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Instructions to Authors: Soil Science Society of America Journal

General Requirements

Contributions to the Soil Science Society of America Journal
(SSSAJ) may be (i) papers and notes on original research; (ii)
short critical reviews or essays on topics that pertain to soil science;
and (iii) “Comments and Letters to the Editor” containing (a)
critical comments on papers published in one of the Society outlets
or elsewhere, (b) editorial comments by Society officers, or (c)
personal comments on matters having to do with soil science.
Notes are not to exceed two printed pages. Reviews cannot exceed
10 printed pages. Letters to the Editor are limited to one printed
page. Contributions need not have been presented at annual meet-
ings. Original research findings are interpreted to mean the out-
come of scholarly inquiry, investigations, modeling, or experimen-
tation having as an objective the revision of existing concepts, the
development of new concepts, or the development of new or
improved techniques in some phase of soil science. Authors are
encouraged to test modeling results with measurements or pub-
lished data. The SSSAJ also invites submissions for cover illustra-
tions from authors of manuscripts accepted for publication. Refer
to SSSA Publication Policy (Soil Sci. Soc. Am. J. 66(1):331-333,
2002) and to the Publications Handbook and Style Manual (ASA-
CSSA-SSSA,2004) at http://www.asa-cssa-sssa.org/style/ for addi-
tional information.

The SSSAJ uses a double blind review format. Authors are
anonymous to reviewers and reviewers are anonymous to authors.
The manuscript title but not the authors’ names must appear on
the abstract page. If included, the acknowledgment section should
appear on the title page rather than preceding the references
section (as in published papers), so it can be removed prior to
review.

Submitting Manuscripts

Manuscripts can be submitted to the SSSAJ Editor as hard
copies or electronically through ManuscriptTracker at http:/
www.manuscripttracker.com/sssaj/. Only electronic submissions
will be accepted after 1 July 2004. Processing of hard copy manu-
scripts may be prolonged up to 3 weeks by delays associated with
postal deliveries.

For hard copy submissions, send four legible double-spaced
copies of each manuscript on 21.6- by 27.9-cm paper. The lines
of type must be numbered on each page, and at least 2.5-cm
margins must be provided on the top, bottom, and sides. Pages
must be numbered consecutively. A detachable title page includes
the title, author(s), author-paper documentation, and acknowl-
edgments. An alphabetized list of all abbreviations used in the
text should follow the Abstract. A separate listing of legends for
all figures (double-spaced) must be included with the manuscript.

A cover letter should accompany each submission. Send the
copies to:

Dr. Richard L. Mulvaney, Editor

Soil Science Society of America Journal
University of Illinois

1102 South Goodwin Avenue

Urbana, IL 61801

e-mail: mulvaney@uiuc.edu

Electronic submissions must be in the form of a single PDF file
containing all text, tables, and figures. To avoid font substitution
errors that will delay processing, use of Microsoft Word is strongly
recommended in preference to other word processing software.
PDF conversion may be accomplished through Manuscript-
Tracker. The following information must be provided for each
manuscript submitted: corresponding author with e-mail address
and other contact information; complete listing of all authors;
manuscript title; and a listing of all individuals acknowledged in
the manuscript. Additionally, authors are strongly encouraged
to specify an appropriate division for review. Instructions on vari-
ous aspects of ManuscriptTracker are available at http:/www.
manuscripttracker.com/sssaj/authorhelp.htm.

Potential Reviewers. Authors are encouraged to provide a list
of potential reviewers, either in a cover letter (for hard copy
submissions) or through ManuscriptTracker (for electronic sub-
missions). Reviewers must not be subject to a conflict of interest
involving the author(s) or manuscript. The SSSAJ editorial board
is not obligated to use any reviewer suggested by the author(s).

Creating the Manuscript

Although manuscript review is done using printed copies or
PDF files, Microsoft Word files are required for on-screen editing
of all accepted manuscripts, and therefore authors are strongly
advised to use this software during manuscript composition. The
use of WordPerfect is not recommended for electronic manuscript
preparation because font substitution errors are apt to occur upon
PDF conversion that will delay manuscript review. Rich-text for-
mat (.rtf extension) and TeX files are not acceptable.

The file that is sent for typesetting closely resembles a text-only
file. Production editors must delete all unnecessary formatting in
the manuscript file to prepare it for typesetting. Therefore, authors
should avoid using word processing features such as automated
bulleting and numbering, footnoting, head and subhead format-
ting, internal linking, or styles. Avoid using more than one font and
font size. Limited use of italics, bold, superscripts, and subscripts
is acceptable. All paragraphs (including references) should be
double-spaced and line-numbered, with at least 2.5-cm margins.

Title Page (required for hard copy submissions, optional for
electronic submissions). The title page should include:

1. A short title not exceeding 12 words. The title should accu-
rately identify and describe the manuscript content.

2. Author-paper documentation. Include author name(s),
sponsoring organization(s), and complete address(es). Iden-
tify the corresponding author with an asterisk (*). Do not
list professional titles. Other information such as funding
source(s) may be included here or placed in an acknowledg-
ment, also on the title page. To ensure an unbiased review,
the title page will be removed prior to the review process.
The title, but not the byline, should therefore be repeated
on the page that contains the abstract.

3. The corresponding author’s phone and fax numbers and
e-mail address. An e-mail address is essential for manuscript
processing with ManuscriptTracker.

Abstract. An informative, self-explanatory abstract, not ex-
ceeding 250 words (150 words for notes), must be supplied on a
separate page. It should describe specifically why and how the
study was conducted, what the results were, and why they are
important. Use quantitative terms. Formatting must be as a single
paragraph. References cannot be cited. The title (without author
identification) must precede the abstract.

Tables. Each table must be submitted on a separate page and
must be numbered consecutively. Do not duplicate matter that
is presented in charts or graphs. Use the following symbols for
footnotes in the order shown: 1, %, §, {, #, 11, &i, etc.

The symbols *, ** and *** are always used to show statistical
significance at the 0.05, 0.01, and 0.001 level, respectively, and
are not used for other footnotes. Spell out abbreviations on first
mention in tables, even if the abbreviation is defined in the text
(i.e., a reader should be able to interpret each table without
referring to the text).

Figures. Do not use figures that duplicate matter in tables.
Photographs for halftone reproduction should be glossy prints
with good dark and light contrast, or digital image files. When
creating figures, use font sizes and line weights that will reproduce
clearly and accurately when figures are sized to the appropriate
column width. The minimum line weight is % point (thinner lines
will not reproduce well). Screening and/or shaded patterns often
do not reproduce well; whenever possible, use black lines on a
white background in place of shaded patterns. Color figures are



acceptable, but will be subject to a publication surcharge if the
manuscript is accepted.

Authors can reduce manuscript length and, therefore produc-
tion charges, by supplying photographs and drawings that can be
reduced to a one-column width (8.5 cm or 20 picas). Lettering or
numbers in the printed figure should not be smaller than the type
size in the body of an article as printed in the journal (8-point
type) or larger than the size of the main subheads (12-point type).
The minimum type size is 6-point type. As an example, a 17-
cm-wide figure should have 16-point type, so that when the figure
is reduced to a single column, the type is reduced to 8-point type.

For hard copy submissions, label each figure with the article
title and figure number. Type captions on a separate page of text
following the references. As with tables, spell out abbreviations
on first mention in figure captions, even if they have already been
defined in the text.

References. Note the following in preparing the references
section:

1. Format the references with double-spacing and line-num-
bering.

2. Do not number the references listed.

3. Arrange the list alphabetically by last name of the senior
author and then by last name of successive authors.

4. Single-authored articles should precede multiple-authored
articles for which the same individual is senior author.

5. Two or more articles by the same author(s) are listed chro-
nologically; two or more in the same year are indicated by
the letters a, b, c, etc.

6. All published works cited in the text must be listed as a
reference and vice versa.

7. Only literature that is available through libraries can be
cited. The reference list can include theses, dissertations,
abstracts, or web (URL) listings.

8. Material not available through libraries, such as personal
communications or privileged data, should be cited in the
text in parenthetical form.

9. Chapter references from books must include, in order,
author(s), year, chapter or article title, page range, edi-
tor(s), book title, publisher, and city.

10. Symposium proceedings should include editor(s), date and
place of symposium, publisher, publisher’s location, and
page numbers.

Style Guidelines

All soils discussed in the manuscript should be identified ac-
cording to the U.S. soil taxonomic system at first mention. The
Latin binomial or trinomial and authority must be shown for all
plants, insects, pathogens, and animals when first mentioned. Both
the accepted common name and the chemical name of pesticides
must be provided. SI units must be used throughout the manuscript.
Corresponding metric or English units may be added in parentheses
at the discretion of the author. If a commercially available product
is mentioned, the name and location of the manufacturer should
be included in parentheses after first mention.

Official Sources

1. Spelling: Webster’s New Collegiate Dictionary.

2. Amendments to the U.S. system of soil taxonomy (Soil
Survey Staff, 1975) have been issued in the National Soil
Survey Handbook (NRCS, 1982-1996) and in Keys to Soil
Taxonomy (Soil Survey Staff, 1996). Updated versions of
these and other resources are available at http://soils.usda.
gov/technical/classification/tax_keys/.

3. Scientific names of plants: A Checklist of Names for 3000
vascular plants of Economic Importance (USDA Agric.
Handb. 505, see also the USDA Germplasm Resources In-
formation Network database at http:/www.ars-grin.gov/
npgs/searchgrin.html).

4. Chemical names of pesticides: Farm Chemicals Handbook
(Meister Publishing, revised yearly).

5. Soil series names: All names for both active and inactive
U.S. soil series are maintained by the Soil survey Staff
and can be accessed through the Soil Series Classification,
Database (Soil Survey Staff, 2004) at http://soils.usda.gov/
technical/classification/scfile/.

6. Fungal nomenclature: Fungi on Plants and Plant Products
in the United States (APS Press).

7. Journal abbreviations: Chemical Abstracts Service Source
Index (American Chemical Society, revised yearly).

8. The Glossary of Soil Science Terms is available both in hard
copy (SSSA, 1997) and on the SSSA Web page (www.soils.
org/sssagloss/). It contains definitions of more than 1800
terms, a procedural guide for tillage terminology, an outline
of the U.S. soil classification system, and the designations
for soil horizons and layers.

Manuscript Revisions

Authors have three months to make revisions and return their
manuscript following receipt of reviewer and associate editor com-
ments. If not returned within three months, the manuscript will
be released. To receive further consideration for publication, it
must be resubmitted to the Editor as a new manuscript.

Publication Charges and Manuscript Length

Effective 1 Jan. 2004, volunteered papers published in the
SSSAJ will be assessed a fee of $650, regardless of length or
author membership in the SSSA or ASA. This charge may be
waived for invited review papers, and will not be assessed for
Comments and Letters to the Editor. The Society absorbs the
cost of reproducing illustrations, but only up to $15 per pub-
lished paper.

If the manuscript is prepared with a word processor using
a 12-point proportional font, 1000 words will be approximately
equivalent to one printed page of the SSSAJ. For economy of
space, some sections are set in small type, including Materials
and Methods, Theory, tables, figure captions, and References.
Each table and figure will typically occupy " of a printed page.
For tabular matter, 10 lines of headings, subheadings, and/or
data rows require 1 inch of column space. Tables with up to 60
characters per row (including spaces between characters) can
usually be printed in a single column, while tables that exceed
this width will require two columns. The depth of a printed figure
will be in the same proportion to the width (1 column = 8.5 cm;
2 column = 17.2 cm) as that of the corresponding dimensions in
the original drawing.

Authors can publish color photos, figures, or maps at their own
expense. Please contact the Managing Editor (608-273-8095) for
pricing information.

Manuscript Reviews

Up to three months may be required for the initial review.
Thereafter, authors may contact the Editor to obtain information
about the progress of the review.

Accepted Manuscripts

Following notification of manuscript acceptance, both a printed
copy and word processing file of the final accepted manuscript
are required. The printed copy and word processing file must
match exactly in all parts of the manuscript. Printed copies and
files for tables and figures must also be included. Separate files
should be submitted for text, tables, and figures.

Send the printed copy and a disk with the manuscript files to:

Accepted manuscript

Soil Science Society of America Journal
677 South Segoe Road

Madison, WI, USA 53711

Questions?

Send your questions to Nicholas Rhodehamel, Managing Edi-
tor, SSSAJ (nrhodehamel@agronomy.org).
May 2004
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Time Dependence of Soil Mechanical Properties and Pore Functions for Arable Soils

Rainer Horn*

ABSTRACT

Progressive soil degradation due to tillage operations affects crop
production and its yield uncertainty, soil erosion by wind and water,
and gas emission. The possibility of soil regeneration due to natural or
anthropogenic processes is of major concern to sustain soil functions.
Material properties like precompression stress, shear strength, and
hydraulic conductivity are time dependent, while bulk density is less
sensitive to time effects. The hypothesis that the change from conven-
tional to conservation tillage affects mechanical soil strength and pore
functions was tested for a stagnic Luvisol derived from glacial till in
northern Germany. For more than 7 yr precompression stress, shear
strength, and hydraulic conductivity were determined at three depths
down to 60 cm. Approximately 3 yr after starting with the Horsch sys-
tem (annual shallow chiseling in autumn down to an 8-cm depth) as a
kind of conservation tillage, soil strength, and the hydraulic conductivity
increased in the topsoil by more than 50 kPa and 500 cm d ', respec-
tively, even at a higher bulk density as compared with the correspond-
ing values for the conventionally tilled plots. Within the following 2
to 3 yr, these changes were also detected at the 30- to 35-cm soil depth.
At the depth of 55 to 60 cm the same trend started after around 7 yr.
These changes can be only detected, if the tillage systems were applied
continuously and if all tillage and soil operations were performed
with light machines, which enable the preservation of newly formed
pores and the rearrangement of soil particles creating a more stable
soil structure. Thus, the susceptibility to soil deformation will be re-
duced due to an increased shear strength, which in turn improves
pore functioning.

T HE EFFECTS OF TILLAGE systems on crop yield, water
and nutrient uptake efficiency have been repeatedly
described and have resulted in a very detailed descrip-
tion of the minimum time required to adjust site proper-
ties. Ehlers et al. (1980) and Baeumer (1992) have shown
that after approximately 7 yr of continuously applied no
tillage (NT) an identical net yield was obtained for no-
tilled compared with conventionally tilled sites as a con-
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sequence of the increased saturated hydraulic conduc-
tivity and pore continuity in the root zone. Horn (1986)
determined the effect of long-term tillage on soil me-
chanical properties and found that, in general, soils sub-
ject to conservation tillage are stronger and therefore
less susceptible to deformation induced changes in phys-
ical properties compared with conventionally tilled soils.
However, in those investigations no seasonal changes were
analyzed. Wiermann et al. (2001) measured the effect
of wheel traffic on changes in physical properties in a
Luvisol derived from loess (Reinshof/Goettingen) and
in a Mollisol derived from loess (Gross Obringen). They
found for the conservation tillage system an increase in
soil strength of about 50 to 100 kPa at comparable soil
depths and further showed that a decline in saturated
hydraulic conductivity or air permeability occurred only
if mechanical stresses applied by machines exceeded the
soils precompression stress. At the virgin compression
load range, the saturated hydraulic conductivity as well as
the air permeability decreased linearily if plotted on a
lognormal scale with increasing applied mechanical stress.
Van Ouwerkerk and Soane (1994) summarized much
of the present knowledge about the effects of wheel traf-
fic on soil physical properties and functions, but as they
described mainly short-term effects of conventional till-
age systems using more general parameters, no recom-
mendations have been derived for example, for produc-
ers. The same is true for the papers of Hakansson et al.
(1987), Hakansson and Reeder (1994), and Hakansson
and Lipiec (2000) because they dealt primarily with soil
bulk density (i.e., mass per volume) and apart from that
restricted their research on the plowed topsoil layers.
Or and Ghezzehei (2002) defined mechanical differ-
ences between tillage treatments by calculating the elas-
tic modulus (Hooke’s Law), including data taken from
mechanical measurements of Wiermann (1998) and Kiih-
ner (1997). Both the latter authors investigated soils under
conventional and conservation tillage systems and clas-
sified the conservation tillage systems as more sustain-
able. Horn et al. (2000) addressed the subject of “Subsoil
compaction—processes, consequences and distribution”
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and focused on the mechanical processes, which can be
used for a more detailed analysis of soil deformation.
Wiermann et al. (2001), Kithner (1997), Fleige et al. (2002)
pointed out that the determination of shear strength
parameters and soil precompression stresses, as indicators
for the maximum internal soil strength, aids the quantifi-
cation of pore functions such as hydraulic conductivity
and air permeability. Data sets have yet to be developed
that can be used to correlate tillage effects on bulk density
to soil hydraulic properties. Baumgartl et al. (1995) and
Baumgartl and Horn (2001) demonstrated a similarity
between the stress strain and the water-retention curve,
which may facilitate the derivation of one from the other.
Schjgnning et al. (1999) determined the effects of tillage
on several soil parameters but did not report pronounced
time dependent differences between treatments.

Thus, a better understanding is needed of the soil
deformation processes following changes in tillage sys-
tems to document time effects on changes in soil strength
and pore functioning. This paper presents the results
from a long-term experiment to provide evidence to
support the following hypotheses:

—The increases in soil stability and pore continuity
develop slowly requiring a number of years.

—The increase in soil strength depends on the shear
stress per particle contact point, which results from
the rearrangement of particles during swelling and
shrinkage processes.

—The particle rearrangement leads to an increased
hydraulic conductivity and/or air permeability pro-
vided that conservation tillage systems have been
applied over several years employing light agricul-
tural machinery to not exceed the soils precompres-
sion stress.

—Soil strength, defined as precompression stress,
must exceed the external stress applied to sustain
the rearrangement of particles irrespective of wheel
traffic during swelling and shrinkage.

MATERIALS AND METHODS

Soils and Experimental Setup

The experiments were performed at the experimental farm
of the University in Hohenschulen/Kiel where the main soil
type is a stagnic Luvisol (according to World Reference Base
[WRB]) derived from weichselian glacial till. From 1991 until
1999, plots, which were originally conventionally plowed, were
subdivided into conservation (= Horsch System = chiseled
to an 8-cm depth) and conventionally tilled plots. Both treat-
ments received mineral fertilizers and/or manure at various
times. Only the 240 kg N ha™! fertilized plots under the two
tillage treatments were studied. The selected sites were either
conventionally tilled to a 25-cm depth each year in autumn
or they were chiseled to an 8-cm depth (= conservation tillage
plot) at the same period. These tillage systems (four row mold-
board plow or chisel) were identical throughout the experi-
ment and the machine mass used for all treatments was only
49.1 kN (Fendt tractor: type Farmer 308 LSA, Marktoberdorf,
Germany), which resulted in an average contact area pressure
of 90 kPa with a tire inflation pressure of 200 kPa. The lug
height was 30 to 40 mm. The tire type was Pirelli TM 200 S
13.6 R24 (front) and Pirelli TM 300 S 16.9 R34 (rear) (Pirelli,

Milan, Italy). All required field operations were performed
at the same time and the soil water content was below field
capacity especially for moldboard plowing or chiseling. The
chisel “type Horsch” retained during the operation all residues
of the conservation tillage plots on the surface to further
improve the biological activity.

We determined changes in soil properties on both conven-
tional and conservation tillage treatments over 9 yr up to three
times per year at three depths. The depths were 10 to 15 cm
(plowed seedbed or just below the chiseled soil layer), 30 to
35 cm (the actual or former plow pan layer), and 55 to 60 cm
(clay enriched Bt horizon). Investigated soil properties were
the stress strain behavior using a confined compression test
(i.e., the horizontal stress is not defined because of the wall
stiffness) and the shear strength under consolidated drained
conditions (frame shear test) at a constant pore water pressure
of —30 kPa.

The precompression stress value, that is, the transition from
the reloading curve to the virgin compression line, was defined
by the method of Casagrande (cited in Horn, 1981). Casa-
grande proposed an empirical construction to obtain from the
void ratio-log stress curve the maximum vertical stress for
soil samples that had acted on it in the past, referred to as
the precompression stress. If the precompression stress value
is exceeded by higher vertical stresses, soil samples show virgin
compression behavior. The transition from the recompression
to the virgin compression line (= precompression stress value)
was derived from stress strain measurements with 10 undis-
turbed soil cylinders (diameter 100 mm, height 30 mm) per
depth, which were equilibrated to a pore water pressure of
—30 kPa and stressed for 23 h with one defined stress. This
pore water pressure value defines the hydraulic stress situation
encountered in summer within the upper 1 m of the soil profile.

The shear box tests were performed on all prestressed sam-
ples immediately thereafter and the parameters of the Mohr
Coulomb failure line were derived from the shear strength as
a function of the applied vertical stresses. The shear strength 7
was originally expressed by Coulomb as a linear function of
the normal stress o on a plane at the same point by:

T = ¢ + o,tand,

where ¢ and ¢ are the shear strength parameters: cohesion
(= intercept) and angle of internal friction, that is, the slope
of the Mohr Coulomb failure line.

Changes in the saturated hydraulic conductivity were mea-
sured to quantify the changes in pore functions over time.

The bulk density was determined at all depths and times
on undisturbed soil cores as an average value of 12 replicates.
The particle density was determined by submerse measure-
ment. The particle-size distribution and chemical properties
were also measured. More detailed descriptions of these tests
are given in Hartge and Horn (1992), Horn and Baumgartl
(1999), and Schlichting et al. (1995).

Statistical Analysis

Analysis of variance (ANOVA) was performed for the ef-
fect of land use on bulk density, soil strength, and hydraulic
conductivity (SPSS11.0). The differences of means between land
uses were assessed by least significant difference (LSD) tests.

Stepwise regression analyses were also performed and the
type of regression between tillage effects and correlations in
physical properties with time (days) since this study began
were determined using standard statistical procedures.

RESULTS
General Soil Description

From the physical and chemical properties of the soil
(Table 1) it can be seen that the stagnic Luvisol has a



HORN: SOIL MECHANICAL PROPERTIES AND PORE FUNCTIONS 1133

Table 1. General description of the physical and chemical properties of the investigated stagnic Luvisol derived from glacial till under
two tillage systems (conventional = yearly plowing down to the 25-cm depth; conservation = Horsch system, chiseling down to 8 cm).

Horizon Depth Sand Silt Clay C org pH Spec. density
cm % %o gem™?

Ap (sub.-crumb) 0-25 59 29 12 1.47 6.5 2.56

AlSw (platy) 25-55 61 27 12 1.28 6.6 2.57

Bgt (pol-pris) 55-150 56 25 19 <0.2 6.2 2.64

Cg (platy) >150 53 25 22 0 7.2 2.65

characteristic amount of organic C in the Ap and Al
horizons. The soil is free of calcium carbonate down to
150 cm, but the pH values range only between 6.2 and
6.6. The pH decreases with depth in the upper soil hori-
zons (up to the Bgt horizon) resulting from the annual
fertilization of the topsoil and increases again in the
parent material (Cg). While the Ap horizon is well struc-
tured (subangular blocky to crumbly), the Al horizon
has a tillage-induced platy structure and a slightly coher-

Bulk Density

The changes in bulk density throughout the study are
small under both tillage systems for all depths (Fig. 1).
The yearly plowed plot has significantly smaller bulk
density values in the Ap horizon than the yearly chiseled
conservation tillage plot. The linear equations and the
correlation coefficients are as follows:

Conventional tillage: bulk density = 1.52 + 3.98 X 107° d;

ent structure at greater depth, which is followed by the . ) R - 0.63** o
Bgt horizon with a blocky to prismatic structure. The Conservation tillage: bulk densuz B 1"(‘)94g* 343 X107 d;

C horizon encountered at a depth >150 cm below the
Bgt horizon shows a platy structure due to its geological
deposition (= glacial preloading); the parent material
is calcareous with pH values >7. The initial bulk density
values of the various horizons vary between 1.45 g cm™?
in the topsoil down to 1.8 g cm ™ in the C horizon, which
is typical for this soil. The AISw horizon shows a platy
structure with a slightly increased bulk density of 1.65 g

cm ¥, which results from plowing.

Time Dependent Effects

The statistical analyses of the measured data under
the two tillage treatments over more than 8 yr prove
significant differences. Apart from the nonsignificant
changes in the precompression stress and hydraulic con-
ductivity at the third depth (55-60 cm), all changes were
significantly different (P < 0.05) during the whole tillage
history (from 0 to >2880 d). However, the precompres-
sion stress and the hydraulic conductivity at the third
depth are still significantly higher in the conservation
tillage plots than in the conventional ones during the
period of 2170 to 2880 or 2295 to 2880 d, respectively
(P < 0.05) (Table 2).

Below the plow pan layer the values are nearly identical
down to 60 cm (not shown). The standard deviation
of the bulk density data was nearly identical for both
treatments and all depths (s.d. = 0.05 g cm ).

Precompression Stress

The changes in the precompression stress over time
and depth show significant differences in between the
two treatments for the first and second soil horizon. In
the 10- to 15-cm depth, soil strength increases after an
intermediate time of smaller precompression stress val-
ues for nearly 3 yr, which is significantly different from
the trend in the conventionally plowed soil (Fig. 2a).
Tillage reduces the internal soil strength of the topsoil
(A horizon). The same trend can also be seen at the depth
of 30 to 35 cm where strength increases after approxi-
mately 4 to 5 yr (Fig. 2b). At the depth of 55 to 60 cm the
same trend starts only after around 7 yr (Fig. 2c), how-
ever, these trends are not significantly different over time.
The time dependent changes in the precompression stress
values can, apart from the depth 10 to 15 cm convention-
ally tilled plot, be highly significantly described by sec-
ond-order equations (Table 3).

Table 2. Results of ANOVA of different variables under conventional and conservation tillage treatments.

Tillage treatment

Property Depth Conventional Conservation Significance
cm

Bulk density, g cm* 10-15 1.45 (0.05) 1.57 (0.06) <0.005
30-35 1.56 (0.05) 1.58 (0.05) 0.91
55-60 1.62 (0.06) 1.64 (0.05) 0.98

Precompression stress, kPa 10-15 57.6 (12.6) 81.2 (16.6) <0.005
30-35 65.3 (17.1) 90.4 (23.0) <0.005
55-60 86.1 (15.4) 86.3 (19.7) 0.976

Cohesion, kPa 10-15 19.8 (7.9) 37.4 (23.1) 0.002
30-35 27.2 (10.9) 38.1 (16.5) 0.016
55-60 35.1 (10.2) 39.2 (9.8) 0.776

Hydr. conductivity, cm d™' 10-15 228 (134) 428 (312) 0.014
30-35 130 (122) 409 (476) 0.013
55-60 301 (280) 426 (361) 0.254

+ Standard deviation is in parentheses.
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x) under conventional-

), and time(d) (=

Table 3. Second-order equations and their correlation coefficients between precompression stress, cohesion, hydraulic conductivity (

and conservation-tillage treatments.

Tillage
treatments

Cohesion Hydraulic conductivity

Precompression stress

Depth

cmd!

139.7 + 0.09X — 1.63 X 10—°X?
Y= —122.2 + 0.58X — 1.06 X 10~*X?

kPa

94 — 0.005X + 9.39 X 1077X*

kPa

[T T AT
KRR

93.2 — 0.048X + 3.73 X 105x?
122.5 — 0.21X + 2.08 X 107*x?
92.32 — 0.10X + 1.19 X 10*X?

91.38 — 0.033X + 1.27 X 107*X*

Y
Y
Y
Y
Y

L T TR A
KRR

29 — 0.035X + 1.55 X 1075X*
53 — 0.006X — 1.42 X 1077X?
49 — 0.03X + 1.40 X 105X
7 — 0.021X + 8 X 107X?
4 — 0.0177X + 6 X 10~°X?

23,
43
35,
43,
39,
41

Y
Y
¥
Y
Y
Y

N
KRR XX

27 X 1076X?
78 X 1076X?
85.75 — 0.024X + 4.41 X 10-°X?
54 X 107°Xx?

36 x 10°X*
06 X 10°X?

64.63 — 0.007X + 2
81.33 — 0.018X + 8.
87.77 — 0.030X + 1
88.75 — 0.029X + 1
86.54 — 0.042X + 2

Y
Y
Y
Y
Y
Y

conventional
conservation
conventional
conservation
conventional
conservation

55-60 cm

10-15 cm
30-35 em
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Fig. 1. Time dependent changes in bulk density at a depth of 10 to

15 em.

Cohesion

The cohesion values increased with time in the conser-
vation-tillage plot especially at depths of 10 to 15 and 30
to 35 cm. (Fig. 3). Both treatments significantly changed
with time and depths. The pattern of the curves over time
can apart from the topsoil under conventional-tillage
be significantly fitted by second-order equations. At the
depth of 55 to 60 cm, these trends are not significantly
different over time (not shown).

Hydraulic Conductivity

Changes in saturated hydraulic conductivity with time
can be detected in the topsoil layer treated by conserva-
tion tillage after a time delay of nearly 3 yr. The same
trend can be also measured at 30- to 35- and 55- to 60-cm
depth (Fig. 4). Although additional seasonal effects can
be clearly defined, it is undoubtedly true that the func-
tioning of pores is improved with time indicated by the
increasing values of the hydraulic conductivity even at
higher bulk density values. On the other hand, the values

—m— Conventional

—O— Conservation

Fig. 2. Time dependent changes in precompression stress at a depth
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of (a) 10 to 15, (b) 30 to 35, and (c) 55 to 60 cm, respectively.
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Fig. 3. Changes in soil cohesion at constant pore water pressure of
—30 kPa with time at a depth of (a) 10 to 15, and (b) 30 to
35 cm, respectively.

determined in the conventionally tilled site further de-
creased, especially at the end of the investigation period,
primarily due to a deeper plowing of the more com-
pacted soil. Thus, the homogenization of the pore sys-
tem results in smaller bulk density values and reduced
values of the hydraulic conductivity. Therefore, pore
function and pore volume do not coincide at this site.

With increasing depth the effect of the different tillage
systems on pore functioning is less pronounced. How-
ever, after approximately 7 yr these changes become
more obvious also at deeper soil levels.

DISCUSSION

Soil structure in general undergoes intense changes
due to seasonal swelling, shrinkage, and the reformation
of the pore system, which affects hydraulic or gaseous
fluxes. In addition, the rigidity of the pore system is af-
fected by the internal rearrangement of particles.

Hartge (1965), Horn (1981), and Junge et al. (2000)
have shown that soils have a well-defined internal strength,
which may be either derived from drying and wetting or
from mechanical processes. Based on the effective stress
equation, Toll (1995) proposed a conceptual model for
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Fig. 4. Changes in the saturated hydraulic conductivity with time at
(a) 10 to 15, (b) 30 to 35, and (c) 55 to 60 cm, respectively.

the similarity between mechanical and hydraulic bound-
ary “strengthening” or strength-limiting conditions. Fred-
lund and Rahardjo (1993) pointed out that the interrela-
tion between the hydraulic and mechanical processes
affect the overall strength of three phase systems. Baum-
gartl and Horn (1999) argued that the effective stress
between single particles within or between aggregates
could be altered through mechanical or hydraulic (i.e.,
pore-water pressure) stresses. Additional soil deforma-
tion/shrinkage can only be expected after exceeding the
internal strength either by higher mechanical stresses or
by a more intense drying. Horn (1995) described the stress
dependent changes of the aggregation and of the struc-
ture dependent soil strength and quantified the bound-
ary stresses for the various structure elements.

The obtained results about the changes in mechani-
cal strength and hydraulic conductivity under conserva-
tion tillage can be therefore explained by combining the
actual applied mechanical stress, the seasonal changes
in swelling and shrinkage as well as the maximum soil
dryness:

e While the conservation site was only mechanically
stressed at the soil surface, the annual plowing at
the 30-cm depth of the conventionally tilled site al-
ways resulted in a homogenization of the topsoil
and a stress application to the subsoil.

* The external forces applied by the agricultural ma-
chines are smaller than the maximum internal soil
strength at each depth in the conservation tillage
site, which therefore does not change the existing
pore systems and pore functioning but indirectly
enhance the mobility and accessibility of particle
surfaces.

e Junkersfeld (1995) found in field experiments at
the investigated sites in Hohenschulen that water
uptake by wheat, rape, and barley down to the 80-cm
depth resulted in minimal pore-water pressure val-
ues of up to —70 kPa in the conservation tillage
plots, while the water uptake in the tilled plot was
mostly restricted to the topsoil and never decreased
to less than —40 kPa below the plowpan layer. Fur-
thermore, the hydraulic gradients between differ-
ent soil horizons and/or distances from the plant at
the same soil depth were greater in the conservation
than in the conventionally tillage plots. Ehlers (1996)
also supported these findings, that after several years
of conservation tillage the root distribution was more
pronounced to deeper depth and the result was a
more homogenous water uptake. Consequently, the
positive changes in soil structure and soil strength
are generated by the long-term effects of repeated
swelling and shrinkage, as a structure improving.

* Reorientation of soil particles by menisci forces can
assume to be more pronounced in the conservation
tillage site.

Horn and Dexter (1989) described the reorientation
of soil particles in structure elements, which coincide
with the alteration of aggregate strength and inter- as
well as intraaggregate pore functions. They concluded
that if soils are repeatedly wetted and dried throughout
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the years, existing aggregates get dispersed starting from
the outer skin, which results in the mobilization of parti-
cles. Consequently, the translocation of clay particles
and colloids and their repeated rearrangement inside
aggregates due to water menisci forces finally result in
the formation of stronger, but at the same moment less
dense aggregates. Additionally, the pore continuity is im-
proved, which increases the air and water permeability.
Furthermore, the mechanical strength of the non-tilled
soils was much greater than of the tilled soils (Horn,
1986), which is in full agreement with the described data.

Thus, the presented results and trends reconfirm these
findings and are also supported by the well-known pro-
cesses, that

—Conservation tillage increases the mechanical
strength of the soil, which is well known as struc-
ture strengthening;

—The formation of finer interaggregate pores due to
shrinkage and the rearrangement of particles (Horn,
1995) are the basis for sustaining proper pore func-
tioning and soil mechanical properties with time.

Consequently, increases in soil strength as it is defined
by the parameters precompression stress or cohesion
are to be expected when shifting to conservation tillage
and the alteration of soil physical properties with time
after the tillage system was changed are the result of
aforementioned processes. The more intense the drying
and swelling and the higher their frequency, the earlier
can the strengthening and improved functioning of the
pore system be detected even down to deeper soil depth.

Up to now all wheel traffic was done with small ma-
chines, which did not exceed the internal soil strength
during field operations. We postulate that any stress
application not accounting for the maximal internal soil
strength (i.e., precompression stress value) must prevent
or at least further delay any rearrangement of particles
and reformation of stronger aggregates and coarser
pores. There is no elasticity of this soil, which would be
needed for such reformation processes (Horn, 2002).
With regard to soil quality, we point out that the melio-
ration of soil structure requires long-term stress release
in combination with pronounced swelling and shrink-
age. To what extent the climatic conditions in Northern
Germany help to improve the site properties in compari-
son with the enhanced particle mobility under the wetter
soil conditions has to be further analyzed in comparison
with corresponding experiments performed under dif-
ferent climatic and site conditions.

CONCLUSIONS

Under a continuously applied system of conservation
tillage, we can expect a more stable and a better func-
tioning pore system at the same time after more than 7 yr
down to a depth of 60 cm under the climatic conditions
prevailing in northern Germany. These findings, how-
ever, can only be obtained if during all tillage operations
the internal soil strength is never exceeded by the ap-
plied mechanical stresses. Presuming those boundary
conditions, both shrinkage due to water uptake by plants

and swelling when the soil is rewetted result in the re-
arrangement of soil aggregates and the creation of newly
formed and more continuous pore systems. Aggregates
as well as the soil structure are in addition to that much
stronger. Hydraulic stresses, induced by the water up-
take by plants and the generation of hydraulic gradients,
both strengthen the existing soil structure by increasing
the effective stresses between soil particles/aggregates.
The strengthening through the rearrangement of aggre-
gates and consequent changes in the pore system re-
quires time and can only occur if the applied mechanical
stresses are smaller than the internal soil strength, which
is defined by the precompression stress.

How far these findings can be also extended to other
regions and modified tillage systems have to be evalu-
ated to develop a more general system of recommenda-
tions in view of sustainable agriculture.
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Tillage Effects on Subsurface Drainage

Toshitsugu Moroizumi* and Haruhiko Horino

ABSTRACT

Tillage near the soil surface may greatly influence drainage dis-
charge and pressure head values in the subsurface zone. In this study,
a controlled comparative experiment was conducted in the field under
natural weather conditions, using a tilled and an untilled column, to
evaluate the effects of tillage on subsurface drainage discharge and
pressure head values. There were no significant differences between
the two columns in subsurface drainage before tillage treatment before
the study, as checked by a preliminary experiment. After tilling one
column of the two columns, cumulative subsurface drainage discharge
was larger and occurred earlier for the tilled column than for the
untilled column. The measured drainage discharge and pressure head
values were evaluated using the water movement model, HYDRUS
version 6.0, which numerically solves the Richards equation. The
HYDRUS model reproduced measured values well for subsurface
drainage discharge and pressure head values after the tillage, as deter-
mined by root mean squared error (RMSE), mean bias error (MBE),
and R% Therefore, it is concluded that the model, which includes the
effects of tillage on the hydraulic properties, can explain the reasons
for differences in observed drainage in the two columns. Moreover,
the effects of tillage depth on subsurface drainage discharge were
simulated. The results implied that the effect of tillage on subsurface
drainage were induced by the conditions of pressure head just before
the first rainfall, and this effect was equal to, or greater than, the
effects of changes in hydraulic properties due to tillage.

TILLAGE OF FARMLAND plays an important role not
only as a soil management tool for improving the
plant root environment, but also as a factor that impacts
the hydrological cycle, including infiltration, surface
evaporation, subsurface drainage, and groundwater dis-
charge. Considering the fact that farmland covers large
areas, the influences of tillage on subsurface drainage
and groundwater discharge could be significant.

Changes in soil hydraulic properties of the surface
soil induced by tillage can alter the infiltration rate of
rain or irrigation and significantly affect the subsurface
drainage discharge. Bulk density, porosity, and satu-
rated hydraulic conductivity are better indicators of the
tillage effects on soil hydraulic properties (e.g., Mielke
et al., 1986; Benjamin, 1993). In general, soil tillage
increases porosity and reduces bulk density, leading to
changes in water retention function, hydraulic conduc-
tivity, and infiltration rate. Kribaa et al. (2001) showed
that the tillage increased hydraulic conductivity, espe-
cially at pressure heads close to saturation.

Bulk density and porosity, however, were not suffi-
cient to compare tillage effects on water flow through
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soils, and pore continuity was an important factor for
water flow in soils for comparisons between the tillage
systems (Ehlers, 1975; Ball et al., 1988; Sauer et al.,
1990). Benjamin (1993) reported that the no-till system
had a hydraulic conductivity equal to or greater than
both the moldboard plow and chisel plow systems, ow-
ing to either a greater conductivity of pores or to water
flow through a few very large pores. Wu et al. (1992)
indicated that a no-tillage treatment had greater num-
bers of continuous macropores and equal or greater
saturated hydraulic conductivity than the moldboard
plow tillage.

Hill et al. (1985) and Hill (1990) reported that conven-
tionally tilled soils drained more rapidly than soils under
conservational tillage. Recently tilled soil also has rapid
infiltration until settled by rainfall and irrigation. How-
ever, the effects of tillage on soil hydraulic properties,
infiltration rate, and subsurface drainage discharge gen-
erally depend on spatial as well as temporal variabili-
ties (Logsdon et al., 1993; Logsdon and Jaynes, 1996).
Therefore, it is necessary to grasp the characteristics
(subsurface drainage and pressure head values in this
study) of experimental sites under untilled conditions
to more accurately examine the effects of tillage under
a controlled comparative experiment.

Through a controlled comparative experimental method,
the degree of difference between tillage treatments can
be evaluated more precisely. Moroizumi (1998) conducted
a controlled comparative experiment in tilled and un-
tilled areas, which proved to be an effective method for
evaluating the effects of tillage on soil temperature, pres-
sure head values, and evaporation. Moroizumi et al.
(2001) also investigated the effects of subsoil breaking
on surface runoff, pressure head values, and soil temper-
ature in a sloping field with both a subsoil breaking
area and a controlled area. It was clear that the subsoil
breaking resulted in a decrease in the surface runoff
and caused variations in pressure head values to be
larger than in the controlled area.

A model analysis is a useful tool for evaluating quanti-
tatively what factors induce the effects of tillage on
subsurface drainage. Several studies have examined
modeled tillage effects on water movement within tilled
soils. Most of them included heat transport and were
aimed at finding the effects of tillage on soil moisture,
soil temperature, and evaporation by using the coupled
water and heat transport model (e.g., Hammel et al.,
1981; Yang and Zeng, 1988; Benjamin et al., 1990; Moro-
izumi and Horino, 2002). However, there have been
few studies on modeling the impact of tillage on soil
hydraulic properties and subsurface drainage. Mapa et
al. (1985) demonstrated the impact of temporal changes
in hydraulic functions on soil water movement, and com-

Abbreviations: MBE, mean bias error; RMSE, root mean squared
error; R?, coefficient of determination.
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pared these results with water content profiles predicted
with a simulation model using input functions obtained
before and after irrigation. Their results indicated that
appropriate input hydraulic parameters sufficiently de-
scribed a simulated water movement at different times
when varying the deformation of tilled soil with wetting
and drying over time. Ahuja et al. (1998) proposed two
simple methods for predicting the water retention curve
of a tilled soil from that of an untilled soil, and obtained
a good approximation with RMSE of 0.0066 and R*
of 0.99.

The objectives of this study were to estimate the influ-
ences of tillage on subsurface drainage and pressure
heads using a controlled comparative experiment. Pre-
liminary experiment was performed with two soil col-
umns before tillage treatment to make sure that the two
columns had similar soil properties. The experimental
data were analyzed, using the one-dimensional water
flow model, HYDRUS version 6.0. The model perfor-
mance was verified by comparing the numerical results
with the experimental data. Moreover, the influence of
tillage depth on drainage discharge was simulated.

MATERIALS AND METHODS
Experiments
Field Experiment

Field experiments were performed on a 10 by 20 m bare
soil area at the School of Veterinary and Animal Sciences,
Kitasato University, in Aomori prefecture, Japan. This area
is located in the northeastern part of the main island of Japan.
The soil at this site has volcanic ash parent material, being
an andosol that is called ‘Kuroboku’ soils in Japanese soil
classification system. The general characteristics of ‘Kuro-
boku’ soil are low in bulk density (0.6-0.9 g cm ), high aggre-
gation, high porosity (0.6-0.8 cm’ cm *), and high permeability
(10-10 * cm s '; Soma at el., 1983; Maeda and Soma, 1979).
The apparent soil texture ranged from sandy loam to sand.
Two soil columns were buried in the area to estimate the
effects of tillage on subsurface drainage and pressure heads.

Each soil column (49.2 cm in diameter and 110.8 cm long)
was fitted with a drain pipe (3.0 cm in diameter) at the bottom.
The columns were packed from the surface with sand soil
material between 50- and 100-cm depths and sandy loam from
0 to 50 cm; this layering was the same as the soil profile in
the field around each column. The columns were also packed
with coarse sand and gravel, as a filter material, below a depth
of 100 cm. Pressure head values were measured at depths of
5, 10, 25, 45, 65, 80, and 100 cm, using tensiometers with
pressure transducers, and were recorded automatically at
5-min intervals with a datalogger controlled by a portable
computer. The data were converted to 1-h average values,
which were used for numerical analysis. The subsurface drain-
age discharge at the bottom was measured manually every 2
to 9 h, using a graduated cylinder. The rainfall was measured
with a tipping-bucket rain gauge.

Subsurface drainage discharge and pressure heads were
measured intensively from Day 247 to 255 of 1993. The experi-
mental results reflect the transitory, short-term effects of till-
age operation because the period of the measurement was
limited. This period corresponds to late summer in Japan. A
preliminary experiment was conducted from Day 239 to 243
to confirm whether or not the two columns showed a difference
with respect to subsurface drainage discharge before tillage
treatment. As a result, pressure head values for the two col-

umns were almost the same before tillage (Moroizumi, 1998).
After the pre-experiment, one of the two columns (called
Column 2) was tilled crosswise by hand, using a hoe to simulate
a small hand-plow. The soil around the tilled column was also
tilled so that it had the similar environmental conditions to
prevent from an advection effect. The depth of tillage was
approximately 4.5 cm. We emphasize that this shallow tillage
was conducted to measure the impacts of hydrological pro-
cesses. Tillage was conducted during 1010 to 1050 h on Day
244,

Laboratory Experiments

Some of the basic physical properties of the soils were
measured in the laboratory. Eight undisturbed soil cores from
each layer (0 to 50 cm and 50 to 100 cm in the untilled layer,
and 0 to 4.5 cm in the tilled layer) were taken immediately
after finishing the experiments. The size of core sampler was
5.0 cm in diameter and 5.1 cm in height. It should be noticed
that the 0 to 4.5 cm in the tilled layer was sampled using this
sampler. Dry bulk density and porosity were calculated by
the gravimetric method using a dry oven. Saturated hydraulic
conductivity was measured with a constant-head permeame-
ter. Particle-size distribution was measured by a mechanical
analysis (hydrometer method), and the soil textures were de-
termined by a textural triangle. A pulverizability index indi-
cated the soil is pulverized. A sample of tilled soil was sepa-
rated into six aggregate groups using the five graded sieves
with opening of 0.5, 1, 2, 4, and 8 cm. Pulverizability is calcu-
lated by dividing the mass of each clod group by the total mass
of the tilled soil and expressed as a percentage (JSIDRE, 1992).

Model Description
Governing Equation for Water Flow

One-dimensional vertical water movement in variably satu-
rated soil is described by the following mixed form formulation
of Richards equation:

®_ i(K o & K) (1]

at dz\ 09z
where 6 is the volumetric water content (L° L), A is the soil
water pressure head (L), ¢ is time (T), z is the vertical space
coordinate (L), and K is hydraulic conductivity (L T ). The
sink term due to plant water uptake is not included in Eq.
[1] because the experimental data were collected under bare
surface conditions. Equation [1] assumes that the water vapor
movement due to thermal gradients can be disregarded, which
is negligible during the infiltration process with rainfall and
the wet condition of soils. For a relatively dry soil, however, the
water vapor movement should be considered, and an analysis
using the coupled heat and water flow model is required (e.g.,
Scanlon and Milly, 1994; Moroizumi et al., 1997).

Nonlinear partial differential Eq. [1] was solved numerically
by the computer code HYDRUS version 6.0, which is free
software revised and updated by Simunek et al. (1998). In this
code, Eq. [1]is solved with a mass-lumped linear finite element
scheme for the spatial discretization of the flow domain and
a Picard iteration procedure at each time step. The time deriva-
tive is approximated by a fully implicit difference scheme. The
element lengths are shorter when approaching the soil surface
where pressure head values varied rapidly because of rainfall,
irrigation, and evaporation (and also due to tillage).

Hydraulic Properties

The soil water retention property and hydraulic conductiv-
ity were expressed by the van Genucthen (1980) function with
the Mualem pore-size distribution model:
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Table 1. Physical properties of soils packed in the columns.

Soil particle Dry bulk Saturated hydraulic
Treatment Depth Soil texture: density density Porosity conductivity
cm —_— g — % cm s
Untilled 0-50 Sandy loam 2.47 0.890* 63.6* 3.68 x 10~
50-100 Sand 2.53 0.746 61.3 3.06 < 10°*
Tilled 0-5 Sandy loam 2.47 0.681* 71.8* 4.52 x 107

TTillage was conducted in the one of the columns with an approximate tillage depth of 4.5 cm.

i Classification by the International Soil Science Society.

* Differences between the tilled and the untilled column were significant at 0.05 probability level.

0, — 6,

0h) =06, + ——————
( ) [1 + Iahln]l—lln

<0
8(h) = 0,
K(Se) = KSSLll = [(1 = Sg/(n—l))]l—]/nlz [3]

where 0, is the residual soil water content (L* L73), 6, is the
saturated soil water content (L* L™%), K; is the saturated hy-
draulic conductivity (L T™!), a is the fitting parameter in the
soil retention curve (L"), n is also the fitting parameter in
the soil retention curve (dimensionless), and S, is the effective
water content [= (6 — 6,)/(6, — 6,); dimensionless]. The pore-
connectivity parameter / in the hydraulic conductivity function
of Eq. [3] is 0.5; this was estimated as an average for many
soils by Mualem (1976). The « and n were calculated to fit
the laboratory water retention data using Powell’s conjugate
direction method (Powell, 1964). The water retention data
were measured using the soil column method and the pressure
plate method. The 6, was measured in the laboratory on the
basis of Bresler et al.’s (1978) definition.

Hydraulic conductivity K(8) was estimated using the fitting
parameters of the soil water retention curve.

h=0 [2]

Initial and Boundary Conditions

A surface boundary condition was specified by the Neu-
mann condition, which was given by precipitation and the
maximum potential rate of evaporation under atmospheric
conditions. A seepage face at the bottom was used as a bottom
boundary condition. This boundary condition often applies to
a finite lysimeter, such as the one used in this study, which is
allowed to drain under gravity (Simunek et al., 1998).

RESULTS AND DISCUSSION
Soil Physical Properties

The results of the basic physical properties of soils
are presented in Table 1. The soil textures by the Inter-
national Soil Science Society classification range from
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Fig. 1. Soil water retention curves for (a) sandy loam (tilled and un-
tilled) and (b) sand.

sandy loam to sand. They are “apparent” textures be-
cause these andosols usually do not disperse completely
into separate particles by the common dispersion meth-
ods and the hydroxide particles remained aggregated
(Moroizumi and Horino, 2002). The porosity and satu-
rated hydraulic conductivity are greater in the tilled
layer than in the untilled layer and the dry bulk density
isreduced in the tilled, which is the general characteristic
of the effects of tillage (Ahuja et al., 1998). The pulveri-
zability of 0 to 1 cm in the tilled layer was 64.8%.

The relationship between measured and fitted soil
water retention curves are showed in Fig. 1. The fitted
parameters are also presented in Table 2. Figure 1(a)
indicates that pressure heads in the tilled soil for a range
in soil water content of 0.2 to 0.65 were larger (less
negative) than those in the untilled soil. A decrease of
bulk density by tillage decreased the soil water pressure
head at the same water content (Gupta and Larson,
1979). The effects of tillage on pressure head were re-
stricted to the wet range of soil water content; at less
soil water content, the water retention was essentially
unchanged (Ahuja et al., 1998). The « in the tilled soil
was about ten times greater than that in the untilled
soil because of the decrease in the air-entry pressure
head in the tilled soil. It is inferred that 1/« is related
to the air-entry pressure head because the dimension
of 1/a is ‘length’. The air-entry pressure head generally
increases as the bulk density decreases as seen in the
tilled soils (Gupta and Larson, 1979).

Figure 2 shows the hydraulic conductivity function
K(6) estimated using the fitting parameters of the soil
water retention curve.

Experimental Results

The results of the preliminary drainage experiment
before the tillage is shown in Fig. 3. Subsurface drainage
discharge started at 9 h after the first rainfall. The total
subsurface drainage discharge was 22.2 mm for Column
1 and 21.4 mm for Column 2 for a total rainfall of 32.5
mm. The subsurface drainage discharge between the
two columns was not significantly different at 0.05 prob-
ability level by ¢ test. The result implies that the charac-
teristics for drainage discharge and infiltration of rainfall
were the same between the two columns. Therefore, we

Table 2. Fitted parameters of the van Genuchten function (Eq. [2]
in the text) for hydraulic properties.f

Treatment Soil texture 0, 0, «@ n

Untilled Sandy loam 0.636 0.052 0.010 152
Sand 0.613 0.046 0.019 1.58

Tilled Sandy loam 0.718 0.052 0.096 1.29

F Soils packed in columns with sand soil material between 50 and 100 cm
depths and sandy loam from 0 to 50 cm (The depth of tillage conducted
in one of the columns was at approximately 4.5 cm).
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Fig. 2. Hydraulic conductivity as a function of water content for (a)
sandy loam (tilled and untilled) and (b) sand.

concluded that it was possible to evaluate precisely the
effect of tillage on subsurface drainage after tillage, us-
ing the two columns.

Figure 4 shows the initial condition for the pressure
at the start of the experiment, which already included
the effects of tillage on pressure heads in the drying
process before the experiment. The dying process con-
tinued for 6 d, from Day 241 to 246.

Figure 5 presents the experimental results after one
of the two columns was tilled. There were two main
occurrences of precipitation on Day 247 to 248 and Day
251 to 253. The total amount of each precipitation was
45.5 mm for Day 247 to 248 and 52.0 mm for Day 251
to 253. Runoff and crust at the two columns were not
observed. The onset of drainage for the tilled column
was at 1700 h on Day 248, namely, 11 h earlier than that
for the untilled column. The total amount of subsurface
drainage discharge was 55.2 mm for the tilled column
and 38.8 mm for the untilled column. The difference of
16.4 mm was significant at 0.05 probability level. We
considered that the difference of drainage discharge would
be mainly induced by the change of the water retention
curve (Fig. 1) and hydraulic conductivity (Table 1).

Model Validations
Subsurface Drainage

Figure 5 also presents simulated values for the cumu-
lative amount of drainage water in each column. Both
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Fig. 3. Measured values for camulative subsurface drainage discharge
for Column 1 (solid circle) and Column 2 (open triangle) during
the preliminary experiment from Day 239 to 243.
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Fig. 4. Profiles of pressure heads at the start of the major experiment
(0000 h on Day 247). This profile was used as the initial conditions
for the drainage simulations.

simulated values were slightly larger than the measured
values after Day 252. The simulated value for the tilled
column at the end of the experiment was 60.5 mm, which
was 5.3 mm greater than that for the measured value.
Similarly, the simulated value for the untilled column
was 45.7 mm, which was 6.9 mm greater than the mea-
sured value.

Statistical comparisons are very useful for quantita-
tively verifying model performance. For the tilled col-
umn, RMSE between measured and simulated values
was 2.6 mm and the MBE was —1.4 mm. The untilled
column showed an RMSE of 3.4 mm and a MBE of
—1.29 mm. The R? was 0.991 for the tilled column and
0.988 for the untilled column. We judged from these
statistical analyzes that the simulated and the measured
values were in good agreement. These results indicate
that the model satisfactorily reproduced the effect of
tillage on subsurface drainage discharge.

Pressure Head

Figure 6 presents the simulated and measured pres-
sure head values at depths of 5, 10, 25, 45, 65, and 80 cm
for tilled and untilled columns. Several pressure head
values (e.g., during the 1600 h on Day 249 to the 1500 h
on Day 250 and the 0000 h to the 2400 h on Day 253)
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Fig. 5. Simulated and measured values for cumulative subsurface
drainage discharge in the tilled and the untilled column, during
Day 247 to 255 in 1993.




