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Abstract: A tillage-fertilizer combination that can improve physical soil quality is urgently needed to keep the resource
base from further degradation. Long-term {5-year} study on moldboard ploughing and combined application of chemical
fertilizer with (annual} farmyard manure (FYM] improved wheat-maize cropping system yield on a sandy loam soil. The
combination of the treatments removed the compact layer, reduced soil bulk density, and increased the infiltration as
compared to shallow tine cultivation. In shalloww cultivation the AB horizon, which had the lovvest infiltration, remained
intact. Bulk density correlated better with changes in 60-300 ym sized pores than that of any other pore sizes
determined by water retention. Originally, AB horizon had the lowest 60-300 um radius pores, although, the 30-60 ym
radius and smaller pores vvere greater or equal. To its effective depth, moldboard tillage increased 60-300 ym size
pores, especially when the chemical fertilizers and FYM wvere applied in combination.
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Introduction

Sail degradation is an important issue in semi-arid and sub-
humid areas where scil is inherently low in organic matter
content and cropping intensity is high due to population
pressure. As a result crop residue recycling is minimum due to
high fodder demand ({Lal, 2000). In high potential agro-
ecosystem, research studies are needed to quantify the long-
term changes in soil structure to minimize the risks of soil
degradation by compaction and erosion (Mahboubi and Lal,
1998). Although tillage restores soil-plant physical conditions
for next crop but continuous tillage at certain depth or multiple
passes of tillage implements create a compacted sub-surface
layers with small aggregat size-distribution {Alakukku, 1996}
as compared to the horizons above and below. Particularly, in
Pakistan, continuous shallovy tillage with a tine cultivator has
created 1.60 to 1.75 Mg m bulk density layer at 12-20 cm
profile depth in the loam({ £} soils {Akhtar and Qureshi, 1999).
Consequently, the roots are restricted in a shallow zone.
Although a deep tillage wvill pulverize the compacted sub-
surface layers [Bennie and Botha, 1986}, but the effect may
not be sustainable because of unstable scil structure due to
high base saturation and low organic matter content (Watts
and Dexter, 1998; Rahimi et af., 2000; Lal, 2000].

Average 36% vyield increase by moldboard ploughing over
routine tine cultivator tillage have been demonstrated (Razzaq
et al, 1989 and 30 % vyield increase associated with bulk
density decrease has also been reported by Akhtar and
Qureshi, 1999. The crop yield increase by moldboard
ploughing are attributed to reduced scil compaction, greater
accumulation of moisture (Danilov and Kargin, 1979} and
increase in water intake rate (Gill et al., 2000].

Sail organic matter facilitates granulation (Chenu et al., 2000}
and increases the porosity (Akhtar et al., 1999] that favors
good tilth, promotes wvater infiltration and increases the
available water capacity (Sommerfeld and Chang 1985]). In the
arid sub-tropics, summer soil temperature is high enough to
accelerate the oxidation of organic matter. Organic matter in
a vast majority of these soil is <0.1% (unpublished Pakistan
soil survey data), while, about 3% is deemed necessary for
optimum soil physical conditions (Soane, 1990). High organic
matter (> 4% w/w of total C content) is closely related to zero
coalescence {Cockroft and Olsson, 2000). Soil compaction is
sensitive to small changes in organic matter and is reduced
with increased organic matter levels {Soane, 1990).
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Tillage plays its’ role in two opposing ways, first, it enhances
the decomposition of native organic matter which otherwise
is protected by soil micropeds {Chenu et al., 2000; Balesdent
ef al., 2000; Stenberg ef al., 2000) and second, it protects
the applied organic matter by deeper incorporation. Thus, the
appropriate combination of tillage and socil organic matter
interaction is necessary in order to protect soil structure. Deep
tillage is an option for removing subsoil compaction and
increasing rainvvater intake, wwhich is desperately needed in
rainfed crop production. However, it is an energy-expensive
operation and can be justified only if there is a greater
production and the effect is sustainable. Relatively scantly
information is available on the sustainability of soil structure
under varicous tillage and fertilizer options in semi-arid
environment. Comparative changes in bulk density, saturated
infiltration, vwater retention, and structure of a sandy loam soil
and the rain-fed wheat-maize cropping system vyield under
long-term tillage with tine cultivator and moldboard both with
farmyard manure and chemical fertilizer, alone and in
combination are reported.

Materials and Methods

The Natiohal Agricultural Research Center, Islamabad initiated
a long-term field trial in 1992 with the objective to determine
crop yield response to tillage and fertilizer management. While
the experiment is continuing, selected scil physical parameters
of the surface-soil (Akhtar et al., 2001} and the profile were
measured to determine the soil physical health.

Site Description: The site was located approximately at
longitude 72.1° E and latitude 34.4° N and represented by
Nabipur series, a sandy loam, mixed, Typic Camborthid. The
soil was vveakly differentiated and contained <0.25% organic
matter in the surface. The mean precipitation in the area is
650 mm (Khanzada, 19786]).

Field Operations: The tillage treatments, cultivator and
moldboard plough, were in the main plots. The tine cultivator
tillage consisted of two passes in a criss cross direction
followed by two plankings. The moldboard plough tillage
consisted of one ploughing fellowwed by two planking
operations. The tine cultivator depth was 0-12 cm while the
moldboard plough depth was 0-25 cm. Wheat (Triticum
valgare L.} was planted in 2nd weak of November and maize
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{Zea mays) was planted in 2nd weak of July each year after
tillage operations.

The four fertilizer treatments, each in three replications,
applied to the subplots were: (i} 100-70-0 kg nitrogen,
phosphorus, and potassium ha' to wheat and 110-140-0 kg
ha ' to maize (NPK); (il 5000 kg of well decomposed
farmyard manure ha~' (FYM); (i) a combination of the
treatments i & ii (NPK+FYM]J; and (iv] no NPK or FYM
{Control). Plot size of 17x 6 m. Each year wheat grain and
maize fodder yield vwas recorded. During September 1997,
approximately 45 days after maize planting, saturated
infiltration and bulk density were determined in the field and
water retention in laboratory using intact samples. All the
three parameters wvere determined for genetic horizons
including Ap (0-11cmj), AB (11-23 cmj, Bwv {23-32cm), and
Btk {32-75 cm)] in each plat.

Soil Physical Characteristics: Water retention characteristics
wvere determined using undisturbed soil cores (5 cm diameter]
collected from each plot. The water content in the cores
equilibrated at -1, -5, -10, -30, -b0, -200, and -1500 kPa
matric potential applied on tension table and pressure plate
extractor was recorded. From above data field capacity,
permanent wilting point, available equivalent water depth for
each horizon and the total plant available vwater depth in the
profile were calculated (Klute, 1986]. In each plot, bulk
density was measured by placing a calibrated Gamma probe
{CPN 501} at the middle of each horizon. Saturated infiltration
vvas measured in sifu for each horizon using a constant-head
{+50 mm]j well permeameter {Reynolds and Elrick, 1985].
Once steady state condition reached, at least four readings of
the drop in water levels in the reservoirs were recorded at
constant time interval. The infiltration flux (L? t~'), infiltration
rate (L t~'), field saturated hydraulic conductivity (K} (L t7'},
and matric flux potential (sm) (L? t'] were calculated
using the rate of drop (L t~'] in the cylindrical reservair
{Reynolds et al., 1983). Pore size distribution was calculated
from the soil vwater retention data using the socil-vwater capillary
model (Bouma, 1991].

Statistical Analysis: The depth-wise effect of the fertilizer
amendments and the tillage on the soil physical properties and
possible interactions wvere evaluated using a three-way
analysis of variance. The variables were arranged with tillage
in the main plot, fertilizer in the sub-plot, and the depth in the
sub-sub-plot. A two-way analysis of variance was used to
determine whether grain vield and surface structure varied by
fertilizer treatment or tillage. Comparison of treatment means
was made using the Duncan’s Multiple Range test (SAS
Institute, 1992).

Results

Crop Yield: Crop vield was consistently greater with
moldboard tillage, although in some years the yield difference
was nhot statistically significant. In the selected years the
interaction between tillage and the fertilizer treatment was
non-significant and the yield data are summarized according
to the main effects {Table 1). An application of NPK resulted
in significantly greater {¢ 0.05) yield than that of the Control
and FYM. The combined application of NPK and FYM resulted
in the greatest yield although in some years the difference was
not statistically significant with that of NPK yields (Table 1).

Soil Bulk Density ip,): Scil profile p,, averaged over the 75
cm depth, decreased from 1.67 Mg m~> to 1.63 Mg m™° due
to moldboard ploughing. The application of FYM reduced the
profile average p, to 1.52 Mg m ? as compared to 1.56 Mg

m~? with continuous use of NPK fertilizer. Since fertilizer -
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tillage and fertilizer - depth interactions were significant, the
main effect could not be interpreted independently. Long-term
moldboard ploughing combined with an application of NPK and
FYM resulted in the lowest o, of 1.40 Mg m~= in the Ap
harizon (Fig. 1). The moldbeard ploughing also resulted in
lower p, in the AB horizon compared to cultivator tillage,
except when manure was used without the chemical
fertilizers. Moldboard ploughing alse had a low [y, in the Bw
and Btk1 herizons when NPK was applied.

Saturated Infiltration and Hydraulic Conductivity (K.): The
moldboard ploughed soil profile had saturated infiltration
rate of 41 mm h™', which was significantly greater than 26
mm h~" for tine cultivated profile (Table 2). So, profile K, of
the moldboard ploughed plots was significantly greater (8 mm
h™"} than the cultivator tilled plots (5 mm h™'). Moldboard
ploughing particularly increased the infiltration and K, in the
upper 0-32 cm profile with the application of NPK alone or in
combination with FYM but the two tillage treatments had a
statistically similar infiltration and K;, (for the Ap horizon)
under Control and FYM alone. The average infiltration in the
cultivator plots vwas greater in the Ap than the AB horizon,
whereas the moldboard plots had a similar infiltration rate for
both the Ap and AB horizons.

Infiltratbility (averaged over the tillage treatments) ranged from
20 mm h™' in the Control to 44 mm h~! with combined
application of FYM and NPK {Table 2). Similarly, the combined
farmyard manure and NPK application resulted in greater K;,
and matric flux potential. The fertilizer treatment effect on
infiltration wwas limited to the upper depths. Control had less
infiltration at all depths compared to the other three
treatments (Fig. 2). The AB horizon in the Control plots had
the least infiltration but such an effect is not observed in the
FYM and/or NPK treated plots. The three-way interaction
betwween tillage, fertilizer treatment, and the profile depth wvas
also significant. The moldboard plots that received the
combined application of FYM and NPK had the highest
average K; (11 mm h7'). On the other hand the
cultivator plots without any fertilizer application had the
lowvest K, (3.0 mm h™ ).

Water Retention Characteristics: The moldboard ploughed
plots retained more water at a given matric potential
compared to that of the tine cultivator tilled (Table 3},
although the magnitude of difference decreased as the
potential level became more negative, but it remained
statistically significant. The wvater retention below 32 cm
depth did not change with the tillage treatments. FMY alone
or in combination wvith NPK retained more wvater than control,
at same metric potential. At -30 kPa, the application of FYM
alone or in combination with NPK had B, 0.152 g g ' as
compared to 0.136 g g~' in control.

The wvater retained at various matric potentials varied with the
horizon depth as well. Generally, the Btk {(32-76 cm] and Bw
{23-32 cm] horizons retained greater water than Ap (0-11 cm])
and AB (11-23 cm] horizon at a given matric potential.

Plant Available Water: The moldboard plots had more plant
available water (water content between -30 and -15600 kPa)
and easily available wvater (vwater content between -30 and
—200 kPa) compared to that of the cultivated plots, except in
control (Fig. 4 & Table 4). This trend vwas more pronounced in
the magnitude of easily available water (Fig. 4b). Plant
available water vwas approximately 8 to 10 cm per 75 cm
profile in the cultivated plots with no statistical difference
ameong the fertilizer treatment means. Plant available water
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Table 1: Copy vield (Mg ha '} in selected vears as affected by the tillage and the fertilizer freatments

Treatments Crops

Maize (fodder) Wheat (grain)

1986 1957 1988 1996-97 12597-98
Tillage
Moldboard 23.30a 16.20a 30.30a 2.50a 2108
Cultivatar 19.60b 15.00a 26.60b 2.20m 1.80b
Fertilizer
Control 16.10b 10 60c 18.00b 1.90bc 1.10b
MNP 27.00a 18.10b 32.70a 2.60ab 2.60a
Y1 17.75b 11.40c 19.60b 2.10hc 1.10b
MNPK 4-FY T 30 253 22 30a 38 508 2903 2 803

Tillage and fertilizer treatrments means sharing the same letter do not differ significantly (a ©.05)

Table 2. Infiltration rate, field saturated hydraulic conductivity [K;) and matric flux potential (d)fs) determined using saturated infiltration
measurad in situ using a constant-head well permeametsr (Reynolds, 1983)

Treatment Depth (cm) Infiltration rate s [/
mmh~! Wb ~! mm?h—!
Tillage®
Cultivatar 25.9b 5 2h 420.0b
Maldboard 40 .8a 8.1a 670.0a
Fertilizer*
Control 19.4b 3.9b 330.0b
MNP 34 7a 7. Z2a 580.0a
Fy 3b.5a 7.3a 610.0a
NP +FyA 43.8a 8.0a £670.0a
Horizon*
Ap 011 37.0a 7.0ab 580.0ab
AB 11-23 34 2a 6.6ab 530.0ab
B 23-32 22.4b 4.8b 390.0b
Btk 32-75 39 7a 8.7a 690.0a

3, Tillage and fertilizer means are averaged on the profile and harizon means are averaged aver both tillage and fertilizer treatrments. Means
sharing the same letter do not differ significantly (a 0.08)

Table 3: Water retained at various matric potentials as affected by tillage and fertilizer

Treatments Depth (cm) -30kPa -B0 kPa -200 kPa -B0O0 kPa -1800 kPa
___________________________________________________________ g g_“ Sy

Tillage®

Cultivator 0.140b 0.122a 0.098b 0.074b 0.057b

Moldboard 0.155a 0.127a 0.101a 0.078a 0.063a

Fertilizer®

Control 0.138b 0.177b 0.095b 0.074bc 0.058b

NPE 0.14%9ah 0.128a 0.097b 0.072c 0.057b

Fy¥ i 0152a 0 130a 0 105a 0082a 0.065a

MNPE +FYh 0.152a 0.125a 0.098b 0.077ab 0.063a

Horizon*

Ap 0-11 0.140ba 0.120b 0.092¢c 0.070c 0.055¢

AB 11-23 0 136c 011%8b 0 086d 0 066c 0.05bc

Bev 23-32 0. 160a 0 127ab 0 104b 0 080b 0.061b

Btk 32-75 0.153ah 0.133a 0.112a 0.088a 0.072a

%, Tillage and fertilizer means are averaged on the profile and horizon means are averaged over both tillage and fertilizer treatments
Means sharing the same letter da not differ significanthy (w 0.05)

Table 4: Plant available wwater and total porosity

Treatment Depth (cm) Plant available water Easily available Total porosity
= per 75 cm cm psr 75 cm 7 ?

Tillage®

Cultivator 8.20a 4.00b 0410

Moldboard 9.60a 5.75a 0.42a

Fertilizer®

Caontrol 7700 3.74b 041a

NPE 9.90z 5.56a 0.41a

FY i 8.80a 4.58a 0.43a

MNP 4+ FY I 9.253 5 56a 0.41a

Horizon® e M par MO ZON Cep th —mmmmmm o oo oo

AP 0-11 1.42b 0.80b 0.43b

AB 11-23 1.600 1.00b 0.38c

B 23-32 1.43b 0.80b 0.40

Btk 32-75 4. 46a 2 308 0.45
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Changes in soil bulk density due to the long-term
tillage and fertilizer treatments in the upper four
horizons: (al, Ap (0-11 om); (b, AB (11-23 cmi; (c),
Bww (23-32 cm); and (d), Btk (32-75 cm).

Fig.

wvith moldboard ploughing increased from zero in control to 4
and & cm per 75 cm profile in FYM and MPE treatment. Easily
awvailable wwater in the cultivator tilled plots remained
unchanged by the application of NPK and FYM when applied
both separately or in combination (Fig. 4b). Although the Bw
horizen had the highest plant availsble water and easiby
awvailable wvater fractions but due to greater total depth the Btk
horizon had significanthy larger wwater depth than the other
horizons (Table 4]

Pore Size Distribution: In the cultivator plots, where pulverizing
weas limited to the surface O-11 cm, the AB horizon had the
lowest quantity (or wvolume] of 80-300 gm radius pores,
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Fig. Z: Infiltration rate as affected by the tillage and the
fertilizer treatments in the upper three soil horizons:
{al, Ap (0-11 cmi; (b), AB (11-23 cm); and (c), Bw

[23-32 cm).

although, the 3040 um radius and smaller pores wwere greater
or equal to the above or below horizons (Fig. Bl

Discussion

The study dermonstrates benefits of moldboard ploughing in
the rainfed crop production system. The decrease in soil bulk
density, increase in wvater infiltration, and more wwater storage
capacity due to the long-term meldboard ploughing combined
wwith NPK and FYM translated into agronomic vield gains. The
decreased bulk density as a result of long-term continucous use
of FYM conforms to previous studies [Sur gt &, 1983). A bulk
density reduction of 0.004 Mg m= per Mg manure ha=" under
roldboard and < 0.001 Mg r® per Mg manure ha™! under
rotatiller and cultivator wwas reported by Sommerfeldt and
Chang [1387]). At this site, the difference in pg walues in the
Ap with and without FYW was 0.13 Mg m=* which is well
within the stipulated values of 0.1 Mg rm™? decrease in Py with
5 Mg ha=" applied owver B years. Howvewer, this is in contrast
to numerous other results wwhere moldboard ploughing resulted
in a lowveer bulk density in surface scils compared to long-term
no tillage or reduced tillage (Azooz ot al, 1898, Beordowsky
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Fig. 3: Saturated hydraulic conductivity as affected by the
tillage and the fertilizer treatments in the upper three
soil horizons: [a), Ap (0-11 cm); (b), AB (11-23 cm);
and (c), Bww (23-32 cm).

et al, 1889]. Scil bulk density is directhy affected by tillage
methods (Unger, 1332) and, specifically, to the depth at
which the tillage is carried out (Gill 81 &/, 2000).

The smaller reduction in bulk density in the cultivator plots
compared to that of the moldbeard plots, when both had
received FMY, may be attributed to a difference in
incorporation zone (Kooistra, 18890). The type and guantity of
organic matter (Bordowsky grall, 19588) or residue cowver at the
time of wehicular traffic alsc determines wariability in bulk
density [Lal et &/, 1984). Moldboard tillage has been reported
to increase organic matter turnower rates (Balesdent er al,
2000 but ubiquitous results cannot be expected due to their
strong interaction with regional climate and the soil physical
properties.

The saturated hydraulic conductivity is a highly wvariable soil
parameter (Cw = 100%; Hill, 1880) and it is difficult to
ascertain a treatment effect. Mewvertheless, the mean Kg
walues in this study are similar to those reported for sandy
loam, e.g., 11 mm h="1 under moldboard (Azooz Bt al., 199a8)
At this site, the moldboard treatment increased the saturated
wvater transmission by over 33 %, which may be ascribed to
the increased total woid spaces in the soil (Chang and Lindweall,
1892; Gomma and El-Naggar, 198EB]. In this study, the
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Fig. 4. Flant available wvater in 75 om profile depth of each

fertilizer plot under moldboard and cultivator: (a) total
available wwater, water retained betweeen -30 and
—1800 kPa matric potential and (b) easily awvailable
wiater, water retained betwween -30 and -200 kPa
matric potential .

moldboard ploughing pulverized both Ap and AB horizons and
brought their infiltration to a similar level, whereas in the
cultivator tillage, the AB horizon remained untilled and resulted
in lowwer K. Organic matter addition also increases infiltration
and hydraulic conductivity (Fig. Z). These results wwere in
accord with mamy other studies [(Mnabude and Mbagwu,
13229; Klik eral, 1554

Increased infiltration as a result organic matter application can
be attributed to an increased porosity and decreased bulk
density (Al and Sweartzendruber, 15940,

The increased wwater retention under moldboard ploughing may
be attributed to change in pore size distribution as wwe discuss
later. Akhtar and Qurashi (1985) also reported increased sail
wvater retention at lowvw metric potential and a decrease at high
metnc potential due to moldboard ploughing in the riceswheat
system.

FY¥M alone or in combination with MPK improved wwater
retention in the sandy loam soil more than the fertilizer control
at all metric potentials (Table 21 due to increased air filled
porosity [Zhu and Yao, 1883). Similar results, and the fact
that the magnitude of the effect depends upon scil texture,
wwere reported by Darnevish st &l (18851 Increased weater
retention at given tensions with poultry manure (Obi and Ebo,
122E5) and green manuring [Sur st &), 1993) has also been
reported. The general consensus is that the magnitude of
positive effects of organic matter addition on soil wwater
retention characteristics is site specific, and depends greathy
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Fig. B Pore size distribution in upper four soil horizons of each fertilizer plot under maoldbeard and cultivator as determined by

wwater retention characteristics.

on the initial soil organic matter level and rate of oxidation.

The wvater retained atwarious metric potentials varied with the
haorizon as wwell. Generally, the Btk and Bww horizons retained

meore wwater than the Ap (0-11 om) and AB (11-23 cm)
honzons at a given metnc potential (Table 21 The Btk horizen

retained more weater than that of the Bww horizon at both loww
tension and high tension which is characteristic of a clayey
fine textured material. The Btk horizon had a higher clay

content and had better-developed structure based on wisual
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cbzervation in the field. The AB horizon retained the lowwest
wwater, consistently, for given potential range. It had the
greatest bulk density (Fig. 1) and the lowwest macroporosity
[discussed later).

Pore Size Dismbuton: Pore size dstribution waries with horizon
in an undisturbed genetic scil profile and tillage affects the
tilling depth. In the cultivator plots, where pulverizing wwas
limited to the surface O-11 cm, the AB horizon had the lowwest
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quantity {or volume) of 60-300 um radius pores. Though, the
30-60 um radius and smaller pores vvere greater or equal to
the above or below horizons for the cultivator treatment, the
AB horizon had the highest bulk density. The contribution of
smaller pores to total porosity is generally insignificant (Drees
et al., 1994). Consequently, the increased bulk density
appeared to correlate better with the 60-300 u4m size pores
decrease than the change in any other size radius pores {Asare
ef al., 1999; Akhtar et al, 2001). Moldbeard ploughing
increased the quantity of 60-300 um size pores in the AB
horizon, especially when both NPK and FYM wvere applied in
combination. This again conforms to the reduction in bulk
density. It also indicates that incorporated organic material
may correct tillage induced degradation of soil physical
properties (Oyedele et al., 1999]. Incorporation of organic
matter increases the number of macropores {Akhtar et al.,
1999) by encouraging granulation and by creating void space
as the large organic material is decomposed (Asare et al.,
1999),

The application of FYM alone or in combination with NPK
resulted in a greater volume of various size pores than the
control. The manure application effect varied with tillage but
generally the results conformed to earlier investigations that
organic matter improves soil structure through the stimulation
of structure-forming soil fauna (Kooistra, 1990). An increase
in total porosity and macro-porosity {Obi and Ebo, 1995) and
decreased bulk density (Zhu and Yao, 1993} has been
reported with long-term manuring. An increase in soil porosity
of « 260 um effective pore radius with long-term manure
application vvas also reported by Pikul and Zuzel (1994]). These
increases in macropores, ranging from 50-600 ym, in soil
treated with organic fertilizers is reported to be mainly due to
an increase in elongated pores, which are considered
important both in soil-water-plant relationships and in
maintaining a good soil structure {(Marinari ef al., 2000).

The long-term field experiment fertilizer treatments under rain-
fed wheat-maize system has shown moldboard tillage and NPK
and annual application of FYM increased the crop yield by
improving in physical condition of the sandy loam soil. The
same treatment reduced soil bulk density, increased saturated
infiltration, and increased the plant available water compared
to that of tine cultivator. The primary benefit of the moldboard
ploughing and combined application of FYM and NPK wvas also
the increased macroporosity and saturated infiltration in the
upper 0-32 cm profile. The compact AB horizon, which had
the lowest wvolume of 60-300 um radius pores before
ploughing, wwas pulverized by the meldboard treatment.

The Bt {32-7b cm] horizon is the main reservior for plant
available wvater. This horizon is completely recharged during
the repetitive monsoon rain events and helps to keep optimum
wvater supply to the Rabi crop [wheat) during November and
December. Recharge of the subsoil during scantly westerly
rain showers in the region falling in late December and
January is more critical for optimum wheat yield, which can
only be achieved by pulverizing the compact AB horizon.
Future research to investigate independently the sail water
balance would be beneficial to corroberate the results of this
study. Although no soil penetrometer or root mass
measurement were carried out, it is quite likely that moldboard
ploughing helped to remove physical constraints to root
development.
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