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Abstract: The negative environmental impact of conventional agriculture threatens agroecosystem
stability and food security. Therefore, searching for optimal soil management practices is crucial for
maintaining and improving soil functions. This work aims to determine the impact of conventional
and conservation tillage on Stagnosols in a semi-humid environment in Marija Magdalena (Croatia)
during 2021 and 2022. Under each tillage treatment, subplots were biochar, cattle manure, and control
(split-plot design). The conservation tillage exhibits lower compaction in addition to conventional
tillage. In 2021, at 0–15 cm and 15–30 cm depths, control plots had the highest bulk density (BD),
while biochar plots had the lowest. In 2022, biochar and manure treatments under conventional
tillage had significantly higher BD than those under conservation tillage. Penetration resistance
did not exceed 2 MPa in all treatments. Soil water content was high in conservation treatments
at 0–15 cm. Water-stable aggregates were higher in biochar and manure plots under both tillage
treatments. Maize yield was higher in conservation treatments in 2021 and in conventional during
2022. Manure and biochar in the conventional system showed a better impact on grain yields than
under conservation. Conservation tillage in rain-fed farming maintains crop yields and reduces
soil compaction.

Keywords: reduced tillage; soil amendments; soil compaction; grain yields; sustainable agriculture

1. Introduction

Soil is a limited natural resource essential for human life. Soils support numerous
ecosystem services. Soils provide food, wood, and fiber. They support the purification
of water and the delivery of other diverse ecosystem services like transforming nutrients,
substances, and water, the provision of a physical and cultural basis for humans and their
activities, and the function of geological and archaeological archives [1,2]. In the context of
food security, global threats like climate changes and wars, and the importance of soils in
sustaining human life, soil provisioning services became the main focus in the scientific
literature [3–6].

In acknowledgment of agricultural systems’ importance, the food provided by soils
still reaches more than 95% globally [7], providing about 90% of food calories and 80%
of proteins and fats [8]. The sustainability of agricultural systems nowadays presents
a significant issue of concern. Long-term conventional soil management in annual and
perennial croplands significantly exacerbated land degradation processes [9,10]. According
to Löbmann et al. [11], at least one-third of the global land is considered moderately
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to highly degraded, while in the European Union (EU), 60–70% of soils are considered
degraded [12].

The leading causes of soil degradation in croplands were identified: frequent in-
vertive tillage, wheel traffic, overuse of pesticides and mineral fertilizers, lack of organic
amendments, and proper crop rotations [13]. Conventional agricultural practices decrease
aggregate stability, biological activity, and soil fertility [14]. Frequent machinery traffic dur-
ing tillage, sowing, and plant protection increases soil compaction and overland flow [15],
often increasing diffuse pollution [16,17]. Conventional tillage negatively affects soil struc-
ture [18] and decreases hydraulic conductivity [19], which inhibits root development and
reduces grain yields [20].

Distorted structure and elevated soil compaction in conventionally managed crop-
lands are responsible for disturbed aeration and increased CO2 emissions [21], increasing
the negative impact on the climate crisis [22,23]. On the other hand, conservation manage-
ment appears as an interesting alternative to conventionally managed soils. Conservation
agriculture is a system of agronomic practices that include reduced tillage or no tillage,
permanent organic soil cover by retaining crop residues, and crop rotations, including cover
crops [24]. Conservation agriculture management is proven to reduce compaction [15],
mitigate overland flow and sediment losses [17], reduce fuel and labor costs [25], and
increase carbon sequestration [24].

Conservation agriculture regularly uses organic amendments to reduce soil degra-
dation and improve soil properties [24]. Farmyard manure and biochar in the scientific
literature are associated with positively impacting soil physical and chemical properties,
and they can help in reducing nitrogen fertilizer losses [26,27]. Their impact on soil is
mainly related to enhanced soil structural stability, higher porosity, reduced compaction,
erosion, and overland flow, and elevated carbon. In contrast, benefits like higher nutri-
ent availability, reduced toxic chemical load, facilitated biodiversity, reduced emission of
greenhouse gases, and better water storage capabilities are also documented [28,29]. Root
and microbial activities are also positively impacted [30]. Biochar use in some soils can be
used as a crop residue strategy in a conservation agriculture system [31]. Choice of soil
management can affect the loss of soil organic carbon content and the proportion of soil
degradation and determine the soil production level and duration of its exploitation. The
influence of soil management on soil physical properties and yields is well documented.
Still, the results are frequently inconsistent, mainly because soil responses to agronomic
practices are also influenced by climate, soil texture, and soil organic matter (SOM) [31].
Due to the primary use of universal solutions to site-specific conditions, the farmers often
failed to obtain stable yields. Then, they reversed to transition into conservation agricul-
tural practices. The solutions of conservation agriculture practices should be tested for
specific pedological, geomorphological, and environmental conditions. Otherwise, the
results will not support the easy transition of farmers toward sustainable practices. Hence,
adopting site-specific soil conservation practices in croplands is extremely important to
reduce the negative impact of conventional agriculture. The effect of the management of
tillage and organic amendment (biochar, manure) on maize grain production in loam Stag-
nosols under semi-humid conditions needs to be better documented. Moreover, biochar
trials are mainly set up in glasshouses, accelerating the need for more experiments under
field conditions [31]. We thus hypothesized that (i) the conservation treatments enable
the preservation of soil physical quality, preventing compaction; and (ii) adding organic
amendments will provide a better soil structure and higher crop yields. This work aims to
study (i) the impacts of tillage and amendment treatment on compaction, structure, and
soil water content and (ii) to identify the most appropriate soil management for maize
grain yields.
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2. Materials and Methods
2.1. Study Site

The study area is located in northwestern Croatia (45◦55′ N; 15◦44′ E; elevation—211 m
above sea level) in the village of Marija Magdalena (Figure 1). It is predominantly a hilly
area, and land besides natural forests is covered mainly by croplands and orchards. The slope
inclination in the study area is 11◦. The climate of the study area is temperate continental.
The mean annual temperature is 11.2 ◦C, and the total average precipitation is 970 mm. The
studied years (2021 and 2022) are similar to the average 1995–2020 (Figure 2). The study area’s
soil is classified as Stagnosols [32] loam in topsoil and clay loam in subsoil (Figure 1). The
general properties are shown in Table 1.
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Table 1. Soil properties at 0–35 and 35–70 cm depths.

Soil properties 0–35 cm 35–70 cm
pH in H2O 7.29 5.10

P2O5 (mg kg−1) 163 42
K2O (mg kg−1) 282 79

Organic matter (%) 3.37 1.9
Bulk density (g cm−3) 1.26 1.34

Water holding capacity (%) 44.04 30.68
Clay (%) 23.2 39.9
Silt (%) 30.4 21.0

Sand (%) 46.4 39.1
Texture Loam Clay Loam

2.2. Experimental Design and Management Practices

The experimental plots were established in the autumn of 2020 and consisted of a
split-plot design with tillage as the primary treatment and amendment application as
sub-treatment (Figure 1). Two tillage treatments were considered (8 m wide and 18 m
long): conventional and conservation tillage (Figure 1). Conventional tillage involves
moldboard plowing to a depth of 30 cm and preparation of the seedbed with a roto-
harrowing to an 8 cm depth before seeding. Conservation tillage treatments consist of
loosening (non-invertive) to a depth of 30 cm and harrowing to a depth of 8 cm. Both
treatments incorporated plant residues into the soil. The crops grown on each experimental
plot were maize (Zea mays L.) during both seasons (2021–2022), as well as 2020 under
non-irrigated cultivation.

Primary tillage (plowing and loosening) for maize was implemented during November
in the previous autumn, and supplementary tillage followed in April before planting.
Between-row cultivation measure was not performed during the research period. In each
tillage treatment, three sub-treatments (8 m wide and 6 m long) (Figure 1) were established:
without any addition—control, biochar, derived from wood, with a dose of 40 t ha−1, and
the addition of cattle manure (40 t ha−1). Biochar and manure were added only during
primary tillage performed in November 2020. Their basic properties are presented in
Table 2.
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Table 2. Basic properties of used manure and biochar.

Property Cattle Manure Biochar

H2O 79.67 66.24
Dry matter (%) 20.33 33.76

pH 8.85 8.33
Organic matter (%) 81.93 91.64

N (%) 0.85 0.33
P2O5 (%) 0.232 0.15

P (%) 0.101
K2O (%) 0.665 0.46

K (%) 0.552
Ca (%) 1.37
Mg (%) 0.09

Fe (mg kg−1) 223
Mn (mg kg−1) 360

2.3. Penetration Resistance and Yield Measurements, Soil Sampling, and Laboratory Analysis

We determined soil sampling in all plots during May 2021 and 2022. Each plot was
sampled with six cores. In total, 18 random points were selected for sampling at each treatment.
Soil was sampled at 0–15 cm and 15–30 cm depths using 100 cm3 cylinders. Overall, a total of
108 soil samples were collected per sampling date (2 tillage × 3 amendment × 3 replicates ×
2 depths × 3 repetitions). The undisturbed soil samples were transported to the laboratory
and dried in the oven at 105 ◦C for 48 h to measure bulk density (BD) and determine soil water
content (SWC). Penetration resistance (PR) measurements were carried out simultaneously
in the vicinity of the sampling point using a cone penetrometer (Penetrologger, Eijkelkamp,
Giesbeek, The Netherlands), which measures PR at each cm. The PR data were grouped in
soil layers 0–15 and 15–30 cm, respectively. In total, 15 sampling points per treatment (90 per
sampling date) were measured at 0–15 cm and 15–30 cm depths.

Additional undisturbed soil samples (0–15 cm) were collected and stored in rectangular
plastic boxes to determine soil structural properties. Undisturbed soil samples were prepared
by hand [33] and, after air-drying for one week at room temperature (25 ◦C), were dry-sieved
in a sieve shaker for 30 s [34] to obtain particular aggregate size fractions (<0.25, 0.25–0.5,
0.5–1.0, 1.0–2.0, 2.0–4.0, 0.4–0.5, and 0.5–0.8 mm) and calculate mean weight diameter (MWD)
using the following formula for calculation after weighting each aggregate size:

MWD = ∑n
i=1 xi×wi, (1)

where xi is the mean diameter of any particular size range of aggregates separated by
sieving, and wi is the weight of aggregates in that size range as a fraction of the total
dry weight of soil used. Eijkelkamp’s wet sieving method derived from Kemper and
Rosenau [35] was used to determine water-stable aggregates (WSAs) with Eijkelkamp’s
wet sieving apparatus on all previously dry-sieved samples in the particle size range
1.0–2.0 mm. The percentage of WSAs was received with the equation:

WSA =
Wds

Wds + Wdw
× 100, (2)

where WSAs is the percentage of stable water aggregates, Wds is the weight of aggregates
dispersed in dispersing solution (g), and Wdw is the weight of aggregates dispersed in
distilled water (g).

Samples and penetration measurements were collected/measured from non-traffic
areas on each plot. Each year during the harvest, six passes of the harvester per treatment
were performed to determine the maize grain yields. Afterward, the grain was cleaned and
weighed, and the obtained values were corrected to a 14% grain moisture content.
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2.4. Statistical Analysis

Before statistical analysis, data were checked for normality with the Kolmogorov—Smirnoff
test. Normal distribution of the data was considered at a p > 0.05. Bulk density, WSA, and PR
followed the Gaussian distribution, while SWC, MWD, and crop yield data were box-cox- and
logarithmic-transformed to meet normality requirements, respectively. A two-way ANOVA
design was applied. If significant differences were identified at a p < 0.05, Duncan’s post hoc
test was applied. Statistical analyses were computed with SAS 9.3 software package (SAS
Institute Inc., Cary, NC, USA).

3. Results
3.1. Soil Water Content, Bulk Density, and Penetration Resistance

Over two years of management practices consisting of tillage and amendment man-
agement, our experiment showed significant interactions on several soil physical properties
in each soil depth layer (Table 3). During 2021, conservation tillage improves SWC and
soil compaction properties at the topsoil layer. At 0–15 cm depth, significantly higher PR
was measured at control than at manure plots under conservation tillage. Control plots at
conservation tillage had significantly higher PR than control under conventional tillage. At
15–30 cm depth, biochar and control have significantly higher PR than at manure plots under
conservation tillage. Under a conventional tillage system, differences are insignificant, with
the PR highest at the biochar (1.23 MPa) and the lowest at the manure (1.04 MPa) plots.

Table 3. Results of two-way ANOVA considering penetration resistance (PR), soil water content
(SWC), and bulk density (BD). Different letters after mean values in the columns represent significant
differences at p < 0.05.

Depth Tillage Amendment PR (MPa) SWC (% vol) BD (g cm−3)

2021 x x x

0–15 cm

Conventional
Biochar 0.71 abc

0.77 c
40.2 a

40.4 ab
1.32 ab

1.35 aControl 0.86 bc 40.3 a 1.37 a
Manure 0.76 bc 40.8 a 1.35 ab

Conservation
Biochar 0.92 ab

0.89 c
42.8 a

42.0 a
1.29 b

1.31 bControl 1.07 a 42.1 a 1.34 ab
Manure 0.66 c 41.1 a 1.30 b

F 8.700 1.12 4.76

p 0.0003 0.331 0.012

15–30 cm

Conventional
Biochar 1.23 b

1.15 b
37.8 ab

38.5 bc
1.37 ab

1.38 aControl 1.15 b 36.7 b 1.40 a
Manure 1.04 b 41.0 ab 1.37 ab

Conservation
Biochar 1.58 a

1.40 a
30.9 c

37.5 c
1.28 c

1.29 bControl 1.50 a 39.8 ab 1.32 c
Manure 1.11 b 41.6 a 1.27 bc

F 6.800 1.404 2.843 1.618 0.06 3.56

p 0.010 0.028 0.035 0.021 0.033 0.031

2022

0–15 cm

Conventional
Biochar 0.76 a

0.74 c
36.5 a

35.74 a
1.30 a

Control 0.72 a 35.1 a 1.27 ab 1.29 c
Manure 0.74 a 35.6 a 1.31 a

Conservation
Biochar 0.92 a

0.87 c
36.5 a

35.17 a
1.20 b

Control 0.85 a 33.8 a 1.22 b 1.21 d
Manure 0.86 a 35.2 a 1.22 b

F 0.769 0.062 0.351

p 0.383 0.940 0.041
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Table 3. Cont.

Depth Tillage Amendment PR (MPa) SWC (% vol) BD (g cm−3)

15–30 cm

Conventional
Biochar 1.02 c

1.11 b
35.6 ab

34.36 a
1.41 ab

Control 1.16 abc 34.3 abc 1.44 a 1.42 a
Manure 1.14 bc 33.2 bc 1.42 a

Conservation
Biochar 1.53 a

1.43 a
38.7 a

34.75 a
1.37 ab

Control 1.50 ab 29.9 c 1.39 ab 1.37 b
Manure 1.25 abc 35.7 ab 1.34 b

F 13.310 2.589 4.104 0.184 0.390 0.58
p 0.0004 0.011 0.021 0.668 0.028 0.037

In 2021, at 0–15 cm depth, conservation tillage seems to conserve more water in the soil,
although the differences are insignificant. At 15–30 cm depth under conservation tillage,
manure plots recorded significantly higher SWC than biochar plots (Table 3). Bulk density
differs between treatments in both depths. Generally, the conservation tillage exhibits lower
compaction in addition to conventional tillage. More specifically, control plots have the
highest BD at 0–15 cm and 15–30 cm depths, while biochar plots have the lowest BD.

During 2022, the tillage and amendment treatments significantly impacted BD at 0–15 cm
depth. Biochar and manure treatments under conventional tillage have significantly higher BD
than those under conservation tillage. At 15–30 cm depths, BD at manure plots is significantly
higher at conventional tillage than at conservation. Regarding the PR and SWC at 15–30 cm
depth, significant differences in SWC occur under conservation tillage where control plots
recorded significantly lower SWC than biochar and manure plots. Differences among amend-
ments in PR did not occur under both tillage managements. Biochar plots under conventional
tillage recorded significantly lower PR than those under conservation tillage.

3.2. Soil Structural Properties

Soil structural properties during 2021 and 2022 are presented in Figure 3. In 2021,
only non-significant differences between treatments in the cases of MWD and WSAs occur.
Biochar and manure plots recorded higher MWD and WSAs than control plots on both
tillage treatments (Figure 3a,b). Conservation tillage plots recorded slightly higher WSAs
than conventional plots (Figure 3b). During 2022, on both tillage treatments, the amendment
did not significantly modify the MWD (Figure 3c). Conventional tillage has a slightly higher
MWD than conservation tillage plots. Biochar and manure plots at conventional tillage
management recorded significantly higher WSAs than control plots (Figure 3d). In the
conservation tillage system, manure treatment recorded significantly higher WSAs than
other treatments in the conservation tillage system. Generally, the stability of the soil in
2022 is on a higher level compared with 2021.

3.3. Maize Grain Yields

The yields are presented in t ha−1 at 14% moisture content. In 2021, the highest
maize yield was detected in conventional tilled manure plots (8.86 t ha−1), followed by
conservation control plots (8.47 t ha−1) (Figure 4). The lowest was noted at conventionally
tilled biochar plots (5.98 t ha−1). Comparing the tillage effect, the maize grain yields
did not significantly differ. Conventional tillage recorded 7.04 t ha−1 and 7.63 t ha−1 at
conservation tillage. In 2022, conservation-tilled control and conventional-tilled biochar
reached the highest yield (10.50 t ha−1; 10.08 t ha−1), followed by conventional-tilled control
(9.54 t ha−1) and manure plots (9.24 t ha−1). The lowest yields were noted at conservation
manure plots (8.29 t ha−1). The tillage effect was not significant. Conservation tillage plots
(9.20 t ha−1) recorded lower yields than conventional (9.62 t ha−1).
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4. Discussion
4.1. Impact on Soil Properties

Conventional agriculture in continental European conditions, specifically the Pannon-
ian region, produces food (second-most significant region regarding the share of agricul-
tural land use in Europe but first in productivity) for international markets in croplands,
for the most part, covered by bare soils due to frequent use of conventional practices,
i.e., conventional tillage and herbicides [10,36,37]. Conservation agricultural practices
are rarely applied and cover small areas. Proper soil management practices are critical
aspects of the sustainability of agroecosystems, and there is a need to research which
conservation management strategies are sustainable. The frequency and severity of climate
and weather extremes are increasing, making the last two decades to have far-reaching
effects inside and outside of the European Union. Further, economic losses from more
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frequent climate-related extreme events are increasing, averaging over EUR 12 billion
annually [38]. In order to raise the climate challenge, climate neutrality by 2050, and an
emissions reduction target of at least 55% by 2030, there are mechanisms to combat what
the European Council sees as “an existential threat”. The present research is focused on
adapting regional agriculture solutions in a “no regret” manner, as the Global Commission
on Adaptation sees them—solutions worth pursuing regardless of the ultimate climate
path [38]. Soil degradation is one of the consequences of conventionally managed soils,
and soil carbon loss, soil compaction, and erosion contribute to soil degradation [39] but
also result in variable and decreased yields, negatively impacting farmers’ incomes [40–42].
At the same time, another type of damage (floods, downstream sedimentation of lakes and
rivers) significantly damages infrastructure, the environment, and society [43].

This study demonstrates that conservation tillage practices (soil layers were kept at
the same level throughout the year) applied in continental Croatia on rain-fed croplands
resulted in lower soil bulk density, while the maize grain yields were not decreased. The
measurements during 2021 and 2022 confirmed that conventional tillage on the experiment
increased compaction levels (measured by BD) by 3% and 7% on 0–15 cm and 15–30 cm
depths, respectively, making these land management practices less sustainable. Soil tillage
is seen as a key factor for growing conditions and crop performance, and it is performed
mainly to optimize soil productivity by modifying its properties [44]. Tillage has been a ma-
jor cause of soil degradation since the first agricultural revolution [45]. Several researchers
confirm the fact that conventional tillage with frequent invertive tillage operations leads to
elevated soil compaction levels [9,15,36,37,46]. Such negative soil status reduces the long-
term productivity of soils since it negatively influences the various physiological processes
in soil and modifies soil properties such as organic matter or microbial properties [47].
Conventional tillage often decreases the bulk density of soil in the early stages of plant
growth [44]. However, until the end of the vegetation season, the compaction level in
conventional tillage systems is several times higher due to settling, unstable soil structure,
and additional traffic events [48,49]. Our results were consistent with previous studies
that reported higher compaction under conventionally plowed than under conservation
loosening tillage [21,37,50]. However, the significant justification between treatments is
often missing [51] due to the low sensitivity of BD properties to tillage treatments. Penetra-
tion resistance is generally low during both years of research and does not exceed values
higher than 1.6 MPa on both tillage treatments. The low PR level is primarily due to the
high SWC in the soil during both years of research since their relation is usually highly
correlated. Such PR values do not inhibit normal growth when using the accepted limit
of 2 MPa for normal root development [52]. Lower PR at topsoil and higher at subsoil is
similar to other studies [37,53] and is very likely a consequence of the tillage depth that
can affect soil structure, pore system, and water retention. Finally, tillage management’s
impact on SWC was insignificant in the present study. High SWC can explain this during
the hydrologically good years 2021 and 2022. It is already noted that conservation tillage
management reveals a higher beneficial effect on water conservation in arid environments
on textured lighter soils than on heavy soils in humid environments [54].

In the Pannonian Croatia research area, biochar and manure caused several advantages
in both tillage management systems. Farmyard manure, over millennia, and biochar, over
the last several decades, have been used as examples of good agricultural practices in
several agricultural production types like carbon farming, regenerative agriculture, or
organic farming. Present research here confirms the same. The plots with the addition of
biochar or manure recorded a more favorable structure and lower compaction. A similar
idea is noted in several other studies in continental [55] or Mediterranean [56] environments
on silty clay [21], clay [56], sandy loam [55], and sandy [57] soils. When used regularly,
organic sources from biochar and manure elevate soil carbon concentrations, making
several beneficial impacts on soil like higher aggregate stability [56,58], which increases soil
resistance to settling and traffic. Secondly, manure and biochar increase water retention,
infiltration, and aggregate stability [59], although several improved soil properties in
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the present study record insignificant positive changes in addition to control plots. This
situation may be due to the duration of the experiment. Some authors indicate that
manure effects are often small or insignificant in short-term studies (less than four years)
under field conditions [60–62]. This may explain some of our non-significant relations in
soil physical properties between manure and biochar in addition to control plots. When
looking at the whole, present research shows that biochar has similar benefits to manure
for enhancing soil physical properties and can complement other organic amendments for
improving soil structure and reducing soil compaction. These findings are important not
only for provisioning services but also for land degradation mitigation. At the research
site in Pannonian Croatia, conventional tillage was the only management strategy used by
farmers, while mineral fertilizers dominated in addition to organic ones. Such management
occurred from the 1960s. Such improper management can increase total erosion and
facilitate sediment transport downstream; this has already been proven in several erosion
and rainfall simulation studies on the same soil type and environment as in the present
research [15,63–65]. As demonstrated in the current research, it is necessary to revise the
study’s focus. This work did not follow potential erodibility or soil erosion. Still, the
positive impact of conservation tillage on soil structural properties and soil compaction
level can support the conclusion that sustainable management practices that can halt and
reverse land degradation in present pedological and environmental conditions are using
organic amendments and non-invertive tillage.

4.2. Impact on Maize Grain Yields

Grain yield was generally high compared to the world average of 5.8 t ha−1 in 2021 [66].
As reported previously, conventional farming produces higher yields than organic farm-
ing [67]. In the present research, tillage and amendments had implications on maize grain
yield during both years. No significant differences were observed during both years.
During 2021, conservation tillage plots (7.63 t ha−1) have higher yields in addition to con-
ventional (7.04 t ha−1), and vice versa in 2022 (9.20 t ha−1 and 9.62 t ha−1). Previous works
reported that maize crop yields increase under conservation loosening tillage compared
to conventionally plowed tillage [68] and vice versa [54]. The results suggest that crop
yields were more affected by climate factors than tillage management. The crop yield
depends on the interaction between rotation, management practices, soil properties, geno-
type, environment, and their complex interactions [54,69]. Climate is likely responsible
for differences in maize grain yields. In dry environments, crop yields are usually higher
under conservation tillage management because of the high water retention compared to
conventional tillage management. In contrast, in semi-humid conditions, conventional
tillage treatments can produce higher crop yields [70]. Despite extensive research, the
impact of tillage management on maize crop yields remains unclear to date.

A similar scenario occurs when studying the amendment’s impact on maize grain
yields. In conventional tillage plots, the manure plots have the highest yields in 2021, and
the biochar in 2022. In conservation plots, the control treatment has the highest yields
during both years. We hypothesize that this could be attributed to the initial high nutrient
content in the investigated field and the high organic matter content (Table 1). Together
with sufficient rainfall during the vegetation season, it is very likely that a treatment effect is
overlapped. An adequate supply of nutrients for maize plants in the study soils is achieved,
considering the mean plant P and K uptakes of 24 kg P ha−1 and 120 kg K ha−1 [71].
However, this situation needs to be investigated further.

5. Conclusions

The Stagnosols in rain-fed croplands in Pannonian Croatia are less sustainable when
conventionally tilled. The absence of organic amendments like biochar and manure aggra-
vates the situation, increasing the compaction rates and decreasing the aggregate size and
stability. Vertical non-inversion tillage in rain-fed farming maintains crop yields and re-
duces soil compaction. However, biochar and farmyard manure are recommended in stud-
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ied croplands where the soil is conventionally tilled since it improves soil properties regard-
less of the tillage management. Those findings show that the tillage management types stud-
ied here can be classified as conservation > conventional and manure > biochar > control
among amendment treatments from a soil conservation and land degradation mitigation
perspective. Implementing conservation tillage could also achieve efficient management
for stable yields since it significantly does not differ from conventional management. In
conventional tilled soils, amendment shows an increase in yields, while for conservation
tilled soils, more research is desirable. It can be concluded that non-invertive conserva-
tion tillage and organic fertilization contribute to better land use management in annual
croplands in Pannonian Croatia.
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