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1. INTRODUCTION

The current problems associated with the intensive conventional man-
agement of agriculture, such as the decline of organic matter, degradation
of the soil structure, nitrate leaching (Herzog & Konrad, 1992), and
groundwater pollution (Poudel ez 2/., 2002), have promoted the interest
in and study of organic farming (van Diepeningen ez al., 2006). Further-
more, the interest in organic farming has also been stimulated by the
financial support of the European Union through the Rural Develop-
ment Programme (Ceseviciené ez al., 2009; Sacco et al., 2015) and the
increasing consumer awareness of food safety.

In 2011, the total area of organically farmed land in the world was 37.2
million hectares and there were more than 1.8 million organic farm-
ers. In Europe, in the same year, there were 280,000 organic farmers
and the total area of organically farmed land was 10.6 million hectares.
In Estonia, after the re-establishment of independence in 1991, several
governmental actions promoted a number of environmentally friendly
agricultural practices across the country, including organic farming. In
2014, the Estonian Farming Action Plan 2014-2020 was launched to
support the development of organic farming and increase the consump-
tion of local, organic food (Estonian Minister of Agriculture, 2014).

Organic farming is an agricultural management practice that leads to
the improvement of soil quality and fertility by maximizing the use of
resources that are already present in the agro-ecosystem and excluding or
limiting the use of chemical fertilizers, pesticides and genetically modified
organisms (Shannon ez a/., 2002; Steinshamn ez a/., 2004). Among these
management practices, crop rotation and cover crops have been incor-
porated into many farming systems, and their use is especially common
in organic farming. The benefits of both practices on soil fertility, plant
nutrition and productivity have been previously explored (Berzsenyi ez
al., 2000; Hao ez al., 2002; Aziz et al., 2011). The adoption of crop rota-
tion and/or cover cropping commonly leads to an increase in soil organic
carbon (SOC) (Hao et al., 2002; West & Post, 2002; Aziz et al., 2011)
and a decrease in nitrogen (N) leaching (Hooker ez a/., 2008). However,
less known are the effects of these practices on soil microbial biomass
activity and soil biota as well as on the soil physical properties, such as
soil porosity and aggregate stability (Haruna ez al., 2015).



The management of soil fertility in stockless farms is not always sustain-
able, and in many cases, the use of rotations or cover crops do not exclude
the need for additional fertilizers. Animal manure is a good source of
nutrients (Rodrigues ez al., 2006; Guo et al., 2016) and may be a fea-
sible way of creating sustainably fertile soils; unfortunately, in Estonia,
manure is not sufficiently available in organic arable farming (Edesi ez 4/,
2012). This is a problem, as reduced soil nutrient availability is regarded
as the main factor that is responsible for low organic system productiv-
ity (Berry ez al., 2002; Seufert ez al., 2012). Therefore, with the current
emphasis in agriculture on maximizing yields in the short term, many
producers still prefer mineral fertilizers of conventional farming because
of their fast assimilation by plants, solubility and relatively inexpensive
price (Bokhtiar & Sakurai, 2005). However, many farmers forget that
mineral fertilizers not only affect the soil nutrient content but also the
soil physical properties, as well as the population and activity of the biota.
The direct impact of mineral fertilizers on the soil physical properties is
difficult to demonstrate (Glab, 2014). As a result, there is a large vari-
ability in the effects of mineral fertilizers on SOC, aggregate stability and
microbiological activity. For that reason, as well as the lack of studies that
examined the physical properties of soil, particularly its porosity, water
holding capacity, water permeability and structural stability, in different
fertilization and management systems, this study was initiated.

In many Eastern European countries, such as Estonia, where the nutrient
balance is negative (Astover ez al., 2006), cover crops and crop rotations
play an important role in soil fertility in both conventional and organic
farming. As a result, many countries have recently started to investi-
gate the possibility of reducing soil nutrient loss in the plant-free period
(Talgre er al., 2009). However, one question remains: are cover crops
reliable for maintaining soil fertility in the mid-term?

The effects of cover crops on the physical, chemical and microbiologi-
cal properties of soil depend on the species, fertilization, tillage opera-
tions, climate and local conditions. The research on cover crops has been
mostly confined to their use as nitrogen-binding agents and their effects
on succeeding crops (Sainju ez al., 2003; Talgre ez al., 2009). However,
the direct impact of cover crops on soil characteristics, such as aggregate
stability and microbial activity, and their ability to limit phosphorus (P)
and potassium (K) losses are still unquantified. In addition, relatively



few studies on the effect of cover crops and crop rotation on soil physi-
cal and biological properties have been conducted under Nordic climate
conditions.

The current study is focused on assessing the impact of cover crops that
are used alone and combined with cattle manure on the soil chemical
properties (pH, SOC, N, B, K, Mg, Ca), physical properties (bulk den-
sity, porosity, water permeability, penetration resistance, soil aggregate
stability), earthworm population and microbial activity compared with
the impact of mineral fertilizers in conventional systems using a five-
year crop rotation of winter wheat (77iticum aestivum L.), pea (Pisum
saetivum L.), potato (Solanum tuberosum L.), barley (Hordeum vulgare L.)
under-sown with red clover (7rifolium pratense L.) and red clover.
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2. LITERATURE REVIEW

2.1. Crop rotations in northern climate conditions

The objectives of crop rotation are to maintain soil fertility, minimize the
risk of phyto-sanitary problems by breaking the cycles of certain pests or
diseases (Peng ez al., 2015), and allow natural processes in the soil to take
place (Martin Rueda ez /., 2007). The effects of crop rotation on soil
parameters, such as enhancing the SOC content, N stock and soil micro-
bial activity, have been largely documented (Snapp ez al., 2005; Edesi ez
al., 2012). Less attention has been paid to the effects on soil porosity and
aggregate stability. In any case, the effect of rotation on soil conditions
is not permanent and mainly depends on tillage, as well as the local soil
and weather conditions (Glab ez 2/, 2013).

Northern European countries are generally considered to be less favour-
able growing areas in the European Union (EU), with average cropland
areas ranging from 0 to 25% of the total land area (Rounsevell ez 4/,
2005). The growing season in these latitudes is characterized by a rela-
tively low number of effective growing days, harsh winters, long days
during the summer months, and high risk of frost and early summer
drought (Peltonen-Sainio ez al., 2009). Most of the crop rotation experi-
ments conducted in Estonia counted similar crop sequences, where high
demanding N crops with high biomass production were followed by
legumes, which were directly sown or under-sown with a cereal and alter-
nating deep-rooted species (Ilumie ez al., 2009; Edesi ez al., 2012; Tein
et al., 2014). Barley, red clover, winter wheat, potato and pea are the
most common crops in Estonian agriculture, covering 41% of the total
cultivated area (Statistika, 2014). These crops are both commonly used as
well as combined in crop rotations. Some examples of local experiments
in which crop rotations were used are the llumie ez /., (2009) experi-
ment, which consisted of a rotation of spring wheat, spring barley with
pre-sown clover, clover, potato, oat (Avena sativa L.), pea, spring barley
with pre-sown clover, clover, and rape (Brassica napus L.). The Edesi ez
al. (2012) experiment was based on a five-year crop rotation of potato,
oat, barley under-sown with red clover, red clover, and winter rye (Secale
cereale L.). Finally, Tein er al. (2014) conducted their investigation on
the same experimental rotation as the present study: winter wheat, pea,
potato, and barley under-sown with red clover.
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To ensure the preservation and improvement of both the crop yield and
soil fertility, the crop sequence must be planned, taking into account local
climate conditions and estimates of the nutrient balance, as well as what
nutrients will the crop take from the soil and how much will remain in
the soil after harvest (Ilumie ez a/., 2009). Legumes are usually a part of
all crop rotations and represent a low energy cost and sustainable source
of N (Crews & Peoples, 2004). There is considerable research on the sig-
nificant impact of legumes, such as red clover, alfalfa (Medicago sativa L.)
or soybean (Glycine max L. Merr.), on the soil nitrogen content and
dynamics, independent of the farming system (Li ez a/., 2016). Research-
ers estimate that from 40 to 75% of the total nitrogen contained in a
legume cover crop is available in the soil for subsequent crops, depend-
ing on the plant species, the amount of biomass formed, the Rhizobia-
plant symbiosis, and the soil properties (Mohammadil ez al., 2012). For
example, cereals grown after legumes usually take up approximately 15
to 20% of legume N (Crews & Peoples, 2005). Increasing amounts of N
that are available from organic or mineral fertilizers and deficits of K and
P as well as low temperatures can lead to a decrease in the proportion of
N derived from atmospheric fixation (Hugh-Jensen, 2003; Riesinger &
Herzon, 2010). The influence of legumes on soil structure has been less
studied. Whitbread ez a/. (2000) found that legumes influenced the size
and stability of the soil aggregates collected; meanwhile, Dapaah & Vyn
(1998) found a significant positive impact of red clover on soil aggregate
stability, although not as positive as ryegrass.

Cereals in the rotation contribute to increases in the SOC from straw
incorporation after harvest. Wang ez al. (2015) showed an increase in
the topsoil (0-20 cm) SOC stock of 3.98 kg C m™ in a long-term field
experiment in the North China Plain using an input of wheat crop resi-
dues. Moreover, cereal residues have a positive impact on soil porosity,
soil structure, microbial population (Bulluck ez al., 2002; Liu ez 4l., 2007;
Doan et al., 2013; Sudhakaran ez 2/, 2013) and earthworms. Scullion
(2007) concluded that during arable phases, earthworm populations
tended to be larger in organic systems where cereal residues were incor-
porated. Gaudin ez al. (2015) reported an increase in maize and soybean
yields (depending on the tillage) in a crop rotation experiment in Canada
where winter wheat was included. This yield increase was explained by
a decrease in the maize and soybean N requirement when winter wheat
was present in the rotation.

12



2.2. Cover crops

Cover crops are defined as annual, biennial, or perennial grasses and/or
legumes that provide an off-seasonal soil cover and a wealth of potential
benefits. These benefits include protection from soil erosion and com-
paction (Lal ez 2/, 1991; Williams & Weil, 2004), scavenging of N and
decreasing leaching during the winter period, ultimately releasing it for
subsequent crops (Sainju ez a/., 2003; Hooker ez al., 2008; Messiga et al.,
2015; Plaza-Bonilla ez 4/, 2015) and building soil organic matter when
the cover crop is tilled into the soil (green manure) (Lal, 2004; Talgre
et al., 2009; Fruseth ez al., 2014). However, less information has been
found regarding their potential for diminishing losses of other nutrients
in the soil as well as their effect on the soil physical properties, microbial
activity and earthworms.

The effectiveness of cover crops depends on the choice of species, sowing
time, main crop harvesting time, weather and local conditions. In north-
ern latitudes, the growing season is short and low temperatures as well as
sunlight are the limiting factors for plant growth in autumn. In Europe,
the most common cover crops are white mustard (Sinapis alba, L.), wester-
wold ryegrass (Lolium multiflorum Lam.), fodder radish (Raphanus sativus
var. oleiformis) and phacelia (Phacelia tanacetifolia Benth.). Among the
legumes used as cover crops, pea (Pisum sativum L.) and faba bean (Vicia
faba L.) are also used in soils with low N levels (Talgre ez a/., 2011).

In this study, winter rye, winter oilseed rape and ryegrass (Lolium per-
enne L.) were used as cover crops.

2.2.1. Winter rye (Secale cereale 1L.)

Among cereals, winter rye is considered to be the most tolerant to low
temperatures, short day lengths, low fertility and broad pH ranges (Oljaca
et al., 2010; Cougnon et al., 2015). Its use as a cover crop is extensive
in northern Europe (Cougnon ez al., 2015). Characterized by a high
biomass production, rye represents an important source of SOC. In the
long term, Moore (2012) observed a 15 to 44% greater organic matter
content in winter rye cover crop treatments compared with no cover
crops. However, after the incorporation of winter rye in the soil and as
the high C:N ratio (>30) residues decay, immobilization may reduce N
availability to the main crop (Allison, 1966).
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The structure of the rye plant enables it to capture and hold protective
snow cover and is also expected to decrease the bulk density and enhance
water availability (Welch ez 4/., 2016), which are beneficial in areas with
a dry winter season. The extensive fibrous root system (that can cover a
0.3 m radius and a depth of 1.5 m, depending on the soil texture and
water and nutrient availability) (Weaver, 1926) helps to alleviate compac-
tion and mobilize nutrients from deeper soil layers. Miiller ez a/. (2006)
showed that rye is the best winter cereal cover for reducing N leaching.

2.2.2. Winter oilseed rape (Brassica napus L.)

Brassicas can provide more than 80% of coverage when used as cover
crops. Depending on the location, planting date and soil fertility, they
produce up to 9,000 kg dry biomass ha” (Haramoto & Galland, 2004).
Winter oil seed rape produces large taproots that can penetrate up to 2 m,
alleviating soil compaction and enhancing water infiltration and porosity
to a greater or lesser extent, depending on the soil moisture and weather
conditions (Chen & Weil, 2009). Due to the deeper root system, oil
seed rape has been identified as superior to rye at scavenging N (Thorup-
Kristensen, 2001; auf'm Erley ez al., 2011). Justes ez al., (1999) found
that Brassicas can reduce nitrate leaching by >50% in northern climates.
However, to achieve optimum N uptake, brassicas generally require suf-
ficient sulphur (S) nutrition (Schnug, 1997). In addition, brassica cover
crops mineralize nitrogen at a faster rate than cereals (because the C:N
ratio is lower), but slower than legumes (Poudel ez /., 2001). Addition-
ally, brassica species are noted for achieving high calcium (Ca) concen-
trations during their growth (White & Broadley, 2003). Despite the fact
that more research is needed in this field, brassicas can be good cover
options for soils that are deficient in Ca or naturally acidic after liming.

2.2.3. Ryegrass (Lolium perenne L.)

Perennial ryegrass is a potential cover crop species with a slow develop-
ment in the early stages and a very linear response in dry matter pro-
duction, up to nitrogen levels of 500 kg ha' (Aavola & Kirner, 2008).
Ryegrass is very tolerant to a wide range of soil and climate conditions,
adapting to temperatures below zero once established in both heavy clays
and sandy soils. However, it poorly adapts to growing roots in compacted
soil because of the relatively fine nature of its roots (Crush & Thom,

2011).
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Ryegrass is also used for binding N left in the soil by seasonal crops
(Miiller ez al., 2006). Reviewing the data from 35 different field experi-
ments in northern Europe, Valkama ez 2/ (2015) concluded that com-
pared to soil control groups with no cover crops, ryegrass used as a cover
crop reduced N leaching loss by 50%. Regarding biomass production,
Poeplau er al. (2015) defined ryegrass as an effective, multi-beneficial
measure for increasing SOC stocks in a temperate humid region. On the
other hand, the results from Talgre ez a/. (2009) showed that the biomass
productivity and nutrient binding ability of ryegrass under Estonian con-
ditions were low and negatively affected succeeding crop yields.

Few studies have focused on the effect of ryegrass on soil physical proper-
ties. Among these studies, Stone & Buttery (1989) and Zhou & Shang-
guan (2007) reported an increase in water stable soil aggregates with
ryegrass alone or with grasses combined with legumes. Dapaah & Vyn
(1998) also found, on different soil types, that the aggregate stability of
ryegrass plots was significantly higher compared with plots with different
cover crop treatments after three years.

2.3. Fertilization

Fertilization is a common management practice for maintaining soil fertil-
ity and crop productivity. The selection of fertilizer affects not only the
nutrient concentration and availability in the soil but also the soil physi-
cal properties as well as the biota population and activity. Many studies
have focused on N as a limiting factor affecting crop growth and yield.
Nowadays, however, the use of synthetic fertilizers has eliminated a major
elemental constraint and the effects on soil nutrient (NPK) content and
yield are well known (Wang ez al., 2015a). However, the direct impact of
mineral fertilizers on soil physical properties is difficult to assess (Glab,
2014). As a result, there are many contradictory findings regarding the
effects of mineral fertilizers on the SOC and soil physical properties. On
one hand, a number of studies concluded that the SOC and soil structure
are negatively affected by the continuous application of inorganic fertiliz-
ers without any organic inputs. In a field experiment lasting nine years in
India, Sarkar ez al. (2003) reported a decrease in the stability of soil macro
aggregates and moisture retention capacity and an increase in the bulk
density when mineral fertilizers were applied alone. In India, Hati ez al.
(2008) reported a decrease of 28.3% in the SOC when inorganic N ferti-
lizers were applied in the long term. However, other studies did not find
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any deleterious effects of mineral fertilization on the SOC or soil physical
properties. Rasmunssen & Rohde (1988) reported a linear increase in the
SOC with applied N fertilizers and noted that the crop residue also has a
positive impact on the SOC pool. Similarly, Yu ez /. (2012) found that
soil amendment with mineral fertilizers (NPK) mainly increased organic C
concentrations in the soil macroaggregates. How mineral fertilizers affect

the SOC will also determine the effect on soil bulk density and porosity.

The number of studies that have focused on the effects of mineral fertilizers
on the soil structure is limited and the results are conflicted. Some authors
reported that the application of mineral fertilizers promoted macroaggre-
gation (Rasool e al., 2008). In contrast, Sarkar ez /. (2003) found that
the application of inorganic fertilizers in the mid-term (9 years) decreased
the stability of soil aggregates. Similar to the farming practices previously
mentioned, the different effects of mineral fertilizers on the SOC, soil
aggregation and soil porosity depends on the specific soil characteristics
and climate conditions. Therefore, additional experiments are needed.

Many studies have found a negative effect of nitrogen-based fertilizers on
soil microbial communities. Repeated application of inorganic fertilizers
(especially N based fertilizers) decreases the soil pH (Imtiaz Rashid ez al.,
2013; Geisseler & Scow, 2014), which, in turn, can reduce the nutrient
availability and soil microbial biomass (Bardgett ez al., 1999) and can also
change the microbial community composition (de Vries ez al., 2006). Liu
& Greaver (2010) found that N addition reduced the microbial biomass
by 20% across 57 studies. Lu ez /. (2011) reported that the application
of mineral N fertilizers significantly decreased the microbial biomass by
5.8%, with the effect being greatest in studies lasting five to ten years.
However, Geisseler & Scow (2014) concluded that soils fertilized with
N had a 15.1% higher microbial population than the same soils without
fertilizer addition based on 64 long-term trials around the world. The
effects of mineral fertilizers on earthworms are contradictory. At moder-
ate levels of mineral fertilization, earthworms can benefit from the higher
plant biomass and residues, but higher levels of nitrogen can inhibit their
activity (Edwards, 2004).

An organic input, such as manure, has been shown by many studies to
improve the soil physical properties by reducing the bulk density, increas-
ing the water holding capacity, and improving the soil structure and
infiltration rates (Sarkar ez a/., 2003; Rasool ez al., 2008; Gopinath ez a/.,
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2009; Guo et al., 2016). Some examples include the studies carried out by
Sarkar ez al. (2003), who found that the incorporation of straw or manure
in soil annually for nine years stabilized the 0.25 to 8 mm size category
of aggregates under wet conditions. In a study by Rasool ez 2/. (2008),
the application of farmyard manure increased the percentage of soil sta-
ble aggregates as well as the soil porosity by 79% compared with systems
receiving no inputs of manure, during the first year of study. Affecting
the organic carbon input, manure amendments promote higher micro-
biological and earthworm activity than the same soils under conventional
fertilization (Castillo & Joergensen, 2001; FlieSbach ez al., 2007; Edesi
et al., 2012). However, while it is generally true that higher microbial
activity is linked to a high soil organic matter content, the impact of
these fertilizers on the soil microbial community, structure and activity as
well as on soil nutrient availability can vary widely (Lazcano & Gémez-
Brandén, 2013). Similarly, the effect of organic amendments on the soil
nutrient content is heterogeneous and it is harder to predict their impact
on soil properties and crops compared with mineral fertilizers (Rodrigues
et al., 20006). Furthermore, how effective organic amendments are for
supplying sufficient nutrients for plant growth is far less clear (Lehman ez
al., 2003). Some studies have shown that organic fertilizers, such as com-
posted manures, can provide adequate levels of N in soil (Sullivan ez 4/,
1991; Steffen ez al., 1995; Sacco et al., 2015). For example, Sacco et al.
(2015) concluded that in the long term, green manuring in combination
with commercial organic N can maintain SOC and increase the total N
in soil. Bulluk ez 2/. (2001) compared the effects of organic and synthetic
soil fertility amendments on soil microbial communities and soil physical
and chemical properties at six different farms in the USA for two years.
The results showed that in both years, the concentrations of Ca, K, Mg,
and Mn were higher in soils amended with organic fertility amendments
than with synthetic fertility amendments.

2.4. Soil management and tillage
The type of management system, such as organic or conventional, affects
the soil chemical, physical and biological properties due to the different
crop rotation, fertilization and tillage practices. The crop rotation and

fertilization effects were discussed in previous paragraphs.

Due to the limits on the use of plant protective substances, organic farm-
ing depends on a higher tillage intensity to destroy weeds and pests.
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However, how tillage affects the soil structure depends on the local and
climate conditions, soil texture, amount of organic matter, and crop rota-
tion (Paustian ez al., 1997; Puget & Lal, 2005). The effects of tillage on
the soil bulk density, soil water retention, compaction, aerobic condi-
tion, SOC and N have been largely studied (Martin-Rueda ez a/., 2007).
In general, any tillage based land use, irrespective of the type of land,
caused a decline in the SOM content in the tilled soil layer, even in the
short term (Basch ez al., 2012). Especially in soils with a low organic
matter content, the main factor affecting the soil physical properties is
mechanical soil tillage (Glab & Kulig, 2008). This is the result of the
physical alteration of the soil profile, which exposes aggregate protected C
to microbial attack and soil particles to the effect of drying/rewetting and
freezing/thawing cycles, accelerating SOM decomposition and decreasing
soil particle aggregation (Plaza-Bonilla ez 4/, 2016).

The impact of tillage on the overall soil condition will depend on the
intensity and type of operation. Gadja ez al. (2012) found in less dis-
turbed tillage systems a 15 to 40% higher enzymatic activity, on aver-
age, compared with the same soils under a conventional tillage system.
Intensive tillage in agricultural systems can lead to soil compaction and
a significant decline in the SOC (Basch ez /., 2012) and total nitro-
gen concentrations (Dikgwatlhe ez a/., 2014) due to degradation of the
soil structure. Martin-Rueda ez /. (2007) also found P, K, Fe, Mn, Cu
and Zn depletion in the soil upper layers under intensive tillage. As was
previously mentioned, Plaza-Bonilla ez /. (2016) showed that even in
the short term, intensive tillage significantly decreases the soil organic
carbon (SOC) and nitrogen (SON), even though the rotation counted
two legumes and cover crops. Many stockless organic farming systems
rely on the ploughing of plant residues to maintain soil fertility. How-
ever, in some cases, this practice might have a negative effect on the soil
fertility, requiring tillage operations to be carefully planned. For exam-
ple, ploughing creates unfavourable soil environmental conditions and
disrupts earthworm populations (Chan, 2011; Crittenden ez al., 2014).
Bostrom (1995) estimated that tillage practices can kill approximately
75% of the earthworm population.

In addition to tillage, the soil biological properties are also affected by the
use of pesticides. The use of chemical pesticides in conventional farming
can kill earthworms directly or have long-term toxic impacts on their
growth and reproduction (Paoletti, 1999; Riley ez al., 2008).
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3. HYPOTHESIS AND AIMS OF THE STUDY

Cover crops are commonly used to increase N recycling by reducing
leaching; however, their capacity for preventing other nutrient losses and
their effect on the soil physical structure and condition is still unquanti-
fied. Within the frame work of northern European climate conditions,
the current research is focused on evaluating the effects of cover crops
and manure on soil physical, chemical and biological properties in a
five-year crop rotation compared with mineral fertilizers in conventional
farming,.

Hypothesis of the present study:

* In crop rotation, cover crops alone or with cattle manure will be suf-
ficient for maintaining a constant nutrient (N, P, K, C, Mg and Ca)
concentration in the soil compared with conventional systems using
mineral fertilization and no cover crops (I, IV).

* In organic systems, cover crops and their combination with cattle
manure will have a positive impact on soil physical parameters. These
systems will have a higher aggregate stability, lower bulk density, and
higher percentage of available water compared with conventional
farming, with or without fertilization (II, III).

*  The organic systems with cover crops alone or with cattle manure
will have larger numbers of earthworms and higher microbiologi-
cal activity compared with organic systems without cover crops and
fertilization (II, III).

*  Crop rotation is expected to have a positive yearly effect on the over-
all soil physical condition. At the end of the five-year rotation, all of
the systems, organic and conventional alike, will have a lower bulk
density, higher plant water availability and higher percentage of air
filled pores compared with the starting stage (II).

19



To confirm or disprove the hypotheses the following aims were estab-

lished:

¢ To study the changes in the soil reaction (pH, ), organic carbon
(Corg), total nitrogen (N ), available phosphorus (P), potassium (K),
magnesium (Mg) and calcium (Ca) content in the soil due to the
use of cover crops (rye, rye grass, oilseed rape)and cattle manure in
organic farming and mineral fertilizers in conventional farming in
a winter wheat — pea — potato — barley under-sown with red clover
— red clover crop rotation (I, IV).

e To study the changes in the soil physical properties, such as the bulk
density, penetration resistance, porosity and water permeability due
to the use of cover crops and cattle manure in organic farming and
mineral fertilizers in conventional farming in a five-year crop rota-

tion (II, III).

*  To study the effects of cover crops and their combination with cattle
manure on the soil water stable structure aggregates (WSA), number
and biomass of the earthworm population, and microbial activity, as
determined by the fluorescein diacetate hydrolysis activity (FDA),
under organic management in a five-year crop rotation (III).
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4. MATERIALS AND METHODS

4.1. Field experiment

Data were collected from the research field situated at the experimental
station of the Estonian University of Life Sciences (EMU) in Eerika,
Tartu, Estonia (58°22°N, 26°40’E). The soil was described as Stagnic
Albic Luvisol (IUSS Working Group WRB, 2006), with 56.5% sand,
34% silt and 9.5% clay.

On this field, a five-year stockless crop rotation trial ~winter wheat, pea,
potato, barley, (undersown with red clover) and red clover-was started in
2008 (Table 1 in IV). This rotation was managed under different farming
systems (conventional and organic), and the results were compared over a
seven-year period: 2008 to 2012 (first rotation) and 2013 to 2014.

4.1.1. First rotation (2008-2012): Comparison between
conventional and organic farming systems (I, II, IV)

During the first rotation, the experimental field was divided into 6 sepa-
rated systems, four conventional and two organic. For each of the farming
systems, four replications (of the crop rotation) were performed. Each
replication consisted of five plots of approximately 60 m™ in which the
five rotating crops were established (Figure 1). The six fertilisation sys-
tems were as follows:

1. Conventional I: Conventional managed system with pesticides but
without addition of any chemical fertilisers (N P K ). This system
was used as the control system.

2. Conventional II: Conventional managed system in which different
concentrations of complex mineral fertiliser were added along with
chemical pesticides; the additions were made once before planting
and twice during the growing period. The average ratio applied was
dependent on the culture: barley received N, P, K ., winter wheat
and potato received N P, Ko and a low N ratio (N,,P,.K,,) was
used for pea because it is a leguminous crop. Red clover alone was
not fertilised. Of the total amount of N added, 5 kg was provided

in the composition of complex fertiliser and the rest as ammonium

nitrate (NH,NO,).
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3. Conventional III: Conventional managed system with yearly addi-
tion of chemical pesticides and mineral fertilisers in the following
ratios: barley, N oPasKoss winter wheat and potato, NP, K. pea,

N, P K

200 257 205"
4. Conventional IV: Conventional managed system with yearly addi-
tion of chemical pesticides and mineral fertilisers in the following

ratios: barley, N, P, K ; winter wheat and potato, N, P, K, ; pea,
N, P K

207 257 795"

5. Organic I: Organic managed system including winter oilseed-rape
after pea, winter rye after potato and ryegrass after winter wheat as
winter cover crops (catch crops) lately ploughed and used as green
manure.

6. Organic II: Conventional management system including the same
cover crops as Organic [ with the addition of 40 t ha™! of composted
cattle manure in autumn (2009) or in spring (2010-2012) in plots
in which potato was cultivated. On average, the composted cattle
manure contained: total nitrogen (N): 9.7 g kg™ total phosphorus
(P_): 4.6 gkg’; total potassium (K _): 8.6 g kg''; total carbon (C_):
138 g kg™; total calcium (Camt): 11.7 gkg'; total magnesium (Mg ):
3.4 g kg! and 44.8% dry matter (DM).

tot

Note that the present study as well as the original publications (I, IT and
III) primarily focus on the first two conventional systems (Conventional
I and Conventional II) and on the organic systems described above; only
in the case of IV are the Conventional III and IV systems taken into
consideration.

Organic and conventional plots were separated with an 18-m long sec-
tion of mixed grasses. This prevented organic plots from contamination
with synthetic pesticides and mineral fertilisers from the conventional
side. Conventional plots, in turn, were separated by 40 m; in the case of
the organic systems, a 10-m long protective area prevented manure from
reaching plots in which its use was not intended.

Prior to the current experiment management and distribution, in 2006

the whole field was amended with complex fertilisers; therefore, the
period of conversion to organic farming began in 2007, and in 2011
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Figure 1. Crop sequence during the first rotation. Roman numerals on the left indicate
the number of replications per system.

Main crops: bu — barley undersown with red clover; po — potato; p — pea; ww — winter
wheat; rc — red clover.

Winter cover crops: wr — winter rye; or — oilseed-rape; 7¢ — ryegrass.

Fertilisation: M — cattle manure.

the organic plots can be considered fully organic. For simplicity, in the
present study the term ‘Organic’ has been used to refer to both organic
farming systems in all years of the experiment.

4.1.2. Experimental setup from 2013 to 2014:

Comparison among organic systems (IIT)

After the first rotation, the investigation focused on the organic farming
systems. The original Organic I system was divided into two organic
systems: Organic 0, without cover crops during the winter period and
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used as a control; and Organic I, managed under the same conditions as
in previous years (Figure 1 in III). Therefore, during 2013 and 2014, the
experiment consisted of three organic systems with four replications per
system as in the previous period: Organic 0 (control); Organic I (with
cover crops); Organic II (with cover crops and cattle manure). In these
two years, composted cattle manure was not applied only in the plots in
which potato was planted but was divided between potato (20 t ha™),
winter wheat (10 t ha') and barley undersown with red clover (10 t ha).
Manure was applied in spring.

As during the first period, the systems were separated by a 10-m long
protective area for preventing accidental spread of cover crop residues or
cattle manure among the systems.

4.2. Tillage and field operations

Table 1 in I shows the average sowing rates of both the main cultures and
the cover crops. The main cereal and legume crops were sown during the
last days of April, with the exception of barley undersown with red clover
and pea, which was sown at the beginning of May, and winter wheat,
which was sown during late August. All sowing labour was performed
using a Kongskilde Combiseed N30 combi driller. Potato was planted at
the beginning of May using a Juko Ekengards 4100 potato planter.

Cereal crops and pea were harvested at the beginning/middle of August
using a Sampo SR2010 harvester. Potato plots were ploughed at 25 cm,
harrowed at 4-5 cm depth, subsequently furrowed, hilled and finally har-
vested at the end of August/beginning of September depending on the
growing season. After the rows were opened, the tubers were hand-picked
using a German origin two-row elevator-picker machine. Red clover was
cut twice a year using a Miithing MU-H7S 140 mower. The first cut was
made in the second half of June, and red clover residues were left on the soil
surface to decompose. During the second half of August, red clover was cut
again but this time was ploughed into the soil at a depth of 27-29 cm.

In the organic systems, soil was harrowed after the main crops were har-
vested and before the cover crops were sown. The main crop residues in
conventional systems were ploughed into the soil at the end of October.
The plougher used was a Kverneland ES80. The cover crops used in the
organic systems were ploughed into the soil directly one or two weeks
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before sowing/planting the main crops in spring. The only plant material
removed from the field was grains and tubers. Other crop residues were

left on the field.

The mineral fertilisers were applied in the conventional systems using a
Fiona Birdie fertiliser spreader designed for field experiments; the pes-
ticides were applied using an Amazone UF1501 sprayer. In the organic
systems, cattle manure was weighed and then manually spread. Fully
composted cattle manure was weighed and then spread on the potato
plots manually.

It is important to remark that the same tillage operations were performed
during the entire experiment for all of the systems, but in the case of the
organic systems, the winter cover crops were sown after harrowing and

ploughed afterwards.
4.3. Sampling, measurements and analysis

All of the analyses were carried out at the laboratories of the Department
of Soil Science and Agrochemistry of the EMU.

4.3.1. Soil chemical analysis

During the spring and prior to any field operations, 8 soil samples per
plot were randomly taken from 0 to 25 cm depth and combined to cre-
ate one average sample. The air-dried soil samples were passed through a
2-mm sieve (I, III, IV) prior to analysis.

A solution of soil in 1M KCI (1:2.5) was used to determine the pH (I,
IV). The soil organic carbon concentration (SOC) was determined by
the Tjurin method (Vorobyova, 1998) (I, I11, IV); total nitrogen (N) was
measured after Kjeldahl digestion (van Reeuwijk, 2002). The concentra-
tions of plant-available phosphorus (P), potassium (K), calcium (Ca)
and magnesium (Mg) in the soil were determined by the ammonium
lactate (AL) method (Egnér er al., 1960) (I, III). For measurement of
dissolved organic carbon (DOC), 10 g of air-dried soil was shaken with
30 ml of distilled water for 1 h, followed by centrifugation and filtra-
tion through a 0.45-mm filter. The extracts were analysed for DOC (IV)
using a varioMAX CNS elemental analyser (ELEMENTAR, Germany).
Carbon input from the main crop residues and cover crops (kg Cha' y™)
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were also calculated for the first rotation. A detailed description of the
formulas used for this calculation can be found in paper IV.

The same equipment and procedures were used in the analysis of the
composted manure and the determination of N and SOC content. In
addition, acid digestion by sulphuric acid solution (van Reeuwijk, 2002)
was used to determine total phosphorus (P) and potassium (K) concen-
trations.

4.3.2. Plant analysis

Aboveground samples for determining biomass were gathered from an
area 0.25 m? in size. Acid digestion by sulphuric acid solution (Method
of Soil..., 1986) was used to determine the P, K, Ca and Mg content of
the plant material (plant nutrient uptake) (Table 3 in I).

The carbon inputs for each system were calculated as the crop average
of the amount of C measured from dry matter yield of above-ground
agricultural products removed from the fields together with straw, roots
and the extra C associated with rhizodeposits (IV).

4.3.3. Soil physical analysis

Soil samples were taken in autumn (II) and spring (II1, IV) from the mid-
dle area of each plot prior to tillage. Four replications per plot at 5-10
cm depth (II, III, IV) and at 30-35 cm (III) were obtained using steel
cores (54 mm internal diameter and 40-mm height, with wall thickness
approximately 1.5 mm). Along with the steel cylinders, 250 g of fresh soil
from the same depth was placed into plastic tubs for the later determina-
tion of plant-available and non-available water and percentage of stable

aggregates (III).

The soil cores were first weighed under field-moist conditions and then
capillary wetted for 24 hours until saturation, after which the soil water
content was calculated (II, III). The cylinders were then placed on a sand
bed at a water tension of 6 kPa for 12 days, followed by drying in an oven
at 105°C for 24 hours. From these analyses, bulk density, saturation water
content, total porosity and air-filled pores were calculated (11, III). Water
permeability was measured using a Hauben permeameter (Eijkelkamp)
(II, III). From the air-dried soil samples in the plastic tubs, three replica-
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tions were placed in small steel cylinders (1.5 cm in diameter, 0.5 cm in
height and 0.1 c¢m thick), put into pressure vessels at 1500 kPa for 30
days, weighed, dried at 105°C and weighed again. From these analyses,
plant-available and non-available water was calculated (II, III).

Finally, from the same air-dried samples, the percentage of water-sta-
ble aggregates (WSA) (<0.05 mm) was measured using a single-sieving
apparatus (Eijkelkamp sieving apparatus with 60 mesh screen cylinders)
following the methodology and calculations used by Kemper & Rosenau

(1986) (III).

4.3.4. Earthworms and fluorescein diacetate
hydrolysis activity (FDA)

Earthworm samples were taken in autumn prior to harvesting at a depth
of 0 to 20 cm within a 40x40-cm frame that was randomly placed in
each of the plots of the three systems. The samples were brought to the
laboratory, where they were classified according to species, counted and
weighed; they were then returned to the field (III).

Fluorescein diacetate hydrolytic activity (FDA) is used for the determi-
nation of microbial activity in soil and litter. Microorganisms hydrolyse
FDA, and microbial activity is evaluated by measuring the absorbance
of fluorescein (Schniirer 8 Rosswall, 1982). For the FDA analysis, 500-
g samples were taken at 5-10 cm depth; the samples were handled and
stored according to ISO 10381-6, 1993. After stones and large pieces of
plant material were removed by hand, approximately 200 g (fresh weight)
of each sample was taken as a sub-sample and sieved through 2-mm
mesh. For reagent preparation and subsequent FDA analysis, the method
described by Adam & Duncan (2001) was followed, with the exception
that acetone was used as the termination reagent and fluorescein instead
of fluorescein sodium salt was used in the stock solution. The total micro-
bial activity of FDA was expressed as “ug of released fluorescein per gram
soil dry mass over a period of 1h” (III).

4.4. Weather conditions
Average monthly temperatures (T) and monthly precipitation were cal-

culated based on the daily average data monitored with a Metos Com-
pact (Pessl Instruments) electronic weather station situated in Eerika,
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Table 1. Average air temperature (T) and total precipitation (P) at the experimental site
during the years of study (2008-2014) and long term average values (1969-2014).

Month Temperatures (°C)
2008 2009 2010 2011 2012 2013 2014 1969-2014

January -1.3 -34 -51 -47 -61 -70 -8.1 -5.2
February 0.6 -49 -79 -11.2 -11.5 -35 -03 -5.7
March 0.4 -1.5 -2.1 -1.9 -0.3 -7.8 2.2 -1.6
April 7.2 5.3 6.1 6.4 5.0 3.5 6.3 4.8
May 10.7 11.5 12.6 11.0 11.8 14.8 11.6 11.4
June 14.5 13.8 14.6 17.2 13.6 18.2 13.0 15.3
July 16.1 16.9 222 19.9 18.0 17.7 18.7 17.5

August 15.7 15.4 18.2 15.8 15.1 16.9 16.2 16.17
September 9.8 12.8 11.1 12.3 12.2 11.0 11.7 10.8

October 8.2 4.1 4.2 6.8 5.7 6.9 5.22 5.6
November 2.3 2.3 0.3 2.9 2.6 3.9 1.4 0.5
December -1.1  -86 -8.2 1.0 -6.8 1.4 -1.2 -3.2
Year 6.9 5.3 5.5 6.3 4.9 6.3 6.4 5.5
Month Precipitations (mm)
2008 2009 2010 2011 2012 2013 2014 1969-2014

January 21.8 102 404 19.0 30.0 8.8 25 29.5
February — 34.4 7.2 4.8 9.0 18.6 144 124 22.3
March 8.4 224 30.2 4.4 394 154 9 23.9
April 26.8 12.4 26.4 11.2 42.0 16.8 13.4 26.7
May 27.4 13.4 61.4 58.4 81.6 61.2 83.8 57.2
June 110.6 1374 72.6 352 100.6 524 1034 75.4
July 98.6 54.6 36.0 48.2 75.0 62.6 71.4 89.2
August 2144 89.2 106.8 54.6 87.4 75.6 113 57.9

September 45.6  14.0 93.0 80.0 59.8 33 22.2 53.7
October  67.6 116.0 494 478 452 424 358 57.0

November 49.4 358 77.6 344 50.2 584 36 44 .4
December 23.6  57.0 98.5 52.6 9.0 77.2 92 36.1
Year 728.6 606.4 697.1 454.8 638.8 518.2 6l17.4 573.3
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Tartu. Weather conditions during the first rotation (2008-2012) (I, II,
IV) differed (Table 1) from those during the second period of study
(2013-2014) (III). Comparing the data from the growing period with the
average long-term data (1969-2014), 2008 was colder, with an average
temperature (T) of 13.36°C, and wetter, with a total average precipitation
(P) of 496.6 mm, mostly occurring during the summer. Temperatures in
2009 were quite similar to the long-term period average (T = 14.0°C and
T = 14.2°C, respectively) with the difference that 2009 was drier, with
P = 308.6 mm compared with an average total precipitation of 333.4
mm for 1965-2014 during the vegetative period. During the first rota-
tion, 2010 was the warmest year, with T = 15.7°C, more than one degree
higher than the long-term average and reaching a maximum of 22°C in
July. Precipitation during the growing period was basically similar to the
long-term average (369.8 mm).

The driest year during the first rotation was 2011. The summer sea-
son, in particular, was considerable drier and relatively hot in compari-
son with the other years. The average air temperature for the vegetative
period in 2011 was T = 15.2°C, and cumulative precipitation in 2011
was 276.4 mm. In 2012, the comparable values were T = 14.4°C and
P = 404.4 mm.

On the other hand, 2013 and 2014 were warmer than the previous years,
with mild temperatures during the growing season (between 11°C and
18.2°Cand 11.6°Cand 18.7°C in 2013 and 2014, respectively. However,
2014 was wetter than 2013, with rainfall mainly occurring during the
summer.

4.5. Statistical analysis

To test the effect of the four fertilisation systems on soil nutrients and pH
as well as to determine whether there were significant differences among
the systems, one-way analysis of variance was applied, followed by the
least significant difference (LSD) test at the 95% level of confidence ().

For the other soil parameters studied, a general linear mixed model in
R-Studio (R Core Team 2012) was used to test the effects of the systems
on the studied soil properties. Because five different crops were grown in
the same plot and system (Figure 2 in III) but the comparison of specific
crop effects on soil properties was not the aim of the present study, crop
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effect was included and was considered a confounding effect. In addition,
the random effect of plot was included to evaluate potential correlations
between measurements made on the same plot. To test for significant
yearly differences within each of the systems, a #-test (£<0.05) was run.
Finally, Pearson’s correlation coefficients (r) were calculated to study the
statistical relationship between the number of earthworms and the total
soil porosity as well as the influence of organic matter on the aggregation
stability because normally these variables are correlated in agro-ecosys-
tems. In this case, all results were considered statistically significant at

P<0.05.

30



5. RESULTS

5.1. First rotation (2008-2012)
5.1.1. Soil chemical properties (2008-2012)

Different fertilisation practices resulted in significant differences in
pH among the systems; however, no statistically significant differences
(P<0.05) were found in soil acidity along the years (Table II in I). The
results showed a slight decline in pH with time when mineral fertilis-
ers were added in the Conventional II system, with average pH values
decreasing from 5.77 to 5.67 after five years. On the other hand, in the
Organic II system soil acidity decreased as result of the application of
cattle manure, reaching higher average values in comparison with the
conventional systems during the entire rotation (Table II in I).

Nutrient concentration in the soil varied irregular along the first rotation
(Figure 2 in I). The lack of any extra fertilisation input resulted in lower
nutrient concentration in the conventional control compared with the
rest of the systems during most of the rotation. Of the nutrients analysed,
the levels of K, Mg and Ca decreased irregularly in all of the systems
during the first rotation. The addition of mineral fertilisers in the Con-
ventional II system increased the levels of total nitrogen (N) and available
phosphorus (P). In addition, this system also displayed the highest plant
nutrient uptake during the first rotation. Especially in the case of N and
D, plant uptake was double that in the other systems (Table III in I). On
the other hand, the use of winter cover crops alone or in conjunction with
cattle manure had no significant overall effect on the N content of the soil.
Phosphorus showed a significant decrease after the first rotation in the
organic systems. However, comparing the data from 2013 and with the
data from the establishment stage (2008), it was observed that N content
as well as N stock in the soil declined in all of the systems with the excep-
tion of the Organic II system, in which both of these values remained
basically the same (Table 12 in IV). Comparing the two years, soil organic
carbon concentration and stock in the ploughing layer showed a positive
response to the presence of cover crops and the addition of manure (Figure
2 inTand Table 11 in IV). The use of cover crops and green manure yearly
increased the SOC stock to 0.77 Mg C ha y!, whereas the application of
cattle manure increased the SOC level to 2.57 Mg C ha' y.
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5.1.2. Soil physical properties (2010-2012)

Four years after beginning the crop rotation in 2008, significant differ-
ences (P<0.05) were already detectable among the systems in the ploughed
layer. During this period, all of the systems displayed quite similar val-
ues for bulk density, porosity, water permeability and penetration resist-
ance. Comparing the average soil physical values from 2010 and 2012,
a significant general increase in soil porosity, plant water availability and
permeability is observed in all of the systems (Table 2 in II).

Variations in soil bulk density and the porosity fractions studied were
related to changes in soil water content (6) and soil organic carbon (SOC).
Hence, significant variations in these parameters resulted in changes in
soil density and porosity (Table 2 in II). In 2011, there was a decrease in
air-filled pores and especially in plant-available water in all of the systems
with the exception of the Conventional II system, in which these poros-

ity fractions remained basically constant during the first two years (2010
and 2011).

The continuous application of mineral fertilisers resulted in significant
differences in soil physical properties among the systems and as the years
of the study progressed (Table 2 in II). At the end of the rotation, the
Conventional II system presented a lower bulk density (1.39 Mg m?),
significantly higher percentages of air-filled pores (19.11%) and plant-
available water (22.82%) and lower plant non-available water (4.59%)
compared with the other systems.

On the other hand, cover crops and manure did not produce any sig-
nificant effect when the organic and the control systems were compared.
The organic systems had a lower percentage of air-filled pores (AFP) and
as a result higher bulk density. However, water permeability (k) showed a
significant response to the addition of manure and the presence of winter
cover crops. As result, the average # values in the two organic systems were

three times higher in 2012 than in 2010 (Table 2 in II).

Like the previously discussed soil physical parameters, penetration resist-
ance displayed quite similar values along the soil profile in all of the
systems during the three years (Figurel in II). Soil moisture content at
the time of sampling is reported in Table 2 in II. The average values of
penetration resistance in the ploughing layer (0 to 22 c¢m) ranged from
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1.31-1.8 MPa in 2010 to 1.09-1.34 MPa in 2012. Penetration resistance
increased linearly with depth except in 2011, where it changed abruptly
at 25-30 cm depth (Figure 1 b) in II).

5.2. Second period. Organic farming systems (2013-2014)
5.2.1. Soil chemical properties

As during the first rotation, no statistically significant differences (£<0.05)
were found in soil acidity as the years of the study progressed. In addi-
tion, no significant differences were found among the systems; the aver-
age values were very similar to those registered during the first rotation

(Table 2).

In the same way, taking into consideration the results obtained during
the first rotation in the Organic I and Organic II systems, the nutrient
concentration and availability in the soil did not present any trend. N and
P decreased significantly in all of the systems during this period, whereas
the SOC concentration remained constant. The effect of cover crops and
cattle manure was only significant for some of the nutrients studied and
never for both years (Table 2). Comparing the average nutrient concen-
tration values in this period with those from the first rotation (Figure 2

Table 2. Average values of soil pH, ., soil organic carbon (SOC), total nitrogen (N),
plant-available phosphorus (P), plant-available potassium (K), plant-available magne-
sium (Mg) and plant-available calcium (Ca) in 2013 and 2014.

ORGANIC 0 ORGANICI ORGANIC II
2013 2014 2013 2014 2013 2014

pH 5.96 5.94 6.04 6.02 6.06 6.0
SOC (%) 1.61 1.55 1.64 1.54 1.66 1.62
N (%) 0.14% 0.11° 0.14% 0.11° 0.144 0.11°

P(mgkg!) 1388  111.7° 1284 1157 1249 1177

K(mgkg!)  134.8%  110.9%  131.2%  108.5%  142.0™  124.0™
Mg (mgkg!) 255.6  124.0% 26624  137.8%  286.3%  154.0%
Ca(mgkg!) 1561.7* 1484.8° 1512.1* 1643.1° 1504.8% 1672.4™

Note: Mean values followed by different capital letter in each column indicates significant yearly
differences (t-test; P<0.05) within the same system for the same parameter. Mean values followed
by different small letter in each row indicates significant difference (linear mixed model; 2<0.05)

among the systems within the same year.
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in I), it can be observed that clear increases in P, K, Mg and Ca occurred
in both the Organic I and Organic II systems.

K also showed a decrease in all of the systems when 2013 and 2014 were
compared, with the difference being significant for the Organic 0 and
Organic II systems. Comparing the three systems, in 2014 significant
differences appear between Organic I, which has the lowest P average
value, and the other two systems. Finally, in the Organic I and Organic II
systems, the Mg and Ca values were significantly higher in 2013 than in
2012. In the case of Mg, although all of the systems showed a significant
yearly decrease, significant differences among the systems only appeared
between the organic control system and the Organic II. On the other
hand, Ca increased in the Organic I and Organic II systems, and both sys-
tems showed significant differences in 2014 with respect to Organic 0.

5.2.2. Soil physical properties

During this period, the bulk density decreased in all of the systems, mainly
due to a significant (P<0.05) increase in the %AFP in the ploughing layer.
On the other hand, the other two porosity fractions studied, plant-availa-
ble and non-available water, varied unevenly during this period. Although
both of the organic systems with cover crops presented more favourable
soil physical conditions at the top layer, with lower bulk density and
greater water permeability (Table 2 in III), no significant differences were
found when these two systems were compared with the organic control
system (Organic 0). As during the first rotation, the addition of cattle
manure did not show a significant effect when Organic I and Organic
IT systems were compared, and only in 2014 Organic I were significant
differences between these systems found (Table 2 in III).

The results of analysis of samples taken at the deeper soil layer (30-35
cm) showed a significant increase in field water content and plant-avail-
able water, whereas the plant non-available water decreased in both years
in all of the systems (Table 3 & Figure 2). On the other hand, bulk den-
sity, water permeability and the percentage of air-filled pores under the
ploughing layer did not vary during this period.

All of the organic systems presented similar tendencies in penetration
resistance, and no significant differences were found in penetration resist-
ance either with depth among the systems or in different years. However,
comparing the penetration resistance during the last five years of the
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Table 3. Field moisture content (%), bulk density (g cm™) water permeability (cm day™)
and percentage of soil water-stable aggregates (% WSA) at 30-35 cm for the years 2013

and 2014.

Year  System Field moisture Bulk density Water permeability % WSA

content (%) (g cm™) (cm day™)

2013 ORGANICO 13.8A+020 1.59+0.01 113.8 + 45.3 58.14
ORGANICI 13.7A+021 159+0.01 105.5 £ 53.0 48.0%
ORGANICII  13.9A+023 1.57+0.0]  120.0+452 53.3®

2014 ORGANICO 20.6B+0.28 1.6la+0.0I 125.8 + 32.5 51.98
ORGANICI  19.1B+024 156b+0.01 1212+21.5  40.9%
ORGANICII 225B+0.23 1.57a+0.02 120.8+18.0 50.3°

Note: Mean values followed by different capital letter in each column indicates signifi-
cant yearly differences (t-test; ’<0.05) within the same system for the same parameter.
Mean values followed by different small letter in each column indicates significant dif-
ference (linear mixed model; P<0.05) among the systems within the same year.
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Figure 2. Average percentage of air-filled pore content and plant-available and non-
available water content for the two years of study measured at 30-35 cm depth.

Note: Total porosity (%) = air-filled pores (%) + plant-available water (%) + plant non-
available water (%).

The different capital letters in each bar indicate significant yearly differences (t-test;
P<0.05) within the same system for the same parameter.

The different small letters in each bar indicate significant differences (linear mixed
model; P<0.05) among the systems within the same year for the same parameter.
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a) Penetration resistance (MPa) b) Penetration resistance (MPa)
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Figure 3. Average penetration resistance (MPa) with depth measured in the four systems
in a) 2013 and b) 2014.

Note: LSD ., least significant differences at significance P<0.05; ns, no significant dif-
ferences among treatments. No significant yearly differences were found at any of the
three depths compared (10 cm, 20 cm & 30 cm).

study (2010-2014), it is possible to observe that penetration resistance
values at the plough soil layer (approximately 0-27 ¢m) were lower at the
end of the experiment than in 2010 (Figure 1 in IT & Figure 3). In 2010,
the average penetration resistance values in the ploughing soil layer were
1.51 MPa in the Organic I system and 1.8 MPa in the Organic II system;
in 2014 at the same depth, the average values were 1.44 MPa, 1.33 MPa
and 1.49 MPa for Organic 0, Organic I and Organic II, respectively.

With respect to the percentage of soil stable aggregates at 5-10 c¢m, in
both organic systems with cover crops, the percentage of water-stable
aggregates (%WSA) decreased significantly in 2014. Only in the control
system did the %WSA remain constant during this period (2013-2014)
(Table 2 in IIT). However, at 30-35 cm depth, the Organic 0 and Organic
I systems showed a significant decrease in % WSA, whereas in the Organic
IT system the percentage of stable soil aggregates did not change.
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5.2.3. Earthworms and fluorescein diacetate
hydrolysis activity (FDA)

Most of the earthworm species found were endogenic species: grey worm
(Aporrectodea caliginosa), mucous worm (Aporrectodea rosea) and marsh
worm (Lumbricus rubellus). Green worm (Allolobophora chlorotica) and
common earthworm (Lumbricus terrestris) were also found at the time of
sampling.

During this period (2013-2014), earthworms showed a positive response
to the presence of winter cover crops and manure amendments. There-
fore, Organic II contain a greater number of earthworms, followed by the
Organic I system and finally the organic control system. However, signifi-
cant differences in 7 and earthworm biomass were found only in 2013.
In addition, Pearson’s correlation coefficient (r) did not reveal a strong
significant correlation between the SOC in the soil and the number of
earthworms (Table 3 in III).

The microbiological activity measured as fluorescein diacetate hydrolysis
activity (FDA) decreased in 2014 in all of the systems. Like the number
of earthworms, it was higher in the systems that had a greater organic
matter input (Organic II > Organic I > Organic 0). However, only the
Organic II system showed significant differences in FDA compared with
the other two systems (Figure 3 in III); therefore, the use of cover crops
plus the addition of manure had a significant positive effect on soil micro-
bial activity.
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6. DISCUSSION

6.1. Soil chemical properties (I, III, IV)

The relatively short time course of the present experiment can explain
why no statistically significant differences (P<0.05) in soil acidity were
found during the course of the experiment (Table II in I). However, the
measured differences among the systems are the result of the addition of
mineral and organic fertilisers. On one hand, in the conventional ferti-
lised system (Conventional II), pH decreased with time during the first
rotation. As has been shown in previous studies (Magdof ez al., 1997;
Imtiaz Rashid ez al., 2013), nitrogenous fertilisers, and in particular
ammonium-based N fertilisers, supply N as NH*, which releases H* ions
after oxidation decreasing the soil pH. In contrast, continuous addition
of organic amendments (green matter and cattle manure) resulted in a
slight increase in soil pH during the entire experiment (2008-2014) (I,
IV). This can be explained by a positive effect of manure on the soil buffer
capacity. Plants accumulate various organic anions that, once incorpo-
rated into the soil profile, cause a significant soil pH increase (Yan &
Schubert, 2000). Similar to the results discussed by Yan & Schubert
(2000), Bulluck ez al. (2001), Liu et al. (2007), Gopinath ez a/. (2009)
and Tein ez al. (2014), different soils under organic management showed
a general increase in pH over time in comparison with the same soils after
treatment with synthetic fertilisers.

The soil organic carbon content showed a positive response to the addi-
tion of green matter and cattle manure (Figure 2 in IV) and the presence
of cover crops. This is directly connected with the higher average C input
that both organic systems received during the first rotation (Table 10 in
IV). It is a general trend in most soils that the SOC concentration rises
with increasing C input (Nyborg ez al., 1999; Campbell ez al., 2005;
Bandyopadhyay ez al., 2010). However, although it is true that after the
first rotation the organic systems displayed an increase in SOC, no sig-
nificant differences in SOC were found in comparison with the conven-
tional fertilised system (Conventional II). This suggests that other factors,
such as the larger number of tillage operations that the organic systems
received during the year (preparation of the soil for sowing and sowing
of the cover crops), counteracted to a larger or smaller extent the positive
impact of C input on SOC. Supporting this idea, it has been shown that
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large amounts of organic matter must be added to the soil to appreciably
increase soil organic matter in the short term (Johnston, 1973). In addi-
tion, the influence of tillage on SOC has been reported in many studies
(Lal et al., 1994; Allmaras et al., 2004; Plaza-Bonilla ez 2/, 2016). Basch
et al. (2012) concluded that in tillage-based land use, tillage caused a
considerable decline in SOM content even in the short term, irrespective
of the type of land use. Tillage operations accelerate the mineralisation
of SOC, exposing aggregate protected C to microbial attack and soil
particles to the effects of drying/rewetting and freezing/thawing cycles
(Allmaras ez al., 2004). Because the same intensive tillage management
continued in the organic systems during 2013 and 2014, SOC was also
affected during these years, in which it showed no significant increase
despite the rotation, C input (manure) and use of cover crops.

The conventional systems only received C input from the main crops
when they were ploughed in autumn. Despite the C input, in the long
term and without any extra addition of organic matter the continuous
application of nitrogenous fertilisers can lead to a potential loss of SOC
in this type of system due to a positive impact of the high N availability
on SOC mineralisation (Khan ez 2/, 2007).

It is also important to note that yearly variations in SOC may also be
connected with changes in weather conditions. Low temperatures and
drier periods negatively affect soil organic matter decomposition; hence,
the SOC in the soil is expected to be higher during such periods than in
warmer and wetter periods (Enwezor, 1967). As an example, during the
first quarter of 2012 prior to sampling, the average temperatures were
relatively low in comparison with previous years (-3.4, -4.9 and -1.5°C
for the months of January, February and March, respectively) (Table 1).
This may largely explain the significant increase in SOC observed in all
of the systems in this year (Figure 2 in I).

Soil total N in the soil appeared to be related to external inputs, plant
uptake and the binding effect of cover crops. In the organic systems,
N was always slightly higher than in the conventional systems (Figure 2
in I). This can be explained by the combined effect of cover crops, legume
N fixation and cattle manure but may also be due to the lower N uptake
of the organic systems compared with the conventional ones (Table III
in I). The use of cover crops after manure application has been shown to
be a good practice for binding the N released during the decomposition
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of organic matter and hence preventing N losses through leaching or
gaseous denitrification (Olesen ez al., 2007). However, in our experiment,
the direct effect of organic fertilisation on N content was heterogeneous
(Figure 2 in I, Table 2); hence, it is difficult to predict the effect in the
long term. According to the previous literature, nitrogen can be a limit-
ing nutrient in organic farming soils under cold climatic conditions in
the long term, even after a productive green manure ley (Fruseth ez 4/,
2014).

On the other hand, under conditions of high N availability, the main
crops increased their N uptake. This phenomenon was also observed for
P and K. This explains why the Conventional II system, which received
a yearly addition of these nutrients in the form of mineral fertilisers, also
presented higher uptake (Table III in I). This higher nutrient uptake can
explain the higher yield in this system during the first rotation (Alaru ez
al., 2014; Tein et al., 2014). However, it is important to note that plants
only use a certain amount of the total input of nutrients provided by
fertilisers. In the case of N and under Estonian pedoclimatic conditions,
Astover et al. (2006) concluded that of the total N provided by mineral
fertilisers, crops would utilise 40—50% in the first year and 50-60% in the
whole crop rotation, whereas for manure, these values would be 20-30%
and 40-60%, respectively. These numbers are subject to variation due to
the balance between decomposition, mineralisation and immobilisation,
processes that in turn are strongly influenced by environmental condi-
tions, pH and the composition of the manure applied (Imtiaz Rashid
et al., 2013). According to our results (Table III in I), N, P and K were
found in mineral fertilisers in forms more easily assimilated by plants
than the forms of these nutrients found in cattle manure.

During the whole experiment, the concentration of plant-available phos-
phorous (P) in the soil varied heterogeneously with time (Figure 2 in I
& Table 2). Therefore, it was difficult to associate the variability in P
concentration with any effect of fertilisation. However, differences in P
uptake by the main crops can partially explain yearly changes in . As
an example, the low P uptake that occurred in 2010 (Table 3 in I) can
explain the increase in the P soil content observed in the next year (Figure
2 in I). Tillage can also cause changes in P content. As previously noted,
tillage affects the mineralisation and decomposition of SOM, which in
turn affects the soil aggregate stability and the concentration of various
P forms in soil aggregates. Therefore, variability in SOC can also be
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related to variability in P content. This phenomenon has been extensively
studied (Urioste ez al., 2006; Wright, 2009; Messiga ez al., 2011; Wang
etal,2011).

During the first rotation, only the conventional system in which mineral
fertilisers were applied showed an overall increase in P in the plough
layer; the magnitude of this increase was 8.7 kg P ha (Figure 2 in I). On
the other hand, the concentration of P in the organic systems increased
significantly in the second period (2013-2014) (Table 2). In their long-
term experiment on five farms managed organically in Norway, Luyes &
Ugaard (2001) concluded that because P is relatively stable in the solil,
it is very possible that the average P concentration will stabilise in the
medium to long term, becoming slowly available; however, in the present
study, considering the yearly variability during the first rotation and the
short duration of the experiment, this level appears not to have been

reached (Table 2).

Based on the results of all fertilisation experiments conducted in Estonia,
Astover ez al. (2006) concluded that for avoiding significant losses of P
the average fertiliser amount should not be less than 10-15 kg P ha'. In
the Organic II system, the average total amount of P in cattle manure
(16.5 kg P ha' y!) slightly exceeded this amount. This suggests that most
of the extra phosphorus provided via manure was found in forms that
are not readily assimilated by plants or that other factors constrain the
availability of this macronutrient in this system. Regarding the use of P
from manure, Astover ez al. (2006) showed that plants use 25 to 45%
during the first year and 40 to 60% in the whole crop rotation of the total
amount of P applied via manure.

Plant-available potassium (K) decreased in all of the systems during the
whole experiment (2008-2014). The lack of any extra fertiliser input in
the conventional control system (Conventional I) and in the organic sys-
tem with winter cover crops (Organic I) resulted in these systems present-
ing the lowest concentrations of K, with decreases of 34.2 mg kg and
35.6 mg kg, respectively, after the first rotation (Figure 2 in I). However,
as occurred with P, the Organic II system also showed a decrease in plant-
available K despite the yearly addition of cattle manure at 30.8 kg K ha™!
y! in an average of rotation (divided among the crops at 15.4 kg K ha™!
y! for potato and 7.7 for barley and winter wheat). Under Estonian local
and climate conditions, plants utilise 50-70% of K from manure in the
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first year and 70-80% in the whole rotation (Astover ez al., 2006). Our
findings agree with those of Madaras & Lipavsky (2009), who found in
nine different arable soils in the Czech Republic that crops undergoing
high rates of fertilisation with manure or mineral K only used approxi-
mately 22-25% of the K applied.

In our experiment, the general decrease in K can be linked to textural
constraints associated with the low clay content of the soil or with K fixa-
tion into non-available forms that was favoured by the soil tillage opera-
tions (Martin-Rueda ez a/., 2007). The ability of soil to retain applied K,
as well as other nutrients, depends on the clay mineralogy and content,
which influences the cation exchange capacity (CEC) and therefore the
degree of K leaching. In the present experiment, the soil only contained
9.5% clay, suggesting (although it was not tested in the experiment) that
K can be relatively easily leached from plant residues by moisture. Simi-
lar results were obtained by Madaras & Lipavsky (2009) in the Czech
Republic; in their work, K losses during the last year of the rotation were
explained by leaching or K fixation into non-available forms in all of the
systems. Lehmann ez 2/. (2003) measured nutrient availability and leach-
ing in two different soils in the Central Amazon. Despite the differences
in the experimental conditions, the results from their study show that N
and K applied in the form of manure or mineral fertilisers were mobile in
the soil and that the proportion of leaching was larger in fertilised treat-
ments than in unfertilised ones.

The decrease in K in the different years was also affected by the K uptake
by plants. As an example, the increase in K uptake by the main crops in
2011and 2012 in all of the systems (Table 3 in I) enhanced this decrease
in K in the soil in the last period of the first crop rotation. Lauringson
et al. (2004) reported a large amount of K removal by potato harvest
(138 kg ha! y' on average). Therefore, it is expected that under similar
conditions potato contributes as well to the decrease in K concentration
in the soil.

Despite these results, none of the systems presented lack of phosphorus
or potassium according to the fertiliser demand classification for Estonian
soils based on soil texture and organic carbon content proposed by Loide
(2004); hence, P and K availability cannot be considered limiting factors
for plant growth in the short term. With average soil concentration values

ranging from 98.8 to 138.8 mg kg™ for P and from 133 to 142.0 mg kg™
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for K (Figure 2 in I), the systems presented a ‘low to very low’ demand
for these nutrients after seven years.

Moreover, nutrient uptake by plants is generally linked to soil water con-
tent. An increase in the soil moisture content is associated with an increase
in the diffusion rate of nutrients from the soil matrix to the absorbing
root surface (di Bene ez al., 2011). The higher cumulative precipitation
in 2012 in comparison with the previous year (Table 1) resulted in an
increase in soil water content in all of the systems (Table 2 in II). This
can explain the higher P and K uptake in 2012 (Table IIT in I) and hence
the general decrease in the levels of these nutrients in the soil in this year
(Figure 2 in I).

The concentration of available calcium (Ca) and magnesium (Mg) in the
soil decreased for all of the systems (Figure 2 in I) during the first rota-
tion. With the exception of the Organic II system (via cattle manure),
none of the systems received an external input of either of these nutrients.
According to previous studies, under local conditions, the soils of the
experimental area are gradually becoming poorer in Ca and Mg (Loide,
2004). The same study noted that approximately 75-80% of Estonian
arable soils have a deficiency in plant-available Mg and that calcium
losses from the arable layer may amount to 150-500 kg ha™ per year
(Loide, 2004). However, comparing the average values of Ca and Mg
measured during the first rotation, the organic systems showed higher
concentrations of this cation than the conventional ones in most years
(Figure 2 in I). In addition, the organic systems displayed a significant
increase in the concentration of both nutrients at the beginning of the
second rotation (2013) that may be connected with a positive effect of
cover crops. Despite the fact that both nutrients are basically immobile in
the soil, this can be explained due to a positive cover crop effect in these
systems. Cover crops help decrease Ca losses from the soil during the
autumn—winter period and even promote plant-available Ca mineralisa-
tion from soil minerals (Tein ez /., 2014). Cover crop species from the
family Brassicaceae, such as winter oilseed rape, are noted for achieving
high calcium (Ca) concentrations during growth (White & Broadley,
2003). Comparing conventional and organic farming systems, these find-
ings agree with those of Kennedy & Smith (1995) and Liu ez al. (2007),
who found significantly higher levels of soil calcium, magnesium and
other secondary nutrients in soils from organic and sustainable farms.

In the USA, Bulluck ez /. (2002) found an increase in Ca, K and Mg
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in soils that received organic amendments (including cattle manure) but
not in soils receiving synthetic fertilisers; in 10 different organic soils in
India, Sudhakaran ez /. (2013) found significantly higher concentrations
of several macronutrients, including N, P, K, Ca and Mg, compared
with conventional and sustainable farming systems, and Liu ez 2/ (2007)
showed that organic managed farms in the long term (managed for over
20 years; none were in transition) presented higher concentrations of Ca
and Mg in comparison with conventional farms.

Finally, the availability of both Ca and Mg is strongly influenced by cli-
mate conditions, parent mineral material, soil acidity (Poto¢i¢ ez al., 2005;
Loide, 2004), the presence of other cations (K*, NH > Mn*) (Marschner,
2012) and soil texture. According to Marschner (2012), above a certain
level of Ca in the soil there is a competition for plant uptake among Ca,
K and Mg; this can explain our finding that the peak of available Ca in
the soil in 2010 corresponded to a low concentration of K in the same
year. Furthermore, Ca and Mg are less available in sandy soils and at low
pH (Zhao ez. al, 2011). The local condition of the soil epipedon at the
experimental area is naturally acid (pH,,<6), which constrains the avail-
ability of these nutrients to plants (Reintam & Késter, 2006). Because the
soil has not been limed for more than 10 years, re-acidification has taken
place, and levels of Mg and Ca might remain low in the long term.

6.2. Soil physical properties (II, I1I, IV)

Comparing the initial and final average soil physical values from 2010
and 2012 for the conventional systems and those from 2010 and 2014
for the organic ones, all of the systems showed an improvement in soil
physical properties in terms of bulk density, air-filled pores and plant-
available water (Table 2 in II; Table I in III). Previous studies have shown
a cumulative crop rotation effect of enhancing soil porosity and prevent-
ing soil organic carbon losses in similar systems (Hao ez a/., 2002; Aziz
et al., 2011). However, this effect was not notable at 30-35 cm depth
(Table 3), probably due to the lower amount of organic matter at this
depth. According to the results obtained in 2014, the more favourable soil
physical conditions did not parallel the soil particle aggregation behav-
iour (Table 1 in III). In this sense, an apparent decrease in bulk density
in the ploughing layer did not indicate an improvement in soil general
structure in the organic systems. Many researchers have presented a posi-
tive correlation between soil organic carbon content and soil aggregate

44



stability (Haynes & Naidu, 1998; Boix-Fayos ez 4/., 2001; Bronick & Lal,
2005; Tejada ez al., 2008); however, the results of the present experiment
suggest that other factors had a greater impact on the soil structural sta-
bility. First, because the three organic systems received the same amount
of tillage, a negative tillage effect on %WSA must be considered. Tillage
has been reported to decrease soil aggregation by accelerating the turno-
ver of aggregate-associated soil organic matter (Six ez a/., 1999). On the
other hand, depending on the nature of SOC, in some cases manure
can enhance the susceptibility of soil to dispersion and hence decrease
its aggregate stability. The presence of certain cations in the manure,
especially Na*, contributes to the presence of repulsive charges in the
soil solution that disperse soil particles. However, Na* content was not
measured in the present study. Divalent cations, such as Ca** and Mg*,
improve soil structure through cationic bridging with clay particles and
SOC (Bronick & Lal, 2005). During the 2013-2014 period, there was a
significant decrease in Mg in all of the systems (Table 2). At deeper soil
layers, the %WSA was lower (Table 3). This may be related to the pres-
ence of less soil organic carbon and less microbial activity. As previously
noted, the correlation between these variables has been largely docu-
mented (Bronick & Lal, 2005; Tejada ez al., 2008).

The yearly variability in soil physical properties was also related to differ-
ences in the time of sampling. On one hand, in 2010 and 2011 samples
were taken in the fall. By that time, the plots had been cultivated through-
out the spring, and the winter cover crops had already been harvested. On
the other hand, in 2012-2014, samples were taken in the spring, when
cover crops were present in the organic systems and all of the plots in the
conventional systems were covered with plant residues because no tillage
took place in autumn 2011. Therefore, in 2010 and 2011, a notable till-
age effect on the soil physical condition was expected as a result of the
operations previously carried out during the growing period, whereas in
2012-2014 the soil remained unaltered until the sampling time and was
only affected by the freezing and thawing cycles that occurred during the
winter-spring period; here, the Organic I and II systems benefitted from
the presence of cover crops.

Weather conditions also played an important role with respect to certain
soil physical conditions in the present experiment. Penetration resistance
and bulk density are dependent on the soil moisture content (Molina
et al., 1999; Velykis er al., 2014). Compared with other years of the
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study, 2011 was relatively drier (Table 1) and presented higher plant
non-available water (PnAW), which corresponds to the portion of water
stored in micropores (Table 2 in II). This can be explained by the plants’
morphological response to the low precipitation. Under moderate water
stress conditions, crop roots tend to increase the fine root length per unit
of soil volume so as to be able to absorb nutrients; the fine roots expand
through macropores or regions of weakness in the soil, compacting the
surrounding soil particles and decreasing the pore size. This was more
marked in the organic systems, where the availability of certain nutrients
was lower. In the Conventional II system, despite the general increase
in PnAW in 2011, this porosity fraction remained basically constant.
This agrees with results obtained by Reintam (2006), who showed that
under non-compacted soil conditions root densities were lower in plots
to which mineral fertilisers had been added because here nutrients are
more accessible to the plants. Beyond this, other specific positive effects
of mineral fertilisers on soil bulk density and porosity are difficult to
demonstrate. However, other studies, such as the study conducted by
Rasool ez al. in 2008, reported a significant increase on SOC concentra-
tion in conventional fertilised soils after application of mineral fertilisers
(NP5, K,,) and as a result an increase in the total soil porosity and a
decrease in soil bulk density compared to that in control plots.

Weather conditions can also determine the percentage of soil stable aggre-
gates. According to various studies, aggregate stability has been found
to be negatively correlated with soil moisture (Gerald, 1987; Perfect ez
al., 1990). Perfect et al. (1990) observed that soil moisture at sampling
explained between 20.3 and 84.9% of the seasonal variation in WSA.
Therefore, the higher soil moisture at the time of sampling in 2014 com-
pared with 2013 (Table 3), especially in the organic plots with cattle
manure amendment, can also explain the higher %WSA in 2014 com-

pared with 2013.

The positive impact of organic amendments on soil physical properties
has been widely studied. An increased level of organic matter in the soil
is associated with many desirable soil properties, including higher plant-
available water-holding capacity and lowering of bulk density (Bulluck ez
al., 2002; Gopinath ez al., 2009; Guo ez al., 2016). However, the results
of the present experiment indicated that in the organic systems, despite
the sum of crop rotation, cover crop and manure effects, the intensive
tillage operations had a greater impact on SOC. This, in turn, resulted in
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higher bulk density and lower percentage of air-filled pores in comparison
with the conventional systems (Table 2 in II). The negative tillage effect
continued after the first rotation (2013-2014). Comparing the organic
systems, cover crops did not have a significant effect on the soil properties
studied; no significant differences were found between the control system
(Organic 0) and the Organic I system (with cover crops). Similarly, no
significant differences were found between the two organic systems with
cover crops (Figure 3 in III).

According to the textural classification, the soil at the experimental area
contained more than 50% sand. Sandy soils have been shown to be more
liable to lose structural stability than clayey soils and more prone to the
formation of microaggregates (Boix-Fayos ez al., 2001; Spaccini ez al.,
2001; Hathaway-Jenkins ez /., 2011). Under these textural conditions,
the tillage operations carried out in the systems could counteract a posi-
tive effect of crop rotation and manuring. By mixing the plough-layer,
new soil is exposed to dry-wet cycles at the soil surface. This contributes
to degradation of the soil structure and also affects the SOM dynamics
(Denef et al., 2001); as a result, soil aggregate stability is also affected
(Greacen, 1958).

Like the rest of the soil physical properties studied, the penetration resist-
ance was positively affected by crop rotation, showing a decreasing ten-
dency with depth as the years of the study progressed. In 2011, the dis-
continuity in penetrability with depth under the ploughing layer (25-30
cm depth) may explain the evidence of a possible plough pan (Figure 1b
in II). It is common at this depth (approximately 8 cm below the tillage
depth) that the penetration resistance normally reaches higher average
values (Tsimba ez al., 1999). However, the moderate weight of the tractor
(5 tons), the relatively low clay content (under 10%) and the natural proc-
esses of freezing/thawing 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 phenomenon and was not appar-
ent in later years (Figure 1 c in II; Figure 3). Therefore, the differences in
nutrient uptake are not likely to be problems derived from compaction
but instead due to the availability of nutrients in the systems.

Despite the intensive tillage, especially in the organic systems, average

penetration resistance values over 2 MPa at the soil root zone were only
reached occasionally by some of the systems in 2010 and 2011 (Figure 1
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in IT). According to Whalley ez a/. (2012), in general, penetrometer val-
ues greater than 2 MPa can significantly affect crop development and
biomass production. Soil compaction can have a negative effect on soil
water and nutrient acquisition (Reintam, 2006). However, as previously
mentioned, differences in nutrient uptake tend to be more connected
with the availability of these nutrients in the soil and differences in yield
(Alaru et al., 2014; Tein ez al., 2014), and among our systems as well
they seem to be more connected with the presence or absence of mineral
fertilisers and not with problems caused by compaction.

6.3. Earthworms and fluorescein diacetate hydrolysis
activity (FDA) (III)

Most of the earthworm species found in the field were endogenic. In
general, in arable soils under intensive tillage, most of the species found
are endogenic because these are more tolerant to disturbance (Ivask ez
al., 2007). Despite the fact that the three organic systems presented an
increase in the number and biomass of earthworms when the 2013 and
2014 values are compared, this increase was only significant in the case
of the organic control system; therefore, the use of winter cover crops
and cattle manure did not have a significant effect on these two variables
(Table 3 in III). Because there are no existing data from previous years, it
is difficult to determine whether this yearly variability is merely station-
ary. When the three organic systems were compared, the organic system
with cattle manure addition (Organic II) showed the highest number
and biomass of earthworms. This could be explained by the higher SOC
in this system (despite the fact that no significant differences among
the systems in SOC were found); however, no significant correlation
between these variables was found. As with other factors, such as %0 WSA
and SOC, certain tillage operations, especially ploughing, disrupt earth-
worm populations and eventually create unfavourable soil environmental
conditions (Glab ez /., 2013; Crittenden et al., 2014). Bostrom (1995)
reported that rotary cultivation and ploughing killed approximately 75%
of the earthworms.

Annual precipitation and soil water content can also influence the quanti-
tative characteristics of earthworm populations (abundance and biomass)
(Ivask et al., 2007; Birkas et al., 2010; Crittenden et al., 2014). In the
present experiment, the cumulative precipitation (Table 1) during the
summer (prior to the sampling time), as well as the soil water content
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(Table 3), were higher in 2014 than in 2013. This, in addition to the
mild average summer temperatures ranging from approximately 12°C to
19°C, created more favourable conditions for earthworms and therefore
can also explain the increase in earthworm number and biomass in 2014
despite the tillage operations. Other chemical factors, such as pH, have
also been shown to impact earthworm populations (lordache & Borza,
2010). In the present experiment, no significant differences in pH were
found between the years (2013 and 2014) or among the systems; there-
fore, the variability in the number of earthworms cannot be explained
by changes in soil acidity. This is also supported by the fact that during
the whole experiment the soil pH was >5, which is considered the limit-
ing pH below which earthworms will not thrive in the soil (Edwards,

2004).

Due to the difference in sampling depth of the earthworm samples (0-20
cm) and the samples taken for the study of other soil properties (5-10
cm), it is difficult to establish any connection among them. This may
explain why no significant correlation (all 2>0.05) was found between
the number of earthworms and the percentage of soil aggregates, total
porosity or SOC (Tables 2 & 3 in III). The fact that earthworms favour
soil aggregation as a result of the excretion of cast (Barois ez al., 1993; Bos-
suyt et al., 2006) and enhance soil porosity by drilling and that organic
matter in the soil represents a food supply for earthworms and better liv-
ing conditions for microfauna (Scullion ez al., 2007) cannot be neglected.
However, other factors, especially tillage, might have greater impact on
these soil properties.

Enzymatic activity showed a significant positive response to the presence
of cover crops and to the application of cattle manure in both 2013 and
2014 (Figure 4 in III). Most of the microbial populations in the soil are
heterotrophs and therefore depend on the availability of organic carbon
and energy (Odlare, 2005). The application of manure to soil results in
a rapid soil microbial response, shown by an increase in enzyme activ-
ity (Kanchikerimath & Singh, 2001) due to the incorporation of eas-
ily degradable organic materials (green matter and cattle manure) that
stimulate the activity of autochthonous microbial and also exogenous
microorganisms (Tejada ez a/., 2008). This may explain why the Organic
IT system with higher SOC content also presented higher FDA despite
the fact that there were no significant differences in SOC during this
period. The positive effects of the addition of organic amendments on
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soil microbial activity have been reported in several studies (Bulluck ez
al., 2002; Odlare, 2005; Liu ez al., 2007; Doan et al., 2013; Sudhakaran
etal., 2013).

No yearly significant differences in FDA were found in any of the systems.
This can be explained by the fact that the experimental setup was rela-
tively short (the division into three organic systems was made in 2013).
In general, long-term crop rotation has a significant impact on microbial
communities and their activities (Edesi ez /., 2012); however, because no
yearly significant changes in SOC occurred during this period, no yearly
significant differences in FDA hydrolysis were found. In addition, due
to the intensive tillage, the mineralisation of organic matter in the soil
occurred relatively rapidly.

Other factors, such as the soil moisture, pH, nutrient concentration and
presence of earthworms, can also affect soil microbial populations and
activities. Although it is true that significant variations were found in N,
P and K between the years (Table 2), data from only two years are avail-
able, and no yearly significant differences in FDA were found; thus, it
is difficult to establish a clear connection between these factors and soil
microbiological activity.
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7. CONCLUSIONS

In the present experiment, which was based on a five-year crop rotation,
the effect of the use of cover crops (rye, ryegrass and oilseed rape) alone
or combined with cattle manure (40 t ha) on soil physical and chemical
properties, as well as on earthworm and soil microbial populations, was
studied and compared with the effect of the use of mineral fertilisers in
conventional systems in the same rotation (winter wheat, pea, potato and
barley undersown with red clover). According to the aims of the study,
the following conclusions may be presented:

1. On average, cover crops and cattle manure showed a significant effect
on soil acidity, raising the soil pH, which is naturally acid, to an aver-
age pH=6.

2. During the first rotation, the organic systems with and without cattle
manure presented the highest C input, with average rotation values of
4,762 kg Cha' y"' and 4,415 kg C ha'', respectively. However, these
systems did not present significant differences in the soil organic
carbon (SOC) concentration in comparison with the conventional
fertilised systems.

3. After the first 5-year rotation, the yearly addition of mineral fertilisers
at an average rate of N st’ K95 in the conventional system main-
tained an average constant level of total N and SOC and increased by
8.7 mg kg the concentration of available phosphorus (P) in the soil.
In addition, this system also presented the highest nutrient (NPK)
uptake of all the systems.

4. Cover crops showed a positive effect on binding soil N in the organic
systems. Despite the yearly fluctuations, during the first rotation
the organic systems both with and without cattle manure showed
the highest average concentration of N, an average concentration of
0.14% for both systems.

5. The continuous decrease in available potassium and magnesium in
the soil during the whole experiment in all investigated treatments
suggests that current soil management, whether conventional or
organic, is not adequate in terms of K. After the first rotation, the
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10.

conventional fertilised system showed an average decrease in K of 5.2
mg kg y!, whereas in the organic system the average decreases in K
were 8.9 mg kg y' and 34.2 mg kg y! in the systems without and
with cattle manure, respectively.

The lack of any extra source of Mg and Ca other than cattle manure
in combination with the local acidic conditions and the interaction
of these with other cations resulted in a decrease in both nutrients
in the soil. Both nutrients were strongly affected by the local climate
and soil conditions and the low clay content of the soil.

Without any fertiliser use, the nutrient concentration in the soil
decreased over time. As result, the conventional non-fertilised con-
trol system presented significant decreases in N (0.02%), P (4.5 mg
kg!), K (34.2 mg kg'), Ca (385.3 kg') and Mg (56.1 kg') until
the end of the first rotation compared to the starting level in 2008.
However, despite the lack of fertilisers, this system presented better
overall soil physical condition than the organic systems, with lower
bulk density (1.45 Mg m™) and higher percentages of air-filled pores
(15.96%) and plant-available water (22.01%).

The use of mineral fertilisers in the conventional fertilised system at
an average rate of N, P, K . per year boosted the positive yearly
effect of crop rotation on soil physical properties to a greater extent
than occurred with any of the organic management systems tested.
At the end of the first rotation, this system presented lower bulk
density (1.39 Mg m?) and a higher percentage of air-filled pores
(19.11%) and plant-available water (22.82%).

Intensive tillage counterbalanced the beneficial effect of cover crops
and manure amendments on soil bulk density and porosity in the
organic systems during the entire experiment. As a result, the organic
systems presented the highest bulk density (1.47 Mg m™ and 1.48
Mg m™ for organic systems without and with cattle manure, respec-
tively) and the lowest percentage of air-filled pores (14.62% and
14.07%, respectively) compared with the other systems.

Comparing the average values of the bulk density, porosity and SOC

from 2010 and 2012, it can be concluded that all of the systems
showed overall improvement in the soil physical condition and SOC
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11.

12.

13.

concentration in the plough layer that was connected with a cumula-
tive yearly effect of crop rotation. In order, the conventional control
system, the conventional fertilised system, organic system with cover
crops and organic system with cover crops and manure presented
average decreases in bulk density of 0.04 Mg m?y', 0.07 Mg m? y”!,
0.065 Mg m” and 0.055 Mg m™; increases in plant-available water of
3.85%, 1.46%, 1.98% and 1.69%; and increases in SOC of 0.12%,
0.07%, 0.12% and 0.13%.

The sum of various factors, such as intensive tillage, low clay content
and the decrease in Mg, affected the percentage of soil stable aggre-
gates in the organic plots in the 2013-2014 period. Both organic
systems presented a decrease in the percentage of water-stable aggre-
gates (%WSA). This decrease was 1.61% in the organic system with
cover crops only and 9.47% in the organic system with cover crops
and a yearly application of cattle manure.

The most common earthworm species found were mainly endog-
enic species. Among these, the grey worm (Aporrectodea caliginosa),
mucous worm (Aporrectodea rosea) and marsh worm (Lumbricus
rubellus) were the most abundant. The organic system in which
cover crops were sown and cattle manure was applied yearly yielded
the highest average number of earthworms in both 2013 and 2014
(104.4 and 112.5, respectively).

The enzymatic activity responded positively to the presence of cover
crops in combination with a yearly application of cattle manure. In
2013 and 2014, the organic system in which the two practices were
combined showed the highest FDA, with average values of 59.7 pg
fluorescein g dry soil' h™ and 58.4 pg fluorescein g dry soil* h,

respectively.

In summary, the use of cover crops alone or in conjunction with cattle
manure cannot be considered to be sufficient for maintaining a constant
concentration of nutrients in the soil after seven years of rotation under
intensive tillage. The potential benefits of these practices on the soil
porosity, structure and nutrient content were counteracted to a greater
or lesser extent by various factors and cannot be taken for granted.
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Issues requiring further research:

e The present study showed that intensive tillage counteracts the posi-
tive effect of cover crops and manure on soil structure, carbon con-
tent and soil physical properties. Reducing the number of operations
or changing to another tillage system may help optimise the impact
of cover crops and manure on the soil. The inclusion of cover crops
may be a potential strategy for improving soil physical condition
under reduced tillage.

*  To gain deeper and more practical insight from the results, it would
be desirable for further studies to include calculation and analysis of
nutrient balances and nutrient use efficiency.

* To evaluate the combined effects of crop rotation, cover crops and
manure on soil properties, it would be interesting to continue the
experiment over a longer term, especially to judge the effects on
microbial activity and earthworms because it is difficult to derive
conclusions from data gathered over only two years.

*  The presence of certain cations, especially Na*, in the soil or manure
can lead to soil particle dispersion. Analysis of the soil Na* content
could provide a better understanding of the dynamics of soil parti-
cle aggregation and might clarify why our research results differed
in part from those of previous studies in which the application of
manure enhanced soil particle aggregation.

*  Cover cropping is a farming practice used in organic farming and
conventional farming. The N-binding capacity of cover crops, which
has been widely studied, was also demonstrated in the present study.
In addition, the results of the experiment showed that the presence
of cover crops during the winter season can enhance soil microbial
and earthworm populations. Therefore, it would be interesting to
test the effect of both practices by combining the use of cover crops
with that of mineral fertilisers at various concentrations.
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SUMMARY IN ESTONIAN

VAHEKULTUURIDE JA VAETAMISE MOJU MULLA
OMADUSTELE KULVIKORRAKATSES

Sissejuhatus

Intensiivse péllumajandusega kaasnevad keskkonnaprobleemid ning
uued suunad Euroopa Liidu poliitikas on suurendanud huvi mahevilje-
luse vastu (van Diepeningen ez al., 2006). Maheviljelus on péllumajan-
duspraktika, kus mullaviljakus tagatakse tinu kiilvikorra rakendamisele
ning kompostide, sonniku ja haljasvietiste kasutamisele, vilistades siin-
teetiliste véetiste ja taimekaitsevahendite kasutamise.

Uheks oluliseks pohimétteks maheviljeluses mullaviljakuse siilitamisel
on olemasolevate ressursside voimalikult tohus kasutamine (Steinshamn
et al., 2004). Pohilisteks praktikateks nii mahe- kui ka tavaviljeluses on
tasakaalus kiilvikorra kasutamine ning vahe- ja jirelkultuuride kasvata-
mine, mis viib orgaanilise aine sisalduse suurenemiseni mullas, paranda-
des seeldbi nii mulla struktuursust, mikrobiaalset aktiivsust kui ka teisi
mulla fiitisikalisi ja keemilisi omadusi (Berzsenyi er al., 2000; Hao ez
al., 2002; Aziz et al., 2011). Ainult kiilvikorra ja vahekultuuride kasuta-
mine ei taga aga toitainete tasakaalu pollul ning vaja on anda toitaineid
juurde orgaaniliste v6i mineraalvietistena. Paljudes Euroopa idapoolse-
tes riikides, sh Eestis, on p6ldude toitainete bilanss negatiivne (Astover,
2007) ning tasakaalus kiilvikord ja vahekultuuride kasvatamine on seal
olulise tdhtsusega mullaviljakuse sdilitamisel nii tava- kui ka maheviljelu-
ses. Senised kiilvikordade ning vietamisalased (mineraal- ja orgaanilised
vietised) uuringud on keskendunud pohiliselt mulla orgaanilise aine voi
toitainete tasakaalule kas mahe- véi tavaviljeluse tingimustes, kuid mulla
fuiisikalistele omadustele on vihe tihelepanu péoratud ning pole ka siis-
teeme omavahel vorreldud.

Senised vahekultuuride uuringud piirduvad enamasti nende kasutami-
sega limmastiku sidumise eesmirgil ja kisitlevad moju jargnevate kultuu-
ride saagile (Sainju ez al., 2003; Talgre ez al., 2009). Otsene méju mulla
omadustele, niiteks orgaanilise aine sisaldusele, struktuuriagregaatide
stabiilsusele ja mikroobide tegevusele ning nende véimele vihendada P
ja K’kadu on aga seni teadmata (Talgre, 2013). Lisaks sellele on suhteliselt
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vihe uuringuid vahekultuuride moju kohta mulla fitiisikalistele ja bioloo-
gilistele omadustele Pohjamaade klimaatilistes tingimustes.

Kiesolevas doktorit6os keskendutakse mulla keemiliste, fiitisikaliste ja
bioloogiliste omaduste muutuste uurimisele viieviljalises kiilvikorras
tava- ja maheviljeluse tingimustes, kasutades eri vietuspraktikaid, nagu
vahekultuurid, sonnik ja mineraalvietised.

T66 hiipoteesid on:

Vahekultuuride kasvatamine iiksi voi koos taheda veisesonniku kasu-
tamisega on piisav, et sdilitada mulla toitainete (N, B, K, C, Mg ja
Ca) tasakaal maheviljeluses vorreldes mineraalvietiste kasutamise ja
vahekultuuride mittekasutamisega tavaviljeluses (I ja IV).

Vahekultuuride kasvatamine tiksi voi koos sonniku kasutamisega
tagab mulla struktuuriagregaatide suurema stabiilsuse, madalama
lasuvustiheduse ja korgema taimedele omastatava vee sisalduse mul-
las vorreldes nende mittekasutamisega maheviljeluses ja ainult mine-
raalvietiste kasutamisega tavaviljeluses (II, III).

Vahekultuuride kasvatamine iiksi ja koos sonniku kasutamisega suu-
rendab vihmausside arvukust ja mulla mikrobiaalset aktiivsust mahe-
viljeluses vorreldes variandiga, kus vahekultuure ja véetisi ei kasutata

(I11).

Kiilvikorra rakendamisel on positiivne moju mulla fiitisikalistele
omadustele, s6ltumata viljelusviisist ja véetusre iimist. Kiilvikorra
l6puks on koikides siisteemides madalam lasuvustihedus, korgem
taimedele omastatava vee sisaldus ja aeratsioonipoorsus vorreldes

algusaastaga (II).

Tulenevalt piistitatud hiipoteesidest oli uurimist66 eesmirkideks:

1.

Uurida mulla happesuse (pH), orgaanilise stisiniku (SOC), tildise
lammastiku (N ), litkuvate fosfori (P), kaaliumi (K), kaltsiumi (Ca)
ja magneesiumi (Mg) sisalduse muutusi mullas soltuvalt vahekul-
tuuride ja sonniku kasutamisest maheviljeluse ning mineraalvietiste
kasutamisest tavaviljeluse tingimustes viieviljalises kiilvikorras (I ja

IV).
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2. Uurida mulla fuisikaliste omaduste, nagu lasuvustiheduse, poor-
suse, veeldbilaskvuse ja penetromeetrilise takistuse muutusi mullas
soltuvalt vahekultuuride ja sonniku kasutamisest maheviljeluse ning
mineraalvietiste kasutamisest tavaviljeluse tingimustes viieviljalises
kiilvikorras (II ja III).

3. Uurida mulla vees stabiilsete struktuuriagregaatide stabiilsuse, vih-
mausside populatsiooni ning mikrobiaalse aktiivsuse (FDA) muutusi
soltuvalt vahekultuuride ja sonniku kasutamisest maheviljeluse tin-
gimustes viieviljalises kiilvikorras (III).

Materjal ja metoodika

Katseandmed on kogutud 2008. aastal Eesti Maaiilikooli maadele Eeri-
kale Tartumaale, Eestisse (58°22’N, 26°40’E) rajatud 5-viljalise kiilvi-
korra viljelusstisteemide vordluskatsest. Kiilvikorras olid talinisu ( 77iticum
aestivum L.), hernes (Pisum sativum L.), kartul (Solanum tuberosum L.),
oder (Hordeum vulgare L.) punase ristiku (7rifolium pratense L.) allakiil-
viga ja punane ristik. Katseala mullaks on kerge liivsaviloimisega ndiv-
leetunud (LP) muld, milles on 56,5% liiva, 34% tolmu ja 9,5% savi
ning huumushorisondi tiisedus varieerub 20 kuni 30 cm-ni (Reintam &

Koster, 20006).

Esimese rotatsiooni ajal oli katse jaotatud 6 eraldi siisteemiks, milles igas
oli esindatud kéik viis kiilvikorra kultuuri, ning katse oli neljas korduses.
(Joonis 1). Kiesolevas uurimistoos keskenduti pohiliselt neljale siisteemile:
Tava I: tavaviljeluse kontrollvariant, kus mineraalvietisi ei antud, kuid
kasutati taimekaitsevahendeid; Tava II: tavaviljeluse variant, kus lisaks
taimekaitsevahenditele kasutati mineraalvietisi arvutatuna toiteelementi-
dena jargmiselt: odral N120P25K95’ talinisul ja kartulil N _ P, K__ ja hernel

150" 25295
kui liblikéielisel kultuuril N, P, K. _, punast ristikut ei vdetatud; Mahe I:

stinteetiliste taimekaitsevahezr(;diztsetzlssiisteem, kus vahekultuuridena kasu-
tati talirapsi (Brassica napus ssp. oleifera var. biennis) pirast hernest, rukist
(Secale cereale 1.) pdrast kartulit ja raiheina (Lolium perenne L.) pirast
talinisu; Mahe II: lisaks vahekultuuridele kasutati 40 t ha™! kompostitud
veisesonnikut. Keskmiselt oli sonniku kuivaines (44,8%) limmastikku
(N) 9,7 g kg, fosforit (P) 4,6 g kg™, kaaliumit (K) 8,6 g kg™, kaltsiumit
(Ca) 11,7 g kg', magneesiumit (Mg) 3,4 g kg™ ja stisinikku (C) 138 g
kg,
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Pirast esimest rotatsiooni keskenduti maheviljeluslikele siisteemidele
(2013-2014). Esialgne Mahe I siisteem jagati kaheks ning loodi juurde
kontrollvariant, Mahe 0, kus vahekultuure ja sonnikut ei kasutatud. (Joo-
nis 1, II). Vahekultuurides asendati raihein rukki ja rapsi seguga.

Kevadel lisati katselappidele sonnik: talinisule 10 t ha' ning odrale 10
t ha! ja kartulile 20 ¢ ha'. Vahekultuurid kiilvati stigisel augustis parast
pohikultuuri koristust ning kiinti mulda kevadel aprillis 22 ¢m stigavu-
selt enne pohikultuuri kiilvi. Kiilviks ettevalmistamiseks kasutati kulti-
veerimist ning umbrohutérjeks teraviljadel ja hernel destamist 2 korda
ning kartulil 3 korda vaheltharimist kasvuperioodi jooksul. Tavaviljeluses
kasutati taimekaitsevahendeid soltuvalt kultuuride vajadusest. Koikides
véetusstisteemides eemaldati pollult ainult kaubanduslik saak, tilejdinu

(pohk ja juured) kiinti mulda.

Mullaproovid nii keemiliste, fuiisikaliste kui ka mikrobiaalse aktiivsuse
niditajate kohta koguti kuni 2011. aastani stigisel pirast pdhikultuuri
koristust, kuid alates 2012. aastast kevadel enne harimistéde algust kiin-
nikihist. Alates 2013. aastast koguti mulla fiiiisikaliste niitajate proovid
ka kiinnikihi alusest kihist (30-35 cm). Mulla fuitisikaliste parameetrite
midramisega alustati 2010. aastast. Mulla keemilistest niditajatest médrati
happesus (pH, ), iildine limmastik, orgaaniline siisinik, liikuvad fosfor,
kaalium, kaltsium ja magneesium (I ja IV). Mulla fiitisikalistest nditajatest
midrati alates 2010. aastast koikidel uuritud variantidel penetromeetriline
takistus, lasuvustihedus, poorsus (aeratsioonipoorsus pF1,8 juures, taime-
dele omastatava veega tdidetud poorsus ja taimedele omastamatu veega
tiidetud poorsus pF4,2 juures) ja veejuhtivus (II). Alates 2013. aastast
maidrati ainult maheviljeluslikel variantidel lisaks nimetatutele ka vees
stabiilsete struktuuriagregaatide sisaldus, vihmausside liigiline koosseis,
arvukus ja mass ning mulla mikrobiaalne aktiivsus (FDA) (III).

Mulla toitainetesisalduse muutuste hindamiseks kasutati iihefaktorilist
dispersioonanaliiiisi 95% usutavuse juures. Ulejiinud mullaparameet-
rite hindamisel rakendati lineaarset segamudelit R-studios (R Core Team
2012) ning leiti korrelatsioon mulla eriparameetrite vahel.

Tulemused ja arutelu

Rakendatud erinev vietamine pohjustas usutavaid erinevusi (P<0,05)
mulla happesuses, kus mineraalvietiste kasutamisel pH vihenes (I). Poh-

74



juseks vois olla mineraalvietistega NH4* kujul antav limmastik, mis
vabastab pirast okstidatsiooni mulda H* ioone ning alandab sellega pH-d.
Teisest kiiljest pohjustas pidev vahekultuuride sissekiind ja sonniku kasu-
tamine moningast pH tdusu terve uuritava aja véltel (2008-2014).

Ka méjusid vahekultuurid ja sonnik positiivselt mulla orgaanilise aine
sisaldusele, pohjustades selle sisalduse tousu vorreldes teiste uuritud vie-
tussiisteemidega (Joonis 2, IV), kuid see muutus ei olnud vorreldes tava-
viljeluslike stisteemidega (Tava II) statistiliselt usutav. See viib jirelduseni,
et muud faktorid, nagu sagedasem harimine maheviljeluses, voisid dra
neutraliseerida lisanduva orgaanilise aine positiivse méju. Samas, vor-
reldes intensiivselt vietatava tavaviljeluse variandiga ei olnud erinevused
mulda tagastatava orgaanilise aine osas suured, sest intensiivne vietamine
pohjustas ka suurema taimemassi ning hiljem mulda kiintava taimejii-

nuste (pohk, juured) koguse.

Muutused mulla limmastikusisalduses olid seotud nii vietistega juurde
antava limmastiku kui ka rotatsioonis olevate herne ja ristiku ning vahe-
kultuuride poolt kinni hoitavaga. Maheviljeluses oli mulla N sisaldus
alati veidi korgem kui tavaviljeluses (Joonis 2, I), mida voib pohjendada
nii vahekultuuride poolt paigal hoitud kui ka sonnikuga lisanduva lim-
mastikuga. Limmastikusisaldus intensiivselt vietatud tavaviljeluslikus
sisteemis piisis esimeses rotatsioonis suhteliselt stabiilsena, kuigi seal oli
taimede limmastiku (ka P ja K) omastamise tase korgeim.

Enim varieerus kogu katseperioodi jooksul mulla omastatava fosfori
sisaldus (Joonis 2, I & Tabel 2), mistottu oli varieeruvust raske seos-
tada uuritud vietussiisteemidega. Aastased koikumised olid seotud nii
taimede ebaregulaarse toitainete omastamise kui ka katseaastate erine-
vate ilmastikutingimustega, mis pohjustasid fosfori ebaiihtlast sidumist ja
vabanemist. Vahekultuuride moéju ei olnud eristatav. Ka litkuva kaaliumi
sisalduse muutus mullas oli ebaregulaarne, kuid alates katse rajamisest
2008. aastal voib tiheldada sisalduse jirjepidevat vihenemist (2008—
2014) koikides uuritud siisteemides. Uldine kaaliumisisalduse vihene-
mine mullas voib olla péhjustatud mulla viiksest savisisaldusest (9,5%),
mistottu mulla kaaliumihoiuvéime on viike, kuid ka liblikéieliste poolt
seotud kaaliumiga. Vaatamata sellele, et litkuva kaaliumi ja fosfori sisal-
dus aastatega vihenes, on antud mulla vajadus lihtuvalt selle 16imisest ja
orgaanilise aine sisaldusest nende toitainete jirele viike koikides uuritud
vietussiisteemides (Loide, 2004).
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Kaltsiumi ja magneesiumi sisaldus vihenes koikides uuritud siisteemides
esimeses rotatsioonis (Joonis 2, I), sest ainult Mahe II siisteemis anti
sonnikuga kaltsiumit ja magneesiumit juurde, kuid see ei olnud piisav
eelneva taseme siilitamiseks mullas. Alates teisest rotatsioonist saavutati
maheviljeluslikes siisteemides mullas tasakaal ning vahekultuuride ning
sonniku mojul Ca ja Mg sisaldus mullas enam ei vihenenud.

Rakendatud kiilvikorral oli positiivne méju mulla fiitisikalistele oma-
dustele koikides uuritud vietussiisteemides, kui vorrelda mulla niitajaid
2010. ja 2012. aastal tavaviljeluses ning 2010. ja 2014. aastal mahevilje-
luses. Vihenes mulla lasuvustihedus ning seoses sellega suurenes iildine
poorsus, muu hulgas aeratsiooni- ja omastatava veega tiidetud poorsus
(Tabel 2, 1I; Tabel 1, III). Vahekultuuridel ning vahekultuuride ja son-
niku kombineerimisel on mulla veejuhtivusele oluliselt suurem méju kui
tavaviljeluslike stisteemide puhul, kui vorrelda muutust lihteaastaga.

Mulla poorsuse, veehoiuvoime, veejuhtivuse ja penetromeetrilise takistuse
paranemine jitkus ka teises rotatsioonis (2013-2014) maheviljeluslikes
stisteemides (Tabel 1, Joonis 3, III, Joonis 3), kuid see ei olnud seotud
mulla suurema vees stabiilsete struktuuriagregaatide sisaldusega (Tabel
2, III). Nii vahekultuuride kasutamine eraldi kui ka kombinatsioonis
sonnikuga vihendas struktuuriagregaatide stabiilsust vorreldes kontroll-
variandiga. See vois olla pohjustatud nii intensiivsemast harimisest seo-
ses vahekultuuride kiilviga kui ka mulla magneesiumisisalduse usutavast
vihenemisest. Katioonide, eriti kahevalentsete katioonide muutus mullas
voib oluliselt méjutada struktuuriagregaatide stabiilsust. Ka on tihelda-
tud kergesti lagundatava orgaanilise materjali (lehed) negatiivset moju
struktuuriagregaatide stabiilsusele vorreldes raskesti lagundatava mater-

jaliga (pohk).

Katsetulemustest selgus, et vihmaussiliikidest domineerisid uuritud vie-
tusstisteemides harilik mullauss (Aporrectodea caliginosa L.) ja punane vih-
mauss (Lumbricus rubellus 1.), kes moodustasid enamuse leitud liikide
arvukusest. Vietatud maheviljeluse variantides leidus ka roosat mullaussi
(Aporrectodea rosea L.) ja harilikku vihmaussi (Lumbricus terrestris L.),
samas leidus ainult tiksikuid rohelise mullaussi (Allolobophora chlorotica
L.) isendeid. Vihmausside arvukus ja mass olid suurimad sénniku ja vahe-
kultuuride koos kasutamisel, kuid ka ainult vahekultuure kasutades oli
nende arvukus ja mass s6ltuvalt aastast kuni kaks korda suurem kui kont-
rollvariandis (Tabel 3, III). Samas ei olnud need erinevused vietussiistee-
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mide vahel statistiliselt usutavad, kuna kultuuride moju vietussiisteemi
sees oli suur.

Vahekultuuride kasvatamisel oli statistiliselt usutav positiivne moju ka
mulla ensiimaatilisele aktiivsusele (FDA), mille kaudu hinnati mulla
mikrobiaalset aktiivsust. See positiivne méju avaldus nii vahekultuuride
eraldi kui ka koos sonnikuga kasutamisel mélemal uuritud aastal (2013
ja 2014) (Joonis 4, III) tinu mulda viidud kergesti lagunevale orgaanili-
sele ainele (taimelehed, sonnik), kus limmastiku ja siisiniku vahekord on
bakteritele soodne (ca 1:10).

Kokkuvéte
Lihtuvalt piistitatud eesmirkidest voib teha jirgmised jireldused:

1. Katseaastate keskmisena avaldas vahekultuuride (raps, raihein, rukis)
eraldi ning koos sénnikuga kasutamine statistiliselt usutavat méju
mulla happesusele (pH, ), suurendades naturaalselt happelise mulla

pH 6-ni.

KClI

2. Suurim aastane orgaanilise siisiniku (C) juurdetulek mulda leiti
maheviljeluslike stisteemide puhul, kus pohikultuuride péhule ja
juurtele lisandus vahekultuuridest ja sénnikust tulev orgaaniline
aine.

3. Vahekultuuride ja sénniku kasutamine suurendas kiill mulla orgaani-
lise siisiniku ja tildise limmastiku sisaldust, kuid ei taganud litkuvate
toitainete, nagu fosfori, kaaliumi, kaltsiumi ja magneesiumi tasakaalu
esimeses rotatsioonis.

4. Mineraalvietiste kasutamisel N, st’ K95 rotatsiooni keskmisena
pdrast esimest viieaastast rotatsiooni piisis mulla iildise limmastiku
ja orgaanilise stisiniku sisaldus muutumatuna ning suurenes mulla
litkuva fosfori sisaldus 8,7 mg kg'. Nimetatud siisteemis oli ka tai-
mede toitainete omastamise tase korgeim vorreldes kontrollvariandi
ja maheviljeluslike stisteemidega, kus kasutati vahekultuure ja son-
nikut.

5. Mulla litkuva kaaliumi ja magneesiumi sisalduse pidev vihenemine
koikides uuritud vietussiisteemides katseperioodil (2008-2014)
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10.

11.

lubab jireldada, et mitte tikski rakendatud siisteemidest ei ole jatku-
suutlik nende elementide taseme siilitamiseks mullas.

Rakendatud kiilvikorral — talinisu, hernes, kartul, oder punase ristiku
allakiilviga, punane ristik — oli koikides uuritud vietussiisteemides
positiivne méju mulla fiitisikalistele omadustele, nagu poorsus, vee-
juhtivus ja penetromeetriline takistus, kui vorrelda mulla niitajaid
2010. ja 2012. aastal tavaviljeluses ning 2010. ja 2014. aastal mahe-
viljeluses.

Mineraalvietiste kasutamine tavaviljeluses suurendas kiilvikorra
mo6ju mulla fiitisikalistele omadustele rohkem kui vahekultuuride
ja sonniku kasutamine maheviljeluses. Esimese rotatsiooni 16puks
oli antud siisteemis vdikseim lasuvustihedus, penetromeetriline takis-
tus ning suurim aeratsiooni- ja taimedele omastatava veega tiidetud
poorsus.

Intensiivne harimine, mis kaasnes umbrohtude hivitamise ja vahe-
kultuuride kiilviga maheviljeluses, vihendas vahekultuuride ja sonni-
kuga mulda viidava suurema koguse orgaanilise aine positiivset moju
mulla lasuvustihedusele ja poorsusele terve katseperioodi jooksul.

Vahekultuuride kasvatamine ja sonniku kasutamine avaldasid vastu-
olulist moju mulla vees stabiilsete struktuuriagregaatide sisaldusele
—2013. aastal suurendas, kuid 2014. aastal vihendas nende sisaldust.
Struktuuriagregaatide stabiilsuse vihenemine véis olla podhjustatud
nii intensiivsest harimisest kui ka mulla magneesiumisisalduse vihe-
nemisest.

Domineerivateks vihmaussiliikideks nii vietamata kui ka vahekultuure
ja sonnikut kasutades olid katsealal harilik mullauss (Aporrectodea
caliginosa L.) ja punane vihmauss (Lumbricus rubellus L.), sonniku
kasutamisel leiti ka roosat mullaussi (Aporrectodea rosea L.). Séltuvalt
katseaastast oli vihmausside arvukus vahekultuure ja sonnikut kasu-
tades kuni kaks korda suurem kui vietamata mullas.

Mulla mikrobiaalne aktiivsus, mida hinnati ensiimaatilise aktiivsuse
pohjal, reageeris positiivselt vahekultuuride ja sonniku niol lisandu-
nud kergesti lagundatavale orgaanilisele ainele, olles neis vietussiis-
teemides statistiliselt usutavalt suurem kui vietamata mullas.

78



Edasist uurimist vajavad teemad:

* Tipsema tulemuse vahekultuuride méju kohta mulla fiitisikalistele
omadustele saaks viiksema harimise intensiivsuse juures kui 1abi vii-
dud uuringus.

*  Ertvilja selgitada, milline kiilvikorra, vahekultuuride ja sonniku kom-
bineeritud kasutusviis méjutab mulla omadusi kéige soodsamalt,
tuleks jatkata katsega ning poorata rohkem tihelepanu mikrobiaalsele
aktiivsusele ja vihmaussidele.

¢ Teatud katioonide, eriti Na* olemasolu mullas véi sonnikus voib viia
mulla struktuuriagregaatide lagunemiseni, mistottu nende uurimine
annaks parema arusaamise struktuuriagregaatide stabiilsusest (sh
vahekultuuride ja sonniku vahelduvast mojust).

Kiesolev doktoritod niitas vahekultuuride positiivset moju mulla elus-
tiku aktiivsusele, kuid negatiivset méju struktuuriagregaatide stabiilsusele,
mistottu ei saa antud t66 pohjal anda soovitusi vahekultuuride praktikas
kasutamiseks. Vajalik on pikemaajalisem uuring leitud tulemuste kin-
nitamiseks v6i timberlitkkamiseks, et viltida lithiajalistest muudatustest
tingitud tulemuste pohjal véirade jirelduste tegemist. Lisaks on vaja labi
viia majandusliku tasuvuse uuring.

79



ACKNOWLEDGEMENTS

The end of my PhD period also supposes the end of one very important
period in my life, at least for a while, my life in Estonia. Therefore I would
like to express my greatest thanks to the people who has supported me
during this five years in greater or lesser extent, to those who has believed
in me and my ability for pushing myself to the limit and finishing this
long-distance race further from all the struggles by the time of publishing
articles, writing my thesis especially when the time runs against me; but
also to the people who did not believe in me, because also was a motiva-
tion to show them I am able to do it.

Thanks to my family in Eesti Maaiilikool, who has taken care of me even
though we don't speak the same language. Thanks to my supervisors,
Anne but especially to Endla, for guiding me in my work along the years
and your patience, finally here I am, as I promised to you. Also thank
you to Kadri, for being more than a workmate, a friend, who has helped
me in uncountable situations and advised me wisely, but also spend good
times out from the university walls. Same to Helis, for being always there
and be my guide especially when I arrived to Estonia and I was literally
lost. Also I don’t want to miss the chance of expressing my gratitude to
Alar for also supported my career here. Thanks to Siiri for the coffee
companion and for listening all my complaints. Finally, thank you to the
rest of the people of the department of Soil Sciences and Agrochemistry
because I was lucky to count with such a nice group: Imbi, Raja, Elsa,
Triin, Merrit, Kaire, Raimo, Tonu, Avo and Indrek; but also to Thomas
for his quick review of the present work and Karin, Berit, Liina and Tanel
for their help, advice and support along these years.

Thanks to my parents and my brother, because they have run with me all
this time. It has been hard not to be there when it was needed, but they
understand that this was a great opportunity, hope they are proud of me,
as I am of them. Thanks for your unconditional support.

Finalmente y no menosimportante, gracias a vosotros, a los que sabéis leer
espafol y a los que no, a los que siempreestdisahi, con los que riofuera
y dentro de la Universidad, mi familiaen Estonia, mis amigos. Osdedi-
cotambiénestetrabajo y no quizdspor el contenidopues no soisexpertose-
nedafologfasinoporque me habéisaguantadomis altos y bajos, mi estrés y

80



mi “no quierosaber nada de nadie” duranteestetiempo. Pero sobretodo,
porque con vosotros Estonia esmdsalegre, mdssoleada, méscdlida y sobre-
todoportodoslosmomentos, anécdotas y vivencias de las que no noscan-
samos de recordar, y con las que reir. Este periodohubiesesido de otro-
color sin vosotros, gracias Miguel, Lorena, Triinu, misqueridosprimos,
no sabéiscudntoosvoyaechar de menos, a Anastasia, Rain, Siim y Silver.
También a todas las personas que se han cruzado en mi vidaestosafnos
y me hanmarcado, no soismuchos, nimenosimportantes. Gracias a mis
amigos de Espana, aesos que estdisdeseandovermesiempre: Jakie, Roberto,
Alex, Rosana y misqueridosagronomitos. Gracias por no dejar que la
distancia nos separe.

The present study has been supported by the ERA_NET CORE-ORGA-

NICII project TILMAN-ORG, ERA_ NET CORE-ORGANIC+FERTIL
CROP and by target financing project SF0170057s09.

81



82



ORIGINAL PUBLICATIONS




Sinchez de Cima, D., Reintam, E., Tein, B., Eremeev, V.,
Luik, A. 2015.

Soil nutrient evolution during the first rotation in organic and
conventional farming systems.

Communication in Soil Sciences and Plant Analysis, 00:1-3

84



Taylor &Francis
Taylor & Francis Group

Communications in Soil Science and Plant Analysis, 00:1-13, 2015
Copyright © Taylor & Francis Group, LLC e
ISSN: 0010-3624 print / 1532-2416 online

DOIL: 10.1080/00103624.2015.1089268

Soil Nutrient Evolution during the First Rotation in
Organic and Conventional Farming Systems

D. SANCHEZ DE CIMA,! E. REINTAM,' B. TEIN,?
V. EREMEEV,> AND A. LUIK?

"Department of Soil Science and Agrochemistry, Estonian University of Life
Sciences, Tartu, Estonia

Department of Field Crop and Grassland Husbandry, Estonian University of Life
Sciences, Tartu, Estonia

3Departrnent of Plant Protection, Estonian University of Life Sciences, Tartu,
Estonia

Since 2008, a S-year crop rotation experiment (winter wheat, pea, potato, barley
undersown with red clover, and red clover) has been run in Tartu, Estonia, to evaluate
the changes in soil chemical parameters under four fertilizer managements: (1)
unfertilized conventional plots (conventional 1), (2) conventional plots with addition
of mineral fertilizers (conventional II), (3) organic plots with cover crops during the
winter period (organic 1), and (4) organic plots with the same cover crops plus a yearly
amendment of 40 t ha™' of cattle manure (organic II). After the first rotation, results
showed significant differences (P < 0.05) in soil acidity dependent on the system with
mean values ranging between 5.67 (conventional 1) and 6.10 (organic II). In the
organic Il system, manure had a significant effect on the system, increasing the organic
carbon (C) content by 0.34%, but in both organic systems, both cover crops and cattle
manure were insufficient for maintaining a constant level of plant-available phos-
phorus (P) or potassium (K) in the soil. In the conventional Il system, mineral
fertilizers provided a sufficient amount of nitrogen (N) to the system and increased
the concentration of P to 8.7 mg per kg. The yearly mineral or organic amendments did
not counteract the significant decrease in soil-available K after the first rotation.
Lastly, calcium (Ca) and magnesium (Mg) availability, strongly influenced by the soil
PH local conditions, decreased with time for all systems even though organic ones
presented greater concentrations of both compounds. In conclusion, the four fertiliza-
tion systems managed independently would not guarantee a constant soil nutrient
concentration after the first rotation.

Keywords Cattle manure, cover crops, crop rotation, farming system, green manure,
soil nutrients

Introduction

Organic farming is presented nowadays as an alternative agricultural strategy to
conventional farming. Relaying on maximizing the use of the resources present in
the agroecosystem, this farming practice uses crop rotation, legumes, compost, and
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manure as the main pillars to improve soil fertility (Talgre et al. 2009), excluding or
strictly limiting the use of chemical fertilizers and pesticides (Zehnder et al. 2007). As
evidenced by a recently reviewed European policy on organic agriculture to develop
more environmentally sensitive farming practices (European Commission 2013), the
increasing demand on ecofriendly products and the concern for better economically
balanced agricultural practices (especially in the terms energy resources) have boosted
the interest and investigation of organic farming (van Diepeningen et al. 2000).

However, meanwhile, many conventional farming systems need to deal with soil
degradation problems derived from the intensive agriculture, including the decline of
organic matter, degradation of soil structure, nitrate leaching (Herzog and Konrad 1992),
and groundwater pollution (Poudel et al. 2002); one of the challenges that dairy organic
farming systems face since this limitation in the use of synthetic fertilizers is to maintain
the productivity and soil nutrient pool (Steinshamn et al. 2004), making questionable in
some cases its sustainability in time. This situation is notably unfavorable in northern
Europe soils, where the availability of nutrients is very limited, especially of nitrogen (N)
(Brozyna et al. 2013).

In Estonia’s small farms, where the use of mineral fertilizers and cattle manure is
relatively low, cover crops and green manure play important roles improving the nutrient
supply for succeeding crops (Talgre et al. 2009).

Among the different crops, legumes are the most widely used in both rotations and
green manure because of their N-fixing capacity. Rasmussen et al. (2012) found that
different combination of legumes can provide annual N yields ranging between 300 and
400 kg N per ha, which can cover the N needs of the nonleguminous crops included in the
rotation.

To reduce the use of fertilizers and prevent soil erosion, nutrient leaching, and
depletion, catch crops can be included in the farming system. The term catch crop is
used for those cover crops included in the system for preventing nutrient losses after the
harvest of the main crop (Talgre et al. 2009). Their use after harvesting is common in
southern regions of Europe (Constantin et al. 2012; Mancinelli et al. 2013) where bare soil
is more likely to get eroded and suffer nutrient loss, as well as in northern countries (Talgre
et al. 2009), where soil remains mostly frozen during the winter. It is under these
conditions, where the soil is tilled mostly in autumn and may get exposed to extreme
weather events such as storms, heavy rains, and melting-freezing cycles during the winter
period, where cover crops play an important role.

On the other hand, the benefits of cover crops and green manure to the crop nutrient
supply depend on the composition of the crop residues, the field management, and the
pedoclimatic conditions (Brozyna et al. 2013).

Several long-term experiments have compared organic and conventional systems
under different conditions (Bulluck et al. 2002; Poudel et al. 2002; Chirinda et al. 2010;
Doltra, Laeegdsmand, and Olesen 2011) and have focused on the catch crops and their
capacity for preventing N losses through leaching or denitrification. However, less
researched is the capacity of these crops to fix phosphorus (P), potassium (K), calcium
(Ca), and other nutrients (Talgre et al. 2009).

The aim of this study was to contribute to this field by testing the capacity of catch
crops and manure to counteract the soil nutrient depletion in organic farming in counter-
point with the extra addition of mineral fertilizers in conventional farming. It was
hypothesized that catch crops alone or with cattle manure would be sufficient for preser-
ving a constant nutrient concentration in the soil after the first rotation.
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Materials and Methods

Field Experiment

The present study was based on a 5-year stockless crop rotation trial situated at the
experimental station of the Estonian University of Life Sciences (EMU) in Eerika, Tartu,
Estonia (58° 22' N, 26° 40" E). The soil was described as Stagnic Albic Luvisol (IUSS
Working Group WRB 2006), with 56.5% sand, 34% silt, and 9.5% clay and 20- to 30-cm-
deep plowing layer (Reintam and Koster 2006).

The experiment had a total of four separated groups of 20 plots according to the
farming system (conventional and organic) and the fertilization management, where each
culture corresponds with a different plot, resulted in a total of four replications for every
crop in each of the systems. The succession of cultures in the rotation was winter wheat
(Triticum aestivum L.), pea (Pisum saetivum L.), potato (Solanum tuberosum L.), barley
(Hordeum vulgare L.) undersown with red clover (Zrifolium pratense L.), and red clover.
The four fertilization systems are described as follows:

1. Conventional I: 20 plots under conventional management, with pesticides but without
any addition of chemical fertilisers (NgPoKy).

2. Conventional II: 20 plots under conventional management, where different concentra-
tions of complex mineral fertilizers along with chemical pesticides were added, once
before planting and twice during the growing period. The average ratio applied was
dependent on the culture: barley received Nj,oP,sKos, winter wheat and potato
received NjsoP25Kos, and a low N rate (N,oP,5Kgs) was used for pea because it is a
leguminous crop (red clover alone was not fertilized). In the case of N, from the total
amount added, 5 kg were given in the composition of complex fertilizer and the rest as
ammonium nitrate (NH4NO3).

3. Organic I: 20 plots under organic farming conditions with the same rotating crops but
including winter oilseed rape (Brassica napus ssp. oleifera var. biennis) after pea,
winter rye (Secale cereale L.) after potato, and ryegrass (Lolium perenne L.) after
winter wheat as winter cover crops (catch crops) lately plowed and used as green
manure.

4. Organic II: 20 plots under organic farming conditions including the same crop
rotation and the same cover crops, with the addition of 40 t ha™' of composted
cattle manure in autumn (2009) or in spring (2010-2012) in those plots where potato
was cultivated.

Organic and conventional plots were separated with an 18-m-long section of mixed
grasses. This prevents organic plots from be contaminated with synthetic pesticides and
mineral fertilizers from the conventional side. Conventional plots were separated by 20 m
and in the case of organic systems, a 10-m-long protective area prevented that manure was
spread over those plots were it should not be used.

All cultures were sown during the last days of April and the beginning of May, except
winter wheat, which was sown in late August. Table 1 shows the different sowing rates of
the cultures and cover crops involved in the rotation. One week before sowing, the organic
and red clover plots were plowed to 22 cm deep, incorporating the cover crops in the soil.
During the growing season, and depending on the culture, soil was cultivated at 10-12 cm
and harrowed at 1 cm deep. In particular, potato plots were cultivated at 25 cm, harrowed
at 4-5 cm deep, and subsequently furrowed and hilled. Finally, all plots except those
where barley was undersown with red clover were plowed in autumn, and in the case of
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Table 1
Sowing rates of the cultures and cover crops in the rotation

Culture Seeds per m? Cover crop kg ha™!
Winter wheat 450 Winter rye 220
Pea 100 Ryegrass 25
Potato 5.3¢ Oilseed rape 6
Barley 375 Red clover (us.) 9
Red clover 280

“Planting rates of potato in tubers per m>.

organic plots, cover crops were sown after plowing. All the operations were made in
opposite directions in consecutive years and separately for each of the systems.

Prior to the current experiment, in 2006, spring wheat was sown. In 2007, the field
was divided already into the four blocks (systems) and barley along with red clover were
sown in four plots per system (as one of the crops of the experimental rotation). In the
same year and only in both conventional systems, 50 kg ha' of mineral N were added.
According to this, years 2009 and 2010 were the second and third of the conversion to
organic farming, and 2011 was the year when the organic plots can be considered fully
organic. In any case, for a better understanding of the present study, the term organic has
been used for all the years of the experiment for both organic farming systems.

Laboratory Analysis

Before any field operation, eight replications per plot were randomly taken from 0 to
25 cm deep and combined to make one average sample. Every sample was air dried and
passed through a 2-mm sieve.

A solution of soil in 1 M potassium chloride (KC1) (1:2.5) was used for determining
the pH. The organic carbon concentration (Co,z) Was determined by the Tjurin method
(Vorobyova 1998); meanwhile the total nitrogen (Ni,) was measured after Kjeldahl
digestion (van Reeuwijk 2002). The concentrations of the plant-available phosphorus
(P), potassium (K), calcium (Ca), and magnesium (Mg) in the soil were determined by
the ammonium lactate (AL) method (Egnér, Riehm, and Domingo 1960).

For the analysis of the composted manure nutrient content, N and Cop from four
samples were measured by the dry combustion method in a Vario Max CNS elemental
analyser (ELEMENTAR, Germany). In addition, acid digestion by sulfuric acid solution
(van Reeuwijk 2002) was used to determine total phosphorus (Py,) and potassium (Kio)
concentrations. Average values corresponding to these analyses were as follows: Ciy,
138 g kg™"; Neop, 9.7 g kg™"; Prop, 4.6 gkg ™" Koo, 8.6 gkg™'; Ca, 11.7 gkg™'; Mg, 3.4 g kg™
', and dry-matter content, 44.8%. The same methodology was used for determining the
nutrient content in plants.

All the laboratory analyses were carried out at the Department of Soil Sciences and
Agrochemistry.

Climate Conditions

Climatic conditions at the experimental site are typical of the Baltic States, with tempera-
tures below zero from the second half of November until the end of March, rainfall
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Figure 1. Ombrotermic diagram (2008-2012). Data for the rest of the months of 2012 have been
omitted because the last sampling took place in April.

concentrated in spring and early autumn, and continuous snow during the winter period.
Consistent with the data gathered for the 5 years of the experiment, the cumulative annual
rainfall at the area was 568.6 mm, with a mean temperature during the year of 5.9 °C
(Figure 1). The period of active plant growth (number of days with a continuous tempera-
ture above 10 °C) ranged between 115 and 135 days (Tarand 2003). The driest year of this
period was 2011, with only 454.8 mm of precipitation. Long-term (1969-2012) precipita-
tion at the site is 593.2 mm per year, with an average temperature of 5.5 °C.

Statistical Analysis

To test the effect of the four fertilization systems with time on the different soil nutrients as
well as the significant differences among the systems, one-way analysis of variance
(ANOVA) was applied, followed by the least significant difference (LSD) test at the
95% level of confidence. The R-Studio (R Core Team 2012) statistical package was
used to analyze all of the experimental data.

Results and Discussion

The relatively short time course of the present experiment and the fertility level prior to the
experiment started can explain why no statistically significant differences (P < 0.05) were
found in terms of soil acidity along the years. Our results showed a slightly decline of pH
with time when mineral fertilizers were added in the conventional II plots, with average
values decreasing from 5.77 to 5.67 after 5 years. This can be explained because
nitrogenous fertilizers supply N as ammonium (NH*"), which releases hydrogen (H")
ions after oxidation and hence decreases the soil pH (Magdof, Lanyon, and Liebhardt
1997, Imtiaz Rashid et al. 2013).

On the other hand, the different fertilization managements resulted in significant
differences in pH among the systems (Table 2). The greater pH presented by both organic
systems in comparison with the conventional systems is consistent with other studies.
Bulluck et al. (2002) and Liu et al. (2007) in their respective long-term experiments on
different soil types found that soils under continuous organic amendments presented a
greater buffering capacity, increasing the pH to a greater level than the same soils where
mineral fertilizers were applied.
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Table 2
Soil pHkcy in the different farming systems
System

Year Conventional I Conventional II Organic | Organic II
2008 5.84ABa + 0.061 5.77Aa + 0.049 5.91Ba + 0.043 5.96Ba £ 0.049
2009 5.97ABa + 0.059 5.83Aa + 0.065 6.02Ba + 0.046 6.03Ba + 0.052
2010 5.86ABa + 0.085 5.76Aa + 0.061 5.97Ba + 0.037 5.95Ba + 0.068
2011 5.83ABa + 0.058 5.73Aa £ 0.072  6.00BCa + 0.042 6.12Ca + 0.071
2012 5.79ABa + 0.060 5.67Aa £ 0.076  5.95BCa + 0.048 6.10Ca + 0.074

Note. Means followed by different capital letters within each row indicate significant influence
(Fisher’s LSD; P < 0.05) of system; means followed by different small letters within each column
indicate significant influence (Fisher’s LSD; P < 0.05) of year; + value represents standard error of
the mean (SE); n = 20 (one year); n = 100 (average of 2008-2012).

Cover crops, cattle manure, or the inclusion of red clover in the rotation were not
sufficient for maintaining a constant level of N in the soil after first rotation in the organic
systems (Figure 2). This contradicts some previous studies, which have shown that an
adequate level of N can be provided by including cover crops, legumes, and/or compost
(Stivers and Shennan 1991; Sullivan, Parrish, and Luna 1991; Steffen et al. 1995) in the
soil. However, only in the case of the conventional I plots did the concentration of N in the
soil decrease significantly (P < 0.05) from 1.33% (2008) to 1.15% (2012), due to the lack
of fertilization.

It is necessary to remark that plants only use a certain amount of the total input of
nutrients provided. Astover et al. (2006) estimated that in the pedoclimatic conditions
of Estonia, crops would utilize 40-50% in the first year and 50-60% in the whole crop
rotation of the total N provided via mineral fertilizers, and from manure, plants utilize
20-30% and 40-60% of N, respectively. However, these numbers are dependent on the
balance among decomposition, mineralization, and immobilization, which are pro-
cesses strongly influenced by environmental conditions, pH, and composition of the
manure applied (Imtiaz Rashid et al. 2013). In our experiment, we observed an
increase of N uptake by plants after the first year for all the systems. In addition,
the conventional II system, where the availability of N is greater due to the yearly
addition of mineral fertilizers, also presented greater nutrient uptake not only for the N
but P and K as well (Table 3). This might explain why this system, despite receiving N
amendments one year before the start of the experiment, presented the lowest N soil
concentration in 2008.

The use of cover crops after manure application binds the N released in the decom-
position of organic matter (Olesen et al. 2007) and prevents the losses through leaching or
gaseous denitrification. However, organic amendments have a heterogeneous effect on the
N content and usually it is hard to predict their long-term effect (Rodrigues et al. 2006).
Hence it would be recommended to include an extra source of organic N such as compost
or another legume crop in the rotation to ensure a proper balance of this nutrient in long
term in the organic I system. Lastly, regarding the use of legumes in the rotation, factors
such as low temperature, pH, or low nutrient availability negatively affect the symbiotic
fixation of N (Peoples, Landha, and Herridge 1995). In our experiment, the low tempera-
tures registered during almost 5 months per year can negatively affect the N fixation by the
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Figure 2. Mean soil nutrient concentration in the five years of study (2008-2012). Different capital
letters indicate significant influence (Fisher's LSD; P<0.05) of system. Different small letters indicate
significant influence (Fisher's LSD; P<0.05) of year. n=20 (one year), n=100 (5 years). Means
followed by different small letters indicate significant influence (Fisher's LSD; P < 0.05) of year.

red clover. This might be a bigger disadvantage in the case of the conventional I system,
where there is no extra source of N or catch crops that bind the N present already in the
soil.

Enhancements in C,,, were expected in the organic plots. The cattle manure amend-
ments significantly increased the C,, content in the organic II plots to a much greater
extent than the organic I ones did, with values rising from 1.23% in 2008 to 1.57% in 2012
(Figure 2). A long list of researchers, including Hoyt and Rice (1977), Wong et al. (1998),
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Table 3
Crop nutrient uptake (kg ha™') in the different farming systems®
System
Year  Conventional I Conventional II Organic | Organic I
N 2008 30.52Ab + 4.77  54.68Ab £ 7.96 28.46Ab +4.81  28.12Ab + 4.57
2009 49.13Aab +7.17  95.94Aa + 142 44.80Aab + 6.82  48.69Aa + 7.15
2010 36.76Aa +£ 6.25 70.83Aab + 8.30 37.14Aab + 6.07 39.30Aab =+ 6.01
2011  47.22Aab £ 6.81 74.53Aab £+ 11.40 41.23Aab £5.23 43.53Aab + 6.02
2012 58.00Aa + 8.64  97.56Aa+ 12.83 46.62Aa+7.77  47.16Aa £ 7.59
P 2008 6.33Ac = 0.93 9.31Bc + 1.32 6.00Ab + 0.89 5.98Ab + 0.87
2009 11.38ABab + 1.63 16.4Aab 223  9.87Bab + 1.38 11.39ABa + 1.61
2010 6.01Ac £ 0.87 10.83Bc + 1.41 6.72Ab £ 0.91 6.84Ab + 0.89
2011 9.34Abc +£ 1.23  12.00Abc + 1.60  9.18Aab + 1.11 9.66Aab + 1.23
2012 14.65Ba £2.09  20.43Aa+255 12.27Ba+2.38 12.58Ba + 2.17
K 2008 24.94Aa + 794  35.07Aa+ 1047 21.94Aa+6.53  22.40Aa + 6.68
2009 35.30Aa + 10.64 63.28Aa +20.98 27.68Aa+7.82  33.99Aa+ 10.30
2010 22.34Aa + 5.41 41.88Aa +10.16 23.48Aa+554  28.05Aa=7.62
2011 41.64Aa + 1343 65.77Aa +23.45 30.64Aa+8.26  40.81Aa+ 12.67
2012 45.19Aa + 13.00 59.64Aa + 16.06 48.79Aa + 17.28 43.78Aa + 14.25

Note. Different capital letters within each row indicate significant influence (Fisher’s LSD;
P < 0.05) of system; different small letters within each column indicate significant influence
(Fisher’s LSD; P < 0.05) of year; +, standard error of the mean (SE); n = 20 (one year); n = 100
(average of 2008-2012).

“Calculation was made based on the following formula: Nutrient uptake = yield (kg ha ') x
nutrient concentration (%) / 100.

Chirinda et al. (2010), and others, have reported similar results in different soils where
manure has been applied after several years. This greater C,,, content resulted in a greater
C/N ratio in the organic systems (C/Noyg 1 11:1 and C/Npyg 1y 11.8:1) in comparison with
the conventional II (C/N¢ony, 110 10.6:1), suggesting that the incorporation of manure has a
greater effect on increasing the C,, than has the N fixed by the legumes in the rotation.

The only source of organic C in conventional plots is the incorporation of plant
residues once the soil is plowed in autumn, which does not suppose an influx but merely a
recycling of the carbon initially present in the soil. Furthermore, over the long term and
without any organic amendment, continuous addition of synthetic N fertilizers can result in
a potential loss of soil C because greater application of synthetic nitrogenous fertilizers
leads to larger loss of soil C as carbon dioxide (CO,) (Khan et al. 2007).

The P content in the arable horizon varied irregularly with time except in the
conventional II plots. This system presented a positive respond to the mineral fertiliza-
tion with a constant increase of P concentration in the soil for the first 4 years, showing
a global increase of 8.7 mg kg 'after the first rotation (Figure 2). Generally, Estonian
soils are poor in nutrient content. In the case of P, Astover et al. (2006) concluded that
for avoiding significant decrease in P levels in the soil, the average fertilizer amount
should not be less than 10—15 kg P ha™'. This explains why the conventional II system
was the only one presenting a progressive improvement in terms of soil P content after
successive fertilization amendments. In contrast, organic plots showed a significant
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(P < 0.05) decrease of 12.9 mg kg™’ (organic I) and 19.9 mg kg™ (organic II),
suggesting that most of the extra P provided by the cattle manure (Py,) in the organic
I was not found in forms readily assimilated by plants. This does not agreed with
Astover et al. (2006), who showed that the use of P by plants provided in the form of
cattle manure was 20% bigger than the one from mineral fertilizers, which may
contribute to the depletion of this nutrient in the organic plots. On the other hand,
other experiments like the one carried out by Lees and @gaard (2001) in five farms
located in different parts of Norway reported lower concentrations of P and long-term
losses as well (8 to 27 mg kg™ ' per year) in organically fertilized soils compared with
conventionally managed ones.

Conventional I and organic I systems presented the lowest concentration of K with an
average decrease of 34.2 mg kg ' and 35.6 mg kg, respectively, after 5 years (Figure 2).
This decrease was more significant in 2012 due to the relatively high nutrient uptake that
occurred in 2011 (Table 3). Some experiments carried out in organic farmed soils have
shown negative K balances or depletion of the soil exchangeable K, if the amount of K
that is harvested exceeds the K released from soil minerals (Simonsso et al. 2007). In our
case, not only the organic but all of the fertilization systems were insufficient for main-
taining a constant concentration of K in the soil. This phenomenon may be enhanced by
the presence of two groups of legumes that were in the rotation. Legumes are considered
as greater P- and K-demanding crops and hence this may favor the depletion of these
nutrients in the soil.

However, according to the fertilizer demand classification for Estonian soils proposed
by Loide et al. (2004), depending on the texture and organic C content, any of the systems
presented lack of P and K. Average soil concentration values ranged between 98.8 and
111.6 mg kg ' for P and between 133 and 141.1 mg kg ' for K (Figure 2). Based on this
classification, the systems presented low to very low demand of these nutrients after 5
years.

Finally, the availability of calcium (Ca) and magnesium (Mg) decreased for all the
systems after 5 years since there were not any external inputs of any of these two elements,
except in the case of organic II system via manure. In particular, Mg shows a clear
decreasing tendency over time (Figure 2). However, despite the general decline, both
organic systems present greater concentrations not only of Ca but also of Mg, consistent
with the findings made by Liu et al. (2007). In their short-term experiment in ten different
agricultural soils in North Carolina, where organic plots (with cover crops, legumes, and
different composted manure amendments) showed greater levels of phosphates, Ca, Mg,
and other minerals in comparison with the conventional plots, where mineral fertilizers
were applied.

The availability of Ca and Mg nutrients is strongly influenced by climate conditions,
soil acidity (Potocié, Cosié, and Pilas 2005), presence of other cations [K*, NH,",
manganese (Mn>")] (Marschner 2012), and soil texture. According to Marschner (2012),
over a certain level of Ca in the soil there is an antagonism cation competition for plant
uptake. This results in a reduction of K and Mg uptake. This phenomenon might explain
that the peak of available Ca in the soil occurred in 2010 corresponds with a low
concentration of K for the same year.

Furthermore, Ca and Mg are less available in sandy soils and low pH (Zhao et al.
2011). The local condition of the soil epipedon at the experimental area is naturally
acid (pHgcy < 6), which constrains the availability of these nutrients for the plants
(Reintam and Koster 2006); therefore, these soils should be limed for correcting the
low values of Ca and Mg. Because the soils of the experimental area have not been
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limed for more than 10 years, reacidification has taken place, and levels of Mg and Ca
remain low.

Conclusions

The selection of one or another fertilization system has repercussions on the soil nutrient
content and hence in the soil fertility. After 5 years, once the first crop rotation has been
completed, none of the four fertilization systems proposed was sufficient for preventing
the yearly nutrient decrease. In the conventional II system, mineral fertilizers provided
adequate levels of N and P to the soil; meanwhile in the organic II system cattle manure
supposed a notable source of organic C. However, both fertilized conventional and organic
systems presented a decreased availability of K in the soil, and even though the local soil
conditions showed a low demand of K and P for all the systems, under these fertilization
managements there might be a the depletion of these nutrients in the long term, especially
in the organic systems, which have been shown by previous studies to be more sensible to
suffer depletion of these nutrients.

Cover crops alone did not maintain a constant nutrient level in the soil in the organic I
system, but they presented a positive effect on binding the N fixed by the legumes
included in the rotation. On the other hand, from the low crop uptake in the organic II
system in contrast to the high nutrient concentration present in the cattle manure, we can
conclude that most of these nutrients present in the manure were not in forms available for
the plants.

Finally, the local acidic soil conditions and the absence of any addition of Mg and Ca
can explain the decrease of these nutrients after the first rotation.

Consequently, the present experiment confirms that the potential benefits of organic
farming practices on soil fertility should not be taken for granted but also that
conventionally managed soils exacerbate the lack of organic carbon over time and
reduce soil pH, affecting the availability of various nutrients. Therefore, mineral
nutrient amendments combined with organic farming practices may help to maintain
a constant concentration of nutrients in the soil over time. However, continuing with the
present experiment for a longer period would be necessary, especially for the evaluation
of soil quality in organic plots, because soils require several years from conversion to
reach a new equilibrium.
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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.

Keywords: 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

*Corresponding author e-mail: Diego.Cima@emu.ee

**The study was supported by Estonian Scientific Foundation
grant 7622, ERA_NET CORE-ORGANIC II project TILMAN-
ORG and by target financing project SF0170057s09, 2009-2014.

systems, have led to soil degradation as a common problem
on most of the farms that till the soil (Liu ez 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 e 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
(Juetal., 2006).

© 2015 Institute of Agrophysics, Polish Academy of Sciences
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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., 2006).

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 vigorousroots, to preventand 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 (Glab
et al., 2013) linked to the local soil and weather conditions,
the crop species, the fertilization rates, tillage practices etc.
can occur (Glab 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 ez 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 (Zriticum aestivum L.), field pea
(Pisum sativum L.), white potato (Solanum tuberosum L.),
common barley (Hordeum vulgare L.) undersown with red
clover (7rifolium 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

1207 257 795°
potato received N P, K . low-N-rate N, P, K . was

150 95° 20 95
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.

407

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 plotin 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
usingaHauben permeameter (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 IT Organic [ Organic 11
2010 16.79Aa 16.03Aab 15.26Ab 16.11Aab
(%) 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 (emd") 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 r-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 et 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
(Gtab, 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
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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:
10 em (A,B,A; A,B,C; AB,B; A,AA), 20 cm (A,A,B; A,B,C;
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 et 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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ABSTRACT ARTICLE HISTORY
In a field experiment based on a five-year crop rotation (pea, potato, barley Received 12 August 2015
undersown with red clover, red clover and winter wheat), several soil ~ Accepted 8 December 2015

parameters, porosity, number and biomass of earthwormes, total nitrogen, KEYWORDS

organic carbon, percentage of water stable aggregates and enzymatic Earthworms; fluorescein
activity, were studied during 2013 and 2014, the first and second year, diacetate hydrolysis activity
respectively, since the first rotation concluded. This rotation was managed (FDA); manure; organic
under three organic farming systems: Organic 0 (control), Organic | (with farming; soil physical
winter cover crops lately incorporated into the soil as green manure) and properties

Organic Il (with the same cover crops plus a yearly amendment of 40 t ha™'

of cattle manure). Crop rotation had a yearly positive effect on the soil bulk

density, and enhanced the percentage of air filled pores; nonetheless, despite

the leguminous crops in the rotation, all the systems presented a yearly

decrease in total nitrogen in 2014. Cover crops along with manure only had

a significant effect on enzymatic activity; however no significant effect was

found in soil organic carbon content, soil particle aggregability or number

and biomass of earthworms. This was connected with the intensive tillage

carried out in the systems, the weather conditions and the characteristics of

the organic amendments. However according to other studies these results

could be transient and further long-term investigations will be needed.

Introduction

Maintaining vegetation on farm fields during the off-season through cover cropping and the subsequent
recycling of crop residues has been shown as a good measure to improve overall soil conditions. This
practice is commonly associated with organic farming; however it is considered suitable not only in
organic farming but in any agricultural production system. Winter cover crops have traditionally been
used to prevent erosion and N losses by the use of the residual NOJ that may leach into ground water
after crop harvest (Sainju et al. 2003). Winter cover crops also increase the above- and below-ground
biomass in the system, which maintains and in some cases improves the concentration of organic
carbon in the soil (Sainju et al. 2002). This in turn benefits the soil microbial activity as well as the
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aggregation of soil particles by the enmeshing action of roots (Tisdall & Oades 1979) and polymers,
binding agents in the aggregation processes (Roberson et al. 1991). Fliefbach et al. (2007) found
dehydrogenase activities 3.8-6.4 times higher on organic farms where cover crops were present than
on conventional ones.

The selected species must be biologically suited to the rotation to break up pest and diseases cycles
as well as control weed growth (Newenhouse & Dana 1989). Species, including those from the genus
Brassica, are used as cover crops potentially to alleviate soil compaction, due to their root system
morphology (Hamza & Anderson 2005), at the same time improving the soil biological activity after
their incorporation into the soil as green manure (Tejada et al. 2008). The non-leguminous cover crops
most commonly used in Europe are white mustard (Sinapis alba L.), westerwold ryegrass (Lolium
multiflorum L.), fodder radish (Raphanus sativus L. var. oleiformis Pers.) and phacelia (Phaceliatana
cetifolia Benth.; Thorup-Kristensen et al. 2003).

However, sometimes cover crops are not enough to maintain productivity in organic farming
systems which basically depend on maximizing the use of resources already present in the agro-eco-
system (Steinshamn et al. 2004). Therefore, a large portion of organic soils suffer from low nutrient
availability, in particular nitrogen, and depend to a greater or lesser extent on external manure inputs.
This is the case of most of the soils cultivated under Nordic climatic conditions (Brozyna et al. 2013).
In northern latitudes, the plant species used as cover crops must be adapted to low temperatures, be
resistant to frost and have rapid tillering and growing periods. A good example is winter rye (Secale
cereale L.) which has fast root growth and a great potential to scavenge residual soil NOj (Isse et al.
1999). In the case of Estonia, white mustard, fodder radish, winter oilseed rape (Brassica napus L. var.
oleifera) and winter oil turnip (B. rapa L. var. silvestris) have shown good results in terms of nutrient
binding (Talgre et al. 2011).

Winter cover crop effects on soil physical, chemical and biological properties depend on the species,
climate and soil conditions. Research on winter cover crops has, to a large extent, been confined to
their use as nitrogen-binding agents and their effect on the succeeding crops (Sainju & Singh 1997).
However, relatively few studies on the effect of winter cover crops on soil physical and biological prop-
erties have been reported. The aim of this work was to evaluate the effect of winter cover crops and
different organic matter amendments (green manure and green manure plus cattle manure) on soil
aggregate stability and biological activity under organic farming conditions under northern European
climate conditions. It was hypothesized that those systems where cover crops were present during the
winter season would show an improvement in soil physical properties and structure connected with
a higher amount of organic matter. This in turn would increase the microbiological activity and the
soil particle aggregability in these systems.

Materials and methods
Field experiment

From 2008, a five-year crop rotation; winter wheat (Triticum aestivum L.), pea (Pisum sativum L.),
potato (Solanum tuberosum L.), barley (Hordeum vulgare L.) undersown with red clover (Trifolium
pratense L.) and red clover was established on the experimental station of the Estonian University of
Life Sciences located in Eerika, Tartu County, Estonia (58°22°N, 26°40’E). The soil was described as
an Albic Stagnic Luvisol in the World Reference Base for soil resources (IUSS Working Group WRB
2006) classification with 56.5% sand, 34% silt and 9.5% clay, and 20 to 30 cm depth of the ploughing
layer (Reintam & Kdster 2006).

The experimental field had three organic blocks (systems) (Figure 1). Organic 0: organically man-
aged plots without addition of any fertilizers and used as the control; Organic I: organically managed
plots with winter oilseed-rape (B. napus ssp. oleifera var. biennis) after pea, winter rye (S. cereale) after
potato and ryegrass (L. perenne) after winter wheat, as winter cover crops. The residues of these crops
were lately incorporated in the soil as green manure; Organic II: under the same conditions as Organic
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Figure 2. Ombrotermic diagram (2013-2014).

I plus the yearly manually addition of 40 t ha™" of composted cattle manure from 2009 divided among
potato (20 t ha™!), winter wheat (10 t ha™') and barley undersown with red clover (10 t ha™'). Therefore,
by 2014 all the plots from this system had received cattle manure. On average, the composted cattle
manure contained total nitrogen (N, ) 9.7 g kg™', total phosphorus (P,) 4.6 g kg™, total potassium
(K,,) 8.6 gkg, total carbon (C,,) 138 g kg™, total calcium (Ca) 11.7 g kg™’, total magnesium (Mg)
3.4 gkg™' and 44.8% of dry matter (DM). Each block contained a total of 20 plots of 60 m?, so each of
the five years of the rotation was represented by four replications in each of the three systems.

After the harvesting of pea, potato and winter wheat in the early autumn, the plots were ploughed
at 22 cm depth. Plots with barley undersown with red clover remained unaltered during the winter
period. In the case of the Organic I and Organic II systems, cover crops were sown after harvesting
the main crops and incorporated in the soil during spring. Finally in May, barley undersown with red
clover and pea were sown. In the first half of June clover was cut, crushed and spread on the soil; in
July a second cut took place and red clover was ploughed and incorporated into the soil. During the
growing season, plots were cultivated at 10-12 cm and harrowed at 1 cm depth. In the case of potato,
the tubers were planted, cultivated at 25 cm, harrowed at 4-5 cm depth, furrowed and hilled.

The management of the three systems did not include any use of chemical fertilizers, herbicides or
pesticides. Weeds were removed by hand several times during the growing season.

Weather conditions

Climatic conditions of the two years of study were slightly mild compared with the average temper-
atures registered during the previous years (Sanchez de Cima et al. 2015). The year 2013 was distin-
guished by a colder winter, with temperatures below zero from January to March. According to the
Estonian Weather Service database (Estonian Environment Agency 2015) the first quarter of 2013 was
colder and drier than in previous years. The average temperature (T) in 2013 was 6.35 °C and the total
precipitation (P) was 518.2 mm, concentrated in the summer period and early winter. On the other
hand, in 2014 temperatures were similar to the previous year (T = 6.39 °C) and with p = 617.4 mm
occurring mostly during the summer. However, the first quarter of the year was warmer and drier
than the same period in 2013 (Figure 2).

Sampling and laboratory analysis

Earthworm samples were taken in autumn before harvesting from 0 to 20 cm depth within a frame of
40 cm x 40 cm randomly placed in each of the plots for the three systems. They were then classified,
counted and weighed in a laboratory.
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Soil samples were taken in spring before tillage from the middle area of each plot. Four replications
per plot at 5-10 cm depth were taken using a steel corer (54 mm internal diameter and 40 mm height,
with wall thickness approximately 1.5 mm). This made a total of 480 samples per year. Along with
the steel cylinders, 250 g samples of fresh soil from the same depth were placed into plastic tubs for
later determination of plant available and non-available water, percentage of stable aggregates and
organic carbon content.

All soil analysis took place at the Institute of Agricultural and Environmental Sciences at the
Estonian University of Life Sciences. The soil cores were firstly weighed at field-moist condition and
capillary wetted for 24 h until saturation. Then cylinders were placed on a sand bed at 6 kPa of water
tension for 12 days and finally dried in an oven at 105 °C for 24 h. From these analyses, the field mois-
ture content, bulk density, maximum water holding capacity, total porosity and air filled pores were
calculated. Water permeability was measured using a Hauben permeameter (Eijkelkam, Giesbeek,
The Netherlands). From the air dried soil samples in the plastic tubs, three replications were placed
in small steel cylinders (1.5 cm diameter, 0.5 cm height and 0.1 cm thick), put into pressure vessels at
1500 kPa for 30 days, weighted, dried at 105 °C and weighed again. Plant available and non-available
water was calculated from these analyses. Finally from the same air dried samples, the percentage
of water stable aggregates (WSA) was measured using a single-sieving apparatus from the <2 mm
fraction (Eijkelkamp sieving apparatus with 60 mesh screen cylinders), following the methodology
of Kemper and Rosenau (1986).

The soil organic carbon concentration (SOC) was determined by the Tjurin method (Vorobyova
1998) and the total nitrogen (N, ) was measured after Kjeldahl digestion (van Reeuwijk 2002).

For the fluorescein diacetate hydrolysis activity (FDA) analysis, 500 g samples were taken at 5-10 cm
depth, handled and stored according to ISO 10381-6 (1993). After the large plant material and stones
were picked out by hand, about 200 g (fresh weight) was taken as a sub-sample and sieved through a
2 mm sieve. For the preparation of the reagents and the subsequent FDA analysis, the method described
by Adam and Duncan (2001) was followed but using acetone as termination reagent and fluorescein
instead of fluorescein sodium salt in the stock solution. Total microbial activity of FDA was expressed
as pg of fluorescein released per gram soil dry mass over 1 h.

Statistical analysis

A general linear mixed model in R-Studio (R Core Team 2012) was used to test the system effect on
the different soil properties studied. As there were five different crops grown in the same plot and
system (Figure 2), but the comparison of specific crop effects on the soil properties was not the aim
of the present study, the crop effect was included and considered as a confounding effect. In addition,
the random effect of plot was included to consider the potential correlation between measurements
made on the same plot. As the two study years were very different, the analyses were performed
separately for 2013 and 2014. Additionally, a t-test was run to test the statistical significance of the
differences between the two years of study. Finally, Pearson’s correlation coefficients (r) were calcu-
lated to study the relationship between the number of earthworms (1) and the total porosity, as well
as the influence of organic matter on the aggregation stability. All results were considered statistically
significant at p < 0.05.

Results and discussion
Soil physical properties

In addition to the significant differences in soil water content at the time of sampling, yearly varia-
tions in the soil physical properties analysed were connected with a positive crop rotation effect and
the accumulation of organic matter in the soil along the years. As a result, bulk density significantly
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Table 1. Maximum water holding capacity, bulk density and water permeability at 5-10 cm for the two years of study.

Maximum water

Field moisture holding capacity Bulk density Water permeabil-
Year System content (%) (%) (gecm3) ity (cm day™)
2013 ORG.0 19.12 Aa £0.20 27.47 Aa+0.31 1.51Aa+0.01 96.8 Aa+45.3
ORG. | 19.72 Aa£0.21 28.59 Aab + 0.40 1.47 Aab +0.01 187.0 Aa=53.0
ORG. I 19.95 Aa£0.23 29.06 Ab +0.38 1.46 Ab +0.01 192.0 Aa+45.2
2014 ORG.0 17.0Ba+0.28 30.54Ba+0.43 1.43Ba+0.01 140.2 Aa+29.5
ORG. | 16.81Ba+0.24 30.80 Ba = 0.40 1.41Ba£0.01 167.0 Aa+28.6
ORG. Il 15.05Ba+0.23 30.48 Ba +0.49 1.44 Aa+0.02 211.0Aa£39.7

Notes: Mean values followed by different capital letter in each column indicates significant yearly differences (t-test; p < 0.05) within
the same system. Mean values followed by different small letter in each column indicates significant difference (linear mixed model;
p < 0.05) among the systems within the same year.

60
50 EPlant not
available water
R 0
~ 40 (%)
oy .
Z 30 BPlant available
= water (%)
A~ 20
10 -
A Air tilled pores
0 (%)
ORG. 0 ORG. I ORG II| ORG. 0 ORG I ORGII
2013 2014

Figure 3. Average percentage of air filled pores content, plant available and not available water content for the two years of study.
Notes: Total porosity (%) = air filled pores (%) + plant available water (%) + plant not available water (%). Different capital letter in
each bar indicates significant yearly differences (t-test; p < 0.05) within the same system for the same parameter. Different small
letter in each bar indicates significant difference (linear mixed model; p < 0.05) among the systems within the same year for the
same parameter.

decreased (p < 0.05) in all the systems, with exception of the Organic II, where values reminded basi-
cally the same in both years of study (Table 1).

Contrary to other studies where the physical action of the cover crops roots had a positive impact
on the soil physical conditions, decreasing bulk density and increasing soil porosity (Figure 3; Steele
et al. 2012), in the present study no significant difference have been found between the system with
cover crops alone (Organic I) and the control (Organic 0). This lack of significance can be explained
by the short duration of the experiment. This can explain as well why cattle manure did not show any
significant effect when results from the Organic I and Organic II systems were compared. Normally
changes in physical soil properties are difficult to detect in the short term (Trabaquini et al. 2015). In
addition, as already occurred during the first rotation, cover crop and manure effects were counteracted
by the negative impact of the tillage operations carried out in these systems (Sanchez de Cima et al.
2015). Nevertheless, many studies have shown the positive effect of manure maintaining a better soil
structure, increasing water holding capacity, aeration and pore continuity, and hence reducing bulk
density (Chen et al. 2013). Therefore, significant differences may be expected in long term among the
systems connected with the amount of organic matter.
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Table 2. Average percentage of soil water stable aggregates, soil organic carbon content, total nitrogen and Pearson’s correlation
coefficient between both variables.

Year System WSA (%) SOC (%) N, (%) C:N ratio Fsocomsa

2013 ORG.0 63.07 Aa 1.61Aa 0.14 Aa 11.5:0 -0.15
ORG. | 62.58 Aa 1.64 Aa 0.14 Aa 11.7:0 —-0.31
ORG. I 63.91 Aa 1.67 Aa 0.14 Aa 11.9:0 —0.04

2014 ORG.0 65.01 Aa 1.55Aa 0.11Ba 14.0:0 -0.10
ORG.| 60.67 Ab 1.54 Aa 0.11Ba 14.0:0 +0.19
ORG. I 54.44 Bc 1.67 Aa 0.11Ba 15.2:0 +0.15

Notes: WSA: water stable aggregates; SOC: soil organic carbon; N: total nitrogen; C:N: carbon-nitrogen ratio; R: Pearson's correlation
coefficient. Mean values followed by different capital letter in each column indicates significant yearly differences (t-test; p < 0.05)
within the same system. Mean values followed by different small letter in each column indicates significant difference (linear
mixed model; p < 0.05) among the systems within the same year. *No statistically significant correlations were found (all p > 0.05).

Soil aggregate stability

Effect of the three different managements on the SOC, total nitrogen (N,_,), C:N ratio and the percent-
age of WSA are presented in Table 2. Crop rotation had no significant yearly effect on SOC. Similarly,
neither cover crops nor continuous application of manure had a significant effect when the three
systems were compared. As already occurred during the first rotation (Sanchez de Cima et al. 2015),
the intensive tillage in the organic systems counteracted the positive effect of the crop rotation and
organic matter amendments in the plough layer. Tillage operations accelerate the mineralization of the
SOC, causing carbon loss as carbon dioxide and exposing aggregate protected C to microbial attack
and soil particles to the effect of drying/rewetting and freezing/thawing cycles. This agreed with the
results found by Basch et al. 2012 where tillage based land use, irrespective of the type of land use,
caused a considerable decline in SOM content in the tilled soil layer even in short term.

The significant yearly decrease of total nitrogen (N, ) might result from a lack of plant available
nitrogen forms in the soil or to the immobilization of the existing N due to the incorporation of the
crop residues. In general, high ‘C:N ratio cover crop’ residues immobilize soil N and hence increase the
amount of fertilizer N required for the subsequent crops (Dabney et al. 2001). This decrease occurred
despite the presence of two leguminous crops, red clover and pea, in the rotation, the N binding
action of cover crops in the decomposition of organic matter (Olesen et al. 2007) and the addition
of cattle manure in the Organic II system. Already during the first rotation, organic plots showed a
yearly decrease of soil N due to the low temperatures which significantly affected the N fixation by
legumes (Sanchez de Cima et al. 2015). Results agreed with Froseth et al. (2014) where nitrogen was
shown as a limiting nutrient in organic soils under cold climatic conditions even after a productive
green manure ley.

Cover crops and the application of cattle manure had no positive yearly effect on the %WSA in
Organic I and Organic II systems and hence the initial hypothesis must be rejected. In contrast, the
percentage of WSA significantly decreased in both systems in 2014 with cover crop and manure
application. Therefore, soil aggregates data recorded in 2014 did not support the initial hypothesis.
The addition of manure is generally associated with an increase in SOC and hence with an increase in
aggregate stability (Bronick & Lal 2005). However, in the present experiment there was no significant
correlation (p > 0.05) between the SOC and the %WSA (Table 2). Depending on the nature of SOC,
in some cases manure can enhance the susceptibility to dispersion and hence decrease the aggregate
stability. The presence of certain cations in the manure, especially Na*, contributes to repulsive charges
in the soil solution that disperse soil particles. On the other hand, bivalent cations such as Ca®* and
Mg** improve soil structure through cationic bridging with clay particles and SOC (Bronick & Lal
2005). Although neither electric conductivity nor the Na* concentration was measured in the present
study, during the first rotation a continuous decrease of Ca®* and Mg?* in the Organic I and Organic
II systems was shown (Sanchez de Cima et al. 2015). Since the experiment conditions did not change
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after the first rotation, it is expected that the concentration of these cations, despite the manure
amendments, continued to decrease in 2013-2014.

The more favourable soil physical conditions in the second year (Table 1) did not run in parallel
with the soil particle aggregation behaviour. In this sense, apparently a decrease in bulk density did
not indicate an improvement in soil global structure. Moreover, many researchers have presented a
positive correlation between soil organic content and soil aggregate stability (Haynes & Naidu 1998;
Boix-Fayos et al. 2001; Tejada et al. 2008); however, results of the present experiment suggest that
other factors have a bigger impact on the soil structural stability.

The experimental soil contained >50% sand. Sandy soils have been shown to be more liable to lose
structural stability than clayey soils more prone to the formation of microaggregates (Boix-Fayos et
al. 2001; Spaccini et al. 2001). Under these textural conditions, the tillage operations carried out in the
systems could counteract a positive effect of crop rotation and manuring. By mixing the plough-layer,
new soil is exposed to dry-wet cycles at the soil surface. This contributes to degrading the soil structure
and also affects the SOM dynamics (Denef et al. 2001) and as result the soil aggregate stability is also
affected (Greacen 1958).

Weather conditions also can determine the percentage of soil stable aggregates. According to differ-
ent studies, annual rainfall positively affects soil aggregability (Molina et al. 1999; Velykis et al. 2014).
Therefore, in the present experiment the higher cumulative precipitation during 2012 (638.8 mm)
(Sanchez de Cima et al. 2015) than in 2013 (518.2 mm) might also explain the higher %WSA in 2013.
Also the physical processes of freezing-thawing and drying-wetting have a negative impact on the
aggregate stability and biotic activity of soil (Six et al. 2004). Finally, a low lignin content in the tissues
from the crop residues incorporated into the soil makes them easily decomposable (Carvalho et al.
2009), providing only a transient effect on soil stability (Oades 1984; Piccolo & Mbagwu 1999). This
agrees with Spaccini and Piccolo (2013), who found a slight deterioration of soil stability in some
experimental fields under different compost amendments for the first year.

Earthworms

The following earthworm species were found: green worm (Allolobophora chlorotica), common earth-
worm (Lumbricus terrestris), grey worm (Aporrectodea caliginosa), mucous worm (Aporrectodea rosea)
and marsh worm (Lumbricus rubellus). The last three species are classified as endogenic species. They
are characterized by living deep into the organic-mineral soil layer, feeding on both soil and organic
matter and they are considered as important agents of aggregation and organic matter stabilization
(Lavelle & Spain 2001). Despite the relative abundance of the endogenic species, due to the difference
in sampling depths between the earthworms (0-20 cm) and the rest of the soil properties studied
(5-10 cm) it is difficult to establish any kind of connection among them. This can explain why no
strong significant correlation was found between the number of earthworms and the percentage of
soil aggregates, total porosity or SOC (Tables 2 and 3). Earthworms enhance soil porosity by drilling
and forming macroaggregates (>2000 um) as result of the excretion of casts and within these macroag-
gregates, microaggregates are stabilized (Barois et al. 1993; Bossuyt et al. 2006). However, the present
results showed that variations in %WSA seem to be more connected with the tillage operations, soil
texture and climate conditions. In the same way, while it is true that SOC represents a food supply
for earthworms and better living conditions for the microfauna (Scullion et al. 2007), in the present
experiment no evidence of a causal relationship was found between the SOC and the number of
earthworms (Table 3). Pearson’s correlation coefficient showed no significant correlation in any the
systems in either years of study.

Only the control system showed a significant yearly increase in the number (1) and biomass of
earthworms (Table 3). Therefore, cover crops or cattle manure had no significant effect on these two
variables in 2014. Since there is no existing data from previous years it is difficult to conclude whether
the yearly variability in the number of earthworms is merely stationary. However, as with other factors
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Table 3. Average number and average biomass of earthworms, total porosity in the three systems for the two years of study and
Pearson’s correlation coefficient between the number of earthworms and the total porosity and number of earthworms and soil
organic carbon content.

Indicator Year System
ORG. 0 ORG. | ORG. Il
n 2013 40 Aa 82.8 Ab 104.4 Ab
2014 80Ba 93.8 Aa 112.5 Aa
Biomass (g) 2013 22.6 Aa 48.4 Ab 51.4 Ab
2014 53.9Ba 58.4 Aa 70.8 Aa
Total porosity (%) 2013 42.02 Aa 43.74 Aa 43.87 Aa
2014 45.67 Ba 45.96 Ba 44.79 Aa
I ol porsty ) 2013 +0.05 -0.19 +0.09
2014 +0.25 -0.17 —0.24
Fooc (- 2013 +0.03 +0.43 -0.12
2014 -0.24 —0.05 -0.45

Notes: n: average number of earthworms; r: Pearson's correlation coefficient; SOC: soil organic carbon. Mean values followed by
different capital letter in each column indicates significant yearly differences (t-test; p < 0.05) within the same system at the same
depth for the same parameter. Mean values followed by different small letter in each row indicates significant difference (linear
mixed model; p < 0.05) among the systems within the same year. *No statistically significant correlations were found (all p > 0.05).

Fluorescence diacetate (FDA) hydrolysis activity
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Figure 4. Average ug of released fluorescein per gram soil dry mass over 1 h for the three systems in 2013 and 2014.
Notes: Different capital letter on each bar indicates significant yearly differences (t-test; p < 0.05) for the same system. Different small
letter on each bar indicates significant difference (linear mixed model; p < 0.05) among the systems for the same year.

such as soil aggregability or SOC, certain tillage operations, especially ploughing, disrupt earthworm
population and eventually create unfavourable soil environmental conditions (Springett et al. 1992).

Microbiological activity

Figure 4 shows the FDA in the three systems for the years 2013 and 2014. Cover crops along with
cattle manure showed a significant effect on FDA hydrolysis in 2014, resulting in a higher microbial
activity in the Organic II system. These results agree with several studies which have pointed out a
higher microbial activity in organically amended soils (Bulluck et al. 2002; Edesi et al. 2012). The
addition of manure to soil results in a rapid soil microbial response by increasing of enzyme activity
(Kanchikerimath & Singh 2001) due to the incorporation of easily degradable organic materials (green
and cattle manure) which stimulate the activity of autochthonous microbes, incorporating exogenous
microorganism as well (Tejada et al. 2008).

No yearly significant differences were found in any of the systems. This can be explained by the
relatively short experiment. In general, long term crop rotations have a significant impact on microbial
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communities and their activity (Edesi et al. 2012). Furthermore, microbiological activity is highly
dependent on the organic matter content in the soil (Gadja et al. 2012). Since no yearly significant
changes in SOC took place at the experiment (Table 2), no significant differences in FDA were found
either.

Enzymatic activity is dependent as well on other factors such as soil moisture, which in turn affects
pH, redox potential, organic matter decomposition, soil nutrient concentration and other processes
linked to the microbial population and activity (Wu et al. 2010); and nitrogen which is used for the
synthesis of proteins, amino acids and DNA (Gadja et al. 2012). Contrary to these earlier results, in the
present experiment these factors seem to have no significant influence in the microbiological activity,
since the significant yearly differences in soil moisture (Table 1) and total nitrogen (Table 2) did not
result in significant variations in FDA (Figure 4).

Conclusions

Cover crops showed a positive effect on the bulk density and air filled pores fraction. In addition, cover
crops along with cattle manure enhanced the microbiological activity in the system where it was yearly
applied. The effect of cover crops and manure on the soil particle aggregability and SOC was counter-
acted by the amount of tillage operations, the soil texture, water content and the characteristics of the
crop residues added. Most of the earthworms species found were endogenic. No strong correlation was
found between the SOC and the number of earthworms or the porosity and earthworms. The short
time since the experiment was set up can explain the lack of significant differences among systems in
most of the soil parameters studied. Different results are expected in long term, especially regarding
to the aggregate stability. Therefore we consider necessary to continue with the present experiment
during future years and extent the sampling to two different depths.
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Maintaining or enhancing the stock of soil organic carbon (SOC) is a key factor in sustaining the soil
resources of the world. The objective of this research was to study the effect of different farming systems
(conventional farming with mineral fertilizers and crop specific fertilization vs. organic farming with
organic fertilizers (catch crops and composted manure)) under the same 5-crop rotation (red clover,
winter wheat, pea, potato, barley undersown with red clover) system on the SOC stock and the stability of
SOC. The second aim was to quantify plant C inputs to the soil and to identify the relationship between C
sequestration rate and C input. Data presented in this paper concerned the first rotation during 2008—
2012. The main factors were farming systems: conventional and organic. Four conventional farming
systems differed in the mineral nitrogen application rates used. In two organic farming systems catch
crops were used with or without composted solid cattle manure. The SOC stock was determined before
experiment establishment and after the first rotation. The C input into the soil was calculated based on
the main product yield. The stock of SOC increased (2.57 Mg ha ™'y !) considerably after the first rotation
only in the organic farming systems, where the total C inputs were 1368 kg Cha~'y " higher compared to
the average C inputs in conventional systems. The mineral N rate did not influence the C-input but it had
an effect on the properties and mineralisation of soil organic matter. The stable C fraction of SOC
proportion increased in the system in which the highest rate of mineral N (20-150kgNha~Ty~'
depending on crop) was used and its proportion in the soil was comparable with the results obtained
from organic farming systems. Thus, the intensive management with high N rates may benefit to a
formation of more stabile SOC if the crop rotation used is properly elaborated.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Soil organic carbon (SOC) plays an important role in nutrient

e cycling and improving soil physical, chemical and biological
Abbreviations: C, carbon; BD, bulk density; BDc. calculated bulk density; yeing P! s Py 8!

BDpneass» measured bulk density; CC, catch crop; DM, dry matter; DOC, dissolved
organic carbon; DOCp, the proportion of soil dissolved organic carbon of the total
organic carbon; HI, harvest index; NO, control system (with no additional fertilizers
used); NIN2N3, systems with different N rates used depending on crop: NPP, net
primary productivity; Neo, total nitrogen; O+ CC, farming system with catch crops;
0+CC+M, farming systems with catch crops and composted manure; SOC, soil
organic carbon; SOM, soil organic matter; Cp, carbon of the agricultural product
removed from the field; Cs, carbon in shoot; Cg, carbon in root; C, carbon in
rhizodeposition; S/R, shoot/root ratio; Yp, DM yield of the agricultural products.

* Corresponding author at: Department of Field Crops and Grassland Husbandry,
Estonian University of Life Sciences, Kreutzwaldi 1, EE51014 Tartu, Estonia.

E-mail address: karin.kauer@emu.ee (K. Kauer).
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properties (Manna et al., 2007). In addition to promoting the ability
of soil to produce food it reduces the concentration of CO, in the
atmosphere by increasing SOC stock (Lal, 2011) and thereby
stabilizes and enhances natural ecosystems (Gregorich et al., 1994).
The sustainability of agricultural systems with reduced emissions
of greenhouse gases has become an important issue all over the
world. Depending upon the agricultural management practices
applied, the soil can serve both as a source or sink for atmospheric
CO, (Lal, 2004; Wilson and Al-Kaisi, 2008). The stock of SOC
reflects the net balance between ongoing accumulation and
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decomposition processes, which are influenced by both crop
productivity and field management (Carter et al., 1997). In any
system where C input to the soil exceeds the C output from the soil,
a positive imbalance occurs, which subsequently results in
sequestration of C in the soil (Jastrow et al., 2007). Estimation of
soil C sequestration requires quantification of the rates of C inputs
and releases under changed soil management.

In general, agricultural utilization of soils has been found to
decrease their SOC content (Dalal and Mayer, 1986; Saviozzi et al.,
1994; Blair, 2000) through disruption of the equilibrium between
the competing processes of humus formation and mineralization.
Management practices like proper cropping systems and balanced
fertilization are believed to offer the greatest potential for
increasing SOC stock in agricultural soil (Paustian et al., 1997;
West and Post, 2002; Lal, 2004). To characterize, predict and
manage soil C dynamics, we need precise and accurate estimates of
Cinputs to the soil (Bolinder et al., 2007). Predicting the changes in
soil C stocks depends on net primary productivity (NPP) and the
proportion of the NPP returned to the soil (Paustian et al., 1997;
Bolinder et al., 2006; Koga and Tsuji, 2009). Thus crop residues,
plant roots and also organic amendments represent a significant
source of inputs for soil C sequestration (Koga and Tsuji, 2009).
Changes in inputs, such as fertilizers and residues (Janzen 1987;
Campbell et al., 1991), which regulate soil microbial activity and
mineralization rates, will ultimately be reflected in the SOC content
(Gregorich et al., 1994). Generally, it is found that addition of
organic fertilizers with or without mineral fertilizer increases the
SOC content (Blair, 2000; Blair et al., 2006). Inorganic fertilizers
influence SOC concentration indirectly by increasing crop yields
and thereby increasing the return of crop residues to the soil (Liang
et al, 2012). It is assumed that crop productivity is positively
related to C amount released into the soil (Wilson and Al-Kaisi,
2008). The effects of the application of mineral fertilizers on SOC
content have been contradictory: some have found SOC content
increase (Campbell and Zentner, 1993; Gong et al., 2009), but
others no influence on SOC content (Halvorson et al., 2002).

Previous and present soil and crop management practices
determine existing SOC levels to a large extent and will also
influence future SOC stock (Katterer et al., 2008). Changes in SOC
due to management practices are difficult to quantify as they occur
slowly (Paustian et al., 1997) due to the high background levels of
SOC and natural soil variability (Haynes, 2005). Thus, SOC is not
sensitive to short-term soil quality changes with different soil or
crop management practices. The use of soil organic matter (SOM)
chemical fractions to evaluate changes in soil C dynamics due to
the agricultural use is more effective than the determination of the
total SOM (Guimaraes et al., 2013). According to Ruhlmann (1999)
SOM is divided into two pools with different resistance to
decomposition: (i) a small C pool with rapid (few decades)
turnover time (dynamic, active, labile pool), which includes easily
decomposable organic matter (e.g., microbial biomass) and (ii) a
large C pool with slow (centuries to millennia) turnover time
(stable, passive pool). The turnover of labile C pools influences crop
productivity by regulating nutrient availability and cycling in the
soil (Janzen, 2004). It is a primary source of mineralisable N, S, and
P (Haynes, 2000). The content of dissolved organic C (DOC) is much
more sensitive to change in soil management practices (Saviozzi
etal, 2001; Xu et al., 2011), due to its rapid response to changes in
soil C supply. Its use as an early indicator of the impact of land use
on SOC quality has been suggested (Gregorich et al., 1994). The DOC
fraction is a suitable soil quality indicator for describing the
balance between the amount of labile C input into the soil and its
durability and decomposition in the soil (Gregorich and Janzen,
1995). The content of DOC in the soils depend on both cropping
intensity, which influences the quantity and quality of crop
residues, and on tillage, which impacts residue placement in the

soils. In the long term, vegetation type and the quantity of organic
residues have been shown to be the primary factors influencing the
amount and composition of DOC (Chantigny, 2003). Lundquist
et al. (1999) found twice as much soil DOC under crops that
produce more residues. He also showed that the labile C fraction is
greater with organic farming than with conventional farming.

Although the major goal of any agricultural management
strategy is to enhance crop yield, environmental sustainability
must be major issue for the long-term stability of agroecosystems
(Singh et al., 2009). Thus, improved agronomic practices that could
lead to reduced carbon losses or even increased SOC storage are
highly desirable (Gattinger et al., 2012).

As crop type and agronomic practices such as tillage, fertiliza-
tion and application of organic amendments influence plant
biomass production (Kundu et al, 2007), it is essential to
understand how crop residue biomass production is influenced
by different field management practices, which vary with soil type,
climate, and crop rotation and how this impacts soil C sequestra-
tion (Koga and Tsuji, 2009). Therefore, it is important to assess C
sequestration potential for specific climate/soil/crop systems in
order to draw site-specific conclusions.

The aim of this research was to study the effect of different
farming systems (conventional farming with mineral fertilizers vs.
organic farming with organic fertilizers (catch crop (CC) and
composted manure)) under the same crop rotation on the SOC
stock. The second aim of the study was to quantify crop-specific C
inputs and to identify the relationship between C sequestration
and C input into the soil. We hypothesised that it is not possible to
predict SOC dynamics based on the amount of C input. Different
management techniques impact the properties of C input and the
conditions of its mineralisation. Therefore, higher C input into the
soil may not necessarily lead to higher SOC accumulation and
cause higher SOC stability.

2. Material and methods
2.1. Field experiment

The field experiment was situated at the experimental station
of the Estonian University of Life Sciences in Eerika, Tartu, Estonia
(58° 22'N, 26° 40’E). In 2008 a crop rotation experiment with two
organic and four conventional farming systems was established.
The experiment was set up in four replications with each plot
(60 m~2) in a systematic block design. Randomisation was fixed in
every year in all farming systems and replications. Each plot was
6m wide and 10m long. Organic and conventional plots were
separated with a 18 m long section of mixed grasses to avoid
contamination with synthetic pesticides, mineral fertilizers and
CC. Between organic systems there was also a 10 m long protective
area for preventing the spread of cattle manure to plots where
manure was not used. Conventional systems and all four
replications were next to each other without separation. Between
the conventional systems there was a transition area (1 m long and
6m wide), where no samples were taken. The soil of the
experimental field is Stagnic Luvisol according to the World
Reference Base classification (FAO, 2006). The texture of the soil is
sandy loam (56.5% sand, 34% silt and 9.5% clay) for the epipedon
with a humus layer of 20-30 cm (Reintam and Késter, 2006). At the
beginning of the experiment the soil humus layer characteristics
were as follows: pHyg 5.9, 13.8 mgCorgg ™!, 1.4mgNioe g™, plant
available P, K, Ca and Mg contents were 112.6 mgP kg", 168.1 mg
Kkg™', 1185mgCakg™', 188.7Mgmgkg™', respectively. Plant
available nutrients were determined by the ammonium lactate
(AL) method (Egnér et al., 1960). A more detailed description of the
experiment is presented in Tein et al. (2014).
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2.2. Crop rotation

Over the 5-year period of 2008-2012, the sequence of crops in
the rotation were: winter wheat (Triticum aestivum L.), pea (Pisum
sativum L.), potato (Solanum tuberosum L.), barley (Hordeum vulgare
L.) undersown with red clover (Trifolium pratense L.) and red clover.
On different plots the crop rotation began with different crops
(Table 1).

2.3. Farming systems

In each crop sequence, the main plot factors were farming
systems: conventional vs. organic. Conventional farming systems
differed in terms of application rates of mineral nitrogen (N)
fertilizer. The systems were: (NO) control (with no additional
fertilizers used) and N1, N2, N3 in which mineral fertilizers were
applied with different N rates used depending on crop (Table 2).
NPK fertilizers were added during sowing/planting at the rate of
20:25:95kgha . One and/or two subsequent mineral N supple-
ments were added during growth. Winter wheat and potato
received mineral fertilizers at the same rates in all conventional
systems (50 (N1), 100 (N2) and 150 (N3)kgNha 'y~'). Barley
undersown with red clover received mineral N fertilizers as 40
(N1), 80 (N2) or 120 (N3)kgNha 'y . Red clover alone did not
receive any mineral fertilizers. For pea as a leguminous crop, the N
rate was the same in systems N1-N3 (20kgNha 'y ).

There were two organic farming systems: first (i) with catch
crops (O+CC) and second (ii) with catch crops and solid cattle
manure (O + CC+M). The catch crops used were winter oilseed rape
(Brassica napus ssp. oleifera var. biennis) after pea, winter rye (Secale
cereale L.) after potato and ryegrass (Lolium perenne L.) after winter
wheat as a winter cover crop. In the O+CC+M system, fully
composted cattle manure with the C/N ratio of 14.2 was added to
the soil in the autumn (2009) or in the spring (2010-2012) at a rate
of 40tha~" in the crop rotation before potato. Manure was added
only once for the rotation during the five year rotation period. On
average, the composted cattle manure contained 138gCkg 1,9.7 g
Nkg ' 46gPkg ', 8.6gKkg .

Conventional systems were treated with several synthetic
pesticides during the vegetation period depending on crop. In the
organic systems, weeds were removed by hand, and no chemical
plant protection was used.

2.4. The management of farming systems

The main cereal and legume crops were sown using the
Kongskilde Combiseed N30 combi driller. Barley undersown with
red clover and pea were sown at the beginning of May and winter
wheat in the first half of September. Potato was planted at the
beginning of May using Juko Ekengards 4100 potato planter. The
mineral fertilizers were applied using Fiona Birdie fertilizer

using Amazone UF1501 sprayer. Cereal crops and pea were
harvested at the beginning or in the middle of August using
Sampo SR2010 harvester. The potato was harvested in the end of
August or at the beginning of September depending on the growing
season. The tubers were hand-picked after the rows were opened
using German origin two-row elevator-picker machine. The red
clover was first cut in the second half of June and the second cut
was made in the second half of August using Miithing MU-H7S 140
mower. After the first cut clover was left on the surface of the soil to
decompose, but after the second cut clover was ploughed into soil.
The ploughing depth was between 27 and 29 cm. After the potato
harvest winter wheat and pea, as the following CC, were sown in
organic systems. The main crop residues in conventional systems
were ploughed into the soil in the end of October. The plougher
used was Kverneland ES80. CC and manure in organic systems
were ploughed into the soil directly before sowing/planting the
main crops. The only plant material removed from the field was
grains and tubers. Other crop residues were left on a field.

2.5. Estimating annual C inputs from the main crops

For each crop, crop-specific NNP (kg C ha~'y~') and C inputs
from plant residues into the soil (kg C ha~'y~') were calculated. C
inputs for each crop were calculated as the amount of C measured
from dry matter (DM) yield of above-ground agricultural products
(Yp) removed from the fields (Cp) together with straw (Cs), roots
(Cr) and the extra C associated with rhizodeposits (Cg). A
conservative estimate of Cg in rhizodeposition (i.e., root exudates,
root hairs, sloughed root material) for annual crops was 65% of
measured root biomass Cg (Bolinder et al., 2007; Gan et al., 2009).
Using the Yp (tuber, grain) and the relative plant C allocation
coefficients based on Bolinder et al. (2007) (Table 3) we calculated
NPP and C allocation of barley, winter wheat and clover within
different parts of the plant. The relative plant C allocation
coefficients within different plant parts are expressed as the
proportions of NPP:

Rp=Cp/NPP (1)
Rs = Cs/NPP (2)
Rk = Cg/NPP 3)
Re = Cg/NPP 4

By definition Rp+Rs+Rg+Rg=1. The C of agricultural product
(Cp) removed from the field was calculated using the following
equation:

spreader that is designed for field experiments. Fully composted Cp=YpxC (5)
cattle manure was weighted and then spread to the potato plots
manually. All pesticides used in conventional system were applied
Table 1
The crop sequences in the first crop rotation during 2008-2012.
Year Crop sequences
A B C D E
2008 Pea Potato Barley® Red clover Winter wheat
2009 Potato Barley Red clover Winter wheat Pea
2010 Barley Red clover Winter wheat Pea Potato
2011 Red clover Winter wheat Pea Potato Barley
2012 Winter wheat Pea Potato Barley Red clover

2 Barley undersown with red clover.
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Table 2
Annual application of inorganic N, P and K fertilizers (kgha™")
Farming systems Potato and winter wheat Barley undersown with red clover Pea
N P K N P K N P K
NO 0 0 0 0 [ 0 0 0 0
N1 20°+30° 25 95 20+20 25 95 20 25 95
N2 20+60+20° 25 95 20+60 25 95 20 25 95
N3 20+90+40 25 95 20+90+10 25 95 20 25 95

3 NPK fertilizer added during sowing/planting the crops.
b One subsequent supplement of inorganic N fertilizer.
< Two subsequent supplements of inorganic N fertilizers.

Table 3
Relative annual plant C allocation coefficients for barley, wheat, red clover and pea
used to estimate NPP and C input into the soil.

Crop Relative plant C allocation coefficients

Rp Rs Rg Re
Barley 0.451 0.400 0.090 0.059
Wheat 0.322 0.482 0.118 0.078
Red clover 0.571 0.000 0.260 0.169
Pea 0.233 0.577 0.115 0.075

where Y, is the dry matter yield of the above-ground product (kg
DM ha~'y~")and Cis the carbon concentration in all plant parts (in
this study we assumed that the C concentration was 0.45gg ).

For pea, relative plant C allocation coefficients were calculated
using equations based on Bolinder et al. (2007):

_ Yp x (1-HI)
G- Hnc ®
Y,
G= (S/Rx 1[:11) % C ™

where Yp is the dry matter yield of above-ground product (kg DM
ha~'y~"), Hlis the harvest index, S/R is the shoot/root ratio and C is
the carbon concentration in all plant parts. Harvest indices of 0.36
for pea (Nisar et al., 2011) and 3.24 for shoot/root ratio (Kumar and
Goh, 2000) were used. The relative plant C allocation coefficients
for pea calculated in this study were similar to the coefficients
found by Gan et al. (2009). For potato, constants based on Bolinder
et al. (2012) and Carter et al. (2003) were used: 890kg above-
ground and 1060 kg below-ground (roots) biomass DM ha 'y,

We considered that, with the crops used in this experiment, C
was taken away from the field only as the C of the main yield. In
2008-2012, dry-weight basis crop yields of potato, winter wheat,
barley and pea were recorded. The plots with red clover were cut
once (in mid-June) during the growing period. The red clover
biomass was ploughed in at the end of August after determining its
biomass. Biomass from the center of each plot was determined
using a 0.5x0.5 m frame. Subsamples were taken for the
determination of dry matter and DM yield calculation. For the
red clover C input calculations, we assumed that all of its biomass
was added to the soil (the sum of the biomass measured in June
and August).

2.6. Estimating annual C inputs from catch crops, weed and solid
manure

In the organic farming systems the following catch crops were
grown: winter oilseed rape (after pea), winter rye (after potato)
and ryegrass (after winter wheat). They were sown immediately
after harvest of the main crops and were ploughed into the soil in
spring before the seeding of the main crops. Between 2008-2012,

catch crops biomasses were not determined and the C input from
the catch crops was calculated based on data from an experiment
conducted on the same experimental station. In that experiment,
below-ground (roots) biomass was determined in addition to
above-ground biomass (Talgre et al., 2011) (Table 4). Based on
Talgre et al. (2011) results the C input from catch crops (including
Cg) was 562kg Cha ! annually.

In the organic systems, the weed species biomass was studied
before the catch crops were ploughed in (end of April), before the
first harrowing of the main following crops (end of April (winter
wheat) end of May (potato)) and 3 weeks before crop harvest. In
red clover, weed studies were carried out before the first cutting
(within the first 10 days of June) and before aftermath incorpo-
ration (at the beginning of August). All assessments in 4 replicates
per plot were done using a 0.5 x 0.5 m? frame. Only above-ground
biomass was collected and weighed for total biomass. The total C
input (including C) was calculated assuming that the shoot/root
ratio of weeds was 0.81 based on Gavazzi (1998). In the
conventional farming systems the biomasses of weeds were not
determined because the systems were intensively treated with
herbicides.

Carbon input from manure was calculated based on information
that during the crop rotation 40 Mgha~'of manure was applied
with the average DM content of 44.8%.

2.7. Soil sampling and laboratory analysis

Soil samples were collected before trial establishment in April
2008 and in 2013 before any field operations. For one average
sample eight subsamples were taken from one plot from the depth
of 0-25 cm. Soil samples were taken from each replication from all
farming systems. Every sample was air dried and passed through a
2mm sieve.

The bulk density was measured in spring 2013. For the bulk
density the steel cores (54mm internal diameter and 40 mm
height, with wall thickness approximately 1.5 mm) were used at 5
to 10cm depth, taking four replications of undisturbed soil per
plot. Later in the laboratory they were weighted (at field-moist
condition) and capillary wetted for 24 h on a plate until saturation.
Dry bulk density was determined by subjecting the cylinders to
constant drainage 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.

The SOC and nitrogen (Ni) concentrations in soil were
determined by the dry combustion method in a varioMax CNS
elemental analyzer (ELEMENTAR, Germany). For dissolved organic

Table 4
Average above and below-ground biomass of catch crops (kg DM ha~") (Talgre et al.,
2011)

Catch crop Year Aboveground biomass _Roots
Winter oilseed rape Average 2008 and 2010 872 557
Rye 2010 518 325

Italian ryegrass Average 2008 and 2010 464 267
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carbon (DOC) 10g of air dried soil was shaken with 30mL of
distilled water for 1h, followed by centrifugation and filtration
through a 0.45 wm filter. Extracts were analyzed for DOC using a
varioMAX CNS analyzer (ELEMENTAR, Germany).

2.8. Calculations

The SOC stock (Mg ha~') was calculated (for a depth of 0-25 cm)
as follows:

SOC stock=BD x SOC x D (8)

where BD is soil bulk density (gcm3), SOC is organic carbon
content (mgg~'); and D is soil sampling depth (m). For this study,
BD in 2008 was not measured and was calculated (BDcaic)
according to Post and Kwon (2000) using the equation:

100

{(SOM/10/0.244) + [(100 — (SOM/10))/1.64]}
where SOM is the soil organic matter content (mgg~'), 0.244 is
bulk density of SOM, 1.64 is the bulk density of soil mineral matter.
‘We assumed that SOM contains 58% SOC (Mann, 1986). In 2013 for
the calculation of SOC stock the BD ., was used. Also the SOC stock
calculated with measured BD (BDpeas) in 2013 were presented to
estimate the difference between the use of BD¢,c and BDypeas.

The percentage of DOC (DOCp) (%) in SOC was calculated
according to the equation:

100 x DOC

DOCp = —<oc
where DOC is the soil dissolved organic carbon (mg g~'), SOC is the
soil total organic carbon (mgg™').

BDcaie = 9)

(10)

2.9. Climate

The weather during the period of the experiment was
monitored with a Metos Compact (Pessl Instruments) electronic
weather station, which automatically calculates the average daily
temperatures and the sum of precipitation. To obtain the monthly

57

and 697.1mmy ' of rainfall, respectively. Average temperatures
showed the expected progression from low in November to April,
higher in May to August and lower again in September. For the
month of May the temperatures were lowest in 2008 and highest
in 2010. Over the entire season, 2008 was generally the warmest,
and 2012 was the coolest and had lower temperatures than the
long-term average in June and August.

2.10. Statistical analysis

The Statistica version 11.0 (Statsoft Inc.) software package was
used for all statistical analyses. Factorial analysis of variance
(ANOVA) and one-way ANOVA were applied to test the effect of
farming systems on NPP and C inputs into the soil. Fisher’s least
significant difference test for homogenous groups was used for
testing significant differences between farming systems and
between experimental years. The level of statistical significance
was set at P<0.05.

3. Results
3.1. Annual C inputs from main crop

Main NPP, C input and the amount of C removed with the yield
depended, in addition to crop and farming system, also on crop
rotation sequences and on the interaction of various factors
(Table 6). The relationship between crop rotation sequences and
farming systems did not affect the C input from crop, but
influenced the amount of C removed with the yield.

Crop rotation average crop-specific NPP and C inputs are
presented in Table 7. The crop-specific NPP was highest for red
clover (6627 kg Cha 'y ') and lowest for barley (2902 kg Cha '
y ). Carbon inputs from different crops varied between
1188-6627 kg Cha 'y ™. Red clover has the highest C input in

Table 6
ANOVA results for NPP, C inputs and C removed.

average of daily average temperatures at the weather station, the NPP Cinput C removed

daily temperatures were averaged over each month. Weather Crop (C)

conditions during the study period (2008-2012) differed substan- Crop rotation (CR)
Ny . o . Farming system (FS)

tially (Tah_]e 5), e_speaally the total prec_lpltat_lon amounts_dunng CxCR

the growing period. In 2009, the precipitation sum during the CXES

growth period was quite similar to the long-term average (1969- CRXFS NS

2011). By contrast, the precipitation in 2008, 2010 and 2011 CxCRxFS NS

differed considerably from the long-term average as follows: 2011 NS, not significant.

was arid with 134.0mmy~" less rainfall than the long-term .p<005.

average; and 2008 as well as 2010 were unusually wet with 728.6 P<0.001

Table 5

Weather conditions during the first rotation period (2008-2012) compared to long-term average of 1969-2013.
Month Temperatures (°C) Precipitation (mm)

2008 2009 2010 2011 2012 1969-2013 2008 2009 2010 2011 2012 1969-2013

January -13 -34 -51 -47 -61 -52 218 10.2 404 19.0 30.0 296
February 06 49 79 1.2 15 58 344 72 48 9.0 18.6 225
March 04 -15 -21 -19 -03 -17 8.4 224 30.2 44 394 232
April 72 5.3 61 6.4 5.0 47 26.8 142 264 1.2 420 265
May 10.7 1.5 12.6 1.0 18 114 274 134 614 584 816 576
June 145 13.8 146 17.2 136 154 110.6 1374 726 352 100.6 759
July 16.1 16.9 222 19.9 18.0 175 98.6 546 36.0 482 75.0 704
August 15.7 154 18.2 15.8 15.1 16.1 2144 89.2 106.8 546 874 892
September 9.8 12.8 111 123 122 108 456 490 93.0 80.0 59.8 571
October 82 41 42 68 5.7 56 67.6 116.0 494 478 452 57.2
November 23 23 0.3 29 26 0.4 494 3538 776 344 502 455
December 11 86 82 1.0 658 34 236 57.0 98.5 526 9.0 341
January-December 6.9 53 55 6.3 49 55 7286 606.4 697.1 45438 638.8 588.8
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Table 7

Crop rotation average annual crop-specific NPP and C input (kgha'y~")
Crop NPP Cinput C removed
Barley 2902° 1593” 1309°
Red clover 66279 6627¢ -
Pea 4374° 3331° 1043
Potato 4628" 187° 3440¢
Wheat 5323¢ 3609¢ 1714°

Average followed by a different small letter within each column indicate significant
influence (P < 0.05) of the crop.
Note: -, total red clover biomass was left on the field.

the crop rotation because it was left in the field to decompose after
cutting. The lowest C inputs were for potato and barley. The highest
amount of C removed with the main crop was with potato (3440 kg
Cha 'y™!"); with other crops the amount of C removed was
between 1043-1714kg Cha~'y~' (Table 7).

When growing barley as the first crop in the crop rotation the
average NPP was the lowest after the crop rotation (4341Cha~'y !,
Table 8). Also, the crop rotation average C input of barley (1593 kg
Cha~'y~!, Table 7) was one of the lowest. Crop rotation average
NPP and C input were significantly (P < 0.05) higher when the crop
rotation started with pea or red clover. NPP and C input of the crop
rotation starting with potato were comparable with the crop
rotation starting with red clover. The C input calculated for potato
was similar to that for barley (1187kg Cha~'y~', Table 7). The
cereals C inputs from the first year (2008) of the crop rotation
differed from the crop rotation average C input: 979kg Cha 'y!
for barley and 2293 kg Cha 'y ! for winter wheat (Fig. 1). In the
following years the C input of the cereals increased (Fig. 1).

From the compared farming systems the highest (P < 0.05)
NPPs were in the systems fertilized with mineral N (N1, N2, N3)
(5179-5145kg Cha~ 'y~ ") (Table 9). In the control (NO), which did
not receive any fertilizers, but which was treated with pesticides,
the NPP was lower (4467 kg Cha 'y !). In the organic farming
systems the NPP varied from 4130 to 4235kg Cha~'y "

The C input varied between farming systems from 2935 to
3697kg Cha 'y~ Farming systems had a significant (P<0.05)
influence on C input, but the differences between systems were not
substantial. In conventional farming systems the C input was
higher (P < 0.05). Crop rotation average above- and below-ground
C input distribution did not depend on farming system. Below-
ground C input was 58-62% of total C input depending on farming
system.

N fertilization affected significantly (P < 0.05) the C input of the
barley (the higher the amount of N added the higher the C input).
For winter wheat N fertilization increased C input, but it did not
depend on the N rate used. The C input of red clover decreased with
increasing N rate (Fig. 2). The potato had the lowest (401kg
Cha~'y~ ') and red clover the highest (3784kg Cha~'y~') above-
ground C input. Below-ground C input was lowest for barley
(432kg Cha~'y~') and highest for red clover (2843 kg Cha~'y™").

Table 8
Crop rotation specific average annual NPP and C input (kg C ha
the crop sequences in the crop rotation.

Ty~1) depending on

0+CC  O+CC+M

n
S

.
&

Cinput, Mg hat5-yr?
w B

NO N1 N2 N3 0+CC  O+CC+M

NO N1 N2 N3 0+CC  O+CC+M

NO N1 N2 N3 0+CC  O+CC+M

Cinput, Mg ha*5-yr?

NO N1 N2 N3

Farming system

0+CC  0+CC+M

Red clover mBarley MPotato @Pea [ Winter wheat

Fig. 1. The five-year total crop-specific C inputs in crop rotations with different crop
(A—pea, potato, barley, red clover, winter wheat; B—potato, barley,

clover, winter wheat, pea; C—barley, red clover, winter wheat, pea, potato; D—red
clover, winter wheat, pea, potato, barley; E—winter wheat, pea, potato, barley, red

Crop rotation NPP C input

A 5540° 3672¢

B 4761° 3356°

c 4341° 2858° clover).
D 4880° 3299°

E 4331° 3162°

Average followed by a different small letters within each column indicate significant
influence (P<0.05) of the crop rotation.

Note: Letters A, B, C, D and E note different crop sequences during the first rotation
(see also Table 1).

Farming systems had greatest impact on the amount of C
removed with the yield; it varied between 1129 and 1877kg
Cha~'y~! (Fig. 3). The amount of removed C depended on N
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Table 9
Average farming systems specific NPP, below- and above-ground C input
(kgCha~'y™").

Table 10
Average annual C inputs (kg Cha~'y~") from main crops, catch crops, manure and
weeds in different farming systems.

Farming system NPP Below-ground Above-ground
Cinput Cinput

NO 4467° 1894°¢ 13320

N1 5415¢ 2227° 1470°

N2 5198° 2045¢ 1305

N3 5179¢ 20124 1289

0+CC 4235% 1817 1288

0+CC+M 4130° 1723% 1213*

Averages followed by different small letters within each column indicate significant
influences (P < 0.05) of the farming systems.

Cinput, Mg Chaly?
~

NO N1 N2 N3 O+CC O+CC+M
Farming systems

O Winter wheat B Potato M Pea SRed clover M Barley

Fig. 2. Crop rotation average crop specific C inputs in different farming systems.

NO N1 N2

N3 0+CC  O+CC+M
Farming system

.
”n

Cremoved, Mg Chaly?!
o
w o

o

OWinter wheat MPotato MPea M Barley

Fig. 3. The average amount of C removed with different crops depending on
farming system.

fertilization and N rates used. Most C was removed with potato
(3440kg Cha~ 'y ).

3.2. Total annual C input from crops, catch crops, manure and weeds

In this experiment, the total amount of C input to the soil
originated from the main crops (potato, wheat, barley, red clover,
pea), catch crops, manure (at a rate of 40 tha ' in the crop rotation)
and weeds in systems O+CC and O+CC+M. The total annual C
inputs from main crop, catch crop, manure and weeds are
summarized in Table 10. The highest total C input was in system
0+CC+M (4762 kg Cha 'y '), where the composted dairy cattle
manure was applied annually. The calculated C input from catch
crops was 562kg Cha 'y, which did not increase the total C
input substantially (Table 10). The C derived from catch crops
accounted for a small part of the total C input (15% for O + CC and 9%
for O+CC+M). The rate of direct annual C input from manure,
expressed on a C basis, was equivalent to 495 kg Cha~'y~'. C input
of the weeds was 748 and 769kg Cha 'y ' for 0+CC and
0+CC+M, respectively.

Cinput

Farming system Main crop  Catch crop  Weeds  Manure  Total
NO 3226" 0 - 0 3226°
N1 3697° 0 - 0 3697*
N2 3350 0 - 0 3350°
N3 3301%° 0 - 0 3302°
0+CC 3105 562 748 0 4415°
0+CC+M 2936* 562 769 495 4762¢

Averages followed by a different small letters within each column indicate a
significant influence (P < 0.05) of the farming systems.
Note: -, not determined.

The lowest C input from the main crop was in the organic
farming systems (Table 10). When compared to conventional
systems it was due to the lower NPP in organic systems (4235 kg
Cha'y™! for 0+CC and 4130kg Cha'y™' for O+CC+M)
(Table 9). While mineral N fertilization increased NPP substantially
(average 5264 kg Cha 'y ').

3.3. Changes in SOC and Ny, stock

At the beginning of the experiment (establishment stage) soil
SOC content varied between 12.3-14.4mgg ' (Table 11). Content
of SOC and its stock increased after the crop rotation in control and
organic systems. In the system O + CC the average annual SOC stock
increase was 0.77 Mg Cha~'y~", application of manure changed it
by 2.57 Mg Cha~'y~. The SOC stock annual increase is larger if the
BDjneas to calculate SOC stock is used, 1.26 and 3.06 Mg Cha~'y~1,
respectively. In the systems with mineral N fertilizer the changes in
SOC stock varied from 390 to 150 kg Cha~'y~. The initial soil Nyo
at the beginning of the experiment varied between 1.33-1.46 mg
Ng . Soil Ny content and the stock declined during the first
rotation (Table 12). Only in the system O+CC+M there was no
change in the soil N, content and stock. In other systems the stock
of Nyor decreased between 0.04-013Mg Nha~'y~.

3.4. Soil DOC content and C/N ratio

Both DOC and DOCp contents in the soils of the systems O +CC
and O+CC+M decreased after the crop rotation (Table 13). The
contents of DOC and DOCp decreased even in the system with high
N application rate (N3), while in the system with low N application
rates the contents of DOC and DOCp increased. There was a
tendency that if soil C/N ratio expanded after the crop rotation
compared to year 2008, then the soil DOC and DOCp content
decreased. If the C/N ratio after the crop rotation did not change,
then DOC and DOCp contents increased.

In N1 and N2 DOCp increased, but it decreased in N3 and in
organic systems. The DOCp did not change in the control system.
The highest DOCp were in systems NO, N1 and N2.

4. Discussion

Crop rotation average main crop specific C input amounts did
not differ between conventional systems. Although the SOC stock
increased in the control, it did not change or even decreased in the
mineral fertilized systems. It is a general trend for the SOC
concentration in most soils to increase with increasing C inputs
(Duiker and Lal, 1999; Nyborg et al., 1999; Campbell et al., 2005).
But also some results have indicated that fertilization does not
increase SOC stock (Wilson and Al-Kaisi, 2008; Kauer et al., 2013).
Based on Fontaine et al. (2004) in the fertilized systems the
returning plant residues did not have any impact on the soil SOC
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Table 11

The changes in SOC content and SOC stock (0-25 cm soil layer) during the first crop rotation.

Farming system s0C (mgCg ') 50C stock (MgCha ') SOC stock change (MgCha 'y ')

2008 2013 2008 2013 2013 BDcatc BDineas
BDcarc BDcaic BDimeas

No 12.8° 13.4° 46.7° 484> 48.5™ 034 036

N1 14.2° 13.8% 511° 50.5% - -0.12 -

N2 14.4° 136" 516" 496" - 039 -

N3 14.3° 14.6° 515" 522" 50.9° 015 -0.12

0+CC 14.7° 161 52.7° 56.5 59.0°* 0.77 126

0+CC+M 12.3 16.7° 453" 582 60.7" 2557 3.06

Averages followed by different small letters within each column indicate a significant influence (P < 0.05) of the farming systems.
Note: BD,c, SOC stock is calculated using calculated bulk density; BDyy,eas, SOC stock is calculated using measured bulk density; *, indicates a significant influence of the year

on the change of SOC stock; -, not determined.

Table 12

The changes in Nyo; content and Neo; stock (0-25 cm soil layer) during the first crop rotation.

Farming system Neoe (mgNg™")

Neor stock (MgNha™")

Nioe stock change (MgNha~'y~')

2008 2013 2008 2013 2013 BDcaic BDineas
BDcaic BDcaic BDimeas

NO 133° 114 478" 4.09™ 412™ -0.14 -013

N1 1347 130> 4.79* 464 - -0.03 -

N2 143 128" 5.08" 4,59 - -010 -

N3 134° 127" 4.78* 452" 443> -0.05 -0.07

0+CC 1.46° 136" 519" 475" 498 -0.09 —0.04

0+CC+M 1.41° 141¢ 513" 4.92% 5.22¢ -0.04 0.02

Averages followed by different small letters within each column indicate a significant influence (P < 0.05) of the farming systems.
Note: BD.y1e, Ntot stock is calculated using calculated bulk density; BDpeas, Ntot stock is calculated using measured bulk density; *, indicates a significant influence of the year

on the change of SOC stock; -, not determined.

Table 13
Soil dissolved organic carbon (DOC), the proportion of soil dissolved organic carbon
of the total organic carbon (DOCp) and DOC changes during the first crop rotation.

Farming system C/N DOC (mgg™") DOCp (%)
2008 2013 2008 2013 2008 2013
NO 9.7% 1.7%* 0.33% 036 2.6 2.7°
N1 10.6° 10.7* 0.35% 0.54 2.5° 4.0
N2 10.1° 10.6° 038> 0.47% 2.7 3.5%
N3 107" 15 037° 032" 26" 22
0+CC 10.0" 11.9%* 0.40° 0.34%>* 2.7° 21%
0+CC+M 8.7* 11.8™ 0.40° 0.38> 3.3° 23"

Averages followed by different small letters within each column indicate a
significant influence (P < 0.05) of the farming systems.

Note: *, indicates significant influence of the year on the soil C/N ratio, DOC and
DOCp.

content. The reason why the increased C input from fertilization
did not influence the SOC content may have been that the higher N
availability may have a positive impact on the SOC mineralization
in conventional farming systems. Also N effect on mineralization
depends on the chemical composition of organic matter (Sinsa-
baugh et al., 2002).

The total annual C input was the highest under organic farming
systems, where additional C input, besides of that originating from
the main crops, came from catch crops, manure and weeds.
Farming systems affected also the amount of C in the 0-25 cm soil
layer that contributed to the SOM from total annual C input. From
total annual C input 10.5, 18 and 39% from control, O+CC and
0 +CC +M contributed into the SOM, respectively. The properties of
C input impacts its accumulation into the soil (Singh et al., 2009),
probably because exogenous organic C inputs strongly influence
the seasonal dynamics of soil microbial biomass (Singh et al.,
2007). For example, roots generally appear to be of lower quality
than shoots and thereby represent a more recalcitrant carbon pool

(Tjoelker et al., 2005). Therefore, narrower shoot/root ratios may
indicate increased soil C sequestration potential (De Deyn et al.,
2008). Higher lignin content of the roots, which may be twice as
high when compared to its content in the above-ground biomass,
makes them more resistant to decay (Rasse et al., 2005). Based on
Rasse et al. (2005), the contribution of C originating from roots to
the soil organic matter is 1.5-3.7 (average 2.4) times higher when
compared to C input from above-ground biomass. High quality
plant residues (high N, low lignin concentrations) mineralize
rapidly, but may not contribute much to the maintenance of SOM
(Handayanto et al., 1997). Crop rotation average main crops above-
ground and roots biomass C inputs ratios were similar between
farming systems (Table 9). In organic systems, where the C input
from the main crop was comparable to conventional systems and
where one of the inputs came from catch crops and weeds (they
constituted 30% of the total C input (Table 10)), the SOC stock
increased. The ratio of catch crop below- and above-ground
biomass differed from main crops, therefore also the properties of
catch crops C inputs differed. In this study the calculated shoot/
root ratio of the main crops in different farming systems was 2.4 as
on average. Based on Talgre et al. (2011) the shoot/root ratio was on
average 1.6-1.7 for the studied CC (winter oilseed rape, rye and
Italian ryegrass) at the end of the growing season in late autumn
(Table 4). This shows that the percentage of roots was higher for CC
than for main crops. Therefore, the impact of catch crops on C input
increase was also higher when compared to the main crops and
SOC stock increased significantly in O+CC system. Composted
manure had the greatest positive effect on SOC stock. The SOC
stock increased in O +CC+M system 2.57 Mgha~'y~! despite that
only 10% of C came from manure. It has been found that in
composted manure the amount of easily degradable compounds is
low, therefore the large part of C is in a form that is more difficult to
decompose which consititutes to a formation of stabile fraction of
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C.Thus due to a large stable carbon input into the soil the SOC stock
increased considerably as well.

Growing at the beginning of the crop rotation crops with low C
input have a negative impact on the following crops. Barley, potato
and winter wheat were the crops grown in the experiment with
lower below-ground input. Average NPP and C input of the crop
rotations starting with cereals were lower when compared with
crop rotations starting with red clover or pea. Potato also had low
below-ground biomass, but growing potato at the beginning of the
crop rotation did not cause low NPP and C input. In this case, the
properties of C input probably had greater impact. For cereals an
important input is straw. In our study, straw constituted 71%
(winter wheat) and 73% (barley) of total C input. Inclusion of
cereals (wheat and barley) in crop rotations often increases soil C
and N sequestration (Wright and Hons, 2005), because the straw as
cereal residues is a material, rich in carbon with a wide C/N ratio
(Franzluebbers et al., 1995). Also it breaks down slowly and, during
decomposition, N originating from microorganisms is bound to the
SOM (immobilisation). Due to the slow rate of wheat straw C
decomposition and other nutrients remained immobilised in
undecomposed or partially decomposed portions of the wheat
straw (Singh et al., 2007), perhaps making them unavailable
immediately after application. The properties of potato C input
differed from the properties of the straw. Firstly, it can be
presumed that the biomass of potato has a narrower C/N ratio and
therefore is more easily degradable. In this case, N immobilisation
does not occur, SOM mineralization is not inhibited and NPP and C
input are not adversely impacted. The organic and conventional
systems differed also in terms that the C inputs from main crops
were ploughed into the soil in different times. In conventional
systems the straw material and other crop residues were ploughed
into the soil in the end of October, but in organic systems they were
incorporated into the soil already after the main crops were
harvested and before sowing the CC. Therefore it must be
considered that some of the C input already mineralized after it
was incorporated into the soil because in organic systems the soil
tillage operations (including sowing the CC) were made in the end
of August and at the beginning of September when there was no
frost, thus the climatic conditions did not inhibit the mineraliza-
tion. The mineralization was also promoted because the decom-
position of buried residues is generally faster than of surface-
placed plant residues (Seneviratne et al., 1998; Coppens et al.,
2006). This is due to a moisture because which is moisture is best
stored in soil plant residues (Parr and Papendick, 1978). When the
crop residues are incorporated into the soil then it will have a much
better contact with the microbes (Douglas et al., 1980; Ambus and
Jensen, 1997). Therefore it can be assumed that in organic systems
the effect of C inputs from main crops to the SOC stock was lower
compared to the conventional systems.decreasing C inputs from
main crops affected the SOC stocks in O+CC and O+CC+M
systems.

After the first rotation, soil DOC increased in the conventional
systems fertilized with lower N rate and decreased in N3 and in the
organic farming systems. This result is similar to that of Liang et al.
(2012), who found higher DOC in conventional systems. Based on
Lundquist et al. (1999) the labile C fraction is higher under organic
farming than conventional farming and it was due to the more
rapid changes in active/labile SOM concentrations than in total
SOM concentrations (Janzen et al., 1992; Biederbeck et al., 1994).
Active SOM as a proportion of total SOM should increase when
agricultural practices which increase total SOM have been
initiated. Conversely, active SOM as a proportion of total SOM
should be low in soils, where organic matter content have declined
according to the same reasoning. In our study we cannot conclude
this, because in the organic farming system in which composted
manure was applied, soil SOC content and stock increased, but DOC

content and DOCp decreased. These decreases indicate that in that
system more stable OM was formed. Thus the increase in the
proportion of a more stable fraction may be related to the
characteristics of soil ingoing organic matter. If the soil ingoing
organic material contains large amounts of easily degradable
compounds then the DOC concentration in soil increases (Liang
et al,, 1998; Gong et al., 2009; Banger et al., 2009). In our study,
DOCp decreased in a system in which manure was applied because
of alower labile fraction (G6mez-Brandén et al., 2008). Also the use
of mineral N fertilizers influences the decomposition of SOM.
When using higher rates of mineral N more stable organic matter
decomposition products were formed, because the mineralization
and turnover of organic matter occurs faster. In the systems
fertilized with lower N rates, DOC and DOCp increased, indicating
that the percentage of labile C in the soil also increased. DOC
dynamics in soil was also related to soil C:/N ratio. If it increased
after the crop rotation, then DOC content decreased. The C/N ratio
increased significantly after the crop rotation in organic farming
systems. A larger C/N ratio indicates that the conditions for OM
mineralisation were worse (Mary et al., 1996) resulting in higher
soil SOC stock. In our study the Ny stock decreased almost in all
systems except in a system in which composted manure was used.
According to the study by Alaru et al. (2014) (which is based on the
same experiment as this study is) the total annual N input from
different sources (main crop, CC, manure, N»-fixation, N fertiliza-
tion) varied between 80 and 150 kg Nhay . The N input was the
highest in N3 system and the lowest in N1 system. In a system in
which manure was used had a total N input 118 kg Nhay ' and
about 30% (on average 35kg Nhay™') of it came from manure.
Despite that the total N input into the soil in the O + CC+M system
was not the highest amongst the systems; it still indicates that the
composted cattle manure has a major positive effect on SOC and
Nior stocks.

5. Conclusions

Different farming systems affected the dynamics of the stock of
SOC during the first crop rotation in the sandy loam soil. Annual
NPP depended on farming system, but as a crop rotation average
different farming systems did not affect soil crop-specific C input.
The C stock increased the most (2.57 Mgha 'y~ ') in a system in
which the total annual C input to the soil was the highest; this was
in a system in which no mineral fertilizers were used, but catch
crops were grown and composted cattle manure was used once
during the crop rotation at a rate of 40 Mg ha~". The use of mineral
N fertilizers in conventional systems had no effect on crop-specific
Cinputs and the dynamics of soil SOC stock were affected more by
SOM mineralization than by the amount of C input. This research
revealed that, compared to the other studied systems, in a system
in which the highest rate of mineral N was used the more stable C
fraction of SOM proportion increased. Thus the intensive
management with high N rates may benefit to a formation of
more stabile SOC if the crop rotation used is properly elaborated.
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