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ABSTRACT
Rainfall simulation was used to examine runoff generation and sediment transport on roads, paths and three types of
agricultural fields in Pang Khum Experimental Watershed (PKEW), in mountainous northern Thailand. Because
interception of subsurface flow by the road prism is rare in PKEW, work focused on Horton overland flow (HOF). Under dry
antecedent soil moisture conditions, roads generated HOF in c. 1 min and have event runoff coefficients (ROCs) of 80 per
cent, during 45 min, c. 105 mm h 1 simulations. Runoff generation on agricultural fields required greater rainfall depths to
initiate HOF; these surfaces had total ROCs ranging from 0 to 20 per cent. Footpaths are capable of generating erosionproducing overland flow within agricultural surfaces where HOF generation is otherwise rare. Paths had saturated hydraulic
conductivity (Ks) values 80±120 mm h 1 lower than those of adjacent agricultural surfaces. Sediment production on roads
exceeded that of footpaths and agricultural lands by more than eight times (123 versus < 015 g J 1). Typically, high road
runoff volumes (owing to low Ks, c. 15 mm h 1) transported relatively high sediment loads. Initial road sediment
concentrations exceeded 100 g l 1, but decayed with time as loose surface material was removed. Compared with the loose
surface layer, the compacted, underlying road surface was resistant to detachment forces. Sediment concentration values for
the road simulations were slightly higher than data obtained from a 165 m road section during a comparable natural event.
Initial simulation concentration values were substantially higher, but were nearly equivalent to those of the natural event
after 20 min simulation time. Higher sediment concentration in the simulations was related to differences in the availability
of loose surface material, which was more abundant during the dry-season simulations than during the rainy season natural
event. Sediment production on PKEW roads is sensitive to surface preparation processes affecting the supply of surface
sediment, including vehicle detachment, maintenance activities, and mass wasting. The simulation data represent a
foundation from which to begin parameterizing a physically based runoff/erosion model to study erosional impacts of roads
in the study area. Copyright # 2000 John Wiley & Sons, Ltd.
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INTRODUCTION
During the past 50 years, agriculture has intensified on steep slopes in northern Thailand as ethnic hilltribe
groups have migrated southward and mountain population densities increased. Unpaved road networks have
also recently developed in these areas. As is the case with unstable agricultural practices, roads can
substantially disrupt drainage basin hydrology and geomorphology. The impacts of these two activities are
not well understood, and the cumulative watershed effects of roads versus agricultural activities have yet to be
quantified satisfactorily. In two prior works in northern Thailand, we have demonstrated that rural roads
potentially disrupt hydrologic and erosional processes disproportionately to their areal extent, compared with
agriculture-related lands in a tropical mountainous watershed (Ziegler and Giambelluca, 1997a,1997b).
These findings represent a foundation to investigate the problem in detail. The objectives of this paper are: (1)
to use rainfall simulation to quantify runoff generation and sediment transport on roads, footpaths and
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Figure 1. All work was performed near Pang Khum village in northern Thailand

agricultural lands; and (2) to compare data from small plot rainfall simulation experiments on roads with
those from a natural rainfall event on a larger-scale road plot. The work focuses on the Horton overland flow
(HOF) runoff mechanism because interception of subsurface flow by roads is rare in the study area.
STUDY AREA
The study site is near Pang Khum village (19 3'N, 98 39'E), within the Samoeng District of Chiang Mai
Province, c. 60 km NNW of Chiang Mai, Thailand (Figure 1; included in the Sam Mun study area reported in
Ziegler and Giambelluca, 1997a,1997b). The area has a monsoon rainfall regime with a rainy season
extending from mid-May to November, during which c. 90 per cent of the 1200±1300 mm annual rainfall
occurs. All work was performed within the 937 ha Pang Khum Experimental Watershed (PKEW; Figure 2).
Bedrock material is Triassic granite (field observation; Hess and Koch 1979). Highland soils in northern
Thailand are largely Oxisols and Ultisols associated with deeply weathered regolith; shallow Inceptisols, and
Ultisols are less abundant (adapted from FAO classification in Kubiniok, 1992). PKEW soils appear to be
Ultisols, Alfisols and Inceptisols (J. Pintong, Soil Survey, Faculty of Agriculture, Chiang Mai University,
personal communication). Soil properties determined on the Lower PKEW Road and adjacent fallow fields
are listed in Table I.
Roads constitute <1 per cent of the PKEW area. Approximately 27 per cent of the basin area is agricultural
land (active upland/paddy or recently fallow); 72 per cent is disturbed, primary hardwood forest or advance
secondary vegetation; and <1 per cent is occupied by dwelling sites (adapted from Fox et al., 1995). The
original pine-dominated forest has been altered by hundreds of years of swidden cultivation by Karen, Hmong
and recently Lisa ethnic groups. Most lower basin slopes are cultivated by Lisu villagers who migrated to
Pang Khum from Mae Hong Son Province c. 20 years ago. The farming system now resembles a long-term
cultivation system with short fallow periods, as opposed to traditional Lisu long fallow practices (cf. SchmidtVogt, 1998). Major crops include upland rice, corn, cabbage, onions, flowers, fruit and some paddy rice.
Copyright # 2000 John Wiley & Sons, Ltd.
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Figure 2. The 937 ha Pang Khum Experimental Watershed (PKEW). White boxes identify locations of the ROAD simulations on the Lower
PKEW Road and the agriculture-related and footpath simulations in the upland rice field

Opium was an important crop before government eradication began about 10 years ago. The Upper and
Lower PKEW Roads are important sediment sources for material entering the stream channel network
(Figure 2). At the beginning of the rainy season loose road surface material accumulated during the dry
season is flushed by surface flow during the first few rainstorms. Thereafter, light daily traffic (c. four
motorcycles and two trucks per day) detaches more sediment and creates ruts for gully initiation. Filling of
gullies with unconsolidated material is an additional source of easily eroded material. Because HOF is
frequently generated on roads (Ziegler and Giambelluca, 1997a), surface runoff continually transports
sediment and incises concentrated flow channels throughout the wet period. During the largest rain event of
1998 (STORM, discussed below), HOF from the 1650 m Lower PKEW Road constituted 10 per cent of the
basin storm hydrograph for the first hour. Because road runoff exit points tend to be where the road intersects
stream channels, conveyance efficiency to the stream network is c. 75 per cent (based on field survey).
METHODOLOGY
Simulation treatments
In February of the 1998 and 1999 dry seasons, 27 rainfall simulations were performed on a 50 m road
section and five other surfaces within an upland rice field, including (1) hoed field, (2) upland field, (3) basin
access path, (4) field maintenance path and (5) fallow field. The rice field, consisting of 025 to 050 m rice
stubble at the time of fieldwork (40±60 per cent standing cover), was harvested in November 1997. Prior to
simulation, the field was burned in a manner consistent with typical practice, except earlier in the season. A
Copyright # 2000 John Wiley & Sons, Ltd.
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Table I. Soil properties on and adjacent to the road surface at PKEW
Descriptor/Property
Sand fraction
Silt fraction
Clay fraction
Dominant clay mineral
Particle density
pH(1:5 water)
Organic carbon
Total nitrogen
Potassium
Cation exchange capacity
Calcium
Magnesium
Sodium
Phosphorus
Exchangeable bases

Units

Road surface*

Road sediment*

Upland ®eld*

%
%
%
±
Mg m 3
±
%
%
mg kg 1
cmol kg 1
cmol kg 1
cmol kg 1
cmol kg 1
cmol kg 1
%

544  49
240  22
217  55
kaolinite²
255  005
49  02
25  07
014  003
134  68
98  26
54  31
058  040
014  007
034  023
631  198

573  82
222  38
205  55
±
±
48  03
16  06
013  003
319  131
±
±
±
±
±
±

571  50
212  46
220  46
kaolinite²
247  006
56  05
35  09
024  003
382  118
147  22
163  99
116  052
030  009
099  032
965  89

* Road surface and upland field values were taken from four to eight 90 cm3 surface cores; road sediment values were derived from
sediment output of the eight ROAD simulations; values are  one standard deviation.
² In addition to moderate amounts of kaolinite, PKEW mineralogy also includes traces of illite, vermiculite, gibbsite,
montmorillonite and chlorite.

portion of the burned field was tilled with a traditional hand-held hoe. The upland field treatment was the
unhoed burned field (c. 90 per cent bare ground). The 015 m (W) basin access path, used daily by 10 to 20
farmers, is the primary walking entry way into lower PKEW. The 014 m (W) field maintenance paths were
created on the hoed surface by three Lisu farmers, wearing sandals, traversing up and then down a line 31
times. The fallow field consisted of <05 m tall grasses and shrubs (c. 80 per cent standing cover). Hereafter,
simulation surfaces are referred to as ROAD, HOED FIELD, UPLAND FIELD, PATH, FIELD PATH and FALLOW FIELD
(Table II).
Measurement of physical properties
Prior to rainfall simulation, soil physical properties for each plot were measured either 1 m below or above
the simulation plot. Surface bulk density (b) and antecedent soil moisture (n) were determined by sampling
the upper 5 cm with a 90 cm3 core (n  3 for each plot), then oven drying for 24 h at 105 C. Subsurface bulk
densities were determined similarly at 5 and 10 cm depths. Soil penetrability, a measure of the ease with
which an object can be pushed into the soil (cf. Bradford, 1986), was measured with a static LangTM
penetrometer (Gulf Shores, AL). The penetrometer provides an index of normal strength, termed penetration
resistance (PR), for the upper soil surface, typically c. 05 cm in depth. Plot slope angles were determined
with an Abney level. Saturated hydraulic conductivity (Ks) was estimated from infiltration measurements
taken in situ with Vadose Zone Equipment Corporation (Amarillo, TX) disc permeameters. Use of this
instrument in PKEW is explained by Ziegler and Giambelluca (1997a).
Rainfall simulator and plot design
The rainfall simulator consisted of two vertical, 43 m risers, each directing one 60 axial full cone nozzle
(70 m orifice diameter) toward the surface. Water from a refillable storage container (1850 l minimum) was
fed to the simulator through 25 cm diameter PVC hose by a 750 W centrifugal pump and a 25 kW gasolinepowered generator at 172 kPa (25 psi). This operating pressure produces rainfall energy flux densities (EFDs)
of 1700±1900 J m 2 h 1, which approximates energies sustained for 10±20 min during the largest annual
PKEW storms (based on preliminary analysis of 2 years of rainfall data). Tubular, sand-filled, geotextile bags
(30 m  02 m  01 m) were arranged to form rectangular plots. The bags were created from low
permeability LINQ GTF 200 geotextile. Plot dimensions are shown in Table II. Within PATH and FIELD PATH
plots, the compacted path surface occupied only c. 18 and 16 per cent of the respective areas; the remaining
Copyright # 2000 John Wiley & Sons, Ltd.
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Table II. Mean slope, antecedent soil mass wetness ( w), rainfall intensity (Ri) and energy ¯ux density (EFD) for rainfall
simulation experiments

Treatment

n

Plot dimensions
(m)

ROAD
HOED FIELD
UPLAND FIELD/PATH
FIELD PATH
FALLOW

8
4
7
4
4

375  085
325  085
325  085²
325  085
325  085

Slope
(m m 1)

w
(g H2O/g dry
soil)

Ri
(mm h 1)

015  002 a*
023  002 b
020  002 b
021  002 b
032  002 c

012  003 b
006  001 a
005  001 a
006  001 a
004  001 a

105  10 a
110  13 a
107  10 a
105  15 a
97  7 a

EFD
(J m 2 h 1)
1774  175
1753  218
1818  177
1807  262
1634  125

a
a
a
a
a

* Column values with same letter are not statistically different (ANOVA B-D, p = 005); values are  one standard deviation.
² PATH plot length is 375 m

surfaces were similar to UPLAND FIELD and HOED FIELD, respectively. Non-path surfaces were included within
path treatments to investigate sediment transport from the entire `path complex', i.e. erodible non-path
surfaces of relatively high infiltrability juxtaposed with compacted path surfaces that frequently generate
HOF.
At the base of all plots, geotextile bags were aligned such that runoff was funnelled into a shallow drainage
trench. A V-shaped aluminium trough, inserted into the vertical trench wall, allowed event-based sampling.
On non-road plots, the trench face and triangular surface area immediately above the outlet were treated with
a 5:1 mixture of water and Soil SementTM (an acrylic vinyl acetate polymer from Midwest Industrial Supply,
Inc., OH) to prevent sediment detachment on these non-plot areas. The c. 021 m2 triangular area (in addition
to plot areas above) contributed runoff, but not sediment. Rainfall was measured for 40 to 50 min with manual
gauges placed on the plot borders. The plot design is shown in Figure 3. Energy flux density (J m 2 h 1) of
simulated rainfall was calculated as:
EFD 

Ri m 2
VD50 2

1

where Ri is event rainfall intensity (m h 1); VD50 is the volume (m3) of the median-diameter (D50) raindrop,
determined by:
VD50

 
4 D50 3
 
3
2

2

In Equation 1, m is the mass (kg) of the D50 drop, which is estimated as
m  w

air VD50

3

where w and air are 1000 kg m 3 and 129 kg m 3, respectively. Factor  in Equation 1 is the fall velocity
(m s 1) of the D50 drop, determined by the equation (from Best, 1950):


D50

4
  Vmax 1 e b
with Vmax = 95 (m s 1), b = 177 and = 1147 (from Mualem and Assouline, 1986). Median drop size was
estimated from nozzle manufacturer engineering data. Rainfall EFD is more informative than rainfall
intensity because terminal velocity and drop size distributions from rainfall simulators differ from those of
Copyright # 2000 John Wiley & Sons, Ltd.
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Figure 3. Rainfall simulation plot design shown during one simulation. The bases of the vertical simulator risers rest on the elevated bench
to the right of the two subplots. White bottles are used for measuring rainfall intensity. Water flows from the plots into shallow collection
trenches at the plot outlet

natural rainfall. Additionally, simulators with the same rainfall intensity, but different architectures, will have
different EFDs.
Simulation data collection and calculations
Time to runoff (TTRO) was recorded during each event. Runoff samples were collected at TTRO, then
again at 25, 5 or 10 min intervals afterwards. Most simulations were conducted for 60 min after TTRO
(except when limited by water supply); PATH simulations were conducted for only 45 min. Discharge was
determined by measuring the time to fill of a 525 ml bottle. After settling, the supernatant was decanted and
discharge samples were oven dried at 105 C for 24 h to determine mass of material transported. Sample
discharge volumes were reduced to account for the presence of sediment. Instantaneous concentrations (Ct)
were calculated as sediment mass per corrected discharge volume. Instantaneous discharge and sediment
output values were adjusted to rates per unit area by dividing by filling time and plot area (plot areas for
sediment and discharge calculations were different, see above). The rates were then divided by EFD values.
Normalized instantaneous discharge (Qt) and sediment output (St) therefore have units m3 J 1 and kg J 1,
respectively. Cumulative discharge (Qcum) was calculated as total plot runoff volume prior to any time t,
divided by EFD since TTRO. Calculated slightly differently, cumulative sediment (Scum) output was total
sediment mass at time t divided by EFD since the beginning of the simulation. Values were normalized
differently because EFD prior to TTRO contributes differently to subprocesses controlling runoff generation
and sediment transport, i.e. at the beginning of rainfall, sediment is detached by raindrop impact and material
is transported downslope via rainsplash. In essence, energy prior to TTRO contributes to the sediment supply
that will be transported throughout the event after runoff commences. With discharge, rainfall is infiltrated,
then ponded, before HOF generation. Only by contributing to surface sealing, which may speed up runoff
generation, does energy prior to TTRO contribute to all-event discharge. Total normalized event discharge
and sediment output are referred to as Qevent and Sevent.
Measuring road discharge during natural events
To compare ROAD simulation data with discharge and sediment transport data from natural runoff events,
we constructed a discharge collection station at the footslope of a 165 m road section near the watershed
mouth (Figure 2). A trench was dug across the road to a depth and width of c. 05  075 m. Vertical trench
walls were reinforced with 4 mm steel. Depressions in the transitional area between the road surface and the
reinforced walls were filled with concrete to prevent incision. The trench bottom was covered with corrugated
aluminium roofing, which was shaped in a semicircle and sloped (10 per cent) to minimize sedimentation
Copyright # 2000 John Wiley & Sons, Ltd.
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Table III. Mean compaction- and in®ltration-related variables* for the six simulation surfaces
b(0±5 cm)
(Mg m 3)

b(5±10 cm)
(Mg m 3)

b(10±15 cm)
(Mg m 3)

PR
(MPa)

Ks
(mm h 1)

ROAD

145  013
(74) b

136  011
(16) a

135  010
(16) a

64  04
(160) d

15  9
(26) a

PATH

140  011
(21) b

137  009
(3) a

132  014
(3) a

64  07
(90) d

85
(6) a

FIELD PATH

124  011
(22) a

125  016
(4) a

128  012
(4) a

28  11
(40) b

244  88
(10) b

UPLAND FIELD

120  009
(36) a

125  015
(5) a

123  013
(5) a

47  14
(98) c

133  77
(6) b

HOED FIELD

119  006
(22) a

122  003
(4) a

130  007
(4) a

18  12
(40) a

316  129
(10) b

FALLOW FIELD

111  005
(6) a

na

na

17  09
(60) a

129  38
(6) b

Treatment

* b is bulk density at indicated depth; PR is penetration resistance; Ks is saturated hydraulic conductivity; values are  one
standard deviation; values in parentheses are sample sizes; values in each column with the same letter are Not statistically different
(ANOVA B-D, p = 005)

during events. The trench was covered by a perforated steel grate to accommodate traffic. A tipping bucket
rain gauge (0254 mm threshold) and datalogger were used to measure 1 min rainfall intensities at the site. An
`average' road cross-section was composed of c. 19 m of compacted track and 13 m of less compacted
surface; this 32 m width represents the surface commonly travelled upon by vehicle (automobile and
motorcycle), pedestrian and animal traffic. Tracks were occasionally incised 5±15 cm. Non-track surfaces
often contained vegetation. Slopes for consecutive 20 m intervals starting at the trench were 012, 023, 025,
018, 009, 007, 011 and 012 m m 1. Discharge and sediment output values were measured similarly to
those in the ROAD simulations. Values were divided by filling time, contributing area (32 m  165 m), and
event EFD, which was calculated using raindrop size data from Baruah (1973) and Equations 1±4.

Data analysis
Because simulation durations occasionally differed, most data were analysed based on simulation times of
45 min. The lone HOED FIELD simulation producing runoff was conducted for only 25 min following TTRO.
Because there was no replication, HOED FIELD was not included in statistical analysis. Similarly, FALLOW
FIELD was not included because none of the four replications produced runoff. All data were analysed, after
log10 transformation, using one-way analysis of variance (ANOVA), followed by post-hoc multiple
comparison testing with the Bonferroni/Dunn test (B-D) when the F-values were significant at p = 005
(Gagnon et al., 1989). On compacted ROAD and PATH surfaces, c. 62 per cent of the 250 PR values reached a
maximum value of 67 MPa; rarely was the maximum reached on other surfaces. The distributions of road
and path PR values were therefore truncated. Bounded data usually require special statistical treatment, but
because ROAD and PATH data were substantially higher than those of the other surfaces, and we do not focus
on differences between these two treatments, the use of ANOVA is justified. The non-parametric Spearman
rank correlation coefficient (rs) was used to evaluate the relationship between compaction indices (PR and b)
and TTRO data.
Copyright # 2000 John Wiley & Sons, Ltd.
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Figure 4. Normalized instantaneous discharge (Qt) plotted since the beginning of rainfall simulation. Values are normalized by rainfall
energy flux density (EFD) and plot area. Data series begin at mean time to runoff (TTRO). Values below surface identifiers refer to rainfall
depths falling on the plot before TTRO. Runoff coefficients (ROCs) are based on rainfall intensity data for all simulations. HOED FIELD has
no replication, as only one of four events produced runoff. FALLOW FIELD (not shown) did not produce runoff

RESULTS
Compaction indices
ROAD and PATH surfaces had statistically higher b(0±5 cm) and PR values, compared with the other surfaces
(p = 005; Table III). FIELD PATH, UPLAND FIELD, HOED FIELD and FALLOW FIELD had surface b values that
were statistically indistinguishable. ROAD and PATH surfaces had the highest PR values (means c. 64 MPa);
HOED FIELD and FALLOW FIELD were the least compacted surfaces by this measure (<20 MPa). Compaction
on roads and paths extended down to at least 15 cm, although subsurface values were not statistically different
from those of the other surfaces.
Instantaneous discharge and time to runoff
Figure 4 shows instantaneous discharge (Qt) and other related runoff data for the simulation surfaces. Each
data point is a mean of all simulations producing runoff. Each series begins at its mean TTRO. To indicate the
proportion of rainfall transported from the plots as discharge, runoff coefficients (ROC = discharge volume/
rainfall volume  100 per cent) based on mean rainfall data from all simulations are shown. Values below
treatment identifiers represent rainfall depths falling on the plot before TTRO. Road surface runoff response
stands out, with mean TTRO occurring in just a little more than 1 min. ROAD Qt exceeded 75 per cent of
rainfall after c. 15 min (total event ROC was >80 per cent). In marked contrast, FALLOW FIELD did not
produce runoff after 60 min of simulated rainfall during four events; HOED FIELD produced runoff in only one
of four events. TTRO for the lone HOED FIELD runoff event was 58 min, after c. 100 mm had fallen on the plot
surface. TTRO was unique for all other surfaces, with runoff occurring first on PATH, then FIELD PATH, and
finally UPLAND FIELD. Non-road instantaneous ROC values were typically <25 per cent; FIELD PATH ROC
was consistently <15 per cent.
Sediment output
Following preliminary analysis of sediment transport data, UPLAND FIELD (n = 4) and PATH (n = 3)
treatments were combined into one group. Slope, antecedent soil moisture, rainfall intensity and event EFD
Copyright # 2000 John Wiley & Sons, Ltd.
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Figure 5. Normalized instantaneous sediment output (St) did not produce runoff. The HOED series has no replication; FALLOW FIELD (not
shown) did not produce runoff

Table IV. Mean runoff and sediment transport data* for rainfall simulation experiments producing runoff
Treatment

n

TTRO
(min)

QTTRO
(ml J 1)²

Event ROC
(%)

Sevent
(g J 1)

Cevent
(kg m 3)

ROAD
HOED FIELD
UPLAND FIELD/PATH
FIELD PATH

8
1
7
4

11  03 a²
578 ±
203  85 b
341  128 b

48  10 c
7±
13  3 b
62 a

80  6
5±
14  5
63

123  054 c
011 ±
005  002 a
014  009 b

23  10 b
50 ±
52 a
35  14 b

* QTTRO is total discharge normalized by rainfall energy flux density (EFD) since runoff initiation; Sevent is total sediment output
normalized by EFD since beginning of simulated rainfall; Cevent is total event concentration calculated from original data.
² Values in a column with the same letter are Not statistically different (ANOVA B-D, p = 005); dash denotes treatment was not
included in statistical analysis because n = 1; values are  one standard deviation.

for the five remaining surface groups are summarized in Table II. Table IV lists mean values of TTRO,
normalized total discharge, event ROC values, normalized total sediment output, and event sediment
concentration for groups producing runoff. ROAD instantaneous sediment transport (St) values were often one
order of magnitude higher than those of other surfaces (Figure 5). ROAD (St) was characterized by an output
peak within the first few minutes after TTRO, followed by a gradual decline throughout the remainder of the
simulation. The response peak is related to flushing of easily transported, loose surface material. Normalized
event sediment output was likewise an order of magnitude higher on the ROAD treatment (Table IV).
Sediment transport for the other surfaces was initially very low following TTRO, with UPLAND FIELD/PATH
values remaining relatively low for the entire simulation (Figure 5). HOED FIELD and FIELD PATH surfaces,
however, experienced small output peaks, suggesting detached material was available for transport on these
recently worked surfaces, once surface runoff reached sufficient depth and shear stress. Irregular discharge
during the HOED FIELD resulted from (1) windy conditions, which limited rainfall falling on the plot surface,
and (2) a very rough surface, on which creation and destruction of flow-blocking microdams occurred. Low
UPLAND FIELD/PATH St values are related to limited loose sediment on these surfaces and to high shear
strength of the surface crust existing on the rice field, from which the plots were created.
Sediment concentration
In general, ROAD produced relatively high sediment output from relatively large runoff volumes (Figure
6a). ROAD instantaneous sediment concentrations (Ct) were initially c. 100 g l 1, but fell over time as loose
Copyright # 2000 John Wiley & Sons, Ltd.

Earth Surf. Process. Landforms 25, 519±534 (2000)

528

A. D. ZIEGLER ET AL.

Figure 6. (a) Normalized event sediment output (Sevent) versus normalized event discharge (Qevent). Sediment values were normalized by
rainfall energy flux density (EFD) since the beginning of the simulation; discharge values were normalized by the energy since runoff
initiation. (b) Instantaneous sediment concentration for four groups of simulation surfaces. In both panels, HOED has no replication;
FALLOW FIELD did not produce runoff (not shown)

material was flushed from the surface (Figure 6b). In comparison, the other surfaces produced less total
sediment from smaller volumes of runoff (Figure 6a). Owing to low discharge, HOED FIELD and FIELD PATH Ct
values were at times the highest of all events; and total event concentrations for these surfaces were greater
than those of ROAD (Table IV). However, sediment output from these surfaces was minimal (Figure 5).
Although more replications are needed to understand sediment transport on these surfaces clearly, high Ct
values are realistic, as hoeing detached a generous supply of loose aggregates and soil particles. Sediment
concentration on the UPLAND FIELD/PATH treatments were the lowest of all treatments, again owing to surface
resilience on the upland field.

DISCUSSION
Influence of compaction on Ks and runoff generation
Highly compacted surfaces, such as roads and paths, often have low infiltration rates because soil
aggregates have been destroyed by compaction and the surface layer may be sealed by fine material.
Significant negative correlation existed between Ks and the two compaction indices, b(0 5 cm) and PR:
rs = 0668 (P < 00001) and rs = 0821 (P < 00001), respectively. Penetration resistance was sensitive to
thin surface crusts not detectable with the 5 cm b core. With respect to runoff generation, TTRO showed
strong negative correlation with b and PR: rs = 0766 (P = 00008) and rs = 0753 (P = 00010),
respectively. TTRO could be well predicted using step-wise regression from b(0 5 cm) and PR data:
R2 = 0822 (P < 00001). Correlation between compaction indices and infiltration-related phenomena
suggest that easily obtained b and PR data can be used to extrapolate Ks and TTRO data sets, when sufficient
experimentation is prohibited by time restraints or physically unfavourable conditions (e.g. steep slopes). The
above correlations may change under wetter experimental conditions, as PR and TTRO are dependent on soil
moisture.
Comparing HOED FIELD and FIELD PATH compaction and TTRO data is informative because the path
treatment was created on the hoed surface. One research hypothesis was that compaction from walking would
enhance HOF generation on the FIELD PATH treatment. The small number of passes during dry antecedent
moisture conditions increased b(0 5 cm) by <5 per cent, but significantly increased PR from 18 to 28 MPa
Copyright # 2000 John Wiley & Sons, Ltd.
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(Table III). Additionally, Ks was reduced by 23 per cent as foot traffic destroyed most large aggregates and
clods. Using the bulk density methodology, we could not detect the shallow compaction on the hoed surface,
but the resulting thin mechanical crust was detectable using the penetrometer and disc permeameter. In terms
of runoff generation, the foot traffic increased runoff generation: TTRO occurred after c. 34 min of rainfall
during all four FIELD PATH events, compared with no runoff generation after 90 min on three of the four
HOED FIELD simulation experiments.
Erosion on path complexes
Juxtaposition of compacted footpaths with more erodible planting surfaces could result in substantial
surface erosion if sufficient HOF is generated on the path surfaces. TTRO data in Figure 4 support enhanced
runoff generation on the path surfaces, i.e. PATH<UPLAND; FIELD and FIELD; PATH<HOED; FIELD. Again, the
compacted surface of PATH and FIELD PATH constituted < 20 per cent of the simulation surface; the remaining
surface was similar to UPLAND FIELD and HOED FIELD, respectively. The intention of including both path and
non-path surfaces in simulation plots was to investigate the interaction of path-generated HOF with the
erodible agricultural surface. For the two path treatments, runoff was initiated on the path portion of the
simulation plot, and occurred on most of the PATH plot by the end of simulation. The non-path portion of
FIELD PATH did not contribute noticeably to runoff. Had `path' surfaces comprised the entire plot, TTRO
would certainly have decreased and runoff would have increased for both treatments, as Ks on the compacted
portion of the plots was lower than that of the field portion by 80±120 mm h 1 (Table III).
Sediment transport was not substantial for either path treatment (Table IV, Figure 5), because (1) little
HOF was generated on FIELD PATH (Event ROC < 15 per cent), and (2) the non-path surface of PATH had high
shear strength (PR = 47 MPa), thereby resisting detachment/entrainment by path-generated HOF.
Concentration data (Figure 6a) support the potential for high sediment transport on complexes resembling
FIELD PATH if sufficient HOF is generated. For example, FIELD PATH Ct values were the highest of all
treatments c. 20 min after TTRO (Figure 6b), and relatively high Sevent was generated from low discharge
volumes (Figure 6a). Some sediment output was non-path material entrained by on-path flow. Although
walking impact enhanced runoff generation, it did not increase surface shear strength enough to resist
hydraulic erosion. The path surface was susceptible to micro-rill incision and headward expansion as knick
points migrated upslope (cf. flume studies of Bryan and Poesen, 1989; Merz and Bryan, 1993). Decreases in
sediment output after c. 30 min runoff may be related to armouring. The hydrological behaviour of the
`artificial' NEW PATH surface may not represent compacted field paths that evolve over the course of a
growing season. We have recently found these `older' paths to have b, PR and Ks values more similar to
those of the PATH rather than NEW PATH. Thus, runoff generation may be better represented by the PATH
treatment. If this is the case, and sediment output is similar to FIELD PATH, the potential for significant
sediment transport exists.
Surface preparation and sediment transport
PKEW road surfaces have high sediment production rates in part because relatively high discharge
volumes flush readily available, loose surface sediment. Discharge is high because road surfaces are highly
compacted, thus infiltrability is low, and a large percentage of rainfall becomes runoff (Ziegler and
Giambelluca, 1997a). Loose sediment is made available by `surface preparation' processes occurring
between and during storms (cf. Bryan, 1996). Surface preparation is any process that influences the
availability, erodibility/detachability or transport of surface material. For example, vehicle traffic is a
principal mechanism detaching sediment both during dry and wet periods. Additionally, some sediment
entrained during runoff events is redistributed on the road surface, and is available for transport during the
next overland flow event. Although non-road surfaces also undergo various surface preparation processes,
surface runoff is more rare. Furthermore, vehicle detachment on roads is a daily phenomenon; preparation
processes on other lands occur less frequently. For example, weeding on agricultural lands, which breaks up
crusted/compacted surfaces, may occur only a few times during the rainy period. Hoeing may occur only once
annually.
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Figure 7. Energy required to remove 1 kg of sediment from the simulation plots. Removal energy for ROAD is relatively low, owing to high
volume, high velocity discharge flushing easily entrainable sediment on the road surface. The HOED has no replication; FALLOW FIELD (not
shown) did not produce runoff

Under dry antecedent soil moisture conditions, substantial sediment transport from PKEW agricultural
surfaces will require significant rainfall depth (either as one large event, or as a series of showers that shorten
TTRO by increasing soil moisture content) to generate sufficient HOF. Much less rainfall energy is required
to generate runoff and remove loose surface material from roads. Figure 7 shows instantaneous rainfall
energy needed to remove 1 kg of sediment from the small-scale simulation plots (J kg 1; after Sutherland et
al., 1996). ROAD has the lowest values, with agricultural surfaces typically being much higher. If rainfall prior
to TTRO were included in this calculation, non-road values would substantially increase, particularly those
for the one HOED event that required c. 60 min of rainfall (EFD  1700 J m 2 h 1) to produce runoff. At
hillslope scales where roads channel runoff along the surface for great distances, sediment transport can be
enhanced by high velocity flow that transports large aggregates and gravel not entrained by lower volume
flows, such as those in the plot studies above. Furthermore, during high magnitude storm events, overland
flow on long slopes can incise the compact road surface, especially in sections where ruts have already been
formed.
Representativeness of the ROAD simulation data
One research goal was to use rainfall simulation data to assign parameters in KINEROS2 (Smith et al., 1995),
a physically based model that will be used to describe hillslope runoff and erosion processes. Simulation data,
obtained at a small scale, must therefore be representative of larger-scale natural phenomena, when
normalized similarly. To assess this representativeness, we compared ROAD Qt and Ct with that collected at
the road discharge collection station during several rainstorms. This comparison is shown in Figure 8 for the
rainstorm that most closely resembled the simulated events, both in intensity and duration (referred to
hereafter as STORM). Rainfall intensities (Figure 8c) are plotted with respect to individual TTRO values (time
0). Simulated rainfall begins c. 1 min before TTRO. During the natural event, rainfall was first recorded
24 min before TTRO, with surface saturation, ponding, and `interplot' HOF also occurring well before runoff
initiation. STORM rainfall intensity was highly variable compared with near-constant simulated rainfall
intensity. During the high-energy portion of STORM (0±30 min), mean rainfall intensity (89 mm h 1) was only
slightly lower than the simulation rate of c. 105 mm h 1. However, EFD was substantially higher for STORM
(c. 2640 vs. 1775 J m 2 h 1), owing to median raindrop size being c.50 per cent larger than that of simulated
rainfall.
Normalized ROAD and STORM Qt were comparable during the first 30 min following TTRO when the
natural rainfall rates were highest. Although falling limbs of the discharge hydrographs appear different, they
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Figure 8. Comparison, for simulated (ROAD) and a natural event (STORM, on a 165 m slope segment), between: (a) sediment concentration
(Ct); (b) instantaneous discharge (Qt); and (c) rainfall intensities. Discharge and sediment-related output data are plotted relative to their
individual time to runoff (TTRO). Data from simulation and natural events are normalized similarly. Partial saturation (PARTIAL SAT),
ponding, saturation (SAT), and `interplot' Horton overland flow (HOF) correspond to the natural event

are comparable when differences in plot lengths are considered. After rainfall was discontinued, ROAD plots
typically drained in c. 075 min, equivalent to c. 29 min when scaled to the 165 m monitored road section. We
stopped measuring the STORM falling limb after 24 min. One critical difference between the two data sets is
that at the base of the road section, a `wave' of runoff water arrived from upslope c. 1 min after TTRO (Figure
8b). This phenomenon was not detectable during small-scale ROAD simulations. The STORM Ct spike shortly
thereafter (Figure 8c) is associated with the discharge wave, which brings both loose material from upslope
and the energy needed to entrain sediment near the plot outlet. Prior to the concentration spike, ROAD Ct was
much higher than STORM Ct. Afterwards, ROAD Ct was only slightly higher. Sediment transport decreased at
both scales over time as the supply of easily removed surface material became depleted. Post-event
observations on the road section indicate that a secondary mechanism contributing to the output decline may
have been armouring, as sediment became oriented in crevices of road ruts.
ROAD Ct was higher than that of STORM despite raindrop impact energy and hydraulic energy being greater
for the hillslope-scale natural event than for the simulation experiments. ROAD values were higher
predominantly because simulations were performed in the dry season when ample loose material had
collected on the road surface since the last HOF event several weeks before. STORM was one of a series of
wet-season rainshowers that continually depleted surface sediment created by traffic between events. Initial
ROAD Ct values (c. first 5 min) may be uncharacteristically high to represent wet season phenomena in
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Figure 9. Total `event' sediment concentration (Cevent) plotted against total `event' discharge (Qevent) for the ROAD simulations (open
circles) and the natural events (squares). Open square is STORM from Figure 8. Mean values occurring at time = 10, 20 and 30 min during
ROAD simulations are represented by closed circles. The labelled lines are fitted values determined on roads of varying length during
natural events in Washington state, USA, for different levels of traffic (from Reid and Dunne, 1984). The ellipse surrounds 24 values
determined in the simulation study of Elliot et al. (1995)

general. However, they may be typical of concentrations achieved after long dry periods with frequent traffic
or at the beginning of the rainy season before the dry season sediment accumulation is removed.
Comparing ROAD results with other field studies provides another opportunity to assess `data realism'. Our
high initial Ct values are similar to those measured following truck passes in a 40 m2 simulation plot in New
Zealand (30 min, 32±38 mm h 1 events) (Coker et al., 1993). When compared with event concentration
(Cevent) and discharge (Qevent) data determined from culvert runoff during natural events for 10 road segments
in Washington, USA (Reid and Dunne, 1984), our ROAD (open circles) data correspond most closely to roads
undergoing heavy usage (Figure 9). Because PKEW roads are lightly used, these comparisons suggests ROAD
Ct values are high. However, ROAD values were similar to those of 30 min, 50 mm h 1 simulation
experiments on c. 60 m2 plots in two western states of the USA (Elliot et al., 1995). The 24 data points
encompassed by the ellipse were generated from simulations at eight different sites, varying in soil type,
during each of dry, wet and very wet soil conditions. In addition, our simulation values are only slightly
higher than those recorded during seven storms on the monitored PKEW road section in August 1998 (solid
squares in Figure 9; open square is STORM event of Figure 8). General agreement between simulation and
natural event data supports the representativeness of the ROAD simulation data for natural phenomena in
PKEW, but reveals limitations of comparing data at different scales. In addition, similar storm events on
physically similar road sections could result in substantially different sediment output data if two sites differ
in variables affecting erodibility (texture, clay mineralogy, shear strength, organic material, rock content)
and/or availability of loose, entrainable material (as affected by age since construction, usage, maintenance
activities, mass wasting processes). Our high values, compared with the Reid and Dunne findings on similar
slopes, may relate to differences in soil erodibility±although one would surmise that soil originating from the
siltstone, sandstone and graywacke bedrock material of the Washington study would be more erodible than
the granitic soil in PKEW.
Finally, the STORM value in Figure 9 does not continue the general trend of Cevent increasing with Qevent, as
suggested by the Reid and Dunne data (lines) and the lower-volume PKEW rainstorm events (solid squares).
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PKEW road surfaces are composed of an erodible surface layer (loose material of limited supply) and a less
erodible underlying layer (compacted road surface). After some critical discharge volume has removed the
loose material, sediment production diminishes because the underlying surface is resistant to detachment/
entrainment.
SUMMARY AND CONCLUSIONS
Rainfall simulation was useful in ascertaining unique differences in runoff generation and sediment transport
processes for roads, footpaths and agricultural lands. Roads, having very low saturated hydraulic
conductivities, generated runoff quickly (c. 1 min) during high intensity events and produced event runoff
coefficients >80 per cent. Agriculture-related land surfaces often required very large rainfall depths to
produce overland flow when soils were initially dry. Our dry season simulations may understate the
importance of agricultural fields to a basin sediment budget, as erosion-producing HOF should occur more
frequently under wetter soil conditions. Because of difficulty in generating runoff on agricultural lands, more
simulations are needed to better understand overland flow generation and sediment transport on these
surfaces. Footpaths, like roads, accelerate runoff, demonstrating their potential to enhance surface erosion by
acting as source areas for surface runoff on agricultural lands where Horton overland flow is otherwise rare.
However, under our experimental conditions, sediment transport from path complexes was not substantial.
High road discharge volumes flushed loose sediment that had accumulated on the surface between or
during rainfall events. Sediment transport on PKEW roads is initially high, then steadily declines over time as
loose surface sediment becomes depleted. Sediment output is very sensitive to processes altering the supply
of loose surface material, and may be more affected by these processes than by the erodibility of the
underlying compacted road surface. If large quantities of surface material are present, such as might occur
before the first large wet-season storm, or following any extended dry period, sediment production can be
substantial. When compared with discharge and sediment transport on a 165 m road section during natural
events, our simulation concentration data are slightly higher. Some caution is therefore needed when
validating a physically based runoff/erosion model. Our intention is to parameterize and calibrate the model
using small-scale ROAD simulation data, then use natural event data for model validation at the hillslope
scales.
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