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Abstract: The aim of this study was to investigate the effect of alternative soil maintenance systems
in a ‘Gold Chief’ apple orchard to the herbicide strip on tree growth, yield, and optimal fruit quality
during 2012–2016. We compared several floor management systems: organic mulch comprised
of Miscanthus spp., mechanical cultivation, black polypropylene cover, and herbicide strip as the
control, with particular emphasis on the suitability and effectiveness of the organic mulch. During
this five-year experiment Miscanthus spp. mulched trees grew most vigorously and significantly
more than trees from other systems. The increment of the trunk cross-sectional area was higher
for Miscanthus spp. mulched trees when compared to both mechanical fallow and herbicide strip.
On average, fruits from trees grown in Miscanthus spp. plots were significantly larger than fruits
from mechanical fallow and black polypropylene cover plots. The cumulative yield from the entire
experiment was not significantly different for organic mulch, herbicide strip, and black polypropylene
cover and was significantly higher than the mechanical cultivation. Different floor management
systems had a significant effect on the solid soluble content in fruit both directly after harvesting and
after storage. Our study shows that organic mulch can be a good alternative for soil management in
orchard production systems.

Keywords: floor management; non-chemical weed control; Miscanthus spp. mulch; herbicide strip;
black mechanical fallow; black polypropylene woven ground cover; apple quality

1. Introduction

The purpose of soil management in orchards is first and foremost to control plants
competing with the trees. The method of soil maintenance has a direct impact on its
structure [1], temperature [2], and water relations [3], while the condition of the soil should
not hinder agrotechnical operations in the orchard and fruit harvesting. Therefore, when
choosing a soil maintenance method, one should be guided by its effectiveness and the
level of costs incurred, as well as the impact on the mechanical, physicochemical and
microbiological properties of the soil [4]. In practice, in the cultivation of fruit trees, due
to their specificity resulting from the perennial nature of plants and the row cultivation
system, a mixed system is used. Traditionally growers have used a grass drive row (turf)
in the alleyway and an herbicide-treated strip in the tree row for weed control. A common
management method is to eradicate weeds, either permanently or temporarily, also through
traditional tillage along the tree row [5].

The majority of fruit growers currently use herbicide fallow as a standard soil mainte-
nance system because of its low cost and broad-spectrum weed efficacy. Its effectiveness
depends on the active substance of the herbicide, method of application, and weather
conditions in which the procedure is performed [6]. The advantage of using herbicides are
their reliability, low price, and ease and speed of application [7]. However, the improper
use of herbicides can cause damage to crop plants and negatively affect the rhizosphere by
disrupting the uptake of macro- and micro-elements; this is also the case with glyphosate,
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which is commonly used in orchards [8,9]. The scientific literature consistently suggests
that the effects of herbicide application could significantly alter soil function. These include
disruptions to earthworm ecology in soils exposed to glyphosate and atrazine, the inhibi-
tion of soil N-cycling (including biological N2-fixation, mineralization, and nitrification) by
sulfonylurea herbicides in alkaline or low organic matter soils, and site-specific increases
in disease resulting from the application of a variety of herbicides [10,11].

Among the alternatives to the herbicide fallow soil maintenance system in tree rows,
mechanical cultivation and mulching of crops with both synthetic materials (black foil
agrotextile) and organic matter (manure, sawdust, straw, and wood chips) are the most
promising [12]. Mechanical cultivation is the most commonly used system in the first years
after tree planting. However, maintaining mechanical cultivation promotes the deteriora-
tion of soil structure, may cause an excessive rapid decomposition of organic matter [13],
can limit the development of soil fauna [14] and can damage tree roots developing in the
surface layer of the soil [15]. In addition, the control of perennial weeds with this method
often does not bring the expected results [4]. In turn, the use of black foil or agrotextile
to cover the soil in rows of plants completely reduces the negative effect of weeds and
maintains a high level of humidity. Still, according to [16] and [17], it adversely affects
the other physicochemical properties of the soil, as well as its mineral and humus content.
Therefore, this system is not fully beneficial in terms of agrotechnics and ecology [12].

In light of current trends and attempts to limit the negative impact of crop intensifi-
cation on the natural environment, and in addition to the primary goal of weed control,
methods that will measurably inhibit irreversible soil degradation processes are in demand.
Hence, increasing notice is being paid to the use of various types of natural mulch, which,
in addition to significantly enriching the soil with organic matter and improving its quality,
can also play a role in mitigating the effects of excessive greenhouse gas emissions [18–20].
Furthermore, a growing concern for tree nurseries and orchards is that most of the dwarf-
ing apple rootstocks used in modern apple cultivation are susceptible to apple replant
disease (ARD), also known as soil decline [21]. This problem has been known for centuries,
although the ultimate causes are still not fully recognized. After repeated growth of the
same plant species, the soil loses its capacity to support the growth of plants of the re-
spective species. Replant disease results in poor vegetative development, stunted growth,
and reduced yield in terms of both quantity and quality [21]. The introduction of a large
amount of organic matter into the soil through the mulching of crops has been shown to
stimulate the activity of microorganisms and, by increasing their diversity, enriches the
microbiological life of the soil [22]. Above all, however, it has a positive effect on the proper
development of the root system by stabilizing soil temperature and humidity [23].

Due to the constant tightening of EU policy on the use of plant protection products and
the withdrawal of certain active substances (including herbicides) from widespread use,
the importance of alternative soil maintenance systems in tree rows is expected to steadily
increase. Our hypothesis was that alternative soil maintenance systems to herbicide use
could have a good impact on tree vigor, yield, and quality of apple fruit. The results of
our study, which was conducted to assess the suitability of non-chemical methods of weed
control, provides valuable advice for other practitioners.

2. Materials and Methods

The trial was set up in spring 2012 and covered five growing seasons. The study was
conducted in the experimental orchard of the Warsaw University of Life Sciences, Wilanów,
Poland. The plant material consisted of apple Malus × domestica Borkh. cultivar ‘Gold
Chief’ grafted on M.9 rootstock. Trees were planted in 3.5 × 1.4 m spacing in deep, loamy
alluvial soil, with 2.5% of humus. Trees were trained in a spindle-bush system. The weather
conditions during the course of the trial are presented in Figure 1. Data were collected
during the experiment using the Davis Vantage Pro 7 field weather station installed in the
experimental orchard.
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Figure 1. Weather conditions in the ‘Gold Chief’ apple orchard during 2012–2016.

The experiment was set up using a randomized block design. The following methods
of soil management in 1 m wide rows of trees were compared: (1) Herbicide strip (HS),
was used as a control, for which 1 m soil width was sprayed with herbicide (glyphosate in
the Roundup 360 SL formulation at a dose of 4 Lha−1) at the beginning of June and after
fruit harvesting at the beginning of October in each year of the experiment; (2) organic
litter (MM), for which 1 m width of soil was mulched in rows of trees with a 10 cm layer
of shredded straw from Miscanthus spp., and straw was also added during the trial as
required to maintain the original litter thickness; (3) mechanical cultivation (MC), which
was kept in rows of trees 1 m wide using a rototiller-type tool mounted on the rear of a
tractor equipped with a hydraulic system, enabling access to the area between trees, and
the soil was tilled up to 10 cm deep up to six times during the growing period (from April to
October) depending on weather conditions; (4) synthetic mulch (BC), for which a soil strip
1 m wide was mulched in rows of trees with black polypropylene woven ground cover of
100 g per m2 density. Each combination was replicated four times on plots, each consisting
of eight randomly distributed trees. The same practices of pruning and disease and pest
control were applied for all management systems in accordance with the standards of
Integrated Pest Management.

2.1. Tree Growth

Tree growth was expressed as a trunk cross-sectional area (TCSA) and its increment
during the experiment. TCSA was calculated on the basis of trunk diameter measured
30 cm above the ground. Measurements were made directly after tree planting in May of
the first year and were followed in late October at the end of each season covered by the
trial. The results are given in cm2.

2.2. Yield Assessment

The yield was assessed annually in autumn during the harvest of fruit. The obtained
values were measured in kg·tree−1. For all combinations of the experiment, the cropping
efficiency index (CEI) was determined. It was computed as the quotient of yield and trunk
cross-sectional area. This value was given in kg·cm−2.

The biennial bearing index (BBI) was computed using crop yields in the years 2012–2016.
BBI was defined according to [24]. The value of BBI averages the absolute differences be-
tween yields of two consecutive harvests and varies from zero to one. The higher the value,
the more pronounced the alternation, or oscillation, of production; that is, a value of zero
indicates constant production while one indicates alternated yielding.

2.3. Fruit Analysis

Fruit quality was evaluated for each year of the study, both immediately after harvest
(end of September) and after ten weeks of storage in a normal atmosphere (NA). The
harvest date was determined by a starch test using a common rating system on a scale of
one to ten, with one being completely unripe and ten being fully ripe. The ‘Gold Chief’
apples were harvested when the starch test index was five to six. All quality characteristics,
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except the mean fruit mass and color, were determined on a sample of ten apples from
each plot.

The mean fruit mass was calculated from a sample of 30 fruits for each replicate and
was measured on an analytical balance.

Fruit firmness was determined using an Instron 5540-type penetrometer. For this
purpose, a narrow strip of skin was peeled from the fruit, both on the side of the blush
and on the opposite side, revealing the flesh. Measurements were taken directly in the
flesh, with an 11 mm diameter pin penetrating the flesh to 10 mm depth. The results were
measured in kG.

The solid soluble content (SSC) was determined in the juice pressed from fruits tested
for each replication. The SSC was evaluated directly in juice using ATAGO PAL 1 type
refractometer and was measured in ◦Brix.

Fruit skin color was estimated on a sample of 30 fruits for each plot and based on
the developed skin coloring scale, where apples were divided into three following classes
depending on the surface of the fruit covered with blush: 0–25%, 26–50%, 51–100%. The
measurement was performed organoleptically.

2.4. Statistical Analysis

The study was a completely randomized design with four replications per each treat-
ment combination. Statistical analysis was conducted using analysis of variance (ANOVA)
tests, and mean values separation was made by the Newman–Keuls multiple ranged test
at the p < 0.05 significance level. The analysis was conducted using Statgraphics Plus 4.1
software.

3. Results

The TCSA, calculated on the basis of trunk diameter measured directly after tree
planting in spring 2011, showed that plants were homogenous in size. It was observed
that different floor management systems designed within tree rows differentiated TCSA
values. Trees mulched with Miscanthus spp. (MM) showed relatively high TCSA values in
all years of the study, but significant differences were noted from 2014. The MM system
had significantly higher TCSAs compared to HS in 2014, all other systems in 2015, and HS
and BC in 2016. The TCSA results are consistent with the TCSA increments measured from
the start to the end of the experiment. Significantly higher values of TCSA were found for
trees in the MM system compared to those from both BC and HS systems. The trees in the
HS system showed the lowest TCSA increment (Figure 2).

The cumulative yield from 2012–2016 was similar for the HS, MM, and BC systems
and was significantly higher compared to the MC system (Table 1). The crop efficiency
index was significantly higher for both HS and BC than for MC. It corresponded to the
highest values, which were observed in HS and BC plots, while the lowest was noted for
MC (Table 1). It was observed that the BC treatment had a negative effect on the uniformity
of fruiting between years; thus, it contributes to biennial bearing. The biennial bearing
index was significantly lower under MC in comparison to BC (Table 1, Figure 3).

Table 1. Yield, crop efficiency, and biennial bearing index of apple trees cv. Gold Chief during 2012–2016, depending on the
soil management system.

Treatment

Yield
(kg·Tree−1)

Cumulative Yield
2012–2016

(kg·Tree−1)

Crop
Efficiency Index

(kg·cm−2)

Biennial
Bearing Index

2012 2013 2014 2015 2016

HS 4.7 a * 8.3 a,b 11.8 a 21.1 b 12.9 a 58.7 b 3.62 b 0.24 a,b
MC 3.9 a 6.7 a 10.2 a 14.9 a 10.4 a 46.1 a 2.34 a 0.21 a
MM 3.2 a 9.2 a,b 12.6 a 20.5 b 13.1 a 58.6 b 2.56 a,b 0.26 a,b
BC 3.8 a 12.1 b 11.0 a 22.5 b 9.48 a 58.9 b 3.33 b 0.34 b

* Means followed by the same letter within a column do not differ significantly according to the Newman–Keuls test at p < 0.05; HS:
Herbicide strip; MC: Mechanical cultivation; MM: Miscanthus spp. mulch; BC: Black polypropylene woven ground cover.
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Figure 3. Biennial bearing index of Gold Chief/M.9 with different floor management systems during
2012–2016. HS: Herbicide strip; MC: Mechanical cultivation; MM: Miscanthus spp. mulch; BC: Black
polypropylene woven ground cover.

The results concerning the mean fruit mass of trees maintained in soil systems were
not uniform between years, but certain regularities were observed. In 2012 and 2015, the
fruits from trees grown in MM plots were significantly larger compared to the MC and BC
management systems, respectively. This is reflected in the average results for all years of
the experiment, where fruit mass for MM was significantly higher than in other systems
(Table 2).
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Table 2. Fruit quality parameters of apple trees cv. Gold Chief depending on the soil management
system measured directly after harvest during 2012–2016.

Parameter Treatment 2012 2013 2014 2015 2016 Mean
2012–2016

Fruit mass
(g)

HS 188 a* 192 a 224 a 198 a,b 214 a 203 a
MC 190 a 184 a 223 a 205 a,b 216 a 203 a
MM 213 b 191 a 241 a 211 b 217 a 215 b
BC 204 a,b 183 a 231 a 189 a 210 a 203 a

Firmness
(kg)

HS 7.0 a 7.1 a 7.8 a 6.4 a 6.7 a 7.1 a
MC 7.1 a 7.1 a 7.8 a 6.8 a 7.1 a 7.2 a
MM 7.6 a 7.1 a 7.6 a 6.6 a 6.9 a 7.2 a
BC 7.5 a 6.5 a 7.9 a 6.4 a 7.1 a 7.1 a

SSC (◦Brix)

HS 12.7 a 14.5 a 15.2 a 13.3 a 14.1 a 14.0 a
MC 15.1 b 14.8 a 15.2 a 13.7 a 13.8 a 14.5 b
MM 14.6 b 14.6 a 15.2 a 13.7 a 14.0 a 14.4 a,b
BC 14.8 b 14.1 a 15.2 a 13.8 a 14.0 a 14.4 a,b

* Means followed by the same letter within column do not differ significantly at p < 0.05. HS:
Herbicide strip; MC: Mechanical cultivation; MM: Miscanthus spp. mulch; BC: Black polypropylene
woven ground cover; SSC: solid soluble content.

MC positively influenced SSC content in apples directly after harvest, but only in
comparison to HS (Table 2). After storage, significantly higher rates of SSC were observed
in MC and MM compared with HS (Table 3). There was no significant effect of soil
maintenance in the orchard on fruit firmness, neither directly after harvest nor after storage
(Tables 2 and 3).

Table 3. Fruit quality parameters of apple tree cv. Gold Chief grown in different soil management
systems measured after ten weeks of storage during 2012–2016.

Parameter Treatment 2012 2013 2014 2015 2016 Mean
2012–2016

Firmness
(kG)

HS 5.1 a * 5.8 a 5.8 a 3.9 a 4.69 a 5.08 a
MC 5.2 a 5.8 a 5.7 a 4.1 a 4.78 a 5.16 a
MM 5.3 a 5.8 a 5.7 a 4.0 a 4.70 a 5.11 a
BC 5.0 a 5.7 a 5.8 a 3.9 a 4.50 a 5.01 a

SSC
(◦Brix)

HS 13.5 a 15.3 a 15.4 a 13.3 a 13.8 a 14.2 a
MC 14.1 a,b 15.3 a 15.5 a 15.1 b 14.7 a,b 15.0 b
MM 14.6 a,b 15.2 a 15.3 a 14.6 a,b 15.1 b 14.9 b
BC 15.1 b 15.1 a 15.4 a 14.0 a,b 14.4 a,b 14.8 a,b

* Means followed by the same letter within column do not differ significantly. HS: Herbicide strip;
MC: Mechanical cultivation; MM: Miscanthus spp. mulch; BC: Black polypropylene woven ground
cover; SSC: solid soluble content.

The lowest percentage of the least colored fruit was recorded for both HS and MM,
and it was 37.2% and 33.9%, respectively (Figure 4). Moreover, both MM and MC were the
combinations with the highest percentage of fruit with a blush covering >50% of the skin
surface of the fruit (Figure 4).



Agronomy 2021, 11, 58 7 of 11

Agronomy 2021, 11, x FOR PEER REVIEW 7 of 11 
 

 

Table 3. Fruit quality parameters of apple tree cv. Gold Chief grown in different soil management 

systems measured after ten weeks of storage during 2012–2016. 

Parameter Treatment 2012 2013 2014 2015 2016 
Mean  

2012–2016 

Firmness 

(kG) 

HS 5.1 a * 5.8 a 5.8 a 3.9 a 4.69 a 5.08 a 

MC 5.2 a 5.8 a 5.7 a 4.1 a 4.78 a 5.16 a 

MM 5.3 a 5.8 a 5.7 a 4.0 a 4.70 a 5.11 a 

BC 5.0 a 5.7 a 5.8 a 3.9 a 4.50 a 5.01 a 

SSC (°Brix) 

HS 13.5 a 15.3 a 15.4 a 13.3 a 13.8 a 14.2 a 

MC 14.1 a,b 15.3 a 15.5 a 15.1 b 14.7 a,b 15.0 b 

MM 14.6 a,b 15.2 a 15.3 a 14.6 a,b 15.1 b 14.9 b 

BC 15.1 b 15.1 a 15.4 a 14.0 a,b 14.4 a,b 14.8 a,b 

* Means followed by the same letter within column do not differ significantly. HS: Herbicide strip; 

MC: Mechanical cultivation; MM: Miscanthus spp. mulch; BC: Black polypropylene woven 

ground cover; SSC: solid soluble content. 

The lowest percentage of the least colored fruit was recorded for both HS and MM, 

and it was 37.2% and 33.9%, respectively (Figure 4). Moreover, both MM and MC were 

the combinations with the highest percentage of fruit with a blush covering >50% of the 

skin surface of the fruit (Figure 4). 

 

Figure 4. Fruit coloring of apple trees cv. Gold Chief grown under different soil management systems during 2012–2016. 

HS: Herbicide strip; MC: Mechanical cultivation; MM: Miscanthus spp. mulch; BC: Black polypropylene woven ground 

cover. 

  

Figure 4. Fruit coloring of apple trees cv. Gold Chief grown under different soil management systems during 2012–2016. HS:
Herbicide strip; MC: Mechanical cultivation; MM: Miscanthus spp. mulch; BC: Black polypropylene woven ground cover.

4. Discussion

Conventional soil management, involving either herbicide use or rotary tillage for
weed control without any vegetation or mulch, has resulted in soil degradation and a
decrease in fruit yield and quality [25]. The consequent loss of soil water and lack of
soil organic matter is the most important limiting factors in local agriculture that have
been observed. As a result, many studies exploring an effective management practice
to improve orchard soil conditions and fruit quality have been conducted [26–31]. The
results indicate that management involving a surface floor covering can effectively improve
the soil moisture as well as soil nutrient availability, leading to better tree performance
compared with tillage management.

In our study, the different soil maintenance systems used in the apple orchard resulted
in variations of vegetative growth of the trees. Miscanthus spp. mulched trees grew most
vigorously and were significantly stronger in comparison with all other systems, HS or BC,
depending on the year. These results were consistent with TCSA increment results, which
were higher for Miscanthus spp. mulch when compared to both BC and HS systems. A
previous study [32] observed higher trunk cross-sectional area and fruit yield in hay-straw
mulch, but also in both post-emergence and pre-emergence herbicides. The impacts of
living litter on tree size in this study confirm previous reports of the critical importance
of weed suppression in establishing deciduous orchards [33–36]. As [37] observed, the
TCSA of trees in the hardwood mulch treatment surpassed that in mowed turfgrass as well
as pre-emergence soil-active herbicide treatment during eight of 11 years of growing an
apple orchard. It was confirmed that the presence of live litter contributes to a significant
increase in the total nitrogen content in the arable layer in relation to other cover plants, as
well as mulching with agrotextile [38]. It was shown that apple trees in mulch developed a
shallower root system [39].

It is expected that reduced size plants produce lower quantities of fruit, but with higher
yield and yield efficiency. Yield efficiency (YE) and cumulative YE indexes, expressed in kg
cm−2 or g cm−2 of the trunk cross-sectional area, are the most utilized metrics to compare
plants of different sizes in trials designed to evaluate rootstocks, planting densities, training
systems, and growth regulators [40]. YE enables comparison of annual results, whereas
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cumulative YE evaluates long term effects, such as cumulative yield, over several years,
depending on final TCSA.

Correlations between YE and yield per tree and between YE and trunk cross-sectional
area (TCSA) confirmed that efficiency could be increased by the production increment or
by vigor reduction of the plant [41]. Here, mechanical cultivation negatively influenced
the growth of trees. The five-year cumulative yield was similar for trees in herbicide
strip, Miscanthus spp. mulch, and black cover treatments, and was significantly higher
when compared to MC. The crop efficiency index was significantly higher for apple trees
maintained in both herbicide strip and black cover systems in comparison to mechanical
cultivation. It may be possible that mechanical tillage increases soil respiration and reduces
tree vigor, but it does not have a sufficient effect on weed competition and thus leads to
reduced fruit yield. It has been shown that tillage can have negative effects on the growth
of young trees [35] and soil quality [42]. It also increases nitrogen leaching from the root
zone, impedes internal water drainage [33], disrupts the root surface [16], and lowers soil
cation exchange capacity and soil organic matter content [43]. To avoid these negative
impacts, mechanical tillage should be replaced with other floor management systems that
are productive under the constraints of organic fruit growing [44].

In our five year experiment, the average results of fruit mass depended on the soil
maintenance system and were significantly higher in the case of Miscanthus spp. mulch
than the other systems. According to [45], spreading Miscanthus spp. chips maintain
soil moisture and promote soil fertility, as well as vegetative and reproductive growth of
young apple trees. The three organic mulches (sawdust, pine bark, or grass clippings)
enhanced vegetative growth when compared with manual weeding, measured as a length
of one-year-old shoots, leaf area of leaves taken from bourse shoots (27% versus 12%), and
tree trunk cross-section area (23% versus 13%). With the mulches, yield and fruit mass
were increased by 35% and 17% compared with manual weeding, respectively [39]. Over
the five years, we observed 5.6% higher fruit mass in the Miscanthus spp. mulch system
than the other soil maintenance systems.

We observed significant differences in the SSC of fruits, which was significantly higher
for MC versus HS. After storage, the fruit’ SSC noted in MC was significantly higher
in comparison to the HS system. A previous study [46] noted that the SSC responded
positively to integrated floor management practices that replaced the standard herbicide
system. In the experiment of [47], fruits from fallow interrow treatment had the highest
content of soluble solids (13.2%), while the green manure and fallow combination had
the least (12.9%). They did not observe significant differences in soluble solids content
and fruit flesh firmness. The significant decrease of the mentioned indicators may suggest
excessive nitrogen nutrition [48,49].

In our study, the yield of ‘Gold Chief’/M.9 depended on the floor management system
used. The biennial bearing index was the lowest under MC and significantly lower in
comparison to the BC system. It can be assumed that the mechanical fallow, herbicide strip,
and Miscanthus spp. mulch maintenance systems ensure a more even fruit yield from year
to year.

5. Conclusions

A comparison of different soil management strategies in an orchard showed that non-
chemical tree row management could be a good alternative to the commonly used herbicide
strip. The exception is using mechanical fallowing, which on the one hand, increases the
uniformity of the yield in subsequent years and contributes to an increase in the content of
soluble solids in the fruit, but on the other, reduces yield. Among the assessed systems,
special attention should be paid to organic mulch made of Miscanthus spp., a renewable
natural raw material that, unlike herbicide, has no harmful impact on the environment. This
could be an effective method of soil maintenance in both integrated and organic production.
Our research shows that mulching trees with shredded Miscanthus spp. straw increases the
tree’s vigor and fruit size, and therefore may have a beneficial effect on physical and/or
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chemical soil parameters. The next step in our research will be to determine the impact of
Miscanthus spp. straw use on the soil environment, particularly in terms of organic matter
content, availability of major minerals nutrients, and water relations in the long term.
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22. Lipecki, J.; Berbeć, S. Soil management in perennial crops: Orchards and hop gardens. Soil Till. Res. 1997, 43, 169–184. [CrossRef]
23. Six, J.; Elliott, E.; Paustian, K.; Doran, J.W. Aggregation and Soil Organic Matter Accumulation in Cultivated and Native Grassland

Soils. Soil Sci. Soc. Am. J. 1998, 62, 1367–1377. [CrossRef]
24. Fiscus, D.A.; Neher, D.A. Distinguishing sensitivity of free-living soil nematode genera to physical and chemical disturbances.

Ecol. Appl. 2002, 12, 565–575. [CrossRef]
25. Russell, E. Soil structure: Its maintenance and improvement. J. Soil Sci. 2006, 22, 137–151. [CrossRef]
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