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Abstract

Dye-tracer studies using the anionic dye Brilliant Blue FCF were conducted on a structured sandy loam soil (Typic Agrudalf).
25 mm of dye solution was applied to the surface of 11 1.6 x 1.6 m field plots, some of which had been subjected to conven-
tional seed bed preparation (harrowing) while others had been rotovated to either 5 or 15 cm depth before sowing. The soil was
excavated to about 160 cm depth one or two days after dye application. Flow patterns and structural features appearing on ver-
tical or horizontal cross sections were examined and photographed. The flow patterns were digitized, and depth functions for
the number of activated flow pathways and the degree of dye coverage were calculated.

Dye was found below 100 cm depth on 26 out of 33 vertical cross sections made in conventionally tilled plots showing that
preferential flow was a prevailing phenomenon. The depth-averaged number of stained flow pathways in the 25-100 cm layer
was significantly smaller in a plot rotovated to 5 cm depth than in a conventionally tilled plot, both under relatively dry initial
soil conditions and when the entire soil profiles were initially at field capacity. There were no examples of dye penetration below
25 cm depth one month after deep rotovation. Distinct horizontal structures in flow patterns appearing at 20—40 cm depth cou-
pled with changes in flow domains indicated soil layering with abrupt changes in soil structure and hydraulic properties.

Introduction

Preferential flow phenomena can lead to rapid transport of
water and surface-applied chemicals to deep subsoil layers,
and may thereby increase the leaching losses of a broad
variety of chemicals used in agriculture (e.g. Hall &
Mumma, 1994; Kladivko ez al., 1991; Isensee et al., 1990;
Hall ez al., 1989; see also reviews by Bouma, 1991; Jury &
Fliihler, 1992; Flury, 1996). Tillage processes affect soil
structure and hydraulic properties in the topsoil which are
. expected to be important for the generation of preferential
flow (e.g. Beven and Germann, 1982; Horton et al., 1989;
Staricka et al., 1991). Systematic effects of tillage on flow
patterns and chemical transport are thus expected.

Direct quantification of preferential flow under field
conditions, particularly of macropore flow, is very difficult,
not only because of spatial variability but also because of
the temporal variability which is often involved in the flow
processes (Demuth and Hiltpold, 1993). Indirect measures
may be obtained, for instance, from the patterns of water
and solute discharge through tile drains in response to rain
events. Most studies on the effect of tillage on drain water

discharge and preferential flow have been focused on the
two extremes of primary tillage, viz. moldboard plough
and no-till management systems. The results of this
research generally suggest that no-till increases the pro-
portion of water transported in macropores (e.g. Harris et
al., 1993; Lal et al., 1994). There are very limited data on
the effect of secondary tillage on preferential flow.

Staining techniques as discussed by Flury and Fliihler
(1995) and applied e.g. by Ehlers (1975), Bouma ez al.
(1977), and Flury ez al. (1994) do not, in a strict sense,
quantify preferential flow. The techniques may, however,
be used to visualize the primary flow pathways of water
and solutes with high spatial resolution. Dye-tracing is,
therefore, a valuable step towards an understanding of
preferential flow and transport mechanisms in soil and
towards the design of efficient schemes for soil sampling
in solute transport studies. For tracing water, the applied
dye should preferably be relatively mobile and distinctly
visible.

The present work on dye-tracing field experiments
investigates the effect of different tillage operations during
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seed bed preparation on depth distributions of preferential
flow patterns appearing in the upper 1 m layer of a sandy
loam soil.

Materials and methods
SOIL AND TILLAGE

The soil (Typic Agrudalf) in this study is at the univer-
sity experimental farm, Hejbakkegaard 20 km west of
Copenhagen. The soil is developed on moraine deposits
from the Weichsel Glacial Age. The structure is well-
developed with vertically orientated earthworm channels
of between 1 and 8 mm diameter penetrating into the B-
and C-horizons. Rough estimates of the number of chan-
nels were made on large lumps of soil taken from the pro-
file. The largest numbers (about 8 per 100 cm? horizontal
cross section) were found in the Bi-horizon at about 50 cm
depth. Common numbers found in the B;-horizon
between 40 and 80 cm depth were 2-5 channels per 100
cm? horizontal cross section. There were coatings of clay
indicating colloidal transport in several channels. Some
(old) channels appearing right below the Ap-horizon (0-25
cm depth) were partly filled with soil materials in the
upper 10 cm. The number of channels increased abruptly
below 35-40 cm depth, and decreased rapidly with depth
below about 80 cm. In the spring of 1994, a relatively well
defined horizontal interface at about 20 cm depth marked
the depth for the last ploughing in October 1993. Some
profile characteristics are shown in Table 1.

Series of dye-tracer experiments were conducted in
May, June, and October 1994 on 1.6 by 1.6 m plots laid
out each time within a level field not more than 2.0 m from
each other. One experiment was conducted within the
same undisturbed area in July, 1996. The field was
ploughed on 20 October, 1993 with incorporation of straw
from the previous winter barley crop. Two seed bed har-
rowings in different directions were performed in April
1994 to a depth of 4-5 cm, and some of the plots were also
rotovated to a depth of either 5 cm or 15 cm. The field

Table 1. Profile characteristics for the Hojbakkegaard soil.

was rolled and planted with Italian rye grass on 28 April,
1994. Plots to be used for tracer experiments in May 1994
were covered with waterproof tarpaulins immediately after
seed bed preparation to minimize differences in evapora-
tion. Traffic on the plots was avoided after sowing. In one
plot, most of the topsoil was removed immediately before
dye application so that the dye could be applied uniformly
to a carefully prepared plane surface at 20 cm depth. Care
was taken to avoid any disturbance of the soil structure
below the new artificial surface.

Pilot investigations in May 1994 revealed that the soil at
field capacity was always able to infiltrate 25 mm of water
within one hour as applied by the sprinkling apparatus
without noticeable surface ponding, whereas an intensity
of 50 mm h! always resulted in local ponding on the sur-
face. Saturated hydraulic conductivity, K, as determined
for the vertical direction on 100 cm™3 laboratory samples
taken at different locations within the field under study
was log-normally distributed within each of four sampling
depths (Gjettermann ez al., 1997). For the 20-25 cm layer
including the interface created during the last ploughing,
they reported a geometric mean value for K; of 0.68
pm s~ and a geometric standard deviation of 2.8; for the
55-60 cm layer the geometric mean and standard deviation
were 2.9 and 3.1 um s7!, respectively. Outlines of the
experimental conditions are given in Table 2.

TRACER APPLICATION

The dye tracer used for staining the flow paths of water
was Brilliant Blue FCF. Tracer characteristics of Brilliant
Blue FCF have recently been given by Flury & Fliihler
(1994, 1995). The dye is anionic at pH > 5.83 and adsorbs
relatively weakly on most soils.

The dye was applied in solution (concentration: 4 g 1)
to the soil surface using an automatized sprinkling appara-
tus similar in principle to the ones described by Ghodrati ez
al. (1990a) and Flury ez 4l. (1994). The device consists of a
motor driven spray bar with nozzles aligned for one-dimen-

Horizon Depth pHt Org. Texture Pt Soil structure’ Voids"
C 022mm 20200 um 2-20 ym <2 ym Grade  Size Type Type Size Abundane
(cm) (%) (%) (%) (%) (%) Mg m)

A, 0-25 63 14 236 34.9 23.3 16.8 1.39 (0.10) MO ME GR P F F

E 2540 58 04 274 38.0 184 15.8 1.59 (0.08) MO ME AB C MC F

B, 40-110 62 02 23.0 350 18.6 232 1.63 (0.08) ST ME AB C MC C

C 110+ 77 - 244 376 204 1 17.6 - MO CO AB C MC V

1 0.01 M CaCl;.

t Determined in April 1994 from 15 100 cm?® soil samples taken about in the middle of the indicated soil layer. Standard deviation in brackets. ) )
§ According to Food and Agriculture Organization, 1990. Grade: VW=Very Weak, MO=Moderate, ST=Strong. Size: ME=Medium, CO=Coarse, FM=Fine and Medium.

Type: GR=Granular, AB=Angular Blocky.

7 According to Food and Agriculture Organization, 1990. Type: C=Channels (mainly vertically orientated, continuous earthworm channels), P=Planes (mainly randomly
orientated and discontinuous), I=Interstitials (textural voids). Size: V=Very Fine (<0.5 mm), F=Fine (0.5-2 mm), M=Medium (2-5 mm), C=Coarse (5-20 mm),

MC=Medium and Coarse. Abundance: F=Few, C=Common, V=Very few.
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Table 2. Overview of experimental treatments and conditions.

Treatment® - Cross

Bulk density, pp, and soil moisture content, 8

Identi-
fication$ sections Depth  py [/} Depth 0
(cm) Mgm?) (@ m3) (cm) (mm3d)
17.0594 Rot. 15cm  Vertical 5-10 1.28 (0.12) 0.174 25-35  0.234
18.05.94 Rot. 5 cm Vertical 0-6 1.21 (0.09) 0.136 25-35  0.255
19.05.94 - Convent. Vertical 0-2 - 0.119¢ 25-35  0.251
20.05.94 T.removed Vertical - - - 25-35 0.261
31.05.94 Convent. Vertical 5-10 0.311 25-35 0.288
} 1.62 (0.14)

01.06.94  Convent. Horizontal? 5-10 0.289 25-35  0.295
02.06.94 Rot. 15cm  Vertical 5-10 1.30 (0.11)  0.280 25-35  0.269
03.06.94 Rot. 5 cm Vertical 0-6 1.27 (0.07)  0.297 25-35  0.273
27.10.94  Convent. Vertical 5-10 1.37 (0.09)  0.228 '25-35  0.229
28.1094 Rot. 15ecm  Vertical 5-10 1.25 (0.11)  0.201 25-35  0.230
07.07.96  Convent. Vertical 5-10 1.67 (0.07)  0.281 25-35  0.296

t Convent.: conventional soil tillage corresponding to two or three seed bed harrowings in different directions to a depth
of 4-5 cm, rolling and sowing (grass). Rot.: Rotovation to 15, respectively 5 cm as supplement to the conventional treat-
ment right after harrowing. T. removed: Topsoil removed before dye application.

t Calculated by assuming the same dry bulk density as in rotovated plots, 0—6 cm

§ Date when the excavation proces was initiated and the day after dye application. Identifies each plot / experiment.

T Horizontal to 80 cm depth, vertical below 80 cm.

sional application of the solution directly under the bar and
a suction pump connected to tanks containing the dye solu-
tion. The impact energy of the sprinkling drops produced
was small. 25 mm of dye solution was applied within one
hour in all experiments. This was achieved by a timer
switching the device on and off at equal time intervals of 2
minutes. The device was designed to ensure a controlled
and spatially uniform distribution of dye tracer at the soil
surface. The uniformity of application depends on the noz-
zle distance above the soil surface and on the nozzle pres-
sure. The best combination of these conditions was found
in the laboratory. For an inner area of 110 by 110 cm, it was
possible to achieve a coefficient of variation of the amount
of applied solution of 5-6% in the direction perpendicular
to the travel direction, and 2-3% in the travel direction
when measuring the amount of irrigation water in 10 by 10
. cm trajectories placed side by side. In the field, wind drift
was reduced by a wooden frame surrounding the treated
area, and all vertical soil profiles were made parallel to the
travel direction of the bar. All above-ground plant materi-
als, if any, were removed before dye application.

SAMPLING

The plots were excavated one or two days after dye appli-
cation to a depth of about 160 cm. An excavator was used
to dig a trench in front of the treated area and to remove
all loosened soil from the bottom of the excavation. All soil

below the treated area was loosened with hand spades and
horizontal or vertical cross sections were prepared for
detailed description. The cross sections were trimmed
with a trowel and a knife and, in the case of horizontal
cross sections, also with a soft brush. Special care was
taken to remove all deposits of dye coming from the exca~
vation process. Most plots were excavated systematically in
11 vertical cross sections separated 10 cm from each other.
One plot (01.06.94) was excavated horizontally to 80 cm
depth, and vertically below 80 cm depth. Flow patterns
and relevant structural features appearing on the cross sec-
tions or in the soil layer between sections were described
and photographed. A 100 by 100 cm square metal frame
was placed on all cross sections before taking photos for
image analysis. Soil samples were taken before dye appli-
cation and during the excavation process to determine soil
bulk density and moisture content. ’

IMAGE ANALYSIS

On the photographs all stained dye patterns appearing
within the metal frame were transferred manually with a
fine black pen to transparent plastic sheets. The only dis-
tinction made in this process was whether blue dye was
visible or not at the different parts of the photo. A repre-
sentation of the metal frame (approximate size: 10 by
10 cm) was transferred as well. All transfers were made or
controlled by one person.
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