S
relationship for compacted forest soils reported by Gardner and Chong (1990). The resulting G estimates were further
adjusted during model calibration.

Because we collected Ks at two soil depths, we simulated a two-layer soil profile for each road/skid trail surface.
Simulation time step was 1 min, matching the temporal resolution of the rainfall record; the simulation time was one
hour longer than the storm duration. The assigned antecedent soil moisture value (Si = 0·5) was slightly below field
capacity (0·67 for sandy clay loam). The canopy interception depth was assumed negligible on the main logging road,
skid trails and terraces; this represents the clear-cut landscape immediately following logging. Keeping these para-
meters constant allowed us to isolate HOF generation patterns caused by differences in measured soil properties – most
importantly, Ks. Interception and canopy cover for the abandoned skid trail, which represented a scenario of a 40 year
recovery, were based initially on observations during prior studies (Noguchi et al., 2005; Negishi, 2005), then adjusted
during model calibration (7 mm and 80%, respectively).

Results

Rainfall
During the 25 month measurement period, 264 storms were recorded (Negishi, 2005). Median values for total storm
rainfall and storm duration were 16 mm and 83 min, respectively. Half of the recorded 1 min rainfall intensity values
were 80 mm h−1 or more (Figure 4). The absolute maximum 1, 5, 10, 20, 30 and 60 min intensities for all storms were
200, 164, 146, 136, 130 and 74 mm h−1, respectively. The median maximum sustained 1, 5, 10, 20, 30 and 60 min
intensities were 80, 56, 45, 32, 25 and 17 mm h−1 (Ziegler et al., 2006). Cumulative density functions for total storm
rainfall depth, maximum 1 min rainfall intensity and storm duration are shown in Figure 4.

Table IV. Parameters used in KINEROS2 diagnostic overland flow simulations

Road/trail type

Main logging Abandoned
Parameter Units road Skid trail Terrace skid trail

K s (layer 1) mm h−1 0·5 1·3 22·8 19·4
K s (layer 2) mm h−1 1·1 1·7 1·8 3·7
C vK s – 0·25 0·60 0·96 0·77
G (layer 1) mm 75 77 123 115
G (layer 2) Mm 77 78 78 82
Porosity – 0·35 0·45 0·52 0·45
Rock – 0·50 0·40 0·10 0·30
Manning’s n – 0·105 0·14 0·245 0·35
Relief mm 2 5 10 10
Spacing m 2 1 1 2

The depth of soil layer 1 was 0·5 m. C vK s, the coefficient of variation of K s, was calculated as MAD/median
(Table II). Common parameters used for all simulations include the following: (i) particle density = 2·49 Mg m−3

(n = 10 measurements) and (ii) pore size distribution index = 0·25 (Rawls et al., 1982). Relief and spacing values
are based on observations.
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Figure 4. For 264 storms the cumulative probability density functions (CDFs) for total rainfall depth (mm), maximum 1 min
rainfall intensity (mm h−1) and event duration (min). The thick vertical line on each of the x-axes corresponds to a CDF value of
0·5. This figure is available in colour online at www.interscience.wiley.com/journal/espl

Road/trail dimensions in BTEC3
Total road/trail length in BTEC3 was approximately 4800 m, partitioned among three road types as follows (Table II):
690 m (main logging road), 2300 m (skid trails) and 1806 m (terraces). The main logging road had the widest running
surface (w = 3·5 m) and the deepest cutbank (dCB = 3 m) and was the most deeply excavated into the hillslope profile
(dL > 1 m). Median slopes on the running surface of each road type were not greatly different (Table II). This
similarity may be related to our sampling scheme, for which measurement density on each type of road was different.
The median value for skid trails disguises the fact that the slopes of some across-contour trails accessing others built
parallel to the contour were quite steep (>0·40 m m−1; see Figure 3(a), (d)). An important difference among all types of
road was the depth of excavation: main logging road (1·08 m) > skid trails (0·76 m) > terraces (0·46 m). Compared
with the abandoned skid trail in BTEC1, the BTEC3 skid trails were slightly wider and excavated deeper into the
hillslope profile (Table II).

The total road/skid trail length of 4800 m in BTEC3 equates to a density of about 33 km km−2. The road network is
also approximately seven times longer than the BTEC3 stream network. Based on median widths (Table II), the road/
trail system occupied only 5·6% of the basin area. This is at the low end of percentages reported for other ground-
based logging sites in Malaysia: e.g., 5–10% in Peninsular Malaysia (Baharuddin, 1988; Baharuddin and Abdul
Rahim, 1994; Zulkifli and Anhar, 1994) and 4 –24% in Sabah (Phillips, 1986; Malmer and Gripp, 1990; Pinard et al.,
2000). However, the area occupied by roads/trails exceeded 15–20% on the most densely roaded hillslopes in BTEC3
(Figures 2(e) and 3(c)).

Road/trail bulk density
Bulk density (ρb) in the upper 5 cm was highest on the main logging road (1·48 Mg m−3); the lowest bulk density
(0·80 Mg m−3) was associated with the abandoned skid trail (Table II). Bulk densities on the BTEC3 skid trails and
terraces were not significantly different (1·28 versus 1·17 Mg m−3). Compared with the adjacent undisturbed hillslope,
bulk density on the main logging road was 100% higher (Table V). Bulk densities on skid trails and terraces were
elevated by 75 and 60% compared with undisturbed sites. These increases are higher than those reported for other
logging roads in Malaysia (13–60%; Table V). Bulk density on the abandoned skid trail was elevated by only
10%.

www.interscience.wiley.com/journal/espl
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Table V. Relative change in near-surface bulk density (ρb) and near-surface saturated hydraulic conductivity (K s) for roads versus
undisturbed surfaces at BTEC and other places in Peninsular Malaysia (PM) or Sabah

Location Road type Excavation† ΔΔΔΔΔρb (%) ΔΔΔΔΔKs (%)††

BTEC3 (PM)1 Main logging road 1·08 m 103 −99
BTEC3 (PM)1 Skid trail 0·76 m 75 −99
BTEC3 (PM)1 Terrace 0·46 m 60 −95
BTEC1 (PM)1 Abandoned skid trail 0·66 m 10 −91
Other sites in Malaysia
Jengka (PM)2 Road minimal 42 −70
Jengka (PM)2 Skid trail minimal 32 −79
Sipitang (Sabah)3 Track on clay ≤1 m 56 −82
Sipitang (Sabah) 3 Track on sand ≤1 m 21 −97
Sg. Tekam (PM)4 Skid trail minimal 39 −96
Sg. Tekam (PM)4 Secondary road minimal 13 −59
Ula Segama (Sabah)5 Skid trail – 60 −99
Ula Segama (Sabah)6 Tractor tracks (12 years old) minimal 34 −82

1 This study, for which undisturbed control values used in the calculation of Δρb and ΔK s (via Equation (3)) were 0·73 Mg m−3 and 675 mm h−1,
respectively (for BTEC1, see Ziegler et al., 2006); 2 Baharuddin (1995); 3 Malmer and Gripp (1990); 4 Kamaruzaman (1996); 5 Brooks and Spencer (1997);
6 Van der Plas and Bruijnzeel (1993).
† Excavation indicates either the depth of excavation into the hillslope profile or the degree to which it typically occurred.
†† Reported infiltration rates in other studies were converted to K s using Philip’s (1957) equation (assuming time (t) is approaching infinity):
i = 0·5St−0·5 + 0·5K s (where S is sorptivity, Ziegler and Giambelluca, 1997).

Road/trail Ks

Median near-surface Ks values for both the main logging road (<1 mm h−1) and the skid trails (2 mm h−1) were
significantly lower than for the terraces (34 mm h−1), as well as the abandoned skid trail (62 mm h−1) (Table II). Values
for the latter three types of road/trail were similar to reported values for skid trails and secondary logging tracks/trails
worldwide (Table VI). Compared with undisturbed surface soils (675 mm h−1), the Ks values for all the BTEC roads
were two to three orders of magnitude lower (Table VI). The percent reductions in Ks on roads versus the undisturbed
control are at the extreme lower end of values obtained at other sites in Malaysia (Table V). Even the abandoned skid
trail, where bulk density almost completely recovered, still had a near-surface Ks value about 90% lower than on the
adjacent forested hillslope.

Table VI. Synthesis of reported values for surface saturated hydraulic conductivity (Ks) on various types of unpaved road/trail and
undisturbed control surface

Primary Secondary Log Undisturbed
Main road skid trail trails/tracks/paths landing surface Location

<1 2 34 – >675 BTEC3 (this study)
<1–23 <1–24 10–69 4–142 33–360 Sabah & P. Malaysia1

3 13–32 16–28 3 32–575 Australia2

<1–20 13–40 70–225 33 50–445 USA & Canada3

2–15 – 8–13 – 90–254 SE Asia & Hawaii4

The K s values (mm h−1) are derived from various infiltrability variables (reported by the authors as percolation estimates, infiltration rates, infiltration
capacities and steady-state infiltration rates) using Philip’s (1957) equation (see footnote in Table V). The 675 mm h−1 K s value for undisturbed surface in
this study was determined in the adjacent BTEC1 (Ziegler et al., 2006).
1 Brooks et al. (1994); Kamaruzaman (1996); Baharuddin et al. (1996); Brooks and Spencer (1997); Malmer and Gripp (1990); Van der Plas and Bruijnzeel
(1993); Malmer (1996); Chappell and Ternan (1997); Chappell (personal communication).
2 Riley (1984); Rab (1996); Croke et al. (2001).
3 Reinhart (1964); Perry (1964); Hatchell et al. (1970); Johnson and Beschta (1980); Luce and Cundy (1994), Reid and Dunne, 1984; Loague and Gander
(1990); Commandeur and Wass (1994); Luce (1997).
4 Ziegler and Giambelluca (1997); Ziegler et al. (2000); Ziegler et al. (2004); Ziegler and Sutherland (2006); Sutherland et al. (2001).
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Table VII. Results and error indices for KINEROS2 calibration (c events) and evaluation (e events) simulations of HOF on the
monitored main logging road section

Measured KINEROS2

RF RO ROC SAT Etotal Epeak ME n
Storm Date mm mm – – – – – –

c-1 2 Dec 02 7·3 2·0 0·28 0·33 0·6 0·1 0·45 38
c-2 3 Dec 02 24·2 18·4 0·76 0·60 0·1 0·0 0·91 29
c-3 8 Jul 03 8·4 3·5 0·41 0·53 0·31 0·00 0·80 29
c-4 7 Sep 03 5·6 0·9 0·16 0·40 1·9 0·3 −0·86 27
c-5 19 Sep 03 5·7 0·8 0·14 0·47 −0·53 −0·22 0·28 53
e-1 4 Dec 02 10·6 5·0 0·47 0·72 0·18 0·35 0·56 49
e-2 9 Feb 03 17·1 15·0 0·87 0·40 −0·07 −0·12 0·86 20
e-3 22 Jun 03 5·5 1·3 0·24 0·78 −0·04 0·14 0·44 104
e-4 22 Jun 03 8·5 3·8 0·45 0·78 0·14 0·20 0·30 35
e-5 6 Oct 03 5·6 1·7 0·30 0·85 −0·30 −0·26 0·30 56

RF is total rainfall; RO is total measured road HOF, ROC is the runoff coefficient (RO/RF); SAT is relative saturation; Etotal, Epeak and ME are total
prediction error (Equation (9)), total error in predicted peak (Equation (10)) and model efficiency (Equation (11)), respectively; n is the number of
observation values used in calculation of ME.

At a depth of 0·25 m below the surface, the range in median Ks among the four road/skid trail types was only 1·7–
5·5 mm h−1, and there was no significant difference among these roads (Table II). The Ks_0·25m values are more in line
with the saturated hydraulic conductivity values found at or below 0·7 m in the soil profile (compare with Table I).
This similarity is no coincidence, because all roads are excavated more than 0·5 m into the soil profile (Table II).

Measured road HOF
Road runoff was measured during more than 90 storms, but only 10 events were identified where all runoff was HOF
(Table VII). The other storms had complex hydrographs that resulted from mixing of ISSF, return flow from shallow
pipes and/or road runoff from a prior event. Our selection of these HOF-only storms is more conservative than the
procedure used earlier by Negishi et al. (2006) in BTEC3. Rainfall intensity variables associated with these storms are
shown in Table III. These storms are identified with leading characters ‘c’ or ‘e’ to designate that they were used in the
initial calibration or subsequent evaluation of KINEROS2, respectively. Total rainfall depth for these 10 storms ranged
from 5·5 to 24·2 mm. Median measured road runoff coefficients (ROC = total HOF/total rainfall) was 0·36 (Figure 5;
Table VII). The two largest events (17 and 24 mm) had ROC values greater than 0·75.

At the runoff collection node on the abandoned skid trail in BTEC1, no runoff was recorded for events with total
rainfall depths less than 25 mm, and all detected road runoff was a mixture of HOF and ISSF. Therefore, we were not
able to obtain HOF-only hydrographs for model calibration and testing for this skid trail. However, this finding was
useful for constraining the model from predicting HOF for events with rainfall depth less than 25 mm.

Figure 5. Total HOF (mm) measured during 10 storms at the monitored section on the main logging road.
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KINEROS2 calibration
We used five observed storms to calibrate KINEROS2 to predict HOF on the monitored 183 m2 section of the main
logging road (c1–5, Table III). Calibration was performed by adjusting prescribed parameters to collectively reduce
error as determined by the following three indices:
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where Ptotal and Ototal are predicted and observed total storm discharges, Ppeak and Opeak are predicted and observed peak
discharges, Pi and Oi are predicted and observed instantaneous discharge rates and O is the mean of the observed
values. Notable adjustments to model parameters during calibration were reductions of measured Ks and assigned G
values by one-third, increasing the layer 1 soil depth to 0·5 m and adjustment of the abandoned skid trail interception
and cover values (Table IV).

The error indices show a wide range of prediction skill for five evaluation events (Table VII). The smallest storms
had the lowest ME values, indicating generally poor simulation of the HOF hydrographs. In fact, the lowest ME value
was for calibration event c-4 (ME = −0·86). Negative ME values indicate the simulation was worse than simply taking
the mean of observed values. The largest simulated storm (c-2, 24·2 mm) had an ME = 0·91 (Table VII, Figure 6).
Perfect agreement between observed and simulated values results in an ME of 1.

Because it was not possible to produce a good fit for the entire range of events during calibration, we placed
more importance on reducing errors for the largest events. Inability of the model to fit small-scale variations in
observed hydrographs during some storms may be related to differences in rainfall measured at the gauge and that
actually falling on the monitored road section (Figure 6). Nevertheless, the error and model fit values associated with
KINEROS2-prediction of HOF for the five evaluation events were operationally acceptable: −0·30 ≤ Etotal ≤ 0·18;
−0·26 ≤ Epeak ≤  0·35 and 0·30 ≤ ME ≤ 0·86 (Table VII).

Simulation of HOF
Runoff coefficients for the 17 simulations of HOF on the main logging road and skid trails were above 0·50 for
all events with more than 15 mm of rainfall (Figure 7). For large events (>50 mm), ROCs ranged from 0·69 to 0·94
(Figure 7). Even for the 6 mm (I1_MAX = 20 mm h−1) event 16, ROCs on the main logging road and skid trails were
over 0·20 (not shown). Simulated HOF on terraces was slightly lower than that on the main logging road and skid
trails (Figure 7). Total runoff on the three types of BTEC3 road/trail increased with increasing depth of rainfall,
approaching limits of about 90% for the largest events (Figure 7). HOF was not simulated on the abandoned skid trail
for events smaller than 25 mm; this is consistent with our observations on the monitored road section in BTEC1.

Of the 822 mm of rainfall that fell during the 17 simulated storms, an estimated 5330 m3 of HOF was simulated on
the 4796 m road/trail network in the 14.4 ha catchment (Table VIII). This is equivalent to a depth of 37 mm – or
approximately 4% of the total rainfall. For this estimate, basin total HOF was extrapolated from the road-segment-
scale simulations (183 m2) by multiplying by appropriate road width and basin length conversion factors (i.e. based on
Table II). About 45% of the simulated flow was generated on skid trails, compared with 32 and 23% for the main
logging road and terraces. The estimated skid trail contribution is greater primarily because of the higher total road
length.
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Figure 6. Observed (circle) and KINEROS2-predicted (line) HOF for nine monitored storms. The first five storms are the
calibration (c) events; the others are evaluation (e) events. Error indices are presented in Table VII. This figure is available in colour
online at www.interscience.wiley.com/journal/espl

Discussion

Validity of measurements
Values of Ks reported for roads/trails worldwide range from less than 1 mm h−1 on main roads to more than 200 mm h−1

on various types of secondary trail (Table VI). Measured BTEC3 road Ks data show a similar general relationship, i.e.
main roads < skid trails < secondary trails (i.e. terraces) < undisturbed land covers (Table VI). Variations in Ks for any
type of the road/trail shown do not simply reflect differences in degree of compaction by heavy machinery during road
construction and subsequent traffic; they also represent differences in soil type, surface conditions when compaction
occurred (e.g. soil moisture) and Ks measurement techniques (e.g. rainfall simulation versus infiltrometer versus disk
permeameter). Importantly, the variation is also related to the excavated depth of the road surface within the hillslope
profile and the properties of the subsurface material at these depths. At BTEC3, most of the roads and trails are excavated

www.interscience.wiley.com/journal/espl
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Figure 7. Simulated HOF for the calibration, evaluation and simulated storms for the main logging road, skid trails, terraces and
the abandoned skid trail. The lines represent runoff coefficients of 1·0, 0·5 and 0·2. This figure is available in colour online at
www.interscience.wiley.com/journal/espl

to a depth of at least 0·5–1 m into consolidated subsurface material with naturally low Ks (Figure 8). As shown in
Table I, Ks decreases from 16 to 4 mm h−1 between the depths of 0·5 and 1·3 m. On the main logging road and skid
trails, Ks values are similar to those found on unpaved logging roads in the Pacific Northwest, USA (see, e.g., Reid and
Dunne, 1984; Luce and Cundy, 1994), where roads also tend to be deeply excavated into the hillslope profile (Table VI).

Through measurements of runoff on 22 m × 3 m plots at the Jengka Experimental Basin in Pahang, Peninsular
Malaysia, Baharuddin et al. (1996) determined that annual ROCs for logging roads and skid trails ranged from 0·14 to
0·21 during a 2 year period (rainfall depths were 2310 and 3080 mm). In comparison, the aggregated ROC on the

Table VIII. KINEROS2-predicted HOF on three types of road/trail in BTEC3 during 17 selected storm events

RF Main logging road Skid trails Terraces All roads ROCbasin Recovered Reduction
Storm mm m3 m3 m3 m3 – m3 %

1 127 278 394 200 872 0·05 540 38%
2 91 196 275 138 609 0·05 334 45%
3 84 191 278 142 611 0·05 450 26%
4 81 180 258 131 570 0·05 370 35%
5 79 175 250 127 552 0·05 321 42%
6 70 138 190 95 423 0·04 169 60%
7 64 143 206 105 455 0·05 281 38%
8 57 114 154 77 345 0·04 129 63%
9 45 85 113 55 252 0·04 67 73%
10 32 68 95 47 210 0·05 64 69%
11 25 48 64 31 143 0·04 4 97%
12 20 32 42 20 95 0·03 0 100%
13 16 29 40 19 88 0·04 0 100%
14 13 19 23 10 53 0·03 0 100%
15 7 10 16 7 33 0·03 0 100%
16 6 7 7 2 16 0·02 0 100%
17 5 0 0 0 0 0·00 0 100%

Total 822 1712 2407 1207 5326 0·04 2729 49%

RF is total rainfall depth for each of the 17 non-calibration/validation events (Table II). Each ‘All-roads’ value is the sum volume of runoff on the main
logging road, skid trails and terraces. ROCbasin is the basin runoff coefficient (all roads HOF/basin-wide rainfall volume). ‘Recovered’ is total simulated road
HOF for the scenario that all roads/trails have recovered to the current level of the abandoned skid trail. ‘Reduction’ is the percentage decrease between
all-road HOF and that for the recovered scenario.

www.interscience.wiley.com/journal/espl


1962 A. D. Ziegler et al.

Copyright © 2007 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms 32, 1947–1970 (2007)
DOI: 10.1002/esp

Figure 8. Median depth of the cutbank (dCB), median surface lowering of the road surface (dL) and median running surface width
(w) for three types of road/trail in BTEC3. The dotted line indicates the depth in the adjacent soil profile that corresponds to the
road surface; this line also identifies the corresponding value of depth-specific Ks. The thick arrow indicates the approximate depth
at which intercepted subsurface flow (ISSF) was typically observed exfiltrating from the road cut on to the road surface. This figure
is available in colour online at www.interscience.wiley.com/journal/espl

www.interscience.wiley.com/journal/espl
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main logging road in BTEC3 during 10 monitored storms was 0·53. The aggregated ROCs for the 17 simulated storms
were even higher because of the abundance of large simulated events: terraces (0·79), skid trails (0·82) and the main
logging road (0·86). If we assume that all 256 storms observed during our 2 year study follow the relationships shown
in Figure 8, total ROCs (estimated via non-linear regression) range from 0·58 to 0·69 for the three types of BTEC
road/trail. Collectively the simulations and the monitored storm data indicate runoff on BTEC roads was significantly
higher than that found previously at Jengka. The Jengka roads, which were primarily paths/tracks used by lorries, were
distinctly different from the BTEC3 main logging road and skid trails in terms of depth of excavation (Baharuddin
et al., 1996). As a result, Ks on the Jengka roads was an order of magnitude higher than on these two types of BTEC
road/trail: more than 20 versus 2 mm h−1 or less (Baharuddin et al., 1996; Table II).

Limitations of the simulations
The modeled road section is represented in KINEROS2 as a singular planar element. Surface microtopography is
incorporated via spacing and relief parameters; however, specific features that affect ponding and overland flow, such
as rills and gullies, are not specifically included. In the real setting, the road area contributing to runoff varies during
a given storm because of the spatial variation in infiltration and flow capture by rills/gullies. Variations in infiltrability
are accounted for in KINEROS2 with the CvKs parameter. The latter phenomenon is generalized via model calibration
and testing, during which parameters were adjusted to minimize differences between simulated and observed
hydrographs. Simulated flow is obviously not a perfect reproduction of on-road overland flow during all storms (as
shown in Figure 6). Nevertheless, simulated flow is useful for estimating plausible differences in surface erosion and
sediment delivery on each road type. However, the simulated values probably overestimate the total runoff to the
stream system, because some unknown portion would undoubtedly re-infiltrate on hillslopes below areas where
unconcentrated flow exists the road.

Traffic impacts and compaction
Our first hypothesis was that the various road/trail types in BTEC3 would differ greatly in hydrological response
because of differences in the extent of traffic. However, all types of road/trail produced substantial HOF during most
simulated events (Figure 7). These patterns in HOF generation largely reflected the small observed differences in
Ks: e.g. the low-Ks main logging road generated the most HOF per unit area, and terraces, which had the highest
near-surface Ks, the least. However, there was very little difference in simulated HOF between the main logging road
and the skid trails because of the high intensity of the simulated rainfall events.

The reduction in simulated HOF on terraces, the roads undergoing the least traffic, was facilitated by storage of
rainwater in the loose layer of side-cast material deposited on the surface (typically >0·10 m deep). However, consoli-
dated subsoil and/or saprolite with naturally low Ks existed immediately beneath this unconsolidated material, similar
to the other road types. Once rainfall exceeded the storage capacity of the loose side-cast soil, HOF initiated. Nine
months after the initial Ks measurement campaign most of the loose surface material on the terraces had been removed
by water erosion. Thus, the relatively high Ks that was initially measured was not representative of near-surface Ks on
the terraces over longer time periods. Therefore, the simulated HOF values shown in Table VIII probably underesti-
mate surface runoff generated on terraces.

The main logging road and skid trails were created with a bulldozer; the terraces were excavated with a backhoe.
None of the roads were heavily compacted beyond that sustained during the excavation process, which mainly pushed
fill material downslope. Subsequent traffic on wet road surfaces probably served more to displace and puddle loose
soils, rather than facilitate additional compaction. Thus, the propensity for all three types of road in BTEC3 to
generate HOF during most simulated storms was mainly related to the fact that they were excavated at least 0·5–1·0 m
into the hillslope profile (cf. Malmer and Gripp, 1990). These depths coincide with weathered subsoil horizons,
saprolite and/or bedrock – all of which have low saturated hydraulic conductivities (Table I; Ziegler et al., 2006). The
estimated ‘lowering’ values due to excavation were determined at the road centerline (Table III; Figure 8). The inside
portion of the roads were even more deeply excavated into the hillslope regolith (e.g. 2–3 m on the main logging road).

Influence of recovery time after abandonment on HOF generation
Our second hypothesis was that HOF generation would be rare on the abandoned skid trail in BTEC1 because
substantial vegetation, including medium-sized trees, had emerged in the 40 years since abandonment. Unlike the
other types of road, ground and canopy cover was significant (estimated at 80%). In addition, the road surface
consisted of a thin (<5 cm), organic-rich soil layer with relatively high Ks (median = 62 mm h−1). However, Ks was still
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significantly lower than that in the upper 10 cm of the adjacent non-roaded hillslope (675 mm h−1, Table V). Despite
vegetation regrowth, Ks at 0·25 m was not significantly different from that for all the other types of road investigated
(<6 mm h−1; Table II). Similar to terraces in BTEC3, HOF was simulated frequently on the abandoned skid trail for
events >25 mm (Figure 7). HOF was simulated for large storms because the permeable near-surface layer had a
limited capacity to store infiltrated water. Although substantial recovery in vegetation had taken place in 40 years, the
excavation of this road into the low-permeability regolith dictated the occurrence of HOF during large simulated
events.

The hydrologic benefits of the 40 year recovery on the abandoned skid trail can be seen by comparing simulated
HOF on the entire road/trail network in BTEC3 (main road, skid trails and terraces combined) with the scenario that
all roads/trails have recovered to a condition that is similar to that of the abandoned skid trail (including canopy and
ground cover). For the total applied rainfall (822 mm; 17 storms), simulated basin-wide HOF from all roads/trails
declined by almost 50% from 5326 to 2729 m3 (Table VIII). This reduction is slightly greater than the estimated
reduction in road runoff caused by pioneering ferns invading the main logging road in BTEC3 (Negishi et al., 2006).

The estimated reduction in basin-wide HOF represents a substantial volume of surface runoff that would ordinarily
contribute to surface erosion and delivery of eroded material to the stream network (Sidle et al., 2004). Vegetation
recovery on the abandoned skid trail provides additional benefits related to runoff generation and sediment production
by increasing surface roughness, thus reducing flow velocity and promoting temporary ponding of water on the
disturbed surfaces (Morgan, 1995). Such beneficial effects are not captured by looking only at Ks measurements and/
or diagnostic HOF simulations. Additionally, the multi-tiered canopy of the regenerating forest should also reduce
some of the raindrop energy that currently exacerbates splash erosion on the unprotected roads and hillslopes in
BTEC3 (Sidle et al., 2004).

Long-term impacts
Investigating abandoned skid trails in Sg. Tekam Forest Reserve (Peninsular Malaysia), Kamaruzaman (1996) found
that surface bulk density was elevated by 20% and Ks decreased by 76%, compared with nearby undisturbed lands,
even after 10 years. He estimated via linear regression that bulk density on a variety of logging-related roads/surfaces
would recover to background values in about 20 years; roughly 50 years, however, would be needed for full recovery
of Ks. If we also assume a linear recovery rate, the estimated time of recovery for bulk density on BTEC skid trails is
45 years (Figure 9). In contrast, little recovery in Ks would occur in 100 years.

Similar to our findings in BTEC3 are those of Malmer and Gripp (1990), who measured bulk density and infiltrability
on mechanized logging tracks at Sipitang (Sabah, Malaysia). There, bulldozers created tracks that were in some
locations excavated 1 m into the hillslope profile, occasionally exposing saprolite. Surface (0–5 cm) bulk density on
tracks constructed on clay soils increased from 0·82 to 1·28 Mg m−3 following construction. In six years, bulk density
recovered to 1·16 Mg m−3. Infiltrability, which initially declined from 154 to 0·3 mm h−1, recovered only slightly
(1·3 mm h−1). Based on this rate of recovery, several hundred years would be needed for a full recovery in Ks. Bulk
density would, however, recover in about 20 years (Figure 9).

Figure 9. Percentage changes (Equation (3)) in bulk density (ρb) and saturated hydraulic conductivity (Ks), relative to undisturbed lands,
are shown for abandoned skid trails at Sg. Tekam (Kamaruzaman, 1996), mechanized logging tracks at Sipitang (Malmer and Gripp,
1990), logging tracks in the Upper Segama (Van der Plas and Bruijnzeel, 1993), and the abandoned skid trail in BTEC1. The symbols
represent measurements. The lines track the estimated recovery in the properly over time (via linear regression); full recovery
occurs where lines cross the x-axis at zero. This figure is available in colour online at www.interscience.wiley.com/journal/espl

www.interscience.wiley.com/journal/espl
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Collectively, these data suggest that when roads are excavated into consolidated hillslope regoliths, such as in
BTEC and Sipitang, the concept of ‘recovery’ of Ks has little practical meaning. Full recovery would require the
development of a deep soil layer on the road surface. Even if aided by amelioration techniques (e.g. ripping), recovery
would take longer than that for tracks impacted by surface compaction alone (cf. Kidd and Haupt, 1968; Luce, 1997;
Reisinger et al., 1992; Kolka and Smidt, 2004).

Again, overshadowing the concept of recovery of Ks on the road surface (which would reduce HOF generation) is
the influence of deep excavation on other runoff generation processes. For example, we commonly observed water
exfiltrating onto roads from cutbanks via seeps occurring at the soil/saprolite interface and through fractured bedrock
(ISSF, shown by the arrows in Figure 8). In addition, several road cuts had biogenic pipes that were activated during
most storms (Negishi et al., 2006, 2007). Although it is foreseeable that road Ks could recover sufficiently over time to
reduce HOF generation – as demonstrated to some degree by the abandoned skid trail in BTEC1 – a natural reduction
in ISSF by deep road cuts is unlikely. For example, after 40 years the abandoned skid trail still actively intercepts
subsurface flow.

While the persistence of HOF on ‘revegetated’ roads and trails may not cause excessive on-road erosion long after
construction, hydrological impacts may still exist. For example, if the road affects the delivery of storm runoff to
streams, there is a potential for the road network to enhance flood peaks, diminish low flows and destabilize hillslopes
even after disturbed forest hillslopes have fully recovered. Furthermore, although sediment transport from roads/trails
to the stream diminishes greatly within 2 years in BTEC3 (Sidle et al., 2004, 2006), large events are capable of
eroding the consolidated substrate material comprising road and skid trail surfaces because large volumes of runoff are
generated on the extensive, connected road system (Figure 10).

Impact reduction
Road removal, which may involve major re-contouring of the hillslope, has been applied elsewhere with the goal of
reducing environmental impacts related to roads (Madej, 2001; Switalski et al., 2004). The costs associated with these

Figure 10. Severe erosion is exacerbated on this 66 m skid trail section by runon water from upslope skid trails. Surface flow on
the skid trail itself is generated by the Horton mechanism. Another 255 m of upslope trails contribute additional flow from three
sources: (1) Horton flow; (2) return flow from shallow pipes and (3) interception of subsurface flow by the cutbank. The runoff
shown in panel b was during the 79 mm event No. 5 (5 November 2004), which had a maximum 10 min intensity of 102 mm h−1

(Table III). Runoff water from upslope trails augments Hortonian overland flow generated on this road section, thereby increasing
the total contributing hillslope area from about 260 m2 of road surface to over 6000 m2 of hillslope, including an additional 900 m2

for HOF generation. The median width and depth of the gully is 0·37 and 0·23 m, and maximum depth exceeds 0·5 m (panel c).
This equates to about 5·7 m3, or 9·1 Mg of material, that was delivered to the stream system in only 8 months following logging.
This figure is available in colour online at www.interscience.wiley.com/journal/espl

www.interscience.wiley.com/journal/espl
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types of activity are probably not justifiable for most logging sites in SE Asia, particularly for sites where road density
is as high as in BTEC3. In addition, evidence is not yet available that demonstrates that these measures do indeed
restore hillslope flow pathways or are economically viable in terms of landslide reduction (Allison et al., 2004;
Switalski et al., 2004). Thus, the most cost-effective means to avoid adverse hydrological changes from logging road
construction is by effective long-term planning of the road/skid trail system, including minimizing road/trail density,
avoiding excessive excavation on midslope sites, minimizing steep skid trails draining directly into forest roads,
avoiding wet and unstable sites (e.g. geomorphic hollows), and determining the ultimate lifetime of the road/trail
system (see, e.g., Sidle, 1980; Megahan, 1987; Baharuddin, 1995; Allison et al., 2004; Sidle and Ochiai, 2006). This
is particularly important in locations where substantial subsurface flow is intercepted by the road prism and/or a high
percentage of the total rainfall comes from intense rain storms, as is the case in BTEC.

Final considerations
The reported findings are preliminary. Some of the differences in the near-surface versus 0·25 m Ks measurements
could be related to the different methods employed. For example, the surface Ks values on the abandoned skid trail
were lower than one might anticipate for a revegetated surface. However, all Ks values were in line with those reported
for various types of road in studies conducted elsewhere. Our field data show a much slower rate of recovery in Ks

than for bulk density compared to other studies in Malaysia, suggesting that bulk density itself is not a reliable index
for assessing the recovery of soil hydrological properties following logging. We also recognize that point measure-
ments of Ks often do not represent the hillslope-scale permeability that controls hydrological response (cf. Croke et al.,
2001). This may be particularly true for the abandoned skid trail. We incorporated the diagnostic HOF simulations, in
part, to account for the limitations in the direct interpretation of point measurements of Ks.

Furthermore, the HOF simulations were particularly helpful in exploring the influence of variable Ks with depth on
HOF generation from roads/trails. These simulations provide more insight than simply comparing Ks among road
types. In particular, they highlighted the importance of a flow-restricting subsurface layer on the generation of HOF
from road surfaces with thin surface soils of high infiltrability, but limited water storage capacity. While the relative
differences in simulated HOF generation are consistent with observations, explicit interpretation of the absolute values
is not recommended because (i) we had limited validation data at the hillslope-scale for all road types and (ii) the
simulations were performed for one initial soil moisture state. Additional work in BTEC3 should address quantifying
road runoff on monitored road sections for a variety of field conditions and road types.

Conclusion

All types of logging road/trail investigated, regardless of design and usage, partitioned substantial percentages of
rainfall into HOF during nearly all storms, primarily because they were excavated into hillslope material of low Ks.
Even a skid trail that was abandoned for 40 years and had substantial vegetation regrowth generated HOF for storms
above 25 mm because the recovery in Ks only occurred within the upper few centimeters of the road surface. Little
recovery in surface Ks was estimated to occur on roads within a time span of 100–200 years. Excavation of roads into
the hillslope regolith further contributed to road-related overland flow generation through the interception of sub-
surface flow and return flow emerging from shallow biogenic pipes. Recovery of pre-road hydrological response is
exceptionally slow because the only phenomena that promote deep infiltration of rain water are covering of the road
surface with soil (either by rehabilitation or mass wasting) or the development of new soil via weathering, which
includes the effects of colonizing vegetation. Natural recovery or rehabilitation techniques that simply hasten the
emergence of vegetation on abandoned skid trails may reduce the propensity to generate HOF; however, subsurface
flow would still likely be intercepted by the cutbank, thereby contributing to the persistence of hydro-geomorphological
impacts of roads indefinitely. Thus, the key to reducing the long-term impacts associated with logging roads at sites
such as BTEC is efficient road network planning, which includes minimizing total road length – especially if roads are
excised deeply into the hillslope profile.
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