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Abstract: Fodder maize cultivation under low mountain conditions in Central Europe presents

obstacles for organic dairy farmers; low temperatures and high precipitation values in spring delay

the juvenile development of maize, which leads to lower and fluctuating yields. Increasing the soil

temperature during the critical growth phase of maize in spring is beneficial for maize cultivation.

For this reason, 0.15 m high ridge-row cultivation (RCM) of maize was compared to a typical flat

surface cultivation method (FCM) with 0.75 m row spacing in three environments (En) in 2017, 2018

and 2020 on-farm at low mountain sites in Germany. In the experiment, with randomised block

design and one-factorial arrangement, soil temperature (ST) at 0.05 m soil depth at midday, field

emergence (FE) 4, 8, 16 and 20 days after sowing (DAS), dry matter yields (DM) in every En and

plant development and N, P, K content in En 2020 were investigated. RCM led to a significantly

higher ST 4 DAS in every En, 12 and 20 days in 2018 and 8 and 16 DAS in 2020. RCM did not

accelerate maize FE but positively impacted plant development and starch content. RCM generated a

higher dry matter (DM) yield of whole maize plants and corn cobs, and a higher protein yield than

FCM. RCM slightly increased the plant-available P and Mg content from 0 to 0.3 m and influenced

significantly the mineral N content from 0 to 0.3 m at the beginning of grain development. RCM, a

simple cultivation technique, demonstrated benefits for maize cultivation, particularly for climatically

marginal locations in Germany.

Keywords: Zea mays L.; ridge cultivation; low mountain ranges; organic farming; Central Europe;

dry matter yield

1. Introduction

Organic dairy farms in Germany predominate in areas from the low mountain land-
scape type [1] and are characterised by an average altitude between 500 and 700 m above
sea level [2,3]. The climate conditions in low mountain areas, with a 6.9 ◦C mean annual
temperature (MAT), are cooler compared to the 8.2 ◦C MAT in German lowland areas [4].
Maize (Zea mays L.), one of the most important cereals for human and animal consumption
worldwide, is native to the Andean region of Central America and is grown in climates
where the mean daily temperatures are above 15.0 ◦C and frost-free [5]. At low mountain
sites with marginal weather conditions in Central Europe, the cultivation of maize can
be problematic [6]. Germany is the leading European Union (EU) member for the area
under maize cultivation, with a total of 2.2 million ha and collectively 105 million t dry
matter annual yield [7,8]. With increasing latitude in the northern hemisphere, maize is
grown principally for silage or green fodder for cattle feed [9]. Furthermore, Germany has
the highest number of dairy cows in the EU, with a growing tendency towards organic
dairy products [10,11]. In this regard, the economic constraints for growth and effective

Agriculture 2023, 13, 650. https://doi.org/10.3390/agriculture13030650 https://www.mdpi.com/journal/agriculture

https://doi.org/10.3390/agriculture13030650
https://doi.org/10.3390/agriculture13030650
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com
https://orcid.org/0000-0001-7392-7796
https://orcid.org/0000-0002-1942-5602
https://doi.org/10.3390/agriculture13030650
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com/article/10.3390/agriculture13030650?type=check_update&version=2


Agriculture 2023, 13, 650 2 of 21

management apply to organic dairy farmers in the same way as to conventional farms [12].
Therefore, organic farmers need a sufficient cattle feed supply to ensure the increasing or-
ganic dairy product consumption in Germany. Large dairy cow farms in Germany typically
have higher milk yields due to feeding higher amounts of maize silage, while medium-scale
farms, including significantly less maize in the cattle feed ration, show low production
intensity [13]. The yearly milk yield on dairy German farms rises with an increasing pro-
portion of maize silage in roughage cattle feed [14,15]. Although the cultivation of maize is
not currently typical for organic agriculture and especially for dairy farms in Germany, it
is of interest to improve the current cultivation methods when considering that the lower
amount of maize silage that organic dairy cows receive is closely linked to lower milk
yield [6,16].

To our knowledge, there is currently insufficient information about successful maize
cropping methods under the climate and soil conditions of European low-mountain ranges,
especially in the context of organic farming. On sites with a risk of late frost, ridge cropping
can protect maize seedlings from frost damage. A maize seed, sown in a 7 cm high ridge,
is protected from low temperatures, as the soil ridge warms up quicker under direct
sunlight [17]. Higher temperatures in the topsoil result in enhanced root growth and
phosphorus plant uptake during the early growth stages [18–20]. Data about the effects of
ridge cultivation of maize in Central Europe have been provided only by a few authors who
report yield improvement and accelerated plant development in the early stages [21,22].
Looking at the tremendous importance of maize cropping, it is astounding how the state of
knowledge of maize cultivation in Central European low-mountain ranges is not carried
out more precisely. The following research aims, therefore, to generate possible strategies
for yield improvement using an organic-friendly cultivation method.

The objective of this study was to examine an agricultural strategy for ridge maize
cultivation for accelerating early growth and increasing maize yield under suboptimal
weather and soil conditions in low mountain areas in Central Europe. For this purpose,
silage maize has been cultivated in ridge-shaped rows, where the plants’ development and
yield were examined and compared with a traditional flat surface cultivation method over
a period of 3 years.

Considering this research paper, two hypotheses were tested:

1. We hypothesise that a ridge cultivation method in silage maize will generate (a) a
higher topsoil temperature at midday, (b) higher dry matter corn cob, whole plant
and protein yields and (c) an increased phosphorus content in the plant biomass.

2. We hypothesise that a ridge cultivation method in silage maize results in (a) acceler-
ated field emergence, (b) accelerated development of young plants and (c) a higher
nutrient content for cattle feed.

2. Materials and Methods

2.1. Experimental Design and Soil Sampling

In 2017, 2018 and 2020, three field trials were carried out in Central Europe, in a moun-
tainous area in Eastern Germany, to test an innovative adaptation method for accelerating
the young plant growth of maize on organically managed agricultural land under low
mountain climate conditions (Figure 1).

The field trials, which are referred to as environments (Ens) in the study, were located
on the site of Eichigt in the low mountains of Saxonian Vogtland, Germany (Figure 1).
The spatial distance between the field trials did not exceed 10.0 km. The trials were
conducted as on-farm experiments, where it was not possible to repeat the trials on the
same field strike due to strict rotation crop. Therefore, Ens with extremely suboptimal
growth conditions for maize but with the same soil type were purposely chosen for the
experiment. The site is characterised by residual soil (sandy loam) with a high rock
content. The site’s shape is a steep slope. The topsoil depth is estimated to be between
0.10 and 0.25 m, on average. The experimental design consisted of randomised blocks with
eight replications in 2017 and 2018 and with four replications in 2020 in single factorial
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arrangement. The single factor consisted of two cultivation methods (CMs): maize seeds
sown on a flat surface (flat cropping method: FCM) and in 0.15 m high ridge-shaped rows
(ridge cropping method: RCM). The total experimental field’s dimension in Bösenbrunn
2017 (BB17) was 42.0 × 14.0 m, with a single plot area of 10.0 × 3.0 m. In the following
years, on the sites Oberhermsgrün 2018 (OG18) and Bergen 2020 (BR20), the experiments
covered a 62.0 × 17.0 m area, where the single-plot area was 15.0 × 3.75 m. The farm began
converting to organic production methods in April 2016 and completed the process by
April 2019.

Figure 1. Study site map in the low mountains of Saxonian Vogtland, Germany and experimental
fields Bösenbrunn (BB17), Oberhermsgrün 2018 (OG18) and Bergen (BR20).

The preceding crops on BB17 and OG18 were winter oilseed rape (Brassica napus L.,
2015, conventional agricultural conditions and 2016, in conversion to organic conditions)
and winter wheat (Triticum aestivum L., 2016 and 2017, in conversion to organic conditions).
At BR20, a red clover–grass mix (Trifolium pratense L. and Lolium perenne L.) was used
in 2018 (conversion to organic farming conditions), and winter wheat was used in 2019
(organic farming conditions). Characterisation parameters of experimental sites are shown
in Table 1. Relevant annual temperature and precipitation values for the trials’ period and
long-term values were summarised from the database of [23] and are listed in Table 2.

Table 1. Characterisation of experimental sites and soils.

Abbreviation BB17 1 OG18 2 BR20 3

Year 2017 2018 2020

Coordinates 50◦23′ N, 12◦06′ E 50◦22′ N, 12◦09′ E 50◦20′ N, 12◦11′ E
Soil texture sandy loam sandy loam sandy loam

M a.s.l. [m] 4 495.0 514.0 602.0
APA [mm] 5 568.9 348.9 483.6
MAT [◦C] 6 10.2 11.1 11.1
MAH [%] 7 80.0 75.0 76.0

MAR [W m−2] 8 110.5 118.1 115.8
Cropping period [DD/MM] 14 May–19 September 16 May–05 September 14 May–23 September

Accumulated heat [◦C] 9 1239.5 1277.5 1242.3
Soil pH 10,11 6.1 4.8 5.7

P [mg 100 g−1 dry soil −1] 10, 12 14 7.7 9.8 2.6
K [mg 100 g−1 dry soil −1] 10, 12 14 44.3 33.4 16.8

Mg [mg 100 g−1 dry soil −1] 10, 13 14 20.2 19.1 17.0

1 Bösenbrunn. 2 Oberhermsgrün. 3 Bergen. 4 Meter above sea level. 5 Annual precipitation amounts. 6 Mean annual
temperature. 7 Mean annual humidity. 8 Mean annual radiation. 9 Accumulated heat during the cropping period.
10 Sampling depth 0 to 0.3 m at sowing. 11 0.01 M CaCl2 method for soil pH determination. 12 CAL method with
AAS P and K determination. 13 0.01 M CaCl2 method with flame AAS for Mg determination. 14 Plant-available.
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Table 2. Amount of precipitation [mm] and mean monthly temperature [◦C] during Ens and long-
term values for the region.

Abbreviation BB17 1 OG18 2 BR20 3

Long-Term Values [mm] 4

Amount of Precipitation per Month [mm]

May 24.3 28.7 52.5 57.0
June 90.0 17.1 38.8 69.0
July 133.6 34.8 29.0 81.0

August 43.9 24.2 107.6 70.0
September 13.1 44.1 42.2 53.0

Total amount 304.9 148.9 270.1 330.0

Mean monthly temperature [◦C] Long-term values [◦C] 4,5

May 15.0 16.8 11.8 12.5
June 18.4 18.4 17.9 15.2
July 19.0 20.6 19.1 17.5

August 19.0 21.6 21.1 17.0
September 13.6 16.3 16.0 13.0

Mean 17.0 18.7 17.2 15.4

1 Bösenbrunn. 2 Oberhermsgrün 3 Bergen 4 Long-term values for the period 1991–2020 5 Annual mean temperature
measured in 2.0 m height.

Prior to the sowing date, a reversible plough (0.15–0.20 m) and a cultivator (0.05–0.08 cm)
were used for the soil preparation. A slurry was applied from the farm 2 weeks prior
to sowing (2017: 129.6 kg N ha–1; 2018: 77.7 kg N ha–1; and 2020: 40.5 kg N ha–1) and
milled with a rotary harrow. As the existing agricultural machinery on the farm proved
to be too wide for the size of the plots, stable ridge rows were manually heaped up with
a hoe in the north–south direction. In practice, on the farm, ridge rows were heaped
up to 0.15 m with the help of a disc harrow. The row spacing was 0.75 m, measured
from one ridge row top to the next. The total plant density amounted to 11 plants m−2,
with 0.13 m seed spacing and 0.06 m sowing depth. The accuracy of the mechanical
seed spacing was ±0.02 m. The maize cultivar ‘Pioneer P 7500’, a hybrid for silage with
early maturity (FAO 210), was sown. Manual weed control, with a hoe, was conducted
every two weeks at three dates after the sowing date. It was performed during BBCH
(BBCH-scale of Biologische Bundesanstalt für Land- und Forstwirtschaft, Bundessorte-
namt und Chemische Industrie) Principal growth stage 1 during the development of the
first leaf through coleoptile, between four and five leaves unfolded and, at last, between
seven and eight leaves unfolded [24]. Soil temperature was measured at 0.05 m depth
(GTH 1160 Digital Quick-Response Thermometer, Greisinger electronic, Germany) at mid-
day, on five dates, in four-day intervals, after sowing. Afterwards, ST measurements
were carried out twice a month until harvest day. The measurements were conducted on
10 randomly selected spots in each plot. Soil sampling in each plot was carried out during
the experimental year 2020 using a Pürckhauer soil auger (diameter: 0.03 m, sampling
length: 0.9 m). Samples were taken from five randomly selected spots in each plot, from
0 to 0.3 m, 0.30 to 0.6 m and 0.6 to 0.9 m at BBCH stages 17 (7 leaves unfolded), 55 (middle
of tassel emergence: tassel begins to separate), 71 (beginning of grain development, about
16% dry matter) and 89 (fully ripe). Samples from the RCM were taken directly from the
ridge. The samples, sorted by depth, were mixed to one sample per depth and plot and
directly cooled to <5.0 ◦C, for a short transportation period. Afterwards, the samples were
stored at −18.0 ◦C for further analysis.

For the determination of ammonium nitrogen (NH4
+-N) and nitrate nitrogen (NO3

−-N)
contents, a 0.01 M CaCl2 solution was prepared (1.47 g CaCl2 per 1.0 L deionised water).
Two hundred fifty millilitres of the solution were applied to 100 g of a moist soil sample
in polyethylene bottles (500 mL volume). The bottles were placed in a shaker (Heidolph,
Reax 20) with overhead spinning agitation on a 15 revolutions per minute setting for
60 min. Thereafter, the soil solution was filtered (folded filter paper MN 615 1/4, basis
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weight 70 g m−2; diameter 150 mm; filtration time 22 s; thickness 0.16 mm; retention
range > 4.0 µm), placed in polyethylene tubes (10.0 mL volume) and stored at −18.0 ◦C.
Twenty millilitres of the filtrate was used for pH measurement (pH Meter pH 538 WTW
Multical®, filtrate temperature 23.9 ◦C), analogous to the method described in [25]. The dry
matter (DM) content was determined after drying at 105 ◦C for 48 h. The measurement of
NH4

+-N and NO3
−-N (mg L−1) was performed using continuous flow analysis (SKALAR

SAN++; 4 measuring channels). The NH4
+-N content was detected by the indophenol

method (photometric determination at 660.0 nm; chemical reactors sodium dichloro iso-
cyanorate and sodium salicylate; complexing agent sodium citrate), analogous to [26]. For
the photometric determination of NO3

−-N, hydrazine sulphate/copper sulphate with a
diazo coupling method (sulphanilamide/alpha-naphtylethylendiamine) was implemented.
To determine the mineral N content (Nmin) content in the soil, the DM content of the soil
material was determined for 48 h at 105 ◦C in a drying cabinet.

Plant-available phosphorus (P), plant-available potassium (K) and plant available
Magnesium (Mg) were determined in the soil samples. Plant-available describes the
fraction of total P, K and Mg content in the soil material that is available for absorption
by the plants’ root system. The samples were obtained from 0 to 0.3 m, following the
recommendations of [27]. For the estimation of plant-available P and plant-available K in
the soil, the calcium-acetate-lactate method CAL was used. Air-dried and finely sieved
soil material is shaken mechanically for 90 min in a solution of calcium lactat, calcium
acetate, acetic and buffered water (pH 3.7 to 4.1). Afterwards, the solution is filtered off
for the atomic absorption spectrophotometry (AAS) determination of plant-available P
and Mg [28]. For the analysis of the plant-available Mg of the soil, the Skalar method
(range 0.5–25.0 ppm Mg, measured at 470 nm) described by [29] was applied. Soil material
was grinded and mixed with a 0.01 M CaCl2 solution, which is introduced into a flame.
The solution is converted into free ground atoms, which enables the determination of Mg
(flame AAS).

2.2. Evaluation of Plant Growth, Yield and Nutrient Analysis

Field emergence (FE) was determined on five dates in four-day intervals after the
sowing date on randomly selected spots with a total size of 3.37 m (1.5 m × 2.25 m) in
each plot during all field trials. The development stages were determined using the BBCH
scale [24]. At BBCH stages 17 (7 leaves unfolded) and 55 (middle of tassel emergence:
tassel begins to separate), plant height (m), number of leaves per plant and root neck
diameter (mm) of 40 randomly selected maize plants per plot were measured. Readings
of the chlorophyll content index (CCI) of maize leaves were conducted in 15-day periods,
starting 30 days after sowing (DAS), using SPAD-502Plus, Konica Minolta. The readings
were carried out on the top leaves of 30 randomly selected plants per plot, following [30].

Whole maize plants were manually harvested with a spade from an area of 3.37 m−2

per replication. Fresh matter (FM) and DM content were determined (105 ◦C in a drying
cabinet until constant weight) for whole plants and separately for leaf, stem and root
samples. The leaf blades and stem fractions were separated, as explained by [31]. Whole
maize plants were harvested using pruning shears during every trial, at BBCH stage 89
(fully ripe), from an area with a size of 3.37 m−2. Whole maize plants without roots were
chopped with a disk wheel shredder (cutting size 0.01–0.04 m) during all field trials. FM
and DM (105 ◦C until constant weight) were determined in a drying cabinet for whole
plants without roots and separately for leaf (including rachis and husk), stem and corncob
biomass. For the analysis of %C and %N, all samples were prepared as described by [32].
The analysis of %C and %N proceeded identically to that of the soil samples (2.1).

2.3. Nutritional Quality of Fodder Maize

Nutrient analysis was conducted on mixed chopped (0.01–0.04 m) plant samples (stem,
leaf, corncob, rachis and husk) dried for 24 h at 30 ◦C in a drying cabinet. The chemical
components crude ash (CA), crude protein (CP), crude fibre (CS), crude fat (CF), sugar,
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starch, acid detergent fibre (ADF), usable crude protein (uCP), rumen nitrogen balance
(rNB) [g kg−1 original substance—OS], enzyme soluble organic matter (ELOS [%]), mega-
calories per kg DM (NEL) and metabolizable energy (ME) [MJ kg−1 OS] were analysed
using the NIRS method [33]. There are no available values for sugar and ADF in BB17 due
to limitations of the laboratory.

2.4. Statistical Analysis

For the implementation of all analytics, the statistical software SAS (version 9.3,
SAS Institute Inc.) was used. The test for normal distribution was carried out with
the Shapiro–Wilk test [34], whereby non-normally distributed data were transformed
according to [35,36] using the following functions: 1:x,

√
(x), x2,

√
(1:x),1:x2, log(x). Data

were analysed using the PROC MIXED statement. Each statistical analysis was performed
with the original data. All graphical representations of the results were created with the
SigmaPlot programme (Version 12.5, Systate Software Inc., Cary, NC, USA).

The Tukey–Kramer test (p < 0.05) was used for the one-factorial and for the two-
factorial analysis (multiple comparisons) of means [37]. The statistical evaluation of the
data, as well as their presentation, was carried out with arithmetic mean values and an
indication of the standard error of the mean (SEM). The one-factorial analysis compared
both CMs within one En. For the multiple comparisons of all En, two factors were used
(CMs and site environments) [38]. The CMs were used as a fixed variable, and the site
environments represented a random variable. Significance refers at p < 0.05.

Because maize plants have a particularly low plant density, honestly significant dif-
ferences (HSD) for plant parameters in the one-factorial and tendential significance in the
two-factorial analysis are indicated. HSD visualises how large an observed difference must
be in the one-factorial procedure to call it significant at p < 0.05. Tendential significance
refers to p values ranging from 0.05 to 0.09.

The Pearson correlation was conducted in two steps. The linear correlation between
the characteristics was first checked with scatter plots in SigmaPlot (Version 12.5, Systate
Software Inc., Cary, NC, USA). Afterwards, data analysis was confirmed using the PROC
CORR and PROC REG models of SAS [35].

3. Results

The three examined Ens had different weather conditions during the trial periods; the
vegetation period in En BB17 was more typical for low mountain ranges, where higher
amounts of precipitation were registered during the maize growing period. However, the
mean monthly temperatures were higher than the long-term values. En OG18 was marked
by prolonged periods of heat and half as much precipitation (Table 2). The last examined
En, BR20, started typically with low temperatures and high precipitation in the spring, dry
summer at first and suddenly a lot of precipitation with hailstorms, which led partially to
leaf tip breaks.

The three examined Ens also showed variable plant-available P content with increasing
altitude above sea level. En OG18, the altitude of which was in the middle, indicating
the highest plant-available P content. The En with the highest altitude (BR20) showed a
very low plant-available P content. The content of plant-available Mg did not vary much
between the Ens. However, the content of plant-available K varied greatly between the Ens,
with the lowest value seen at the highest altitude (Table 2).

3.1. Evaluation of Soil Nutrients, Temperature and Maize Field Emergence

To show how both CMs FCM and RCM affected soil nutrient content, as well as soil
temperature, essential soil nutrients (N, P, K, Mg) and soil temperature at midday (2.1),
under low mountain soil conditions, they were separately analysed.
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3.1.1. Soil N Content

The content of NH4
+-N and NO3

−-N at BBCH 17 for FCM in all soil depths was higher,
with the greatest difference seen at 0 to 0.3 m (Figure 2 and Supplementary Materials Table S1).
At BBCH 55, the picture at 0 to 0.3 m was reversed; the higher levels of NH4

+-N and NO3
−-

N were registered in RCM. A decrease in NH4
+-N was observed in both FCM and RCM,

mainly at 0 to 0.3 m. The NH4
+-N content at BBCH 17 differed by 2.25 kg ha−1, while at

BBCH 55, the difference was only 0.05 kg ha−1 (Table S1). The means from 0.3 to 0.6 m and
0.6 to 0.9 m decreased slightly in both the FCM and RCM, but no significant differences
were found. The NO3

−-N content increased in both CMs from 0 to 0.3 m in favour of RCM.
None of the means of NO3

−-N and Nmin were significantly different (Figure 2 and Table S3).

Figure 2. Soil Nmin content [kg ha −1] in FCM and RCM during En BR20 for BBCH stages 17
(7 leaves unfolded), 55 (middle of tassel emergence: tassel begins to separate), 71 (beginning of grain
development, about 16% dry matter) and 89 (fully ripe). Arithmetic means ± standard error for
the respective soil depth and BBCH stage. Tukey–Kramer, significance at p < 0.05. Different letters
indicate significance among the respective soil depth and BBCH stage. BBCH 17: 0 to 0.3 m p = 0.15;
0.3 to 0.6 m p = 0.50; 0.6 to 0.9 m p = 0.34. BBCH stage 55: 0 to 0.3 m p = 0.61; 0.3 to 0.6 m p = 0.38;
0.6 to 0.9 m p = 0.74. BBCH 71: 0 to 0.3 m p = 0.04; 0.3 to 0.6 m p = 0.54; 0.6 to 0.9 m p = 0.01. BBCH
stage 89: 0 to 0.3 m p = 0.11; 0.3 to 0.6 m p = 0.22; 0.6 to 0.9 m p = 0.42.

At BBCH 71, the difference in NH4
+ content continued to grow; it was almost twice

as high at 0 to 0.3 m in RCM as that in FCM. In the 0.3 to 0.6 m soil layer, RCM also
showed a significantly higher NH4

+-N content. The same picture was seen for NO3
−-N

in 0 to 0.3 m, where RCM showed a few outliers. The distribution of the NH4
+-N and

NO3
−-N values between the FCM and RCM in the other soil depths remained similar to

the previous sampling date (BBCH 55). Except for 0 to 0.3 m (FCM: 12.40 kg ha−1 and RCM:
36.35 kg ha−1), there were no significant differences between Nmin in the other soil layers.

At BBCH 89, an increase in NH4
+-N content was recorded in both CMs, with RCM

showing approximately 0.25 kg ha−1 more NH4
+. At 0.3 to 0.6 m, both CMs showed almost

equal values, while at 0.6 to 0.9 m, FCM had a 0.03 kg ha−1 higher NH4
+-N content than

RCM. NO3
− -N levels were significantly higher in favour of RCM only at 0 to 0.3 m (FCM:

7.91 kg ha−1, RCM: 11.38 kg ha−1). Additionally, NO3
−-N and Nmin values were almost

the same at 0.3 to 0.6 m, while FCM showed slightly higher values at 0.6 to 0.9 m (FCM:
7.46 kg ha−1, RCM: 7.07 kg ha−1). No statistically significant difference was found at either
soil depth for BBCH 89.
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3.1.2. Plant-Available P, K and Mg in Soil

The higher content of plant-available P in the soil alternated between FCM and RCM.
At sowing, RCM had a slightly higher P content (Figure 3). During BBCH 17, FCM and RCM
showed the same values. FCM registered a higher P content during BBCH 55. However,
from BBCH 71 onwards, the P content in RCM remained higher than in FCM.

Figure 3. Plant-available phosphorus (P), potassium (K) und magnesium (Mg) content at 0 to 0.3 m
soil depth [mg 100 g−1 dry soil] in FCM and RCM during Environment (En) Bergen 2020 (BR20) for
Sowing date, BBCH stages 17 (7 leaves unfolded), 55 (middle of tassel emergence: tassel begins to
separate), 71 (beginning of grain development, about 16% dry matter) and 89 (fully ripe). Arithmetic
means ± standard error for the respective nutrient element. Tukey–Kramer, different letters (A, B)
indicate significance at p < 0.05 for Mg content during BBCH 71 in BR20.

The K content of the soil showed that the development in the first three months of
plant development was similar to Mg. From BBCH 71 onwards, the K content in RCM
increased compared to FCM and decreased again in BBCH 89. As shown in Figure 2, the
standard error of both CMs at BCCH 71 was high. One outlier per CM was identified in the
plant-available K values, where FCM had a very low (6.10 mg 100 g−1 DM soil), and RCM
had a very high K value (24.60 mg 100 g−1 DM soil) within the same block.

The content of plant-available Mg in the soil changed in favour of RCM during maize
cultivation (Figure 2). Although in BBCH 17, RCM and FCM had similar values and FCM
had a slightly higher Mg content in BBCH 55, the Mg content in RCM remained higher until
harvest time (BBCH 89). During BBCH 71, the value of plant-available Mg was significantly
higher than that of FCM. Despite the Mg increase at harvest time, no significant differences
were reached due to outliers.

3.1.3. Soil Temperature and Field Emergence

Significant differences were observed in the FE measurements (Figure 4) 8 and 16 DAS
in 2017. Eight DAS, FE was almost twice as high for RCM (79.5%) as for FCM (42.9%).
From the 16th day after sowing, the difference between both cultivation methods was not
as great as after 12 days, but more plants emerged in RCM. No significant differences in FE
were observed between Ens OG18 and BR20, where the first seedlings did not germinate
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until the 12th day after sowing. In EN OG18, 89.2% FE was registered on day 12 in RCM,
while FCM had already reached 100%. In 2020, the FE of RCM reached 45.7% and was
behind FCM at 57.9%, which tended to be significant (p = 0.07). Both CMs showed outliers
in one of the repetitions, which is the reason for the higher standard error. Sixteen DAS,
RCM was at 94.9% (2018) and 83.5% (2020), which was not significantly behind FCM (98.3%
in 2018 and 90.9% in 2020). However, both CMs reached equal values 20 DAS.

Figure 4. Field emergence and soil temperature at 0.05 m soil depth 4, 8, 12, 16 and 20 days after
sowing in flat cultivation method (FCM) and in ridge cultivation method (RCM) over all Ennvi-
ronments (Bösenbrunn 2017—BB17, Oberhermsgrün 2018—OG18, Bergen 2020—BR20). Arithmetic
means ± standard error. Tukey-Kramer, significance at p < 0.05. Different letters indicate significance
and n.s.—not significant for the respective day after sowing, separately for field emergence and
soil temperature.

The soil temperature (ST) in RCM was significantly higher by 2.3 ◦C at 4 days after
sowing (BB17), which was the highest difference in all Ens. This trend also remained at
day 4 in OG18 and BR20, when RCM had an average of 18.8 ◦C, and FCM had a lower
average temperature of 17.2 ◦C (Figure 1). The ST difference between the CMs on day 12
was not great (0.4 ◦C difference), while a significantly greater difference was recorded again
on day 16 (1.8 ◦C).

3.1.4. Correlation between Soil Temperature and Field Emergence

The ST measurements and FE of maize also showed a positive correlation at certain
measurement dates (Table 3). Pearson’s correlation did not show any significant differ-
ence between FCM and RCM at BB17, but ST and FE in FCM correlated positively at
12 and 16 DAS. ST and FE showed a high linear correlation (r = 0.80) in RCM at day 12 one
year later (OG 18), where FCM resulted in a negative r value. During BR20, RCM showed a
high positive correlation between FE and ST 12 DAS. Positive but insignificant results were
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found in RCM 16 and 20 DAS. FCM did not perform well compared to RCM in the last
En (BR20).

Table 3. Pearson’s correlation among field emergence and soil temperature at 8, 12, 16 and 20 days after
sowing) in flat cultivation method (FCM) and ridge cultivation method (RCM) over Environments BB17,
OG18 and BR20. *** indicates significance, and n.s.—not significant at p < 0.05.

Variables ST 1 [◦C]
BB17 2 OG18 3 BR20 4

FCM 5 RCM 6 FCM RCM FCM RCM

FE 7 [%]

DAS 8

8 −0.50 n.s. 0.03 n.s.
12 0.45 n.s 0.04 n.s. −0.40 n.s. 0.80 *** 0.07 n.s. 0.92 ***
16 0.69 n.s −0.65 n.s. 0.13 n.s. 0.54 n.s. −0.41 n.s. 0.61 n.s.
20 −0.37 n.s. 0.02 n.s. 0.05 n.s. −0.18 n.s. −0.12 n.s. 0.57 n.s.

1 Soil temperature. 2 Bösenbrunn 2017. 3 Oberhermsgrün 2018. 4 Bergen 2020. 5 Flat cultivation method. 6 Ridge
cultivation method. 7 Field emergence. 8 Days after sowing.

3.2. Evaluation of Plant Development

In order to study and compare FCM and RCM and how both CM affect the develop-
ment of young maize plants, four parameters (2.2) were separately and combined analysed.

3.2.1. Plant Development

The plant height (PH) values were significantly higher in the RCM in BB17 and BR20
(Figure 5a). During BB17 BBCH 17–18, the plant height of RCM (1.08 m) was about 0.3 m
higher than that of FCM with 0.8 m. More than a month later, during BBCH 55–59, the
difference remained about the same: 2.4 m for RCM and 2.0 m for FCM. In 2018, the
differences amounted to about 0.1 m at BBCH 17–18 and at BBCH 55 equally, with the
advantage of RCM. In BR20, the PH of RCM plants was significantly higher than that of
FCM plants during BBCH 55–59.

In terms of the average number of leaves per plant (NLP), RCM showed a lead over
FCM which was significant in all three field trials (Figure 5b). In BB17, a maize plant from
the FCM had an average of 9.5 leaves, while the plants from the RCM had an average of
11.0 leaves. During OG18, the difference was smaller (9.2 NLP in FCM and 9.9 in RCM),
but the values of the plants examined were evenly distributed and showed the smallest
LSD of all field trials. During the measurement, wilted plants were observed. In BR20, the
difference between the variants was greater again (7.6 NLP in FCM and 8.2 NLP in RCM),
but these values were the lowest for all Ens.

There was no significant difference regarding the chlorophyll content index (CCI)
between FCM and RCM over the six different development stages that were analysed
(Figure 5c). CCI started almost the same for FCM at 24.0 and for RCM at 24.2 and then
increased to 26.8 for RCM, while FCM increased slightly (24.7) at BBCH 30. The largest
difference occurred during BBCH 30, but the values showed a large scatter, which is the
reason for the high LSD. Between BBCH 51 and 89, CCI increased slowly, with FCM and
RCM showing the same CCI value at BBCH 71. At BBCH 89, the CCI of FCM increased
slightly above the value of RCM.

The RCM significantly affected the root neck diameter (RND) of maize plants during
BBCH 17 and 89 (Figure 5d). It should be noted that the average RND of the RCM variant
at both BBCH 17 and 55 was 0.09 cm thicker than the mean FCM values. However, the
measured values at BBCH 55 showed a greater scatter, whereby the LSD increased. During
BBCH 17, the LSD was 0.07 cm, while at BBCH 55, it was 0.09 and thus tended to be
significant (p = 0.07). The positive effect of RCM on RND was clearly visible at BBCH 89,
when the average mean was 1.6 cm, in contrast to 1.3 cm in FCM.
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Figure 5. Plant development parameters of maize in flat cultivation method (FCM) and ridge cultiva-
tion method (RCM). (a) Plant height in Environments (Ens) Bösenbrunn 2017 (BR17), Oberhermsgrün
2018 (OG18) and Bergen 2020 (BR20) during BBCH 17 (7 leaves unfolded) and 55 (middle of tassel
emergence: tassel begins to separate). (b) Number of leaves per plant in Ens BR17, OG18 and BR20.
(c) Chlorophyll content index in maize leaves over BBCH stages 17 (7 leaves unfolded), 30 (begin-
ning of stem elongation), 51 (beginning of tassel emergence), 55 (middle of tassel emergence: tassel
begins to separate), 71 (beginning of grain development, about 16% dry matter) and 89 (fully ripe)
in En BR20. (d) Root neck diameter over BBH stages 17, 55 and 89 in En BR20. (a–d)—arithmetic
means ± standard error. Single-factor analysis of variance with subsequent Tukey–Kramer. Different
letters (A, B and a, b) indicate significance at p < 0.05 between FCM and RCM at the respective BBCH
stage or Environment. Bold error bars (a–d) indicate how large an observed difference must be to call
it significant: honestly significant difference (HSD) for the respective data set.

Cultivation under RCM resulted in slightly higher FM and DM yields of maize plants
and roots during BBCH 17 (Table S2). The average FM weight of a single whole maize
plant was lower than that of RCM maize plants. N and P accumulation, %N and the C:N
ratio did not differ substantially between the CMs at BBCH 17. At BBCH 55, there were
major differences between the CMs; the maize plants under RCM generated 30.21 dt ha−1

more FM and about 5.0 dt ha−1 more DM yield. Another major difference was found in the
average FM weight of a single whole maize plant, where RCM recorded a 30% FM weight.
For N concentration, FCM showed moderately higher values in maize stems, as well as in
the whole maize plant.

3.2.2. Correlation of Plant Development Parameters

A high linear correlation was found between plant height and root neck diameter for
FCM during BBCH 17 (r = 0.83) (Figure 6a), while RCM showed a clear linear correlation at
r = 0.62 (Figure 6b). Positive but low correlations, which were not significant, were found
in FCM at stage 17 between ST and PH, ST and RND and CCI and ST (Figure 6c). Although
r values were lower, the CCI showed a significantly positive correlation with ST in the
RCM (Figure 6d). RCM had no significant effect on any of the other correlated parameters
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at BBCH 17. During the plant development stage (BBCH 55), all correlations in both CMs
were lower than in the previous BBCH stage 17.

Figure 6. Pearson’s correlation during Environment Bergen 2020 (BR20) between plant height (PH)
and root neck diameter (RND) during BBCH 17 (7 leaves unfolded): (a) in flat cultivation method
(FCM), (b) in ridge cultivation method (RCM). Between chlorophyll content index (CCI) and soil
temperature (ST) during BBCH 17 (7 leavs unfolded) (c) in FCM, (d) in RCM and between CCI and
PH during BBCH 55 (middle of tassel emergence). n.s.- not significant. *** (a–d) indicatesignificance
at p < 0.05.

The other parameters were not significantly correlated with each other, but ST and PH,
as well as CCI and RND, in FCM correlated positively. CCI showed a better correlation
with PH and RND in RCM than in FCM.

Maize plant development was positively influenced by RCM in BR20. Since most
of the parameters of plant development were made in En BR20, few differences were
statistically confirmed. BR20 had the highest altitude and the lowest plant-available P
content, which are conditions particularly unfavourable for maize.

3.3. Crop Yield, Nutrient Content and Fodder Value

The highest difference between FCM and RCM is illustrated by the FM yield (whole
plant) and by the DM yields of the whole plant and corn cob (Table 4). RCM showed a
higher FM and DM whole plant yield over all Ens, with CM tending to be significantly
off. The one-factorial analysis showed a significantly higher DM yield of whole plants in
contrast to FCM and to the other Ens for both parameters in BB17 (Table S3). The DM yield
of leaves and husks reflected the results of FM and DM whole plant yield, with only mean
values of CM tending to be significant (p = 0.07). DM stem yield showed no significant
differences between En and En × CM, but CM was clearly significant, where the mean of
RCM was also significantly higher than FCM. None of the factors influenced the DM corn
cob yield over En. The DM corn cob varied greatly among the individual Ens. At BB17,
the mean corn cob yield for FCM was 6.91 t ha−1, and for RCM, it was 8.98 t ha−1. It then
decreased drastically to 1.56 t ha−1 (FCM) and 1.6.9 t ha−1 (RCM) in OG18. At BR20, the
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DM corn cob yield increased to 3.05 t ha−1 in FCM and to 3.5.7 t ha−1 in RCM, which was
half of the means from BB17 (Table S3). The one-factorial analysis revealed that DM corn
cob yields of FCM and RCM differed significantly from each other in BB17 and BR20 in
favour of RCM (Table S3).

Table 4. Results of a multiple comparison statistical analysis of maize crop yield. Environ-
ment, x Cultivation method, n.s.—not significant, n.s.*—not significant, but tends to be significant,
***—significance. Arithmetic means of all Environments. Eight replications in Environment BB17 and
OG18. Four replications in BR20. Different letters indicate significance at p < 0.05.

Parameter Unit
Data Analysis Mean CM

En 1 CM 2 En x CM FCM 3 RCM 4

Fresh matter yield (whole plant)

[t ha−1]

n.s. n.s.* n.s. 27.463 30.933
Dry matter yield (whole plant) n.s n.s.* n.s. 7.45 8.97

Dry matter yield (leaves and husk) n.s n.s.* n.s. 2.13 2.59
Dry matter yield (stem) n.s. *** n.s. 1.84 b 2.07 a

Dry matter yield (corn cob) n.s. n.s. n.s. 3.84 4.75

Proportion of leaves and stem of
total dry matter yield [%]

*** *** n.s. 52.25 a 51.27 b

Corn cob proportion of
total dry matter yield

*** n.s. n.s. 47.75 48.73

Crude Protein yield (whole plant)
[kg ha−1]

*** n.s.* n.s. 468.05 537.68
Crude Protein yield (leaves and stem) *** n.s.* n.s. 231.42 258.14

Crude Protein yield (corn cob) n.s. n.s n.s. 236.63 279.55

1 Environment. 2 Cultivation method. 3 Flat cultivation method. 4 Ridge cultivation method.

The proportion of leaves, husks and corn cobs of the total DM plant yield showed
similar mean values and statistical results over all field trials; En, as a factor, influenced
both parameters significantly (Table 4). RCM’s leaf and husk proportion resulted in a
significantly lower percentage than FCM and vice versa; RCM showed a significantly
higher proportion of corn cob than FCM over every En.

Regarding CP yield, RCM showed significantly higher mean values for whole plants,
as well as for leaves and stems, while corn cob CP yield showed higher yields in RCM,
but these differences were not significant (Table 4). Additionally, the values varied greatly
between all three Ens, with OG18 showing the lowest CP yield in both CM for whole maize
plants (Table S3).

Increased N accumulation was registered in the whole plant and in individual plant
parts under RCM. In OG18 and BR20, about 20.0% more N accumulated under RCM than
FCM (Table 5). However, the N accumulation varied between OG18 and BR20 for the whole
plant and corn cob; therefore, the En factor was significant in both analyses.

No significant differences were found when P accumulation was examined (Table 5).
However, FCM displayed a slightly increased P accumulation for the annual average
(Table S3). The C:N ratio of the whole maize plant was narrower in RCM but not signif-
icantly narrower than that in FCM. In leaves and husks, the ratio was reversed; RCM
showed a significantly broader ratio compared to FCM. In this case, the factor En was
also significant because, in OG18, the C:N ratio values for both CMs were greater than in
BR20. In the stems of maize plants, FCM clearly showed a broader C:N ratio than other Ens
(Table S3). However, the mean value was not significant in comparison to RCM.

Table 6 provides an overview of all examined fodder value parameters of whole maize
plants during BBCH 89 for all Ens. CA, CP and CS had a higher average mean value in
FCM. The factor En was significant, as during OG18, particularly high CA values were
registered for FCM. The multi-year statistical analysis of CF showed that only En was a
significant factor. In this case, the CF values in BB17 exceeded the values in OG18 and BR20.
FCM registered a significantly higher sugar content in whole maize plants.
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Table 5. Results of a multiple comparison statistical analysis of maize crop yield. Environment, x Culti-
vation method, n.s.—not significant, n.s.*—not significant, but tends to be significant, ***—significance.
Arithmetic means of all Environments. Eight replications in Environment Oberhermsgrün 2018
(OG18). Four replications in Environemnt Bergen 2020 (BR20). Different letters indicate significance
at p < 0.05.

Parameter Unit
Data Analysis Mean CM

En 1 CM 2 En x CM FCM 3 RCM 4

N accumulation (whole plant)

[kg ha−1]

*** n.s.* n.s. 69.26 81.58
N accumulation (leaves and husk) n.s. n.s. n.s. 20.06 20.96

N accumulation (stem) n.s. n.s. n.s. 8.06 8.57
N accumulation (corn cob) *** n.s. n.s. 32.54 35.56

P accumulation (whole plant) [kg ha−1] n.s. n.s. n.s. 450.0 430.0

N concentration (whole plant)

[%]

n.s. n.s. n.s. 1.27 1.35
N concentration (leaves and husk) n.s. n.s. n.s. 1.28 1.20

N concentration (stem) n.s. n.s. n.s. 0.54 0.57
N concentration (corn cob) n.s. n.s. n.s. 1.44 1.46

C:N ratio (whole plant)

[%]

n.s. n.s. n.s. 34.00 33.59
C:N ratio (leaves and husk) *** *** n.s. 34.40 b 37.46 a

C:N ratio (stem) n.s. n.s. n.s. 84.90 81.19
C:N ratio (corn cob) n.s. n.s. n.s. 30.62 30.94

1 Environment. 2 Cultivation method. 3 Flat cultivation method. 4 Ridge cultivation method.

Table 6. Results of a multiple comparison statistical analysis of maize fodder nutrient content.
-Environment x Cultivation method, n.s.—not significant, n.s.*—not significant, but tends to be signif-
icant, ***—significance. Arithmetic means of all Environments. Eight replications in Enrivonments
Bösenbrunn 2017 (BB17) and Oberhermsgrün 2018 (OG18). Four replications in Environment Bergen
2020 (BR20). Different letters indicate significance at p < 0.05.

Parameter Unit
Data Analysis Mean CM

En 3 CM 4 En x CM FCM 5 RCM 6

CA 1

[g kg−1]

*** n.s.* n.s.* 37.44 34.12
CP 1 *** n.s.* n.s. 67.00 64.29
CS 1 *** n.s * n.s. 222.37 214.24
CF 1 *** n.s. n.s. 23.01 23.78

Sugar 2 n.s. *** n.s. 74.89 a 64.43 b
Starch 1 *** n.s. n.s. 199.16 231.07
ADF 2 *** n.s. n.s. 266.79 258.92
uCP 1 n.s. n.s. n.s. 120.70 120.67
RNB 1 *** n.s. n.s. −8.79 −9.02

ELOS 1 [%] n.s. n.s. n.s. 62.15 62.43

ME 1 [MJ kg−1

OS]
n.s. n.s. n.s. 10.15 10.19

NEL 1 n.s. n.s. n.s. 5.84 5.90
1 Values from BB17, OG18 and BR20. 2 Values from OG18 and BR20. 3 Environment. 4 Cultivation method. 5 Flat
cultivation method. 6 Ridge cultivation method.

In contrast to sugar, starch values varied greatly between years, with the mean values
of CM in OG18 being much lower not only between FCM and RCM but also between BB18
and BR20 (Table 6). However, the mean values of starch from all Ens were ultimately higher
in the RCM. ADF was higher in OG18 than in BR20; mean values for CM over all Ens were
also higher in favour of FCM. uCP did not differ significantly between FCM and RCM
or between individual Ens. The RNB varied greatly between Ens, which is why En was
significant as a factor. The mean values of ELOS, ME and NEL did not vary significantly
between FCM and RCM or between the single Ens.
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4. Discussion

The aim of this study was to develop a successful strategy for growing maize for
cattle fodder in unfavourable weather and soil conditions of low mountain ranges in
Central Europe using the physical advantages of ridge-shaped rows. Due to the on-farm
frame of the experiments, it was not possible to repeat the experiments on the exact same
field. For this reason, more focus was laid on common aspects throughout BR20. Despite
this limitation, the supplementary evidence, that was collected and analysed throughout
the individual year 2020, in combination with the added literature, which explains the
mechanisms of ridge cultivation, shows reliable results.

Although maize yields varied across the individual Ens, the results of the study
showed that RCM had a positive effect on the development and yield of silage maize
(Tables 4 and 5). Moreover, RCM complies with the strict principles of organic farming and
can be practiced on a large scale under low mountain conditions in Central Europe.

Maize goes through a critical growth phase of 5 to 6 weeks in spring. During this term,
young maize plants absorb 70–75% of the mineral nutrients needed for the entire vegetation
period [39]. Therefore, maize’s nutrient requirements are relatively high. In addition to
N, a plant-available P, K and Mg supply is crucial during the juvenile development of
maize [39,40]. The plant-available P supply of maize is an issue under cooler climate condi-
tions; natural P delivery can be inhibited under cooler soil temperatures [39]. The same soil
type (sandy loam) was chosen for all three experiments, where the same soil preparation
and N fertilisation quantities have been applied. The soil N content and plant-available P, K
and Mg were determined as an individual dataset in BR20 to show by whether or not RCM
can have cM had a positive impact on the Nmin and plant-available P and Mg content in
the soil. Although FCM showed a higher NH4

+ -N and NO3
−-N content at the beginning

of maize cultivation, RCM overtook the N content in the course of plant development.
This effect was principally caused by the change in the ST. Soil N mineralisation increases
with rising temperatures in soils due to increasing denitrification, as microbial activity
intensifies under a higher ST [41]. An improvement in the N mineralisation conditions
and thus the nutrient supply of maize was also achieved by [21,42,43] with ridge-shaped
rows. In this study, ST was significantly affected by CM, where RCM showed that it can
achieve a statistically higher ST than FCM at midday. RCM delivered higher or the same ST
values as FCM on all measurement days, with two exceptions: lower values 12 and 16 DAS
in BB17. These results agree with other studies’ outcomes in the literature. Soil thermal
properties can be successfully influenced by soil cultivation measures to improve the soil
heat capacity; soil preparation through tillage as an inclined ridge reaches a higher ST and
can absorb approximately 10.0% more solar radiation than FCM [44].

Another reason for the increase in N content in FCM is the rock content in mountainous
soils. In a study, the content of NH4

+-N, NO3
−-N and plant-available P content increased

with the increasing size and abundance of rocks in soil [45]. Rocky soils heat up more
quickly during the day [46]. As described in 2.1, the ridge rows were heaped up, which
heaped up the larger rocks from the bottom on top of the ridge row, while under FCM,
the rock distribution remained equal within and out of the row. The authors of [17]
described that heaping up a ridge leads to a collection of larger soil aggregates on top of
the ridge, which also serves as siltation and erosion protection. A high rock content in
sloped mountain soils can also prevent NO3

−-N leaching [47], which can be considered
another advantage of RCM under the weather conditions of low mountain sites. As this
study has shown, maize plants growing within a ridge are provided with more NO3

−-N
than in FCM.

Under RCM in BR20, the plant-available K content drastically increased between BBCH
55 and 71 in BR20, where high precipitation values were registered. Precipitation increases
plant-available K uptake by maize plants [39], which may have been higher under FCM
compared to RCM, as ridge tops dry out more quickly [44,48]. Another explanation for the
plant-available K values from BBCH 71 could be the K supply in soils. Plant-available K is
supplied during the vegetation period by diffusion from clay minerals into the soil solution
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and released, especially at high root density. The K uptake by the roots of plants can lead
to a significant K concentration decrease within a short time, establishing a concentration
gradient for K from K-sorbed clay minerals into the soil solution and increasing the plant-
available K concentration [49]. Therefore, if maize plants in RCM have taken up more
plant-available K, more K is released into the soil solution. This hypothesis is supported
by the higher starch values in the RCM, as K enhances starch formation in maize [39,40].
High starch content is beneficial for the digestibility of organic matter in fodder and
leads to a better nutrient supply in cows [39]. A significantly higher sugar content was
shown for FCM in OG18 compared to BR20. Starch is a photosynthetic product of sugars
(fructose and glucose) [50]. The conversion from sugar to starch primarily depends on the
maize genotype [51], but abiotic factors, such as ST, also have an impact [52]. A moderate
temperature increase enhances starch biosynthesis in developing maize cobs [53]. Based on
the fodder value results, in which FCM had a significantly higher sugar content in OG18
and BR20, it is presumed that the increase in ST during maize plant development favoured
the build-up of starch in RCM as opposed to FCM.

The K concentration also increases the Mg concentration in the soil solution [54],
which resulted in a significantly higher plant-available Mg content in RCM at BBCH 71.
Although plant-available K blocks plant-available Mg uptake, plant-available K uptake
was not affected by the plant-available Mg concentration [49,54]. Plant-available K de-
creased at BBCH 89 in RCM, which was followed by an increase in the plant-available Mg
concentration.

The ST in this study was measured only in 0.05 m, because of the higher chance of
topsoil to warm up very quickly under direct sunlight at midday, because air temperature
and soil temperature in 0.03 to 0.05 m are very closely linked [55]. In the soil layer below
0.2 m, the values fluctuate greatly compared to the daily temperature amplitude [56]. On
high-radiation days, ridges heat up faster and more strongly than the soil surface under
FCM; the temperature difference can be up to 5 ◦C in RCM compared to FCM [17]. Other
authors reported a 6 to 7 ◦C higher ST in a ridge [48]. The highest ST difference measured
in this study was 2.6 ◦C below the expected temperature increase from the literature
review; however, in BB17, 4 DAS was warm enough in the ridge row to accelerate the
germination process of maize under low mountain conditions. Maize cultivars with a
maturity rate of FAO 170–220, such as the cultivar Pioneer 7500 used in this study, need
daily mean temperatures between 20.0 and 25.0 ◦C during germination, which should
occur between the 4th and 5th day after sowing [57]. Only in BB17 were maize seedlings
able to break through the soil crust 4 DAS; in OG18 and BR20, the first maize seedlings
did not appear until the 12th DAS. Lower average air and soil temperatures reduce the
number of seedlings emerging from the ground, which leads to disoriented shoot growth
below the soil surface [57,58]. During the first 12 DAS in both OG18 and BR20, generally
low temperatures were registered. The warming of the soil by the ridge in the first 4 DAS
was therefore not sufficient to accelerate maize germination. Although the increase in soil
temperature under RCM in low mountain areas did not convincingly accelerate FE, there
were clear differences in further plant development (see Sections 3.2.1 and 3.2.2).

The increased ST in RCM had a positive effect on maize plant development. This
effect was seen particularly well in the PH, NLP, RND and average FM weight of a single
maize plant. ST is as important a growth factor for the maize root system as is the envi-
ronmental air temperature for aboveground maize development. As the ST increases, the
water, oxygen and nutrient uptake of the roots increases, and as a result, the maize plants’
growth increases [49]. In this study, taller maize plants were detected in RCM on each
measurement day (Figure 5a), as an effect of higher ST. Another study reported similar
results; significantly taller maize plants were found under a permanently raised soil bed
30 and 60 days after sowing [59]. Under ridge cultivation [42,43,60], a higher growth rate
was observed in maize in other studies due to the provision of a loose soil structure inside
the ridge, which helped roots develop without resistance to root proliferation. Flat surfaces
consist of a hard soil layer that disturbs the root growth of maize [42,43]. Root growth
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during the early stages of maize development (BBCH 17) showed only a small lead for
RCM in BR20.

Although C4 plants, such as maize, are typical for hot and dry climatic conditions,
drought stress strongly affects the plants’ development [61]. A disadvantage of RCM is
that the soil dries out faster during hot periods, starting from the top downwards [44,48].
A higher ST damages the maize root system; in particular, the root hairs are disrupted.
Because root hairs in maize are important for plant-available P uptake, their disruption
negatively affects the P content in plants [62]. Maize growth is therefore highly affected
not only by ST but also by the P content in the soil. Under high light conditions, the
requirements for plant-available Mg increase in plants, and if not covered, other damage
may occur [54]. However, a ridge-shaped row can protect the plant when the rock content is
high; although a ridge usually dries out more quickly during heat and drought periods [21],
a high rock content is beneficial for plants during dry years [46]. A rock-free surface absorbs
a higher amount of water than a surface covered partially with rocks because rocks slow
the daytime loss of soil water [46]. Additionally, the midday heat gain in ridges is offset
by stronger cooling at night during high-temperature altitudes [17]. The absorption of
water vapour in the topsoil layers is reduced within rocky soils [46]. Therefore, it can be
presumed that RCM provides higher temperatures in spring and can protect the roots of
maize plants during heat and drought periods in summer, which is beneficial for plant
development. In OG18, maize plants suffered a period of heat and drought, which explains
the low effect of RCM. Nevertheless, RCM achieved better results in PH and NLP. PH
increases with increasing N supply and is closely linked to DM yield [63].

The DM yield for whole maize plants, as well as for leaves and husks, stems and corn
cobs in RCM, was higher compared to FCM, from which it can be derived that the CM,
although not statistically certain, had a positive influence and led to a higher DM yield
(Table 5). In this study, the DM yield in whole plants was 25% higher in BB17 and 8% higher
in G18 and BR20, with an average of 18% over all Ens. Maize cultivation on ridge-shaped
rows achieved in the studies of [21,22] were by far the highest result, with 30% more DM
yield in comparison to flat rows. Similar to this study, the authors of [42] reported 18%
more DM yield in ridge-shaped row cultivation of maize in sandy loam soils. Under clay
loam conditions, significantly higher corn cob yields were achieved [64]. Under RCM in
BR20, maize plants’ N accumulation was higher, implying that N uptake was greater than
in FCM. This hypothesis is also supported by the higher CP yields in all Ens, which are
related to increased N mineralisation [65].

En OG18 did not show any significant difference in DM corn cob yield between FCM
and RCM in comparison to BB17 and BR20. OG18 subjected maize plants to a period of
heat and drought. Although the development parameters in RCM showed better results
than in FCM, the positive effect of the ridge decreased with the harvest date. Multiple
factors can be considered relevant to explaining the results. First, ridge-shaped rows can
inhibit the water supply of roots during high temperatures [21]. Water stress causes the
development of barren corn cobs and consequently lowers corn cob DM yield [40]. DM
yield losses start occurring after 4 days of visibly wilted maize plants [40]. Therefore, the
cultivation success of a ridge-shaped row also depends on the water content in the soil
during heat and drought periods, as soil pores that are not filled with water contain air.
At a low water content, only the coarse soil pores are not filled with water, which can
lead to a lack of oxygen for plant roots [17]. Other studies have reported improved water
uptake by plants growing in sandy loam ridge-shaped rows and, therefore, higher DM
yields, whereby the amount of water available to plants in the soil was sufficient [42,66].
In this context, Baumer [17] suggested that if the water-holding capacity of the soil is low,
water availability in the ridge becomes an issue. In addition, the root zone temperature
has a significant influence on the DM yield of maize [67]. A shortage of plant-available
Mg increases the susceptibility of maize plants to heat stress and can also have a negative
impact on DM yield [54,68]. In the OG18 plant, available Mg was not examined during the
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drought period, but the wilted plants indicated that the ridge did not protect the plants
sufficiently in OG18 to generate more than 8% higher DM yield than FCM.

En BR20 confronted maize with new challenges in late summer: hailstorms that
partially damaged the leaves of maize plants. Unlike other crop species, maize is not
capable of increasing the leaf area or branches at lower crop densities [69]. Therefore,
it is presumed that the maize plants in this study showed lower yields and generally a
lower difference between both CMs than expected after partial hailstorm damage. This
is especially true regarding the significant differences registered in the months thereof.
Due to climate change, it is not excluded that low mountain areas in Central Europe can
experience heat and drought periods, as well as heavy hailstorms in the summer. Whether
and to what extent a ridge-shaped row has a protective function during extreme weather
events under soil conditions in low mountain ranges requires further research.

Finally, it is necessary to mention that, if all results obtained in this study are taken
into account, despite evidence from individual environments being presented, silage maize
cultivation can also be successfully adapted or improved under unfavourable climate
conditions at mountainous sites in Central Europe.

5. Conclusions

Even though maize (Zea mays L.) is known as a warmth-loving crop, silage maize
cultivation under low mountain conditions in Germany, Central Europe, is crucial for the
cattle feed supply of organic dairy farms. This study investigated the cultivation of silage
maize on ridge-shaped (0.15 m] and flat-shaped rows on-farm over three environments in
2017, 2018 and 2020. The study’s finding revealed that the ridge-shaped rows positively
influenced the soil temperature in 0.05 m soil depth 4 days after sowing in 2017, 2018
and 2020, 12 and 20 days after sowing in 2018 as well as 8 and 16 days after sowing in
2020. However, no acceleration of the maize germination could be achieved by the soil
temperature increase. In the course of growing season 2020, an accelerated development of
maize plants was observed. Particularly plant height, number of leaves per plant and root
neck diameter in ridge-shaped rows showed higher values. The ridge-shaped cultivation
method did not result in a higher plant-available P-content but led to a slight increase
in plant-available K and Mg content during the beginning of grain development. Signif-
icantly higher Nmin-contents were observed also in the beginning of grain development
in 0 to 0.3 m soil depth. The yield investigation of both cultivation methods showed that
the ridge cultivation accumulated higher dry matter yields of whole plant and corn cobs,
which was significant only in a one-factorial analysis. High starch content was generated
under a ridge, whereas other fodder value parameters remained the same. This study
aimed to test, if a small and simple ridge row can help maize adapt to marginal climatic
conditions in low mountains in Germany. Although the study examined individual values,
the collected data over 3 years give an overview of the effects for the large-scale use of
maize ridge-cropping in the organic farming practice. Additionally, future studies related
to maize in organic farming in Central Europe may benefit from these results, particularly
when low mountain areas are examined.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agriculture13030650/s1, Table S1: Results of one-factorial statistical
analysis of NO3

−-N and NH4
+-N Tukey Kramer. Arithmetic means ± standard error of data from

En BR20 (4 replicates). Significance p < 0.05. Different letters indicate significance; Table S2. Results
of one-factorial statistical analysis (Tukey-Kramer) of maize plant development at BBCH stages 17
(7 leaves unfolded) and 55 (middle of tassel emergence). Arithmetic means ± standard error. Data
from Environment Bergen 2020 (BR20). Four replications per parameter. Significance p < 0.05.
Different letters indicate significance; Table S3: Results of one-factorial statistical analysis of maize
plants development with Tukey–Kramer. Arithmetic means ± standard error of all En eight replicates,
respectively, for BB17 and OG18, four replicates for BR20. Multiple comparison at p < 0.05. Different
letters indicate significance.
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