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Abstract
A 2-year study was carried out in a Croatia to assess the impacts of tillage and fertilisation on soil bulk density (BD), pen-
etration resistance (PR),  CO2 emissions and grain yields. The tillage treatments were: conventional tillage (CT), minimum 
tillage (MT) and reduced tillage (RT). Inside these plots, subplots were fertilised with organic fertiliser, 600 kg ha−1 (CF), 
15 t ha−1  (FYM15) and 30 t ha−1  (FYM30) of farmyard manure. In 2017, BD at 10–20 cm was significantly higher in MT than 
in RT and CT. The same was observed in 2018 at 0–10 cm and 10–20 cm. In 2017, RT had a significantly lower PR than MT 
and CT. In 2018, PR in RT was significantly lower than MT. In 2017 and 2018  FYM30 and  FYM15 application decreased 
significantly BD in comparison to CF. In 2017, the highest dose of farmyard manure  (FYM30 50, 5 kg ha−1 day−1) increased 
significantly  CO2 fluxes comparing to CF (40.7 kg ha−1 day−1). Soil  CO2 fluxes under CT (47.9 and 52.3 kg ha−1 day−1 in 
2017 and 2018, respectively) were significantly higher than RT (39.1 kg ha−1 day−1) in 2017 and MT (41.7 kg ha−1 day−1) 
in 2018. Conventional tillage (2.26 t ha−1) had significant lower oat yields than RT (2.72 t ha−1) and MT (2.56 t ha−1). The 
opposite occurred in barley yields. Farmyard manure significantly increased oat yields in 2017 compared to CF. Overall, 
reduced tillage with addition of  FYM30 can be considered a sustainable management practice, since improved soil physical 
properties, reduced  CO2 fluxes and increased grain yield.
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Introduction

Sustainable agricultural practices are crucial for the main-
tenance and improvement of soil functions and the quantity 
and quality of the ecosystem services provided (Alarcón 
et al. 2018; Pereira et al. 2018). Conventional agriculture 
based on intensive tillage practices and fertilizers and agro-
chemicals application to increase crop yields, often results 

in soil degradation (e.g., soil organic matter reduction, set-
tling, surface crusting, compaction and erosion). Never-
theless, tillage has an important role in organic farming to 
prepare seedbed, incorporation of soil residues, water con-
servation and weed suppression. Traditional organic farming 
involves ploughing to prepare soil for seeding and weed con-
trol. However, the negative impact of tillage on soil proper-
ties increased the interest on conservation tillage practices 
(Casagrande et al. 2015).

Sustainable organic farming is a good practice to achieve 
long-term agricultural productivity (Wang et al. 2017). Nev-
ertheless, different soils respond differently to agricultural 
practices. Reduced tillage (RT) has positive impacts on 
soil properties (e.g., soil organic matter, aggregate stabil-
ity, hydraulic conductivity and biodiversity increase) and 
reduce production costs (D’Haene et al. 2008; Crittenden 
et al. 2015). Soil  CO2 emissions are lower in RT compar-
ing to intensive tillage, since retains more effectively the 
 CO2 stored in soil aggregates (Álvaro-Fuentes et al. 2007; 
Wang et al. 2017). In organic farming, the amount and type 
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of carbon-rich material have strong implications on soil 
functions. Moreover, management-induced changes in soil 
organic carbon stock under different systems can influence 
the total soil quality (Muñoz-Rojas et al. 2015). Farmyard 
manure is one of the most used soil amendments. Farm-
yard manure increases soil organic matter and reduces bulk 
density (BD), penetration resistance (PR) (Mujdeci et al. 
2017). Soil amendment with organic material increases soil 
stability (Dıaz-Zorita et al. 2002) and decreases settling 
and compaction. Farmyard manure supply nutrients in soil 
and stimulate plant growth (Darwish et al. 1995). Similar to 
tillage interventions, the addition of organic fertilisers may 
stimulate soil  CO2 losses, mostly due to fast decomposition 
of labile organic compounds in added carbon-rich material 
(Kirchmann and Lundvall 1993).

There is a lack of studies about the impact of tillage prac-
tices in organic farming systems. Some works compare RT 
and conventional tillage (CT) (e.g., Crittenden et al. 2015; 
Puerta et al. 2018; Peigné et al. 2018); however, they were 
carried out in conventional farming systems. Others, were 
focused only on the impact on soil physical properties (e.g., 
Bogunovic et al. 2018a; Mujdeci et al. 2017), or on the 
impact of mineral fertilizers on yields and  CO2 emissions 
(e.g., Morell et al. 2010; Doltra et al. 2011). Nevertheless, 
these works did not study the coupled effects of management 
(tillage and fertilisation) on soil physical properties,  CO2 
emissions and grain yield. In addition, little information is 
available about management in organic farms. The aim of 
this work is to study the effect of different tillage and fertili-
sation practices on soil properties,  CO2 emissions and crop 
yield in an organic farming located in Croatia.

Materials and methods

Study site

The study area is located on the Istria peninsula, Croatia, 
(45° 3′ N; 14° 2′ I; elevation—1 m below sea level) on pol-
ders. This land has been abandoned for at least two decades 
and covered with natural grasses. The climate of the study 
area is Mediterranean. Mean annual temperature is 13.5 °C 
and the total average precipitation is 915 mm. The studied 
years (2017 and 2018) were wetter compared to the average 
1961–1990 (Supplementary material 1). Soils on the study 
area are classified as silty clay Anthrosols (IUSS Working 
Group WRB 2014). The general properties are shown in 
Table 1.

Experimental design and management practices

The experimental plots were established in the summer of 
2016 and consisted in a split-plot design with tillage as main 

treatment and organic fertilisation as sub treatment (Fig. 1). 
Three tillage treatments, were considered (15 m wide and 
30 m long), CT, minimum tillage (MT) and RT (Fig. 1). 
Conventional tillage involves disc ploughing to a depth of 
30 cm and preparation of the seedbed with a disking to a 
10 cm depth, followed by roto-harrowing before seeding. 
Minimum tillage treatments consist of disking to a depth 
of 10 cm, while RT represents one pass tillage with disking 
to a depth of 10 cm and ripping to a depth of 30 cm. All 
three treatments incorporated plant residues into the soil. 
The crops grown on each experimental plot was spring oat 
(Avena sativa, 2017) and winter barley (Hordeum vulgare, 
2017/2018). Crops were not irrigated during the research 
period. Primary and supplementary tillage for spring oat 
was implemented during April 2017. Tillage practices 
for winter barley were carried out in October. During the 
research period there was not any chemical intervention for 
crop protection neither for weeds. In each tillage treatment 
three sub-treatments (5 m wide and 30 m long) (Fig. 1) were 
established: commercial pelletized organic fertiliser (NPK 
6:16:0) with a dose of 600 kg ha−1 (CF) and addition of 
farmyard manure: 30 t ha−1  (FYM30) and 15 t ha−1  (FYM15). 
Pelletized fertilisers were added in 2016 and 2017 and bur-
ied in the soil by tillage, while farmyard manure was applied 
and buried in the soil only at the beginning of the experiment 
in 2016.

Soil sampling, penetration resistance, soil  CO2 efflux 
measurements and laboratory analysis

Soil sampling was carried out at in all plots during May 
2017 and April 2018. Each plot was sampled with 6 cores. 
In total, 18 random points were selected for sampling at 
each tillage management. Soil was sampled at 0–10 and 
10–20 cm depth, using 100 cm3 cylinders. Overall, a total 
of 162 soil samples were collected per sampling date. The 

Table 1  Soil properties

Soil properties 0–30 cm
pH in KCl (w/w 1:2.5) 8.11
pH in  H2O (w/w 1:2.5) 9.13
Organic matter (g kg−1) 30
CaCO3 (g kg−1) 329
Available  P2O5 (g kg−1) 29
Available  K2O (g kg−1) 347
Total N (g kg−1) 1.83
C/N 28.5
Clay (< 0.002 mm) (g kg−1) 45.83
Silt (0.02–0.002 mm) (g kg−1) 50.55
Sand (0.02–0.2 mm) (g kg−1) 3.62
Texture classification Silty clay
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undisturbed soil samples were transported to the labora-
tory and dried in the oven at 105 °C for 48 h to measure 
BD. Penetration resistance measurements were carried 
out in vicinity of sampling point on the same day of core 
sampling. Penetration resistance was determined with an 
electronic hand-pushed cone penetrometer (Eijkelkamp 
Penetrologger) using a cone with 2 cm2 base area, with 
a 60° included angle and 80 cm driving shaft. In total, 
we measured 15 sampling points per treatment (135 per 
sampling date) at 0–10 cm and 10–20 cm depths. Sample 
cores and penetration measurements were collected/meas-
ured from non-traffic areas on each plot, and no attempt 
was made to keep track of the ripper. Soil  CO2 fluxes were 
measured in situ (one per plot, three per treatment, 27 
per measurement date) with a closed static chamber and a 
portable infrared  CO2 detector (GasAlertMicro5 IR, BW 
Technologies Honeywell, Canada, 2011). Air temperature 

was measured with Testo 610 (Testo SE & Co KGaA, 
USA, 2011) and air pressure with Testo 511 (Testo SE & 
Co KGaA, USA, 2011) at the height of 0.5 m above soil 
surface. Soil  CO2 concentration measurements and calcu-
lations of soil  CO2 efflux (kg ha−1 day−1) was carried out 
according to Bilandzija et al. (2016) as

where  FCO2—soil  CO2 flux (kg ha−1  day−1); M—molar 
mass of the  CO2 (kg mol−1); P—air pressure (Pa); V—
chamber volume  (m3); c1—initial concentration of  CO2 
(μmol mol−1); c2—concentration of  CO2 after incubation 
time (μmol mol−1); R—gas constant (J mol−1 K−1); T—air 
temperature (K); A—chamber surface  (m2) and t2 − t1—
incubation period (day). Along with  CO2, concentration 
measurements, near chambers at 0–10 cm depth soil water 
content (SWC) with an IMKO HD2 sensor (IMKO Micro-
modultechnik GmbH, Germany, 2011). Soil temperatures 
were measured with an IMKO HD2 sensor (IMKO Micro-
modultechnik GmbH, Germany, 2011). Measurements were 
conducted in four occasions during 2017 and four occasions 
during 2017/2018 season. On each sampling date,  CO2 
fluxes were measured in three repetitions at each treatment. 
Each year during the harvest, 27 passes of the harvester were 
done to determine the crop grain yields. Afterwards, seeds 
were cleaned and weighed and the obtained values were cor-
rected to a 14% soil water content.

Statistical analysis

Prior to statistical analysis, data were checked for normal-
ity with the Kolmogorov–Smirnoff test. Data normal dis-
tribution was considered at a p > 0.05. Bulk density, SWC 
and  CO2 fluxes followed the Gaussian distribution, while 
PR and crop yield data were square root and logarithmic 
transformed to meet normality requirements, respectively. 
A factorial ANOVA design was carried out to identify 
differences in the BD, PR (factors: tillage, fertilisation 
and soil depth) and  CO2 emissions (factors: tillage, fer-
tilisation and sampling date). For crop yield and SWC, 
two-way ANOVA design was applied (factors: tillage and 
fertilisation). If significant differences were identified at a 
p < 0.05, a Duncan’s post hoc test was applied. Statistical 
analyses were computed with the SAS 9.3 software pack-
age (SAS Institute Inc., NC, USA).

(1)FCO2 =
M × P × V × (c2−c1)

R × T × A × (t2−t1)
,

Fig. 1  Study area and Experimental plots. CT, conventional tillage; 
MT, minimum tillage; RT, reduced tillage; CF, commercial ferti-
liser;  FYM30, 30 t ha−1 farmyard manure;  FYM15, 15 t ha−1 farmyard 
manure
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Results

Bulk density and penetration resistance

Bulk density at 0–10 and 10–20 cm was significantly 
influenced by tillage and fertilisation in both years. We 
observed a significant interaction between tillage × depth 
in 2017 and 2018 and tillage × fertilisation in 2017 
(Table 2a). In 2017 and 2018, MT treatment had a sig-
nificantly higher BD than RT. In 2018, MT treatment had 
a significantly higher BD than CT and RT at 0–10 cm 
depth. In 2017 and 2018, significant differences between 
tillage treatments were found at 10–20 cm depth. In 2017 
at 10–20 depth, MT treatment had a significantly higher 
BD compared to CT and RT, while in 2018, MT treatment 
had a significantly higher BD than RT. Conventional till-
age did not differ from the others. Commercial fertiliser 
treatment increased significantly BD compared to  FYM30 
and  FYM15 in both years and soil depths (Table 2b).

In 2017–2018, PR was significantly affected by tillage 
at 0–10 and 10–20 cm. The interaction of tillage × depth 

was observed in 2017 and 2018, while fertilisation × depth 
interaction was significant only in 2018 (Table 2a). Mini-
mum tillage increased significantly soil PR compared to 
RT in both years. In 2017, CT did not show significant 
differences comparing to MT and in 2018, CT did not dif-
fer significantly from RT. In 2018 at 0–10 cm depth, PR 
was significantly higher in MT than CT and RT, while in 
2017 at 10–20 cm, CT and MT treatments had a signifi-
cantly higher PR than RT. In 2018 at 10–20 cm, MT had 
a significantly higher PR than the other treatments. These 
results are similar to the observed in BD analysis.

Soil water content and  CO2 emissions

Soil water content was significantly influenced by tillage 
and sampling date in both years, but not by the fertilisation. 
Significant interactions (tillage × date, fertilisation × date, 
tillage × fertilisation × date) were observed in both years 
(Table 3). In May 30th of 2017, SWC was significantly 
higher in RT than MT and CT. Soil water content in CT was 
significantly higher than in MT (Fig. 2a). Significant differ-
ences in SWC were observed in May 30th of 2017. In May 

Table 2  (a) Results of factorial ANOVA analysis for BD and PR in 2017 and 2018 period. (b) Mean BD and PR according to the tillage practice, 
fertilisation and soil depth

Statistical significances at ***p < 0.001, **p < 0.01 and *p < 0.05. non-significant (n.s.) at a p < 0.05
Different letters represent significant (p < 0.05) differences between tillage practice and fertilisation treatments
CT, conventional tillage; MT, minimum tillage; RT, reduced tillage; CF, commercial fertiliser;  FYM30, 30  t  ha−1 farmyard manure;  FYM15, 
15 t ha−1 farmyard manure

2017 2018 2017 2018

(a)
Tillage (T) * *** *** ***
Fertilisation (F) *** ** n.s. n.s.
Depth (D) *** *** *** ***
T * D *** * * *
T * F n.s. n.s. n.s. ***
F * D * * n.s. n.s.
T * F * D n.s. n.s. n.s. n.s.

BD PR

2017 2018 2017 2018

0–10 cm 10–20 cm Average 0–10 cm 10–20 cm Average 0–10 cm 10–20 cm Average 0–10 cm 10–20 cm Average

(b)
Tillage
 CT 1.28a 1.36b 1.32ab 1.34b 1.39ab 1.36b 0.47a 0.98a 0.72a 0.63b 0.84c 0.73b
 MT 1.25a 1.41a 1.33a 1.45a 1.44a 1.44a 0.45a 1.03a 0.74a 0.84a 1.19a 1.02a
 RT 1.25a 1.33b 1.29b 1.25c 1.29b 1.29c 0.38a 0.73b 0.55b 0.57b 1.04b 0.81b

Fertilisation
 CF 1.29a 1.40a 1.34a 1.41a 1.41a 1.41a 0.41a 0.96a 0.69a 0.65a 0.97a 0.81a
 FYM30 1.25ab 1.35b 1.30b 1.28b 1.40ab 1.34b 0.46a 0.92a 0.69a 0.69a 1.02a 0.85a
 FYM15 1.24b 1.35b 1.29b 1.34b 1.34b 1.34b 0.43a 0.85a 0.64a 0.69a 1.09a 0.89a
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23th of 2017, SWC was significantly higher in CT than in 
 FYM30. No difference was observed between  FYM30 and 
 FYM15 and between CT and  FYM15. In May 30th of 2017, 
SWC was significantly lower in  FYM15 compared to CT and 
 FYM30 (Fig. 2b).

During 2017/2018 season, tillage (Fig. 2a) and fertilisa-
tion (Fig. 2b) had a significant impact on SWC. Reduced 
tillage treatments had a significantly lower SWC than CT 

in November 2nd 2017 and May 2nd 2018. In March 27th 
SWC in CT and RT was significantly higher than in MT and 
in May 20th 2018, SWC was significantly higher in CT than 
in MT. No differences were observed between RT and MT. 
Significant differences in SWC among fertiliser rates, were 
only observed in November 2nd 2017. CF and  FYM15 were 
significantly higher than  FYM30 (Fig. 3).

CO2 emissions were significantly influenced by till-
age, fertilisation and sampling date. We observed sig-
nificant interactions in all the cases (tillage × fertilization, 
tillage × date, fertilisation × date and tillage × fertilisa-
tion × date) (Table 3). In 2017,  CO2 emissions were sig-
nificantly higher in CT and MT than in RT (average of all 
the measurements) (Fig. 4a). Significant differences in  CO2 
emissions among treatments were observed on May 30th 
and June 30th of 2017. The soil under CT treatment showed 
a significantly higher  CO2 flux compared to RT soil. Ferti-
lisation had a significant impact on  CO2 flux.  FYM30 had 
a significantly higher  CO2 emission than  FYM15 and CF 
(average of all the measurements). In June 30th of 2017, 
 FYM30 had a significantly higher  CO2 flux compared to CF 
and  FYM15. During 2017/2018 season, tillage (Fig. 5a) and 

Table 3  Results of factorial ANOVA analysis for  CO2 emissions and 
soil water content (SWC)

Significant differences at ***p < 0.001, p < 0.01** and *p < 0.05

2017 2017/2018

CO2 SWC CO2 SWC

Tillage (T) *** *** *** ***
Fertilisation (F) *** n.s. *** n.s.
Date (D) *** *** *** ***
T * F *** n.s. *** n.s.
T * D *** ** * ***
F * D *** ** *** **
T * F * D *** * *** **

Fig. 2  a Effect of tillage and b fertilisation treatments on soil water 
content in 2017 according to measurement date. Different letters rep-
resent significant differences at a p < 0.05. CT, conventional tillage; 
MT, minimum tillage; RT, reduced tillage; CF, commercial ferti-
liser;  FYM30, 30 t ha−1 farmyard manure;  FYM15, 15 t ha−1 farmyard 
manure

Fig. 3  a Effect of tillage and b fertilisation treatments on soil water 
content during season 2017/2018 according to measurement date. 
Different letters represent significant differences at a p < 0.05. CT, 
conventional tillage; MT, minimum tillage; RT, reduced tillage; CF, 
commercial fertiliser;  FYM30, 30  t  ha−1 farmyard manure;  FYM15, 
15 t ha−1 farmyard manure
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fertilisation (Fig. 5b) had a significant impact on  CO2 flux. 
Minimum tillage treatments had a significantly lower  CO2 
emission than RT and CT (average of all measurements). 
 CO2 emissions were significantly higher in RT than MT in 
November 2nd, 2017. In April 20th,  CO2 emissions were 
significantly higher in CT and RT. In May 2nd of 2018 MT 
and RT did not showed significant differences (Fig. 5a). In 
relation to the fertilisation, considering all the measurements 
CF had a significantly higher  CO2 emissions comparing to 
 FYM30 and  FYM15. This situation was also observed in 
April 20th, 2018. In November 2nd of 2017,  CO2 fluxes 
were significantly higher in CF than in  FYM15 and in May 
2nd, 2018  FYM30 had a significantly higher  CO2 emission 
than CF and  FYM15.

Crop yields

Tillage treatments had a significant effect on grain yields in 
2017 and 2018 (Table 4). In 2017, CT had significantly lower 
oat grain yields compared to RT, but it did not differ statisti-
cally from MT (Fig. 6a). In 2017, oat grain yields were sig-
nificantly lower under the CF compared to  FYM30 and  FYM15 

treatments (Fig. 6b), while in 2017/2018 season, barley did 
not respond significantly to fertilisation (Table 4). In 2018, 
barley grain yields were significantly higher in CT than in 
MT (Fig. 6c).

Fig. 4  a Effect of tillage and b fertilisation treatments on  CO2 efflux 
in 2017 according to measurement date. Different letters represent 
significant differences at a p < 0.05. CT, conventional tillage; MT, 
minimum tillage; RT, reduced tillage; CF, commercial fertiliser; 
 FYM30, 30  t  ha−1 farmyard manure;  FYM15, 15  t  ha−1 farmyard 
manure

Fig. 5  a Effect of tillage and b fertilisation treatments on soil  CO2 
efflux during season 2017/2018 according to measurement date. 
Different letters represent significant differences at a p < 0.05. CT, 
conventional tillage; MT minimum tillage; RT reduced tillage; CF, 
commercial fertiliser;  FYM30, 30  t  ha−1 farmyard manure;  FYM15, 
15 t ha−1 farmyard manure

Table 4  Results of two-ANOVA analysis for crop yield

Significant differences at ***p < 0.001 and *p < 0.05. Non-significant 
(n.s.) at a p < 0.05

2017 2017/2018
p P

Tillage (T) * ***
Fertilisation (F) * n.s.
T * F n.s. n.s.
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Discussion

Bulk density and penetration resistance

Soil high BD has negative impacts on water infiltration, 
plant growth, root development and grain yield (Bogunovic 
et al. 2018a). The results of this work indicate that MT treat-
ment increased soil BD in 2017 and 2018 comparing to other 

treatments. This is in accordance to previous works (e.g., 
Dam et al. 2005; Alletto and Coquet 2009). Shallow till-
age induces a higher BD than chisel or ripped soils (e.g., 
Lampurlanés and Cantero-Martinez 2003; Bogunovic et al. 
2018b). However, other works did not find significant dif-
ferences in BD between shallow tilled and loosened soils 
(e.g., Jabro et al. 2016), very likely as consequence of the 
low sensitivity of BD to tillage treatments. A lower soil BD 
in CT treatments compared to MT was reported by Afzalinia 
and Zabihi (2014) and Salem et al. (2015) as consequence 
of the deeper and higher soil disturbance by ploughing. A 
higher BD was observed by de Moraes et al. (2016) and 
Sharratt et al. (2006) in soils (clayed and silty soils) tilled 
with a disc, comparing to chisel.

The results of BD and PR were similar. Penetration 
resistance was low in CT and RT and high in MT, as is 
reported in previous works (Arvidsson et al. 2013; Salem 
et al. 2015; Afzalinia and Zabihi 2014). In this study, BD 
and PR results showed an increase of compaction with the 
depth as observed elsewhere (e.g., Arvidsson et al. 2013; de 
Moraes et al. 2016; Bogunovic et al. 2017). This is a con-
sequence of the tillage depth that can affect soil structure, 
differential porosity and water conservation. Nevertheless, 
PR values were below 2 MPa (accepted as the critical value 
for root development) and may not constitute a problem for 
root expansion in any of the treatments (Taylor and Gardner 
1963). Despite the lower values than 2 MPa, PR was higher 
at 10–20 cm than at 0–10 cm in all treatments as conse-
quence of the overburden pressure and internal soil friction 
(Whitmore et al. 2011; Gao et al. 2016).

Fertilisation treatments changed significantly BD in the 
studied years. Generally, high BD was observed in CF treat-
ments (at 0–10 and 10–20 cm). This is probably due to the 
source and dose of organic fertiliser in soil. Beneficial effects 
of organic amendments on soil physical properties are well 
known. Several authors reported (Aksakal et al. 2016; Muj-
deci et al. 2017) a positive impact of organic matter on 
aggregate stability, increasing soil resistance to settling, 
and disaggregation induced by traffic and rainfall impact. 
Farmyard manure increase organic carbon content, water 
retention, infiltration and aggregate stability (Hati et al. 
2006). Mujdeci et al. (2017) observed a significantly lower 
BD on a soil (clay loam) treated with 35 t ha−1 of farmyard 
manure compared to a soil without treatment. Even small 
doses (10 t ha−1) of FYM reduce BD in clay soils, com-
pared to no treatment plots. Our work confirms these find-
ings. The lowest soil BD was observed, where the highest 
dose of organic material  (FYM30) was applied. Even lower 
doses (15 t ha−1) of organic manure  (FYM15) resulted with 
lower BD in relation to CF and soils without treatment (Hati 
et al. 2006). This may be attributed to soil texture. The soils 
of the studied area are rich in clay (> 45% clay), and freshly 
added farmyard manure may contribute to the creation of 

Fig. 6  a Effect of tillage and fertilisation in 2017, b treatments on 
spring oat in 2017 and c tillage effects on winter barley grain yields 
in 2017/2018 season. Different letters represent significant differences 
at a p < 0.05. CT, conventional tillage; MT, minimum tillage; RT, 
reduced tillage; CF, commercial fertiliser;  FYM30, 30 t ha−1 farmyard 
manure;  FYM15, 15 t ha−1 farmyard manure
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clay–organic matter complexes. The aggregates in clay soils 
are stable, persistent and in such form reduce organic matter 
decomposition (Six et al. 2004; Blanco-Moure et al. 2016).

Soil water content and  CO2 emissions

No significant differences were detected between fertilisation 
treatments in SWC; meanwhile, RT had significantly greater 
SWC compared to CT. Conventional tillage had significantly 
higher SWC compared to MT in 2017. In 2017/2018, CT 
treatments record higher SWC than RT, while RT recorded 
higher SWC than MT. These results indicate that differences 
between MT and deep tilled treatments (CT and RT) were 
high in both years of research, when annual precipitation 
was abundant and favourable for crop growth (Supplemen-
tary material 1). This agrees with previous works (e.g., Lad-
dha and Totawat 1997; Bogunovic et al. 2018a) who found a 
high SWC in areas managed with deep tillage. Deep tillage 
in autumn (humid period) increase SWC, by changing dif-
ferential porosity, increasing the capacity of the soil to retain 
water during the dry period (Bogunovic et al. 2018a). We 
observed opposite results in RT and CT treatments during 
the study period. Previous works observed that when soil 
is ripped, subsoiled or chiselled, they have a higher (e.g., 
Crittenden et al. 2015), similar (e.g., Crittenden et al. 2015; 
Dekemati et al. 2019) or lower (e.g., Laddha and Totawat 
1997) SWC compared to ploughed soils. Tillage depth and 
climatic conditions are a key factor for soil water retention 
(Birkás et al. 2008). Ripping on RT treatment induced a high 
SWC in 2017. This is consistent with previous studies. Grant 
and Lafond (1993) and Alvarez and Steinbach (2009) found 
that subsoiling increased hydraulic conductivity and increase 
infiltration rate. However, opposite results were observed 
in 2017/2018 season, as consequence of SWC small-scale 
variation between plots.

Soil tillage and fertilization affected significantly  CO2 
emissions.  CO2 flux was higher in CT treatments than in 
MT and RT in both studied years. Previous studies showed 
that ploughed soils emit more  CO2 than shallow tilled (e.g., 
Chatskikh and Olesen 2007), or chisel tilled soils (e.g., La 
Scala et al. 2006). Reicosky et al. (2005) after study chisel 
tilled, ploughed and non-tilled treatments observed that 
the highest soil  CO2 emissions were observed in the deep 
ploughed soil and the lowest in the non-tilled soils. Simi-
lar findings were found by Morell et al. (2010) in Spain. 
 CO2 emissions are normally related to soil respiration and 
dependent on the tillage tool used and the depth of the 
intervention (Birkás et al. 2008; Bilandzija et al. 2014a). 
Reduced or no tillage decrease  CO2 emissions by storing the 
carbon into the soil profile (Buragienė et al. 2015; Marquina 
et al. 2015). Our study confirms these results. We identified 
also a temporal variability of  CO2 emissions. It is widely 
known that in Mediterranean agroecosystems, soil  CO2 flux 

is different according to the season (Álvaro-Fuentes et al. 
2008), and environmental conditions (Dawson and Smith 
2007).  CO2 emissions are high between the second half 
of spring and the first half of summer and low during the 
autumn–winter (Bilandzija et al. 2014b). This is attributed 
to the increase of the temperature in the early spring and the 
optimum soil water content in the late spring–early summer. 
Similar results were observed in other Mediterranean envi-
ronments (e.g., Morell et al. 2010). Despite the importance 
of temperature and precipitation on soil respiration, in the 
present study,  CO2 emissions depended on tillage and fer-
tilisation treatment, i.e., the interaction between SWC and 
compaction. Tillage tool and depth influenced soil fractur-
ing, mixing and on the formation of crumbs. The addition 
of nitrogen (N) and/or organic matter influenced  CO2 fluxes. 
It is very likely that as consequence of the low SWC in MT 
treatments, microbiological activity was reduced, and there-
fore,  CO2 emissions were lower compared to CT and RT. 
A high BD and low SWC reduce  CO2 fluxes. This study 
provides new data on  CO2 emissions in an organic farming 
in a Mediterranean environment as consequence of tillage 
and fertilisation practices.  CO2 emissions during 2017 were 
significantly higher in  FYM30, comparing to CF and  FYM15. 
This can be attributed to the high dose of organic matter 
and N after the addition of 30 t ha−1 of manure, increas-
ing the organic matter decomposition. Although the addi-
tion of N in the CF treatment should increase also the  CO2 
fluxes as observed in previous works (Morell et al. 2010; 
Verdi et al. 2018). The high impact of farmyard manure on 
soil  CO2 emissions was only detected in 2017. In 2018, the 
additional input of N in CF treatment increased the  CO2 
emissions compared to  FYM30 and  FYM15.  CO2 fluxes 
increase is related to soil respiration following organic resi-
dues degradation. As we add farmyard manure during the 
summer 2016, decomposition of manure was high in 2017, 
as observed elsewhere (Cordovil et al. 2017), decreasing in 
2018. During this year the  CO2 emissions were higher in CF 
as consequence of N input.

Grain yield

Grain yield was generally low. Organic farming produces 
lower yields compared to conventional plots, as reported 
previously (e.g., Seufert et al. 2012; Crittenden et al. 2015; 
Sacco et al. 2015). Tillage and fertilisation had significant 
implications on grain yield. Reduced tillage had signifi-
cantly higher oat grain yields comparing to CT treatment. 
On the other hand, in 2018, CT showed significantly higher 
barley yield than RT. Minimum tillage did not differ from 
other treatments in 2017, but in 2018 had the lowest yields. 
The results are contradictory. Previous works reported that 
organic crop yields increase under RT comparing to CT 
(e.g., Moos et al. 2016) and vice versa (e.g., Berner et al. 
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2008). Conversely, MT showed lowest yields of barley. This 
is in accordance with Hammad and Dawelbeit (2001), who 
found a beneficial impact of ripping to 30 cm depth on crop 
yields compared to shallow tillage by disking. Laddha and 
Totawat (1997) observed high yields of Sorghum on soils 
(sandy loam) ploughed with chisel and disc in addition to 
disc harrowed treatment. Our results are similar to these, and 
we hypothesize that is could be attributed to the decrease of 
root length under shallow tillage and high compaction (see 
Table 2) as observed by Pearson et al. (1991). Lower yields 
under MT in the present work are attributable to the poor 
soil physical conditions and the consequent impact on crop 
growth. Organic fertilisers also showed significant impact 
on grain yields.  FYM30 and  FYM15 treatments higher grain 
oat yields comparing to CF, but did not have any significant 
effect on barley yields. This could be explained by the most 
favourable soil physical properties under  FYM30 and  FYM15 
treatments, and higher N addition in 2016 on CF plots. How-
ever, the total N and available phosphorus and potassium 
did not differ between fertilisation plots in research period 
(Table 2, Supplementary material 2). As we mentioned 
above, better soil physical conditions in the plots treated 
with farmyard manure increase rooting, shoot growth and 
grain yield (Głąb 2013; Salem et al. 2015). In parallel to the 
improvement of soil physical properties, the probable high 
addition of N trough farmyard manure resulted in higher 
yields. Beside weed combat, N supply is one of the most 
important yield-limiting factors in organic crop production 
(Askegaard et al. 2011). According to Magdoff and Van Es 
(2010) the application of 30 t ha−1 and 15 t ha−1 manure 
contains 186 kg N ha−1 and 93 kg N ha−1, respectively. This 
amount significantly overcomes 36 kg N ha−1 added in CF 
treatment, and could be a reason for greater oat grain yields. 
Several authors confirm the beneficial effect of higher N 
input trough organic fertilisers on grain yields of cereals, 
regardless of climate and soil type (Spiegel et al. 2010; 
Askegaard et al. 2011; Doltra et al. 2011; Büchi et al. 2016).

Conclusions

The soils treated with RT treatment had the lowest values 
of BD and PR at 0–10 and 10–20 cm, while MT created a 
loose topsoil and dense subsoil. Conventional tillage and 
DT treatments retained more water than MT. The outcomes 
of this study highlight that the use of farmyard manure is 
more beneficial than commercial organic fertilisers, since 
decrease compaction and increase oat grain yields. Based 
on these results, we can conclude that CT under organic 
farming should be avoided since increase  CO2 emissions in 
Mediterranean climate conditions, occurring the opposite in 
RT and MT treatments. Furthermore, the results suggest that 
high dose of farmyard manure increase  CO2 fluxes during 

the first year (2017), but decrease in the second year (2018). 
An efficient management for stabile yields could be achieved 
by implementation of RT management with addition of 
farmyard manure. It can be concluded that the use of rip-
ping with disking along with intensive organic fertilisation 
with farmyard manure enhances soil conditions by reducing 
BD and PR and increasing grain yield.
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