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Abstract
Subsoil compaction due to conventional tillage techniques and its relation to subsurface flow and runoff was investigated on a

sloped field. The presence of a plow sole was confirmed by significantly higher penetration resistances between 20 and 40 cm depth,

a significantly higher soil bulk density and a 14% decrease in drainage pore space compared to the top layer. Ring infiltrometer

measurements also confirmed a significant reduction of the saturated hydraulic conductivity at 30 cm depth, indicating a limited

permeability. With the use of an extensive grid of tensiometers, matric heads were monitored and the occurrence of a temporary

water table on top of the plow sole was confirmed in a number of cases. Equipotential lines in the top saturated layer indicated the

occurrence of subsurface flow parallel to the slope surface in a downward direction. For the whole measuring period, when a

perched water table was observed, 91% of the rainfall events caused runoff and this number increased with increasing rainfall

intensity. For low and medium rainfall intensities (<10 mm h�1), 66% and 63% of the runoff events were related to saturation of the

top soil. Therefore, it was concluded that over a period of 20 months saturation excess runoff as a result of subsoil compaction was

an important contributor to surface runoff and soil loss.
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1. Introduction

Subsurface flow has long been identified as an

important hydrological process in hillslopes (Kirkby,

1978; Higgins and Coates, 1990), caused by partly

saturation of the soil profile. When slight changes occur

in soil texture, perched water tables can be formed due

to reductions in hydraulic conductivity at the interfaces

between soil layers (Hagerty, 1991). These perched

water tables are identified to contribute to surface runoff

processes when found near to the soil surface (Kirkby,
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1978; Kirkby and Chorley, 1967), producing variable

source areas (VSA) (Hewlett and Hibbert, 1967). The

combined contributions of subsurface flow exfiltrating

at the surface and those contributions from direct

rainfall onto the saturated portions are termed ‘satura-

tion excess runoff’ (Dunne and Black, 1970), in contrast

to the infiltration driven runoff, named ‘infiltration

excess runoff’ (Horton, 1933). However, the process of

saturation excess runoff is mostly related to wetlands

and riparian zones (Dunne et al., 1975; Coates, 1990;

Wilson et al., 1991), as well as to shallow soils

(Matsushi et al., 2006; Retter et al., 2006).

In continuously tilled agricultural soils, subsoil

compaction has been identified as an important cause of

soil degradation (McGarry, 2001), reducing the pore
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1 Mention of company names is for the convenience of the reader

and does not constitute any endorsement from the authors.
volume and soil structure (Pagliai et al., 2003). It has

been shown that especially the largest pores, also called

structural pores (Fies, 1971), are eliminated by

compaction (Guérif, 1987; Pagliai, 1987), thereby

increasing the proportion of small pores, causing a

flattening of the soil water retention curve (Assouline

et al., 1997), due to a changing pore geometry. This

reduction of porosity causes a decrease in the saturated

hydraulic conductivity (Pagliai et al., 2000; Lin et al.,

1996) and the soil drainage capacity (Voorhees et al.,

1986; Radford et al., 2000; Arvidsson, 2001; House

et al., 2001) as well as an increase of soil bulk density

(Pagliai et al., 2004). Due to a reduction of permeability,

subsoil compaction can cause the formation of a

perched water table near to the soil surface, which may

result in an increase of surface runoff (saturation excess

runoff) and subsurface flow, both promoting soil

erosion, as reported by Fullen (1985) for a loamy sand

in east Shropshire, England.

Nevertheless, the impact of subsoil compaction on

surface runoff processes needs further investigation,

especially since subsoil compaction is ubiquitous in

many conventionally tilled agricultural systems, such as

the ones observed in the Belgian loess belt, and

knowledge of its influence on hydrological processes at

the field scale is still lacking. This paper further

addresses the relationship between subsoil compaction

and the occurrence of a temporary saturated zone on the

one hand and surface runoff and soil loss on the other

hand, based on field data collected during a period of 20

months.

2. Materials and methods

2.1. Field site

In 2000, an experimental field plot was installed at

Maarkedal (5084602900 N, 383501100 S), situated in the

loess belt of Belgium, for monitoring surface runoff and

erosion losses under different management conditions

(Verbist et al., 2003; Verbist and Schiettecatte, 2004).

Prior to the installation of the experimental plots, the

field had been conventionally tilled during at least 20

years. Before sowing in springtime, the field was

plowed to a depth of 30 cm using a moldboard, followed

by harrowing. The crop rotation applied was potato–

wheat–corn–corn–corn. The experimental field plot was

100 m long and 2 m wide, and was located on a steep,

slightly convex slope, with a slope gradient of 14%.

During the research period considered in this study, i.e.

from 1 December 2002 until 30 September 2004, the

field plot was kept bare and was not tilled.
2.2. Soil and sampling

The soil physical characteristics that allow identi-

fication of subsoil compaction and the existence of a

plow sole (Jorajuria et al., 1997) were measured at the

experimental site. Forty undisturbed soil samples were

taken using standard sharpened steel 100-cm3 Kopecky

rings at different depths (0–5 cm, 15–20 cm, 25–30 cm,

32–37 cm, 37–42 cm, 43–48 cm, 70–75 cm and 90–

95 cm) at 25 m intervals along the slope transect to

determine soil texture, bulk density, the soil water

retention curve and the drainage pore space, defined as

part of the total pore space (% pores >50 mm) which

will drain when the matric head is equal to or higher

than �60 cm water head (pF 1.78). Morphological

analysis of resin-impregnated soil images have shown

that compaction reduces larger pores, but mainly the

elongated and continuous transmission pores (50–

500 mm) and to a lesser extent those <50 mm (Pagliai

et al., 2000), making drainage pore space a particular

strong indicator for reduced permeability due to soil

compaction.

Soil texture was determined with the pipette method

(Gee and Bauder, 1986), whereas organic matter

measurements were based on the Walkley and Black

(1934) method. The soil water retention curve was

established using the sand box apparatus (Eijkelkamp

Agrisearch Equipment, Giesbeek, the Netherlands1) for

matric heads between �10 and �100 cm water head,

and with pressure chambers (Soilmoisture Equipment,

Santa Barbara, CA, USA) for matric heads between

�200 cm and�15 � 103 cm water head. In Table 1, the

soil textural characteristics from the experimental site

are presented. The field plot has a rather homogeneous

silt loam soil texture, with a gradual increase in clay

content until a depth of 0.4 m, and is classified as an

Alfisol (USDA, 1998). The soil is low in organic carbon

content (O.C.), whereas CaCO3 content is negligible.

The saturated hydraulic conductivity of the surface

was determined using a 5 by 2 m large rainfall simulator

and was calculated from the infiltration characteristic,

obtained from the difference between measured

precipitation and runoff (Verbist et al., 2003). Nine

repetitions were made during the measuring period,

resulting in an average value of 22.0 � 6.0 mm h�1.

Field saturated hydraulic conductivities at different soil

depths were determined using the Model 2800 Guelph

Permeameter with the 10 cm Ring Infiltrometer
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Table 1

Average soil characteristics of the experimental field at Maarkedal (n = 40)

Depth (cm) Clay (0–2 mm)

(g kg�1)

Silt (2–50 mm)

(g kg�1)

Sand (50–2000 mm)

(g kg�1)

CaCO3

(g kg�1)

O.C.a

(g kg�1)

0–5 159 � 19b 614 � 16 227 � 9 2.5 � 1.8c 19.7 � 2.9

15–20 159 � 18 611 � 37 230 � 22 2.5 � 1.6c 22.1 � 2.1

25–30 180 � 35 637 � 38 183 � 49 2.5 � 1.6c 14.9 � 7.5

32–37 190 � 44 650 � 48 160 � 64 2.5 � 1.8c 11.9 � 8.2c

37–42 210 � 51 654 � 27 136 � 47 1.8 � 1.4c 7.3 � 4.9c

43–48 209 � 42 655 � 35 136 � 31 1.8 � 1.4c 5.9 � 3.0c

70–75 188 � 34 672 � 41 140 � 26 2.0 � 2.3d 4.1 � 2.8c

90–95 182 � 26 644 � 50 173 � 25 1.3 � 1.6d 2.7 � 1.8c

a O.C. is the percentage of organic carbon.
b Values preceded by � give the standard deviation.
c Variation coefficient is higher than 0.5.
d Variation coefficient is higher than 1.0.
Attachment (Soilmoisture Equipment Corp., Santa

Barbara, USA). A total of 18 measurements were

performed: at depths of 15 cm, 30 cm and 45 cm below

the surface and at positions of 5 m, 55 m and 85 m along

the slope (starting from the lower edge of the plot),

measurements were carried out in duplicate. For these

sets of measurements lognormal statistical distributions

were assumed, as is common for in situ measurements of

hydraulic conductivities (Warrick and Nielsen, 1980).

To evaluate the compaction of the soil, penetration

resistance was measured using a digital penetrologger

(Eijkelkamp Agrisearch Equipment, Giesbeek, The

Netherlands). This device measures the resistance of the

soil (MPa) against a cone with a surface of 1 cm2 which

is driven into the soil at a constant speed. The

penetration resistances were measured until the max-

imum operating depth of 0.8 m, resulting in 80 data

points for each measurement. This was done in

threefold at positions of 5 m, 10 m, 15 m, 20 m,

25 m, 35 m, 45 m, 55 m, 70 m and 85 m along the

slope. To obtain a continuous representation over the

entire field plot, subsoil penetration resistances were

interpolated using an ordinary kriging technique

(Goovaerts, 1997) with a direction-dependent vario-

gram model (Pannatier, 1996). Because penetration

resistance measurements are highly dependent on the

water content of the soil (Ide et al., 1985; Bennie and

Burger, 1988), the soil water content was determined at

the same time by means of a TRIME-FM measuring

device (IMKO Micromodultechnik GmbH, Ettlingen,

Germany). The penetrometer measurements were

performed at field capacity to minimize the influence

of soil moisture on the measured penetration resistances

and because penetration resistances at field capacity are

considered a reference point for comparisons among

different soil types (Smith et al., 1997).
2.3. Field monitoring

In order to monitor the water status, ten sets of

tensiometers were installed at 5 m, 10 m, 15 m, 20 m,

25 m, 35 m, 45 m, 55 m, 70 m and 85 m distance

(Fig. 1). Each set consisted of 10 tensiometers installed

over a width of 2 m at the following depths below the

soil surface: 12 cm, 17 cm, 32 cm, 47 cm, 62 cm,

77 cm, 92 cm, 107 cm, 122 cm and 137 cm. At 20 m

and 25 m distance from the field base the tensiometers

could not be inserted at depths of 122 cm and 137 cm

because of stones. A grid consisting of 96 tensiometers

was hence established.

During the research period, tensiometer readings

were made using an electronic tensimeter with

hypodermic needle (SDEC, Reignac Sur Indre, France)

at a regular basis, depending on the number of rainfall

events, resulting in a total of 249 series of measurements

(each series including 96 measurements). The soil-

water pressure head measured with tensiometers is by

definition negative in the unsaturated zone (matric

head), positive in the saturated zone (hydrostatic

pressure head) and zero at the interface. To evaluate

the direction of water flow in the slope profile, hydraulic

head profiles were constructed from the tensiometer

readings. A common reference level was chosen at a

depth of 1.5 m at the base (distance of 0 m) of the

experimental field plot. This allows a two-dimensional

representation of water movement in the studied

transect, i.e. in the vertical direction (upward and

downward flow) and in the lateral direction, sub-parallel

to the slope (upslope and downslope flow). It is assumed

that water flow perpendicular to the longitudinal section

of the experimental plot is negligible, because of a

linear slope. The hydraulic head profiles are presented

as equipotential lines, a graphical representation which
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Fig. 1. Field setup at the Maarkedal experimental field.
is related to the widely used ‘flow-net’ method

(Stephens, 1985), based on a linear interpolation

between the hydraulic head values measured in the

adjacent tensiometers, as often used in subsurface soil

water monitoring (e.g. Anderson and Burt, 1978;

Matsushi et al., 2006). In this study ordinary kriging

was implemented to construct the equipotential lines

(Goovaerts, 1997), using a zonal anisotropic variogram

model (Pannatier, 1996). Each tensiometer was

horizontally and vertically georeferenced and inter-

polation was performed on the pressure head values for

each grid cell (0.808 m � 0.013 m) along the transect.

For the interpretation of the graphed equipotential lines,

the following aspects need to be considered: (a) the

vertical scale is exaggerated 8.5 times relative to the

horizontal scale, although the relative proportions

between the equipotential lines are maintained; and

(b) for each point located on an equipotential line, the

corresponding gravitational head can be determined by

a horizontal projection on the elevation axis. The

difference between the equipotential head value and the

gravitational head is the soil water pressure head. The

locations where the equipotential head values are equal

to the height above the reference level reflect the

interface between the saturated and the unsaturated

zone(s) of the soil profile. This method allows the

determination of the direction of water flow at every

point along the slope, together with the delineation of

temporary and permanently saturated zones.
Rainfall intensities were recorded in five-minutes

intervals using a rain gauge (Global Water Instrumenta-

tion Inc., California, USA) located at the experimental

site. Runoff from the plots was guided towards a series

of calibrated tipping buckets, with a volume between

1.6 l and 2.0 l. The type of instrument used resembles to

the one described by Klik and Sokol (2001). The

number of tips during every 5-min period was recorded

using a data logger, resulting in a quasi-continuous

measurement of discharge. Part of the runoff (2.5%)

was collected in barrels and proved to be representative

for the average value of the sediment concentration

(Verbist et al., 2003). After every runoff event, data

were downloaded from the logger and runoff samples

were taken from the barrels. The runoff samples were

weighted and oven-dried at 105 8C. After desiccation,

the dried runoff samples were weighted again and the

sediment concentration was calculated. The soil loss of

the rain event was calculated by multiplying the total

runoff amount with the sediment concentration.

3. Results and discussion

3.1. Physical characterization of the plow sole

Fig. 2 shows the penetration resistance as a function

of depth at increasing distances along the plot and the

average volumetric soil water content at the time of the

penetration measurement. Since the experimental field
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Fig. 2. Ordinary kriging interpolation of penetration resistance values (MPa) measured at different depths along the slope transect; the average

volumetric moisture content (%) of the plot is indicated on the right (error bars indicate standard deviation on the mean).
was tilled continuously prior to the installation of the

plots, the upper 30 cm of the soil profile showed

comparable penetration resistances over the entire slope

transect, whereas much more variability was observed

below the tillage depth. A penetration resistance higher

than 3 MPa can be considered to be an impediment for

root growth and is therefore often used as an indicator of

soil compaction (Taylor, 1971; Callebaut et al., 1985;

Ide et al., 1985). Penetration resistance values up to

4 MPa between 20 cm and 40 cm depth indicated the

occurrence of a compacted layer (plow sole). This was

confirmed by a paired-samples t-test (a = 0.05), where

the average penetration resistance in the soil layer at

20–40 cm depth proved to be significantly higher,

1.5 MPa on average, in comparison with the upper

20 cm. Penetration resistances in the subsoil were less
Fig. 3. Average drainage pore space (%) and soil bulk density

(Mg m�3) in function of depth (cm) (error bars indicate the standard

deviation on the mean; n = 40).
homogeneous in comparison with the tilled cultivated

layer, indicating that values higher than 3 MPa in the

subsoil were present as well. It has been reported that

compaction in the subsoil can exceed that of the plow

layer (Kozicz, 1996; Lipiec and Hatano, 2003),

resulting in great spatial variation of compacted zones

in untilled subsoil (Tardieu, 1988), as is also the case at

our field site. Additionally, the occurrence of stones in

the subsoil was identified to interfere with penetration

resistances at some locations (Michiels et al., 1989).

The soil bulk density and the drainage pore space for

samples taken along the slope (n = 40) are given in

Fig. 3. The drainage pore space between 25 cm and

37 cm is considerably lower, with an average value of

8.9 � 5.1%, compared to upper and lower soil layers,

with average values of 22.8 � 5.1% and 12.4 � 2.9%,

respectively. A paired-samples t-test shows that only the

difference in drainage pore space between a depth of

15–20 cm and 25–30 cm is significant (a = 0.05), with a

decrease of 13.9 � 5.8%, as well as between a depth

of 32–37 cm and 37–42 cm, with an increase of

5.0 � 2.8%. This indicates a lower drainage capacity

of the plow layer, resulting in a reduced hydraulic

conductivity in the soil layer that was characterized by a

higher penetration resistance (Fig. 2). Additionally, the

soil bulk density at a depth of 25–37 cm shows a clear

discontinuity compared with the layers above and

below. This discontinuity was significant at the 95%

confidence interval and analogous with the results found

for drainage pore space. These results coincide with

observations made by Jorajuria et al. (1997) and Pagliai

et al. (2004) for conventional deep tillage systems.

Table 2 lists the average field saturated hydraulic

conductivities measured at three depths (15 cm, 30 cm

and 45 cm) using a ring infiltrometer, together with their
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Table 2

Geometric means (GM), maximum (Max) and minimum (Min) field

saturated hydraulic conductivities, Ks measured in duplicate at three

different depths (cm) at three locations along the slope

Ks (m h�1)

15 30 45

n 6 6 6

KGM 3.1E-02ay 2.5E-04a 5.2E-03

Kmax 3.2E-01 6.8E-02 2.7E-02

Kmin 7.0E-03 1.0E-04 1.0E-03

y Same letter in the row of geometric means indicates that they were

significantly different at a = 0.05.
minimum and maximum values (n = 18). Based on

these measurements, the soil layers at a depth of 15 cm,

30 cm and 45 cm hence can be classified as respectively

medium, low and medium permeable (Klute and

Dirksen, 1986). Statistical analysis, using a paired-

samples t-test, indicates that the hydraulic conductivity

of the upper layer is significantly larger than that from

deeper layers at the 95% confidence interval (a = 0.05).

This is in accordance with the observed reduction in

drainage pore space and the increase in soil bulk density

in this soil layer (Fig. 3). Although the mean hydraulic

conductivity of the plow layer was smaller than that

from below (45 cm), they were not significantly

different (a = 0.05). Since soil bulk density tends to
Fig. 4. Average matric heads measured before and after (or during) rainfall ev

and 7 April 2004 (C) and (D) shows the pressure heads at 7 and 8 April 2004 (e

the total rainfall (mm) and I the maximal 5-min rainfall intensity (mm h�1
increase with depth (Fig. 3), smaller hydraulic

conductivities are to be expected in comparison with

the upper soil layer.

Clear reductions in saturated hydraulic conductivity

due to subsoil compaction have been related to a

reduction of the larger pores (>50 mm) (Pagliai et al.,

2000; Lin et al., 1996), as well as to a change in pore

geometry (Assouline et al., 1997) and to a reduction of

pore continuity (Lipiec and Hatano, 2003; Weiskopf

et al., 2000). Pagliai et al. (2004) reported a 90% decrease

in saturated hydraulic conductivity at the plow layer

depth, consistent with Lin et al. (1996) who reported that

a reduction of 10% of the macropores (>50 mm) is

responsible for a 89% reduction of the total water flux.

3.2. Occurrence of a temporary water table

Analyzing matric heads during the measuring period

revealed rapid responses of the top layer to small

rainfall events. In various occasions, the top soil was

saturated during or after the rainfall, whereas the lower

lying zone showed unsaturated conditions until the

permanent groundwater table was reached. In Fig. 4a–c,

three examples of such behavior are shown, for 10 and

11 March 2003, for 19 January 2004 and for 6 and 7

April 2004. In all cases, maximal rainfall intensities

were very low, as indicated in Fig. 4, and far below the
ents at 10 and 11 March 2003 (A) 19 January 2004 a.m. and p.m. (B), 6

rror bars indicate the standard deviation on the mean; n = 10); P means

).
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measured saturated hydraulic conductivity of the top

soil (22.0 mm h�1). The soil matric head is shown as an

average of 10 measurements taken at increasing

distances from the lowest point of the slope (see

Fig. 1) with indication of the standard deviation on the

spatially distributed measurements. Examples (a) and

(c) show comparable conditions, where after a dry

period with negative pressure heads near to the soil

surface, pressure heads increase rapidly at 12 cm and

17 cm depth during and after the rain event, producing

saturated conditions in the top layer, whereas still

negative pressure heads are observed at 32 cm, 47 cm

and 62 cm depth. Example (b) shows already near-

saturated top soil conditions before the rainfall event

started, resulting in a less pronounced increase in

pressure head. Apparently, in these cases, free drainage

in the soil profile is limited and a perched water table is

developed in at least the upper 17 cm of the soil. These

observations are a logical consequence of the soil

physical characteristics observed at the different soil

depths and indicate that vertical water movement in the

soil profile is restricted by a layer of low conductivity,

present at the compacted plow layer depth (Table 2).

When considering measurements performed 24 h

after a rainfall event (Fig. 4d), soil water matric heads in

the top tensiometers still show near-saturated condi-

tions, whereas the pressure heads at 32 cm and below

are not significantly influenced by the rain event at the

95% confidence interval. This adds to the evidence that,

on average, vertical water movement was reduced or

even restrained by the plow layer.

Fig. 5 represents interpolated matric heads for each

of the three rainfall events presented in Fig. 4a–c. The

rainfall event of March 11 2003 (plot A) shows a

saturated top soil in the first section of the slope

overlying an unsaturated layer, whereas plots B and C,

showing field conditions after the rainfall events
Fig. 5. Ordinary kriging interpolation of matric heads (m) measured after ra

2004 (C).
recorded on 19 January 2004 and 7 April 2004

respectively, indicate a complete saturation of the top

soil and a limited drainage to underlying layers. This

suggests the production of variable source areas at

different locations along the slope, contributing to

surface runoff by limiting further infiltration (saturation

excess rainfall) on the one hand and by generating

return flow on the other hand.

To illustrate this behavior at the field scale even in

more detail, hydraulic head values measured on 11

March 2003 (Fig. 4a) are graphically presented as

equipotential lines (Fig. 6). Note that the gravitational

head is presented by the vertical axis in this

representation. Where the hydraulic head exceeds the

gravitational head, the pressure head is positive,

indicating saturated conditions. When the difference

between hydraulic head and gravitational head is

negative, unsaturated conditions are present. In accor-

dance with Fig. 5, the hydraulic heads in Fig. 6 show

two distinct saturated zones, the groundwater table and

a perched water table in the first 50 m of the slope,

divided by an intermediate unsaturated soil layer. More

important, Fig. 6 also indicates the direction of

subsurface water flow, perpendicular to the equipoten-

tial lines. Whereas the direction of flow is mainly

vertical in the upper part of the slope, in the saturated

top layer the equipotential lines clearly indicate the

occurrence of subsurface flow parallel to the slope, in a

downward direction. The occurrence of a lateral

component in the subsurface flow of the perched water

table suggests that this process increases saturation

downslope and will eventually contribute to surface

runoff processes, through saturation excess runoff.

For shallow soils, a number of studies have used a

visualization of hydraulic head lines to identify a lateral

component in subsurface flow (Weyman, 1973;

Wheater et al., 1987; Retter et al., 2006 and Matsushi
infall events at 11 March 2003 (A), 19 January 2004 (B) and 7 April



K. Verbist et al. / Soil & Tillage Research 96 (2007) 292–302 299

Fig. 6. Ordinary kriging interpolation of hydraulic head values (equipotential lines) during the rainfall event of 11 March 2003, showing a temporary

saturated zone in the top soil at the moment when runoff generation was initiated; the inset shows an enlargement of part of the graph.
et al., 2006). The results presented in this study show a

comparable behavior for deep soils where tillage

practices have created a compacted layer that inhibits

free drainage.

3.3. Influence of the plow sole on runoff

To evaluate the influence of top soil saturation on

runoff production for the whole measuring period,

measured pressure heads were compared with runoff

amounts. Fig. 7 shows the pressure heads from the

readings at 12 cm and 17 cm depth and the measured

runoff volumes during the period December 2002 to
July 2003. It can be observed that the runoff data follow

the matric head values rather well.

During the study period, 74 rainfall events with more

than 1 mm of rainfall were recorded and data on maximal

rainfall intensity, runoff amount and pressure head of the

top layer during or shortly after the rainfall event were

collected. These data were reclassified, indicating

unsaturated (<0 cm pressure head) or saturated condi-

tions (�0 cm pressure head), and whether runoff

occurred or not (Table 3). Depending on the maximal

5-min rainfall intensity recorded, the rainfall event was

classified as having a low (1–5 mm h�1), medium

(5–10 mm h�1) or high (>10 mm h�1) rainfall intensity.
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Fig. 7. Evolution of the pressure head at 12 and 17 cm depth from 1

December to 1 July 2003; the amount of runoff is indicated on the

same time scale (bars).

Table 3

Summary of rainfall events (n = 74) during the measuring period,

indicating top soil saturated (TS Sat) or unsaturated (TS UnSat)

conditions, and the occurrence of runoff (R) or not (No R); Rainfall

events are reclassified by their maximal rainfall intensities as Low

(1–5 mm h�1), Medium (5–10 mm h�1) or High (>10 mm h�1)

All events Maximal rainfall intensity

R No R Low Medium High

R No R R No R R No R

TS Sat 30 3 21 3 5 0 4 0

TS UnSat 25 16 11 10 3 6 11 0
Cross tabulating variables showed that under conditions

of top soil saturation 91% of the rainfall events led to

runoff, against 61% for unsaturated conditions (Table 3).

In order to evaluate the influence of top soil saturation on

runoff, the relative risk was calculated, defined as the

probability of an event to occur in the presence of an

influencing factor compared with the probability of this

event to occur in the absence of the influencing factor.

Selecting top soil saturation as this factor, the relative risk

that runoff occurs is 1.49 times higher with saturation

than without saturation.
Fig. 8. Relation between the occurrence of a perched water table on top of th
Finally, the effect of maximal rainfall intensity

recorded during the rainfall events was incorporated in

the analysis, dividing the results in three groups. For the

rainfall intensity classes low, medium and high,

respectively 88%, 100% and 100% of the rainfall

events with saturated conditions of the top soil caused

runoff (Table 3). This indicates that only under small

rainfall intensities, saturation of the top soil does not

lead to runoff in all cases. For the highest rainfall

intensity class, the occurrence of runoff cannot be

assigned completely to saturation excess runoff, since

rainfall intensities are in the range of the saturated

hydraulic conductivity of the soil surface. Indeed, in this

class all rainfall events caused runoff and 73% occurred

under unsaturated top soil conditions. For the lowest

two rainfall intensity classes, respectively 66% and 63%

of the runoff events were related to saturation excess

runoff, due to top soil saturation.

Apart from the occurrence of runoff, the amount of

runoff was also correlated to top soil saturation, as

shown in Fig. 8a. Nevertheless, no direct correlation

was observed between the occurrence of top soil

saturation and the amount of soil loss (Fig. 8b). This can

be attributed to the high variation of this parameter and

to the fact that rainfall intensity is a far more important

factor in explaining the soil loss variance. Soil losses

observed during erosion events under saturated condi-

tions of the top soil (30 events) totaled 5.0 t ha�1,

compared with a total soil loss of 7.4 t ha�1 under

unsaturated conditions (25 events).

4. Summary and conclusions

In this study we demonstrated that on a sloping field,

subsoil compaction can affect surface runoff produc-

tion. The presence of a plow sole was confirmed by

measurements of penetration resistance, soil density

and drainage pore space. A reduced drainage capacity

and increased soil bulk density was observed at a depth

of 30 cm, which was identified as the common plowing
e compacted plow sole and the amount of runoff (A) and soil loss (B).
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depth. Ring infiltrometer measurements confirmed

a steep reduction in the field saturated hydraulic

conductivity at a depth of 30 cm.

Tensiometer measurements showed the formation of

a perched water table on top of the compacted plow

layer, clearly indicating a limited water movement due

to compaction, as would be expected from the results

presented in the first section. Additionally, the direction

of subsurface flow was found to be parallel to the sloped

soil surface and may contribute to the production of

saturation excess runoff downslope. However, the

actual temporal resolution of the tensiometer measure-

ments was insufficient to model the water balance and to

identify the individual soil water fluxes. Although the

actual set-up was sufficient to observe the occurrence of

a perched water table on top of a compacted layer, an

automated recording system for tensiometer readings

would be advisable for similar future research to gain

insight in the small temporal changes of pressure heads

in every soil layer and to visualize the formation and

behavior of variable source areas along the slope.

Descriptive and statistical tests show that saturation

excess runoff, caused by the occurrence of a perched

water table on top of the plow layer, is an important

factor in runoff production and consequent erosion on

the field plot. Runoff was observed in almost all cases

when the top soil was saturated (91%) and in all

cases when rainfall intensities increased. The risk of

runoff occurrence was calculated to be 50% higher

under saturated top soil conditions. Furthermore,

runoff occurrence under rainfall intensities ranging

from 1 mm h�1 to 5 mm h�1 and from 5 mm h�1 to

10 mm h�1 was for 63% and 66% respectively

associated with the development of a perched table

in the top layer.

Based on these observations, it is concluded that a

compacted plow sole increases the number of runoff

events, due to saturation excess runoff, mostly under

rainfall intensities that otherwise would not produce

runoff and erosion.
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