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Abstract. Reliable estimations of soil physical quality pro-
vide valuable information for the evaluation and advancement
of agricultural soil management strategies. In the agricultur-
ally highly productive Pannonian basin in Eastern Austria, little
emphasis has been placed on the determination of soil physical
quality and corresponding soil degradation risks. Nevertheless,
ongoing climate change, especially prolonged drought periods
and higher rainfall intensity, will raise the need for appropriate
soil management strategies. Soil physical quality was therefore
assessed in nine soil profiles in a long-term tillage experiment
which has been in operation since 1988 in Eastern Austria. Soil
samples from depths of between 2 and 37 cm and under three dif-
ferent tillage systems (conventional, reduced and minimal tillage)
were analysed for various indicators of soil physical quality. The
resulting classifications of soil physical quality in the different
profiles were compared qualitatively and quantitatively together
with an estimation concerning the representativeness of the soil
physical quality indicators used. The outcomes showed severe soil
compaction under all tillage treatments and slight improvements
in soil physical quality marginally above the working depth for
the different treatments. Additionally, conversion to conservation
tillage led to less pronounced improvements in soil physical qual-
ity under Pannonian conditions than have been reported in more
humid climates.
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INTRODUCTION

In agriculturally dominated landscapes, a major part
of the land and soil is intensively managed by human
activities. The applied soil management strategies greatly
influence the capacity of the soil to regulate many parame-
ters, including the water balance, sediment transport, plant
growth capacity, biodiversity, and climate change resilience
on a field and landscape scale. The physical constitution
or quality of soil forms the basis for its ability to sustain-
ably provide these manifold functions to ecosystems which
benefit our civilization (McKenzie et al., 2011). A com-
prehensive assessment of the actual soil physical quality
(SPQ) allows for interpretations based on the present risks
for soil functionality and the evaluation of different soil
management strategies. Several SPQ-indicators (SPQIs)
are available which account for certain soil characteristics
or soil degradation risks.

A frequently formulated aim in SPQ research has been
to use indicators which represent a potentially high value
of still reliable information which is possibly expressed by
strong correlations to a high number of other SPQ char-
acteristics (Koureh ef al., 2020). As most scalar SPQIs
are linked to certain soil characteristics, a combination of
SPQIs allows for a detailed detection of soil degradation
risks as well as an overall assessment of SPQ (Iovino et
al., 2016). Furthermore, the appropriate SPQIs account for
the dynamic nature of the soil, especially with regard to

© 2020 Institute of Agrophysics, Polish Academy of Sciences

©0¢0


https://orcid.org/0000-0001-9004-4426
https://orcig.org/0000-0003-3984-3462
https://orcig.org/0000-0003-1285-8509
https://orcid.org/0000-0002-8693-9304
https://creativecommons.org/licenses/by-nc-nd/3.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

464

temporal changes in the physical constitution of the soil
e.g. following soil management changes. Castellini et al.
(2019), for example, evaluated five SPQIs using applied
multivariate analysis techniques. The authors demonstrated
strong correlations between several SPQIs and emphasized
relative field capacity (RFC) as a key soil physical variable,
especially for assessments of the effect of tillage. Koureh
et al. (2020) linked SPQ measurements with the growth
characteristics of wheat and emphasized the suitability of
the SPQI S;, which represents the slope of the water reten-
tion function at the air inflection point and is a widely used
SPQI, (Dexter and Czyz, 2007) and also its relationship to
wheat growth.

The effect of conservation tillage or reduced tillage
on SPQ was analysed frequently under different climate
and soil conditions. In the humid regions of Scandinavia
and north-western France which have frequent rain defi-
cits in summer, higher water reserves in dry periods and
a greater macroporosity have been found under conserva-
tion tillage than under conventional tillage (e.g. Rasmussen,
1999; Bottinelli et al., 2013). However, in the humid cli-
mate of northern and western Europe, the application of
conservation or no-tillage may promote undesirable anaer-
obic conditions in poorly drained soils, while it tends to
be beneficial for water conservation and for macroporosi-
ty in the arid and semi-arid conditions of southern Europe
(Moreno et al., 1996; Fernandez-Ugalde et al., 2009). By
contrast, on a clay soil in arid southern Italy, the hydraulic
conductivity and the porosity were lower under conserva-
tion tillage than under conventional tillage due to a loss of
pore volume (Castellini and Ventrella, 2012; Piccoli et al.,
2020). Sandén et al. (2018) integrated the outcomes from
251 European long-term experiments, and found a higher
abundance of earthworms, higher bulk densities and high-
er SOC concentration than for conventional tillage under
non-inversion tillage (mainly) for the 0-30 cm soil layer.

In Central Europe, and in particular under the condi-
tions of the Pannonian climate, the impact of reduced
tillage on SPQ has received very little attention, even
though the region contributes considerably to the agricul-
tural productivity of Central Europe. In this area, the choice
of effective tillage methods for soil water conservation has
become increasingly important as future climate scenari-
os predict an increase in drought and heat stress periods
in the sensitive stages of plant development (Thaler et al.,
2012; Olesen et al., 2011). Most comparably, Schliiter et
al. (2018) found progressing compaction conditions with
reduced tillage due to the lack of deep rooting crops and dry
periods which caused earthworm inactivity in a semi-arid
region in Germany with silt-dominated soil.

The aim of this study was the detailed assessment of
the SPQ with special emphasis on the Pannonian climate
conditions of the Marchfeld region in Austria, an important
agricultural area in Central Europe. We measured and cal-
culated multiple SPQIs which were hypothesized to allow
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for the precise detection of critical SPQ conditions and soil
physical degradation hazards in different soil profiles. The
investigated field trial was managed under three different
tillage systems continuously over a period of 24 years,
which also allowed for the determination of the medi-
um-term effects of changes in soil management on SPQ.

MATERIALS AND METHODS

The Fuchsenbigl experimental site is located in the
Pannonian lowlands, a transition region between the
semi-humid western European climate zone and the conti-
nental eastern European climate zone (Thaler et al., 2012).
The region is characterized by hot, dry summers and cold
winters with little snowfall. The mean annual temperature
between 1988 and 2012 was 10.1°C, and the mean annu-
al precipitation was 583 mm. The soil type is a Haplic
Chernozem according to the FAO classification. As the
terrain is flat, lateral water erosion did not occur and no
relevant wind erosion was observed at the sites. Crop rota-
tion was cereal-based, typically consisting of winter wheat,
sugar beet, spring barley and maize. Three different tillage
treatments were applied continuously since 1988 (Spiegel
etal.,2007):

— Conventional tillage (CT): Stubble processing by wing
share cultivator after harvest (brand: Regent, 23 cm wing
width, overlapping construction), tillage before seeding
by mouldboard plough (brand: Vogel and Noot, 25-30 cm
working depth), seedbed preparation by seedbed combina-
tion (brand: Pettner, equipped with rollers and tine harrow
with working depth 5-8 cm).

—Reduced tillage (RT): Primary tillage and stubble pro-
cessing by wing share cultivator (15 cm working depth),
seedbed preparation with seedbed combination.

— Minimum tillage (MT): Sowing either by rotary drill-
er (brand: Horsch) with no further treatment or preparation
by rotary tiller before sowing (5-8 cm working depth).

All crop residues remained on the field. The area had
already been used as arable land and conventional tillage
was the standard soil management procedure before the
experiment commenced. In the experiment, the different
treatments were applied on plot strips arranged in a 3 x 3
randomized block design. Each plot covered an area of
60 x 12 m, including a buffer of 1 m along each border.

Soil samples were taken in March 2001 and August 2012
for each treatment and at four depths: 2-7, 10-15, 15-20
and 32-37 cm. In 2001, a transect of three soil profiles was
analysed in the central block of the field. Closely adjacent
to these profile points, three corresponding profiles were
examined in 2012 to account for temporal changes (the spa-
tial notation for both is transect South, tsS). Additionally,
a transect of three profiles with a longitudinal distance
of 50 m to the former was sampled to account for spatial
variability (transect North, tsN). Undisturbed soil samples
(n=35, steel sampling cores with a volume of 200 cm?) were
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used to determine the bulk density, the soil water retention
characteristics (WRC) and saturated hydraulic conductivity
(K,). Bulk soil samples (n = 1, mixed sample) were tak-
en from the immediate surroundings of the cores by using
a shovel. These disturbed samples were used for the anal-
ysis of soil texture, soil organic carbon (SOC) and particle
density.

The soil texture was analysed by combined wet sieving
and sedimentation. The falling head method was applied
to measure K, in the saturated undisturbed soil cores and
bulk density (BD) was analysed by drying the soil core
samples at 105°C (Dane and Topp, 2002). Subsequently,
the saturated volumetric water content (6,) was calculated
as the difference between the mass of the saturated soil core
and the mass of the oven dried soil core, assuming per =
1.00 g cm™. Even though it may be denoted as a chemi-
cal characteristic, SOC is a major attribute of soil quality,
which is closely linked to the physical properties of the soil
and sustains a range of soil functions (Merante et al., 2017).
The concentration of SOC was determined by dry combus-
tion and the subtraction of the inorganic carbon from the
total carbon.

Several indicators of SPQ are based on an analysis of
the WRC, the relationship between the volumetric soil
water content 6 and the matric potential or soil water head
h. The points of WRC were measured with a pressure plate
apparatus at the soil water head levels of 10, 30, 60, 100,
300, 800, 3000 and 15000 cm. A continuous non-linear
function (van Genuchten, 1980) was fitted to the resulting
data pairs as a basis for the calculation of the correspond-
ing SPQ-indicators. In particular, field capacity (FC) is
a determinant for several SPQIs related to the WRC, but
the underlying concept and the measurement methods are
not clearly defined (Assouline and Or, 2014; Turek et al.,
2019). Hence, we used a dynamic approach to calculate FC
which was found to yield plausible results for a wide range
of soil types (Twarakavi et al., 2009; Turek et al., 2019).

In this study, a variety of indicators were chosen for
in-depth analyses (Table 1). In addition to SPQIs which
were measured directly (BD, K, 8, SOC) or directly relat-
ed to a range of pore sizes such as plant water capacity
(PAWC) and RFC, two SPQIs based on more complex con-
cepts were calculated: The soil physical quality index Sy,
the slope of the WRC at its inflection point, was established
and found to be related to multiple soil physical character-
istics (Dexter and Czyz, 2007). A rather new and promising
approach which was used is the relative air-water energy
index (AW,; Armindo and Wendroth, 2016, 2019). It is
calculated as the fraction of the integrated aeration energy
(indicates the integrated gravitational potential of drainable
water between saturation and FC) and the integrated water
retention energy between FC and the permanent wilting
point (h = 15000 cm).
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Additionally, several thresholds for certain SPQIs were
presented in literature or derived considering the required
soil functionality (Table 1). All SPQIs were calculated for
each sample separately to allow for a detailed assessment of
the SPQ and degradation issues within the single soil pro-
files. The work of Reynolds ef al. (2009) may be seen as a
key source for SPQ assessment based on thresholds and the
presented limit values therein were widely used, evaluated
and slightly modified (e.g. Castellini et al., 2019). These
thresholds represent either the limits for unaffected plant
growth or other limits for the physical degradation of the
soil and were also used in our study. For K, the thresholds
were derived from official design values for high intensity
precipitation (Table 1). For each SPQI, where thresholds
were available, they were applied in two steps — one for
a good and one for a poor SPQ. In addition, a classification
of the SPQ values was conducted based on these thresh-
olds and the range between the first and third quartiles of
the samples (according to lovino et al., 2016). If the range
between the quartiles was fully on the positively connoted
side of the “good” threshold, it followed that the SPQ was
very good; if the median was between the two thresholds,
the SPQ was good; if the median was on the negatively
connoted side of the “poor” threshold, the SPQ was poor;
and if the full range between the first and third quartile was
on the negative side of the “poor” threshold, the SPQ was
denoted as being very poor.

A statistical analysis and data visualization were per-
formed using R. ANOVA and the post-hoc Tukey HSD test
was used to detect the differences between the soil profiles
(a=0.05). The homogeneity of variance was confirmed for
all comparisons, with the exception of K ata depth of 2-7 cm
and S;,; at a depth of 2-7 cm.

RESULTS

Textural classification was performed based on the
measured particle-size distribution and applied according
to the USDA texture triangle. Loam was the texture class
found for all samples with the exception of one sample
under reduced tillage (RT) at a depth of 32-37 cm. At this
location, the C-horizon, which had a higher sand content
and corresponded to the textural class of Sandy Loam, was
unintentionally sampled. The effects of this outlier result
on soil physical quality assessment may be neglected. The
means for grain size classes and their respective standard
deviations (in brackets) were 43.1% (4.0) for sand, 39.9%
(2.4) for silt and 17.0% (2.3) for clay (excluding RT at
a depth of 32-37 cm). The soil organic carbon (SOC) con-
centrations were between 1.3 and 1.5 mass percent and
followed slight decreasing trends with soil depth (Fig. 1).
This trend was not observable in conventional tillage (CT)
due to frequent soil turnover. Only the topmost layer under
RT treatment showed a higher SOC content of around 2%
in all experiments and the samples from the lowest depth



466

T. WENINGER et al.

Table 1. List of soil physical quality indicators (SPQI) used with a short description and limits for soil physical functionality, if

available

SPQI Limit values

Description

0, (cm® cm™) -

BD (g cm™) BD > 1.3 ... potential yield losses,

0.9 <BD < 1.2 ... optimal range
Bc (cm?® cm™) —

AC (cm® cm?) AC > 0.1 for unaffected plant growth,

0.16 <AC < 0.24 optimal

RFC < 0.6 ... limiting water supply,
0.6 <RFC <0.7 ... optimal,
RFC > 0.8 ... aeration deficit

PAWC > 0.2 ... optimal

RFC (-)

PAWC (cm? cm™)

volumetric soil water content at saturation (interchangeably
with total porosity)

bulk density; BD = mass of solid soil material / volume of
soil in field condition

@ at field capacity, calculated according to Twarakavi et al.
(2009)

air capacity, AC = TP - G

relative field capacity, RFC = @ /6,; Reynolds et al. (2009)

plant available water capacity, PAWC = xc — 0115000 em

cumulated PAWC over observed profile depth, measure for
plant available water reservoir

saturated hydraulic soil conductivity

Soil organic carbon concentration

Dexter’s SPQ-index, slope
Sie=-n(6,— ) (2n - 1)/(n - 1)"""?);
Dexter and Czyz (2007), Koureh et al. (2020)

cumPAWC (cm) -

K, (cm d™) based on official reference values for
15-min-heavy rainfall in the project region
and annuities T; medium degradation:
K, <206 cm d’ (T =10 a), severe
degradation: K, <85 cmd”' (T=1a)

SOC (g gh) <0.01 g g" ... risk of structure loss due
to tillage or weather

Sie () Sine > 0.05 ... optimal,

Sine < 0.035 ... poor

Awr (_) -

relative air-water energy index, Armindo and Wendroth
(2016, 2019), calculated based on WRC = pF (8) where
pF =logy, h]

(32-37 cm), in some locations, had lower SOC concentra-
tions of 0.80-1.22% in the transect south (tsS). As SOC is
a determinant of several soil physical properties (Loveland
and Webb, 2003) this deviation had to be considered in fur-
ther interpretations, even though the significance of these
patterns could not be proven due to the small sample size.
All SPQI values followed a normal distribution except
for the saturated hydraulic conductivity (K) and relative
air-water energy index (AW,) which clearly followed a log-
normal distribution. Therefore, the latter were transformed
by a common logarithm before further analysis. The bulk
density (BD) and saturated water content () were closely
correlated and both represent soil porosity (Table 2). In the
determination process, only the saturation of soil cores is
a source of possible bias. In order to omit such a bias, BD
was used for further interpretation. The indicators RFC and
AC both describe soil aeration and were closely correlated.
The relative field capacity (RFC) was found to be the more
distinctive indicator for SPQ in previous studies, hence air
capacity (AC) was not discussed further (Castellini et al.,
2019). The highest average correlation scores were found
for 6, BD, and AC, while medium scores were found for

RFC, S, and plant available water capacity (PAWC),
while log;o(K;) and log;((AW,) revealed the lowest means
of absolute correlation coefficients between SPQIs.

Under RT treatment, the cumulated PAWC in the soil
profile down to 40 cm was found to be lower than the
result obtained under the other treatments even though the
absolute differences were small (Fig. 2). In tsS which was
analysed in 2001 and 2012, a decrease was observed over
time. Nevertheless, all of the values were above the lower
threshold for ideal plant growth of 0.20 cm® cm” (Reynolds
et al.,2009).

The median K, was below the lower critical limit in
21 out of 36 cases, that means that the maximum annu-
al 15-min precipitation cannot fully percolate into the soil
(Fig. 3). In particular, CT and minimal tillage (MT) treat-
ments showed values that, in some cases, were far below
the threshold in the uppermost soil depths, which are the
main determinant for the short-term infiltration capacity.
The highest conductivity values in relation to the tillage
treatment were found at depths of 20-25 and 32-37 cm for
CT (2 out of 3 experiments) and at 2-7 cm for RT. The MT
treatment showed inhomogeneous patterns with depth and
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Fig. 1. Soil organic carbon concentration in the observed soil pro-
files. a) transect South, 2001; b) transect South, 2012; c) transect
North, 2012. Symbols used: square is minimal tillage, diamond is
reduced tillage, triangle is conventional tillage.

between sampling runs. For 10 out of 12 samples, the high-
est fraction of the samples where medians undershot the
lower conductivity threshold was found under MT.

By contrast, MT had the highest number of samples in
the optimal range of S;; (5 out of 12 medians) which is
assigned above the value of 0.05 (Dexter and Czyz, 2007).
Furthermore, only one sample showed an S;;— value below

the lower threshold of 0.035 indicating severe soil degra-
dation. A distinct decrease in S, from the 2-7 to 10-15 cm
depth range and partly in the 20-25 cm depth range was
observed under conservation tillage treatments RT and MT.
An increase in S;,; could be observed in CT from 2001 to
2012 while the top layers of RT and MT showed a slight
decrease (tsS). Results for AW, showed a decrease of SPQ
from 2-5 cm down to 20-25 cm and a systematic increase
from 2001 to 2012 in tsS. The conservation tillage treat-
ments RT and MT had a rather constant AW, over the depth
range examined with a low degree of variability. A qualita-
tive assessment of SPQ from AW, was not possible due to
the lack of reference data and thresholds. No further sys-
tematic patterns in relation to depth, treatment or sampling
runs were found.

For nearly all soil samples (94%), BD was above the
upper threshold of 1.3 g cm” (Fig. 4) which indicates the
potential yield losses due to soil compaction and a lack of
aeration. Most distinctively, CT had the lowest BD at the
20-25 cm depth. The conservation tillage treatments
showed comparably low BD near the surface but very high
values between 10 and 25 cm, mainly above 1.5 g cm™.
Also, most observed values of RFC were above the thresh-
old for the risk of periodic anaerobiosis (Reynolds et al.,
2009; Castellini et al., 2019). The differences between
treatments were not significant in most cases, hence, no
systematic pattern could be detected.

DISCUSSION

The correlations between different indicators for SPQ
agreed with previous findings. Indicators like air capacity
(AC), macro-porosity and relative field capacity (RFC) are
closely correlated and represent the largest fraction of soil
pores, they may be used interchangeably for the detection
of the aeration limitation (Castellini ef a/., 2019). From the
SPQIs used herein, RFC and S;,; were assigned given the
highest value assignments in several publications (Dexter
and Czyz, 2007; Castellini et al., 2019; Koureh et al.,

Table 2. Correlation table for SPQ-indicators (method Pearson). Only significant correlations are given in the correlation matrix

(@ =0.05)
0, BD RFC AC PAWC logio(AW,)  log (K. Sunr
0, 1.00
BD -0.93 1.00
RFC -0.31 0.18 1.00
AC 0.51 -0.38 0.97 1.00
PAWC 0.65 -0.70 0.44 -0.25 1.00
log o (AW,) -0.26 0.34 0.28 0.21 -0.40 1.00
log,o (K,) 0.52 -0.43 -0.55 0.62 0.22 1.00
Sunt 0.71 -0.63 -0.49 0.60 0.44 0.17 0.21 1.00
mean |SPQI| 0.56 0.51 0.46 0.51 0.41 0.27 0.36 0.46
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2020) whereas S;,; showed a below average correlation in
our study. Furthermore, Koureh et al. (2020) linked SPQ
measurements with the growth characteristics of wheat and
emphasized the suitability of S, as an SPQI and also its
relationship to wheat growth. By contrast, Lozano et al.
(2016) stated that a static SPQI like RFC, plant available
water capacity (PAWC), or S;,; were not useful in the pre-
diction of soybean yield nor could they distinguish physical
effects of different tillage treatments on the soil. The PAWC
is widely used in studies concerning the physical changes
in soil after management decisions but it also has a direct
link to applications in agriculture. Nevertheless, its suit-
ability for such applications has been questioned before
(Reynolds et al., 2007; Koureh et al., 2020) and also the
outcomes of the study presented herein indicates the low
reliability of interpretations based on PAWC.

A great part of the measurements and comparisons
with known thresholds showed severe risk for soil degra-
dation through compaction. This vulnerability is known to
exist for silt-dominated soils, like the soil sampled from
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green is very good.
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according row (Tukey HSD test, o = 0.05), colours show the SPQ classification based on thresholds where red is very poor, orange is

poor, and yellow is good.

the study site, the broad validity of the thresholds given in
literature have been questioned sporadically (Bacher et al.,
2019; Castellini et al., 2019). Nevertheless, the extent and
uniformity of the threshold excess in BD, RFC, and partly
saturated hydraulic conductivity (K;) endorsed the assess-
ment of a critical SPQ state for the studied soils.

The effect of tillage operations was visible in the results
for several SPQIs which showed the highest SPQ values
in the lowest part of the worked soil layer. In that location,
higher porosity, conductivity and lower compaction could
be detected in most of the samples. Below the working
depth, a typical increase in compaction signs was observed
for all treatments. These outcomes were in accordance
with a major part of similar studies (e.g. Rasmussen, 1999;
Schliiter et al., 2018; Piccoli et al., 2020). Hence, conserva-
tion tillage with a constant working depth indicated the risk
of moving soil compaction to upper layers. Nevertheless,
it is commonly assumed that conservation tillage leads
to an increase in soil quality, including SPQ, due to the
higher degree of soil biological activity (Kahlon et al,

2013; Sandén et al., 2018; Li et al., 2019). Several stud-
ies have shown an initial degradation and recovery after
a certain establishment period for soil biology (Kay and
VandenBygaart, 2002; Bottinelli et al., 2013). The aver-
age rates of improvement were found to be higher under
more humid climatic conditions (e.g. Kahlon ef al., 2013;
Parvin et al., 2014) while under conditions comparable to
the study site, the changes were less pronounced or not sig-
nificant (Weninger et al., 2019). Hence, a combination with
further soil conservation measures like cover crops was
more promising, especially for the alleviation of compac-
tion layers (Abdollahi et al., 2013).

Of the eight SPQIs used, four are directly linked to field
capacity (FC) despite the ongoing discussion which has
already led to a range of different determination approach-
es (e.g. Assouline and Or, 2014; de Jong van Lier, 2017;
Turek et al., 2019). Most methods were developed based
on extensive databases and with a comprehensible theoret-
ical background, hence they imply comparable reliability
and the decision to use a certain method is usually made
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arbitrarily. A high degree of variability between results
from different methods was found (Turek ef al., 2019) and
this supposedly has an influence over the outcomes of SPQ
assessments. Further research concerning the consequences
of method choice is required to facilitate study design and
the interpretation of results.

One potential pathway for gaining more detailed
insights into SPQ lies in the extensive collection of further
SPQIs which are based on the measurement of charac-
teristics like soil penetration resistance, soil stability, or
infiltration experiments. For this study, the selection of
certain SPQI values were determined by economic con-
siderations. Furthermore, the sample size was too small to
allow for a broad generalization of the outcomes regarding
differences between treatments, temporal development or
spatial variability. The focus was set on a detailed assess-
ment of SPQ in the single soil profiles. Nevertheless, the
soil and climate conditions are representative for a major
part of the agriculturally important Pannonian region in
Central Europe. Hence, the illustrated severity of soil deg-
radation by compaction is likely to be more widespread in
the region than is commonly acknowledged.

CONCLUSIONS

1. The presented observations provided a detailed
insight into the soil physical quality of the observed soil
profiles. The main physical problem, soil compaction, was
clearly detected by multiple physical quality indicators of
soil.

2. The long-term application of conservation tillage
management had an influence on the main physical param-
eters of the soil even though this effect was often masked
by spatial and temporal variability. The dominant process
which modifies the physical conditions of the soil was the
loosening of the soil at the lowest depth of the tilled layers
and a corresponding compaction below the working depth.
Nevertheless, our results suggested that even 25 years after
conversion to conservation tillage, the expected improve-
ment in the physical properties of the soil did not develop
to a sufficient extent under the present climate.
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