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Abstract. For testing how cover crops and different fertili-
zation managements affect the soil physical properties in a plough
based tillage system, a five-year crop rotation experiment (field
pea, white potato, common barley undersown with red clover,
red clover, and winter wheat) was set. The rotation was managed
under four different farming systems: two conventional: with and
without mineral fertilizers and two organic, both with winter cover
crops (later ploughed and used as green manure) and one where
cattle manure was added yearly. The measurements conducted
were penetration resistance, soil water content, porosity, water
permeability, and organic carbon. Yearly variations were linked
to the number of tillage operations, and a cumulative effect of soil
organic carbon in the soil as a result of the different fertilization
amendments, organic or mineral. All the systems showed similar
tendencies along the three years of study and differences were
only found between the control and the other systems. Mineral
fertilizers enhanced the overall physical soil conditions due to the
higher yield in the system. In the organic systems, cover crops
and cattle manure did not have a significant effect on soil physi-
cal properties in comparison with the conventional ones, which
were kept bare during the winter period. The extra organic matter
boosted the positive effect of crop rotation, but the higher num-
ber of tillage operations in both organic systems counteracted this
effect to a greater or lesser extent.

K ey w ords: bulk density, compaction, manure, penetration
resistance, porosity

INTRODUCTION

In the last 20 years, agriculture cannot be understood
without the use of mechanization and fertilizers. The in-
creasing number of operations and the use of larger equip-
ment, in addition to the continuous and intensive cropping
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systems, have led to soil degradation as a common problem
on most of the farms that till the soil (Liu et al., 2007). In
Estonia, one-third of the arable land is affected by some
kind of degradation such as erosion, compaction, soil acidi-
fication, and other phenomena that reduce the soil fertility
and crop productivity (Astover et al., 2006). In 2008, re-
search carried out by the Agricultural Research Centre in
collaboration with the Estonian University of Life Sciences
defined soil compaction as one of the biggest problems
affecting the soil not only at the regional level (Reintam
et al., 2009a), but also as a current issue in most of the
Eastern European soils (European Commission, 2006).

Compaction is defined as a process of densification, in
which porosity and permeability are affected. This reduces
water drainage and air exchange between the soil and the
atmosphere (Weisskopf et al., 2010), hampers the root pene-
tration, and diminishes the nutrient uptake, finally affecting
the crop yield (Reintam et al., 2009a; 2009b).

In the past, nitrogen fertilizer amendments were con-
sidered as a compensatory measure for the negative effects
of soil compaction. These fertilizers indirectly influenced
the soil organic matter content by increasing crop produc-
tivity and root density (Edgerton, 2009) and the amount
of soil organic carbon (SOC) when the crop residues
were incorporated later into the soil. However, this costly
practice is not environmentally sustainable since it carries
a severe risk of nitrate contamination of soil and water
(Juet al., 20006).
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This contributed to increased research on different
sustainable soil management strategies. During the last
decades, the decline in SOC in most of agricultural sys-
tems and the awareness towards the importance of global
C budgets have boosted the interest in organic farming as
an alternative agricultural practice to enhance crop pro-
duction and maintain soil quality under increasing world
population and climate change conditions (Lal, 2009; van
Diepeningen et al., 2000).

Organic farming relies on the use of cover crops, rota-
tions, and residue management as some of the key practices
for enhancing the organic matter content in the soil and
hence improving the soil quality (Olesen et al., 2007).
Several studies have shown that continuous applications
via manure significantly reduce the values of compaction
indicators such as bulk density and penetration resistance
(Chen et al., 2013), stimulate the microbial and fauna
activity of the soil, and enhance soil aggregate structure
(Treonis et al., 2010). The use of crop rotations favours
a more efficient use of soil nutrients by plants. Crops with
different root lengths and densities are able to mobilize and
extract nutrients and water from deeper layers. However,
these roots also create biopores in the soil profile and can be
used, especially plants with vigorous roots, to prevent and po-
tentially alleviate problems derived from compaction as
well (Chen and Wail, 2011). Finally, maintaining vegetation
on crop fields during the off-season through cover cropping
has been shown as a good measure to improve overall soil
condition. Traditionally used for preventing erosion and
nitrogen losses (Sainju et al., 2003), some winter cover
crop species, like those from the genus Brassica, are used to
potentially alleviate soil compaction problems due to their
root system morphology (Hamza and Anderson 2005).

However, the positive effects of these practices are not
permanent and changes during the whole rotation (Gtab
et al.,2013) linked to the local soil and weather conditions,
the crop species, the fertilization rates, tillage practices etc.
can occur (Gtab and Kulig, 2008).

Despite the number of studies focused on the effect of
organic and conventional farming practices on the chemi-
cal and biological properties, there is still no comparative
research on soil physical properties under organic and
conventional farming management (Papadopoulos et al.,
2013). Similarly, research on cover crops has been confined
to their use as nitrogen-binding agents and their effect on
succeeding crops (Sainju et al., 2003), while relatively few
studies on the effect of winter cover crops on soil physi-
cal properties under northern climate conditions have been
conducted (Talgre et al., 2011).

The aim of this research is to contribute to this field
of study by comparing the effect on soil physical proper-
ties —focusing on dry bulk density, porosity, penetrability,
water retention capacity, and water availability— of four dif-
ferent fertilization managements under the basis of organic
and conventional farming in a plough based tillage system.

D.S. de CIMA et al.

Although physical changes in soil are expected in a long-
term period, it was hypothesized that organic systems, due
to the higher content of organic matter (green and cattle
manure) and the presence of cover crops during the winter
period, would offer more favourable soil physical condi-
tions (lower bulk density, higher plant water availability,
etc.), than the conventional systems within 4 years (2012)
after the rotation was started (in 2008), even in an inten-
sively tilled soil.

MATERIAL AND METHODS

In a field experiment set up at the experimental station
of the Estonian University of Life Sciences in Eerika, Tartu,
Estonia (58°22' N, 26°40’ E), soil physical properties under
different farming systems were compared during the years
2010-2012. On a soil described as an Albic Stagnic Luvisol
in the World Reference Base for soil resources classifica-
tion (IUSS Working Group WRB, 2006), five-year crop
rotation: winter wheat (7riticum aestivum L.), field pea
(Pisum sativum L.), white potato (Solanum tuberosum L.),
common barley (Hordeum vulgare L.) undersown with red
clover (Trifolium pratense L.), and red clover — was estab-
lished in 2008. The soil texture fractions were 56.5% sand,
34% silt, and 9.5% clay and the humus layer had a depth
between 27 and 29 cm.

The experimental design consisted of eighty plots of
approximately 66 m?, divided into four groups (farming
systems). Each system was divided into four subgroups
(replications) of five plots, where every plot corresponded
to a different crop. The farming systems are described as
follows:

— conventional I: used as a control, consisted of 20 plots
under conventional management without any incorpora-
tion of chemical fertilizers (N P K ) but with a yearly
addition of different pesticides;

— conventional II: 20 plots under conventional manage-
ment where different concentrations of complex mineral
fertilizers were added depending on the culture (com-
mon barley received N, P, K ., winter wheat and white
potato received N, P, K ., low-N-rate N, P, K, was
used for field pea, as it is a leguminous crop, and red
clover alone was not fertilized). In addition, these plots
were treated with different pesticides as well;

— organic I: 20 plots under organic farming conditions with
the same crop rotation but including winter oilseed-rape
(Brassica napus ssp. oleifera var. biennis) after pea, rye
(Secale cereale L.) after potato, and perennial ryegrass
(Lolium perenne L.) after winter wheat, as winter cover
crops. In these plots weeds were removed by harrowing
and no chemical plant protection was used;

— organic II: 20 plots under the same conditions than the
previous system (organic I), plus manual addition, in
autumn 2009 and every spring since 2010, of 40 t ha'!
of composted cattle manure in those plots where potato
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was cultivated. On average, the composted cattle manure
contained: total nitrogen (N) — 9.7 g kg™, total phospho-
rus (P) — 4.6 g kg, total potassium (K) — 8.6 g kg'!, total
carbon (C — 138 g kg'!, total calcium (Ca) — 11.7 g kg™!,
total magnesium (Mg) — 3.4 g kg, and 44.8% of dry
matter (DM).

Organic and conventional plots were separated with an
18-meter long section of mixed grasses. This prevented the
organic plots from being contaminated with synthetic pes-
ticides and mineral fertilizers from the conventional side.
In the case of organic systems, a 10-meter long protective
area prevented manure spreading over those plots were it
should not be used.

Both conventional systems were treated twice per year
with herbicides, two to three times with different insecti-
cides; meanwhile, fungicides were applied three to four
times.

From 2008 to 2010, after the harvesting of field pea,
white potato, and winter wheat in the conventional plots in
the early autumn, no more operations took place on the soil
until the end of October when the plots were ploughed at
22 cm depth. The plots where common barley was under-
sown with red clover remained unaltered during the winter
period. No ploughing was done in autumn in 2011. Later,
since 2012, the soil ploughing was done in spring at the
same time as in the organic plots. In the case of the organic
systems, winter cover crops were sown after harvesting the
main crops and ploughed at the same depth (22 cm) into the
soil the next year at the end of April. In May, barley with
red clover and pea were sown in all systems and, finally, red
clover was ploughed in July. During the spring, the plots
were cultivated several times at 10-12 cm depending on the
culture and the year and harrowed at 1 cm depth to destroy
the weeds. The plots where potato was planted were culti-
vated at 25 cm, harrowed at 4-5 cm depth, and subsequently
furrowed and hilled.

It is important to remark that 2010 and 2011 were the
third and fourth year, respectively, of conversion to organic
farming. Hence, by 2011, the organic farming systems had
already been fully organic. For a better understanding, in
the present paper the notation ‘organic’ is used for defining
both organic systems independently of the year.
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The weather conditions differed slightly between the
three years of study. In 2010, the average temperature (T)
was 5.73°C with temperatures below zero already in the
second half of November. The total precipitation (P) was
598.6 mm, concentrated mainly during the summer peri-
od. On the other hand, 2011 was warmer (T = 6.28°C) and
drier, with total precipitation P = 454.8 mm. Finally, 2012
was characterized by high precipitation occurring in the
first half of the year in comparison with the two previous
years, with P =584.6 (Table 1), and an average temperature
of 5.35°C.

The sampling and measurements were done in autumn
after harvesting the main crops from the medium section of
each plot in 2010 and 2011. In 2012, samples were taken in
spring before ploughing the soil.

A cone penetrometer (Eijkelkamp Penetrologger with
60 degree 1 cm? cones) was used for measuring the pene-
tration resistance down to 50 cm depth. For the rest of the
physical properties studied, steel cores (54 mm internal
diameter and 40 mm height, with wall thickness approxi-
mately 1.5 mm) were used at 5 to 10 cm depth, taking four
replications of undisturbed soil per plot; this makes a total
of 320 samples per year. In addition, for every plot, appro-
ximately 250 grams of soil were placed into plastic tubs
for further analysis and determination of plant available/not
available water content. For the soil organic carbon (SOC)
analysis, 8 replications per plot were randomly taken at the
same time from 0 to 25 cm depth and later combined to
make one average sample. Every sample was air dried and
passed through a 2 mm sieve.

At the Department of Soil Sciences and Agrochemistry
of the Estonian University of Life Sciences, the soil cores
were weighted (at field-moist condition) and capillary
wetted for 24 h on a plate until saturation. Total porosity
(TP), air filled pores (AFP), and dry bulk density (p,) were
determined by subjecting the cylinders to constant drain-
age over a sand bed to a water tension of 6 kPa for 12 days
and later drying in the oven at 105°C for 24 h (Angers
and Larney, 2007). Water permeability (k) was measured
usingaHaubenpermeameter (Eijkelkamp, The Netherlands).
For the calculation of the plant available (PAW) and not
available water (PnAW), three air dried soil replications

Table 1. Average quarter (three months) temperature (T) and total precipitation (P) values at the experimental site during the period

2010-2012
January-March April-June July-September October-December
Year
T (°C) P (mm) T (°C) P (mm) T (°C) P (mm) T (°C) P (mm)
2010 -4.10 75.4 11.09 160.4 17.20 235.8 -1.25 127.0
2011 -5.94 324 11.52 104.8 15.99 182.8 3.57 134.8
2012 -5.77 85.8 9.93 221.4 14.93 205.0 2.95 113.0
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Table 2. Mean values of the soil physical parameters and organic carbon, in the three years of study at the top layer (5-10 cm)

Parameter Year Conventional I Conventional 1T Organic I Organic II
2010 16.79Aa 16.03Aab 15.26Ab 16.11Aab
0 (%) 2011 16.33Aa 16.48Aa 18.12Bb 18.03Bb
2012 19.75Ba 19.13Ba 18.84Ba 19.41Ba
2010 1.53Aa 1.53Aa 1.60Ab 1.59Ab
p, (Mg m*) 2011 1.54Aa 1.46Bb 1.49Bab 1.44Bb
2012 1.45Bab 1.39Cb 1.47Ba 1.48Ba
2010 41.34Aa 41.20Aa 38.69Ab 39.24Ab
TP (%) 2011 40.88Aa 44.14Bb 42.86Bab 44.68Bb
2012 44.53Bab 46.52Cb 43.53Ba 43.21Ba
2010 16.70Aa 14.11Aab 11.78Ab 12.49Ab
AFP (%) 2011 12.58Ba 15.36Ab 13.10Aa 15.52Bb
2012 15.96Aa 19.11Bb 14.62Aa 14.07ABa
2010 18.16Aa 21.36Ab 20.05Abc 19.73Aac
PAW (%) 2011 16.66Aa 20.83Ab 15.81Ba 16.48Ba
2012 22.01Ba 22.82Ba 22.03Ca 21.42Ca
2010 6.48Aa 5.73Ab 6.86Aac 7.02Ac
PnAW (%) 2011 11.63Ba 7.93Ac 13.95Bb 12.75Bab
2012 6.63Aa 4.59Bb 6.90Aac 7.71Ac
2010 87.74Aa 96.50Aa 19.88Ab 26.72Ab
k(cmd?) 2011 46.79Ba 81.81Ab 48.20Ba 68.82Ba
2012 103.8Aa 82.32Aa 94.68Ca 91.32Ca
2010 1.21Aa 1.33Ab 1.46Ac 1.44Ac
SOC (%) 2011 1.10Ba 1.32Ab 1.35Ab 1.37Ab
2012 1.33Ca 1.40Ba 1.58Bb 1.57Bb

0 — soil water content, p, — dry bulk density, TP — total porosity, AFP — air filled pores, PAW — plant available water, PnAW — plant not
available water, k — soil water permeability, SOC — soil organic carbon content. Mean values followed by a different capital letter within
each column indicates significant yearly differences (#-test, p<0.05) within the same system. Mean values followed by a different small
letter within each row indicate significant difference (linear mixed model, p<0.05) among the systems within the same year.
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from the tubs were placed in small steel cylinders (1.5 cm
diameter, 0.5 cm height, and 0.1 cm thick) and placed into
pressure vessels at 1500 kPa during 30 days, weighted,
dried at 105°C, and weighted again. Finally, soil orga-
nic carbon (SOC) was determined by the Tiurin method
(Vorobyova, 1998).

To test the effect of the four fertilization systems on the
soil penetration resistance at three depths, one-way analysis
of variance was applied, followed by the least significant
difference (LSD) test at the 95% level of confidence. The
system effect on the different soil parameters was tested
according to a general linear mixed model in R-Studio
(R Core Team, 2012), considering also the effect of crop
and repeated measurements made on the same plot, where
p<0.05 was considered as statistically significant. For test-
ing the significant differences among the three years of
study, the #-test was used.

RESULTS AND DISCUSSION

Even though bigger changes in physical soil properties
may be expected in a longer term, within four years after
the crop rotation started (in 2008), significant differences
(p<0.05) were already found among the systems.

Making an overall comparison of the soil physical
properties in 2010 and 2012, despite the continuous tillage
operations carried out in the systems, a general improvement
in terms of soil porosity, water availability, permeability,
and organic carbon content in the plough layer can be ob-
served in all the systems (Table 2). Without taking into ac-
count other factors affecting soil structure analyzed later,
this can be associated with a positive crop rotation effect
(higher organic matter content and crop roots effect). Simi-
larly to other studies (Carter ef al., 2003; Hao et al., 2002),
crop rotation showed a cumulative positive effect (Hao ez al.,
2002) on soil structural stability (higher porosity) and pre-
vented soil organic carbon losses in the systems (Table 2).

The variability in the results along the years was also
connected with the soil conditions at the time of sampling.
In 2010 and 2011, soil samples were taken during the
autumn period. By that time, the plots had been cultivated
during the spring and main crops had already been harvest-
ed. On the other hand, in 2012, soil sampling took place
in spring. Winter cover crops were present in the organic
systems, in the conventional system only common barley
undersown with red clover remained in the soil, while the
other plots were just covered by plant residues (without till-
age). Therefore, in 2010 and 2011, a notable tillage effect
on the soil physical condition was expected as result of
the operations previously carried out during the growing
period. In turn, in 2012, the soil was kept unaltered until the
sampling time and was only affected by the freezing and
thawing cycles during the winter period and the organic
systems benefited from the presence of the cover crops.
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On the other hand, climate conditions during the whole
year play an important role with regard to certain soil
physical conditions. The weather conditions in 2011 were
relatively drier in comparison with the other two years. In
general, plant roots under moderate water stress conditions
tend to increase the fine root length per unit soil volume,
even in deeper soil layers (Chaves et al., 2002). Plant roots
extend easily through macropores or regions of weakness
in the soil, compacting the surrounding soil particles and
decreasing the pore size. This is connected with the increase
in PnAW (Table 2), which corresponds to the portion of
water stored in the micropores. Reintam (2006) showed
that under non-compacted soil conditions, root densities
were lower in those plots where mineral fertilizers were
added, since nutrients are found more accesible for plants.
This can explain why despite the general increase in PnAW
in 2011, the porosity fraction remained basically unvariable
in the Conventional II system. Lower root density resulted
in lower compaction and hence the different porosity frac-
tions remained the same.

The yearly variability as well as the differences among
the systems can be the result of a cumulative fertilizer and
SOC effect. On the one hand, the lack of any fertilization,
mineral or organic, and/or cover crops, negatively affect-
ed the control system (Table 2). In addition, the relative
low crop yield recorded in the system during the period
from 2009 to 2011 (Tein et al., 2014) poorly contributed
to maintenance of the SOC pool in the soil. Other short-
term experiments similarly showed a quick decline in soil
organic carbon after a few years without any extra organic
matter amendments (Liu et al., 2007).

On the other hand, the systems where fertilizers were
applied showed an improvement in some of the soil physi-
cal parameters studied. Among the porosity fractions, AFP
exhibited a positive response to the addition of mineral
fertilizers (Table 2). The direct impact on soil physical pro-
perties derived from NPK fertilizers is hard to demonstrate
(Glab, 2014); however, previous studies have reported
a positive response of SOC to the addition of chemical fer-
tilizers in combination with crop rotation (Liu et al., 2007),
mostly connected with higher crop yields. In the conven-
tional II system during the period 2009-2011, Tein et al.
(2014) found 45 to 55% higher potato yields than in the
same plots under organic management, and on average,
conventional systems exhibited a 80% higher yield than
the organic ones. This corresponds to a bigger amount of
crop residues incorporated into the soil, which in turn sug-
gests a SOC source in the system that remains unaltered for
a longer period due to the lower number of tillage opera-
tions carried out in the conventional systems.

In the organic systems, cover crops alone or with cattle
manure had a significant effect on water permeability (k)
connected with the significant increase in SOC (Table 2).
The average SOC gains (2010-2012) from winter cover
crops in these systems were by 0.24-0.25 and 0.17-0.18%
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higher in than the conventional I and conventional II sys-
tem, respectively (Table 2). This suggests that the possible
SOC stock losses from tillage, water erosion, and minerali-
zation were lower than the SOC sequestered and maintained
from the cover crops. Organic matter represents a food sup-
ply for earthworms and provides better living condition for
the microfauna (Scullion et al., 2007). Organic I contained
twice and organic II 2.6 times more earthworms, compared
to the control system (unpublished data). Earthworms con-
tribute to an increase in the number of medium and larger
pores and hence an increase in water permeability.

However, the positive effect of cover crops and manure
was counteracted by the higher number of tillage opera-
tions carried out in the organic systems. Tillage operations
accelerated the mineralization of SOC, exposing aggregate
protected C to microbial attack and soil particles to the
effect of drying/rewetting and freezing/thawing cycles. In
the same way, the conventional I system, compared with the
rest of the systems, was more sensible to the effect of tillage
operations due to the low organic matter in the system.

In the same way as the physical parameters pre-
viously discussed, all the systems showed similar decreas-
ing tendencies with time in terms of penetration resistance
(Fig. 1) as the balanced bulk density decreased and poro-
sity increased (Table 2). At the ploughing depth (22 cm),
the average values in 2010 ranged between 2.54 and
3.09 MPa for the Conventional I and Organic I systems,
respectively (lowest and highest values); in 2012, these
values ranged between 1.92 and 2.14 MPa for the same
systems. This might correspond to the crop rotation and
SOC effect already explained and to differences in the soil
water content at the time of sampling (Table 2) since these
factors are directly correlated with the penetration resis-
tance (Hamza and Anderson, 2005). It is important to note
that even though the rest of the data collected derive from
the analysis of the soil top layer (5-10 cm), looking at the
penetration resistance diagrams, no big differences among
the systems are expected at the ploughing depth (Fig. 1).

Despite the small number of tillage operations and the
moderate weight of the tractor used (5 t), the discontinuity
in penetrability with depth under the ploughing layer (25-
30 cm depth) observed in 2011 may explain the evidence
of a possible plough pan. At this depth, around 8 cm below
the tillage depth, penetration resistance normally reaches
higher average values (Tsimba et al., 1999). However, the
relatively low clay content (under 10%), the small number
of operations, and the natural processes of freezing/thaw-
ing and wetting/drying, do not make the soil very prone
to structural problems due to soil compaction (Reintam,
2006). In fact, this soil hardening was a transient phenom-
enon and was not shown in 2012 (Fig. 1).

In the existing literature about penetration resistance,
several authors including Whalley et al. (2012) concluded
that, in general, penetrometer values greater than 2 MPa
can significantly affect the correct crop development and

D.S. de CIMA et al.
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Fig. 1. Average penetration resistance (MPa) with depth mea-
sured in the four systems in: a — 2010, b — 2011 and ¢ — 2012
year. LSD . — least significant differences at significance p<0.05,
ns — not significant differences among treatments. Different
capital letter indicates significant yearly (2010, 2011, 2012) dif-
ferences (#-test, p < 0.05) within the same system (conventional I,
conventional II, organic I, organic II) at the three studied depths:
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A,B,B; A,AB,B), 30 cm (A,A,B; A,A,B, A,B,C; A,B,C).
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the yield. These values were reached in 2010 and 2011 at
10-15 cm depth in some of the systems (Fig. 1). However,
in the same field experiment, Tein ef al. (2014) studied
the crop yield response to four fertilization levels. The
differences in yield found among the systems seem to be
connected with the presence/absence of mineral fertilizers
and not with problems derived from compaction.

The results derived from the present experiment do not
confirm so far the initial hypothesis. Despite the higher
amount of SOC, neither organic plot exhibited more favou-
rable physical properties than in the conventional fertilized
systems in the ploughing layer. However, many studies have
presented a significant effect of cattle manure enhancing
soil particle aggregation, reducing bulk density, and increa-
sing water holding capacity (Hati and Bandyoopadhay,
2011) and hence bigger differences might be expected in
a longer term.

CONCLUSIONS

1. Crop rotation and fertilization were the main factors
affecting soil physical properties and soil organic carbon.
Within 4 years after the crop rotation started, all the sys-
tems showed a general improvement in their soil physical
condition in the plough layer: lower bulk density, higher
plant available water and water permeability, and soil
organic carbon), which is connected with a positive crop
rotation effect.

2. The presence of winter cover crops, the return of the
crop residues, and the application of cattle manure con-
tributed to an increase in soil organic carbon and water
permeability. However, in a short term, this effect was not
statistically significant probably because the higher number
of tillage operations counteracted this effect.

3. The lack of any fertilization treatment in the control
system resulted in higher bulk density, lower percentage
of air filled pores, plant available water and water perme-
ability, and soil organic carbon compared with the other
systems.

4. Mineral fertilizers boosted the positive effect of crop
rotation to a greater degree than any of the organic manage-
ments proposed.

5. Taking into account that 2011 was the first year when
organic systems could be considered fully organic and not
all the plots had received cattle manure, bigger differences
are expected in a long term linked to the disparity in the
amount of organic matter among the systems.
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